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Abstract 17 

The complex sequential compositional zoning of clinopyroxene crystals erupted < 5ka during the 18 

Agnano-Monte Spina (A-MS) eruption, which is considered to be the reference event for a future 19 

large-scale explosive eruption at Campi Flegrei caldera (Italy), has been characterized in detail. 20 

Concentration profiles (20–800 m long, spacing 2.5–10m) of major (Si, Ti, Al, Fe, Mg and Ca) 21 

and minor (Mn, Na, Ni and Cr) elements were measured along different directions in the 22 

clinopyroxene crystals. The zoning patterns of Fe–Mg and selected elements (e.g. Al, Ti) often 23 

consist of two or more compositional plateaus with both sharp and/or slightly diffuse boundaries 24 

between the plateaus. Each compositional population results from a growth stage in a distinct 25 

Magmatic Environment (ME), which is identified as a defined set of intensive thermodynamic 26 

variables (pressure, temperature, bulk composition and fugacity of fluids including oxygen). The 27 

large range of chemical compositions of clinopyroxenes reveals the existence of at least four MEs 28 

that are characterized by different compositional populations; two of these are dominant. The 29 

variation in zoning pattern from one plateau composition to another fingerprints the transfer of the 30 

crystal from one ME to another. In combination with Sr isotopic data and thermobarometric 31 

estimates, our systematic characterization of clinopyroxene zoning patterns suggests recharge by 32 

deep mafic magmas (ME0: Mg#=92–85) of an evolved shallow reservoir (ME2: Mg#=78–70). Such 33 

a process also led to the formation of a compositionally intermediate environment (ME1: Mg#=84–34 

80), that is detected in the clinopyroxene zoning pattern.  35 

A new method has been developed in this work to evaluate the effective diffusive modifications that 36 

affect the concentration profiles of zoned crystals. The application of different diffusion modeling 37 

methods indicates that deep and shallow reservoirs beneath the Campi Flegrei caldera were 38 

connected to each other over several tens of years until the amount of mafic recharge increased 39 

during the last 10–15 years before the A-MS eruption. This study highlights the complex 40 

relationships between events of magma recharge and the onset of eruption. Our results provide a 41 
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contribution to the knowledge of timescales of magmatic processes that have recently occurred 42 

beneath the Campi Flegrei caldera, which is useful for risk assessment.  43 

Key words 44 

Clinopyroxene zoning patterns – Plumbing system – Campi Flegrei caldera – Magma mixing – 45 

Diffusion chronometry   46 
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1 Introduction 47 

Volcanic eruptions are triggered by magmatic processes that occur in subvolcanic plumbing 48 

systems and so a better understanding of magma evolution rates and processes has implications for 49 

volcanic hazard forecasting (Blundy and Cashman, 2008; Saunders et al., 2012; Kahl et al., 2013; 50 

Cashman and Giordano, 2014; Petrone et al., 2016; Sparks and Cashman, 2017; Cooper, 2019). 51 

High-precision, high spatial resolution analysis of major and trace elements of chemically zoned 52 

minerals represents a powerful tool for investigating nature and rates of the magma chamber 53 

processes that preceded explosive eruptions of variable energy. Since mineral compositions in a 54 

magma depend on crystallization conditions, crystals preserve evidence of parameters (e.g. 55 

pressure, temperature, oxygen fugacity and volatile content) that characterize the environments 56 

where they were formed.  57 

Compositional data on various portions of chemically heterogeneous minerals have provided 58 

information both on pre-eruptive processes such as magma ascent, recharge of a reservoir, 59 

differentiation and mingling/mixing as well as their timescales (e.g. Zellmer et al., 1999, 2003; 60 

Costa and Chakraborty, 2004; Humphreys et al., 2006; Turner and Costa, 2007; Alves et al., 2009; 61 

Kahl et al., 2011, 2013, 2015, 2017; Chamberlain et al., 2014; Ubide et al., 2015, 2019; Ubide and 62 

Kamber, 2018; Astbury et al., 2018, Cooper, 2019).  63 

 64 

In spite of this large body of work, diffusion modeling of volcanic clinopyroxene crystals using 65 

compositional profiles measured through microanalysis and recently obtained experimental 66 

diffusion coefficient data (e.g. Müller et al., 2013) are rare, exceptions being the recent study of 67 

Mangler et al. (2020) or that of Chowdhury and Chakraborty (2019) on metamorphic 68 

clinopyroxenes. One earlier study used BSE contrast imaging and older diffusion data to obtain 69 

timescales of magmatic processes that preceded the 1944 AD eruption of the nearby Vesuvius 70 

volcanic complex (Morgan et al., 2004).  71 
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In this paper we develop a tool to use compositional zoning in clinopyroxene crystals to infer the 72 

nature and timescales of magmatic processes in volcanic plumbing systems. To develop the tool, we 73 

use detailed chemical characterization of clinopyroxene crystals from the products of Agnano-74 

Monte Spina (A-MS), a Plinian eruption that occurred at Campi Flegrei caldera at 2604–2461 BCE 75 

(Smith et al., 2011). For a dormant, though active and restless volcano, an estimate of the time 76 

required for magma to become eruptible, either by coalescence of separate shallow batches or by 77 

deeper magma recharge, is of paramount importance. The expected resumption of explosive activity 78 

and the high population density in the region makes the Campi Flegrei caldera one of the most 79 

hazardous and vulnerable volcanic areas on Earth (Orsi et al., 2004, 2009; Bevilacqua et al., 2015; 80 

Mastrolorenzo et al., 2017). These aspects, combined with the fact that a variety of clinopyroxene 81 

compositional patterns are found in the rocks, make the A-MS eruption an ideal target for 82 

developing the tool. Moreover, there have already been several attempts at assessing timescales of 83 

pre-eruptive processes for Campi Flegrei volcanic activity using different approaches. Estimates of 84 

timescales of magma differentiation, transfer, recharge, accumulation and mixing have been 85 

obtained through isotope analyses (e.g. Arienzo et al., 2011), zircon geochronology (e.g. Gebauer et 86 

al., 2014; Wu et al., 2015), diffusion chronometry (e.g. Iovine et al., 2017a) and experimental 87 

petrology (e.g. Perugini et al., 2015). Timescale information based on textural analysis (e.g. Crystal 88 

Size Distribution – CSD; Piochi et al., 2005; Mastrolorenzo and Pappalardo, 2006; Pappalardo and 89 

Mastrolorenzo, 2012; Arzilli et al., 2016), historical, archaeological, geological and long-term 90 

geodetic record (e.g. Di Vito et al., 2016 and reference therein), numerical simulations (e.g. 91 

Montagna et al., 2015) and crystals growth rates (e.g. Astbury et al., 2018) has also been acquired. 92 

All of these provide a framework within which to evaluate the results of the current study. 93 

We have carried out quantitative analyses along core to rim transects of clinopyroxene crystals 94 

belonging to different eruptive units of the A-MS deposits. The zoning patterns in the crystals are 95 

characterized by zones with constant compositions that have been interpreted to represent changes 96 

in magmatic environments in which the crystals resided (Kahl et al., 2013, 2015, 2017; Solaro et al., 97 
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2020). After systematizing the connectivity between different magmatic environments, we have 98 

attempted to reconstruct the pre-eruptive processes, and then applied the newly developed diffusion 99 

modeling tools to constrain the timescales of these processes. 100 

 101 

2 Volcanological and petrological background 102 

2.1 The Campi Flegrei caldera 103 

The volcanic history of the Campi Flegrei caldera (CFc) has been extensively investigated in the 104 

past decades (e.g. Orsi et al., 1996; Di Vito et al., 1999, 2016; Isaia et al., 2004, 2009; Scarpati et 105 

al., 2013). Continental Campi Flegrei together with the islands of Ischia and Procida, constitute the 106 

Phlegraean Volcanic District (PVD; Fig. 1a-b; Orsi et al., 1996). The PVD formed in response to 107 

the Pliocene-Quaternary extensional processes that generated the Campania Plain graben, along the 108 

Tyrrhenian margin of the Apennine thrust belt (Fig. 1a; Acocella and Funiciello, 2006). The NW–109 

SE normal and NE–SW normal to strike-slip transfer fault systems separated the graben into blocks 110 

and allowed magmas to rise to the surface (Acocella et al., 1999; Brocchini et al., 2001; Piochi et 111 

al., 2005; Acocella and Funiciello, 2006 and reference therein). Except for Procida, whose activity 112 

ended c. 22 ka (Morabito et al., 2014), Ischia island and CFc are still active and pose a high 113 

volcanic hazard.  114 



7 
 

 115 

Fig. 1 a) Geological and structural sketch map of the Southern Campania Plain (modified after Orsi et al., 2003). b) Areal distribution 116 

of the A-MS volcanic deposits (redrawn after de Vita et al., 1999.  c) Detail of the Agnano-San Vito area (modified after Iovine et al., 117 

2017a) d) Schematic stratigraphic column of the A-MS erupted products, subdivided into various members (modified after Iovine et 118 

al., 2017a).; in brackets we reported the number of samples collected from each sub-member.  119 

 120 

The volcanic activity at Campi Flegrei started at least c. 80 ka (Scarpati et al., 2013). The CFc is the 121 

result of multiple collapses that occurred during two big-size explosive eruptions: the Campanian 122 

Ignimbrite dated to c. 40 ka (Gebauer et al., 2014; Giaccio et al., 2017 and references therein) and 123 

the Neapolitan Yellow Tuff (NYT) dated to c. 15 ka (Deino et al., 2004). Volcanic activity has been 124 
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dominantly explosive through time, with several minor volcano-tectonic collapse episodes, hence 125 

volcanic products of the CFc are mostly pyroclastic rocks and subordinate lava flows and domes.  126 

During the last 15 ka, the caldera has been the site of intense volcanism and deformation, 127 

characterized by ~ 70 eruptions grouped into three epochs of activity: epoch 1 c. 15–10.6 ka; epoch 128 

2 c. 9.6–9.1 ka; and epoch 3 c. 5.5–3.5 ka (Di Vito et al., 1999; Smith et al., 2011). The last event, 129 

possibly marking the beginning of a new epoch (e.g. Bevilacqua et al., 2017) occurred in 1538 AD 130 

(Monte Nuovo eruption; Piochi et al., 2005; Guidoboni and Ciuccarelli, 2011; Di Vito et al., 2016; 131 

Liedl et al., 2019). During the past c. 5 ka, 28 low-to medium-magnitude eruptions occurred from 132 

vents mostly located in the NE part of the NYT caldera in the 12 km2 Agnano-San Vito area (Smith 133 

et al., 2011; Bevilacqua et al., 2017; Fig. 1c). This area includes the Astroni, Solfatara, and Agnano 134 

craters, and is considered as one of the sites of highest probability of future resumption of volcanic 135 

activity (Orsi et al., 2004; Selva et al., 2012; Bevilacqua et al., 2016, 2017). This portion of the 136 

NYT caldera has been subjected to extensional tectonics since at least c. 5 ka (Capuano et al., 2013) 137 

through NW–SE- and NE–SW-trending regional faults, favoring the ascent of trachytic and latitic 138 

magmas which fed the eruptions, and it is currently affected by voluminous hydrothermal emissions 139 

(Chiodini et al. 2015 and references therein). The intense fumarolic activity and the unrest episodes 140 

that occurred in recent decades (Del Gaudio et al., 2010) testify to the persistent activity of the CFc 141 

system. The presence of 350,000 inhabitants in the central part of the caldera raises the risk level to 142 

very high (Selva et al., 2012). 143 

The Campi Flegrei volcanic rocks range in composition from potassic shoshonite to trachyte and 144 

phonolite and appear to be the products of magmas originated in a mantle modified by fluids/melts 145 

from the subducting Ionian slab (e.g. Tonarini et al., 2004, D’Antonio et al., 2007; Mazzeo et al., 146 

2014). They exhibit a wide range of 87Sr/86Sr (07086–0.7068), but limited ranges of 143Nd/144Nd 147 

(0.51266–0.51240) and Pb-isotope ratios (e.g. 206Pb/204Pb: 19.25–18.85; D’Antonio et al., 2007; 148 

Pappalardo et al., 2002). The geochemical variability of Campi Flegrei magmas results from a 149 

variety of petrogenetic processes (e.g. partial melting of the mantle source, fractional crystallization,  150 
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crustal assimilation, magma mixing; D’Antonio et al. 1999, 2007; Pappalardo et al., 1999, 2002; 151 

2008; Fedele et al. 2008; Mangiacapra et al., 2008; Arienzo et al. 2009, 2015, 2016; D’Antonio, 152 

2011; Di Renzo et al., 2011; Melluso et al., 2012; Pappalardo and Mastrolorenzo, 2012; Belkin et 153 

al., 2016; Forni et al., 2018; Pappalardo and Buono, 2021). Minor, poorly differentiated 154 

trachybasaltic and latitic magmas erupted at the end of the first epoch, along NE–SW trending 155 

regional tectonic structures (Orsi et al., 1996). Eruption of these magmas along the rim and 156 

differentiated magmas within the caldera testifies to the ascent of weakly differentiated, CO2-rich 157 

magmas of deep provenance through regional faults (D’Antonio et al., 1999; Moretti et al., 2013; 158 

Arienzo et al., 2016) and to the occurrence of a shallow storage region beneath the caldera, within 159 

which the magmas evolve to trachyte and phonolite. Melt inclusion data indicate crystallization 160 

between ~ 9 and ~ 4 km (e.g., Marianelli et al., 2006; Mangiacapra et al. 2008; Arienzo et al. 2010, 161 

2016). The trachyte and phonolite storage region is relatively shallow with respect to the reservoir 162 

from which the shoshonitic-latitic magmas rise (Pappalardo and Mastrolorenzo, 2012; Moretti et al., 163 

2013; Fedi et al., 2018). 164 

 165 

2.2 The Agnano-Monte Spina eruption 166 

The A-MS eruption was the only high-magnitude event of the past c. 5 ka at CFc (Orsi et al. 2004, 167 

2009) and it is considered the reference event for a future medium-size explosive eruption (Mele et 168 

al., 2015). The eruption was characterized by magmatic/phreatomagmatic activity (de Vita et al., 169 

1999; Dellino et al., 2001) that led to the emplacement of alternating fallout and pyroclastic density 170 

current (PDC) deposits, distributed over an area of ~ 1000 km2. The thick sequence of deposits was 171 

subdivided into various members and sub-members, named A through F from the base upwards 172 

(Fig. 1d; de Vita et al., 1999). The fallout deposits are dispersed towards the north-east. High 173 

particle concentration PDC were confined within the Agnano depression, while more dilute PDC 174 

overtopped the morphological boundary of the caldera and ran at least 20 km NE (Fig. 1b; de Vita 175 

et al., 1999). The thickness of the tephra varies from a maximum estimated value of ~ 70 m in the 176 
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Agnano plain, the inferred vent area for the eruption, to a few centimeters over a distance of ~ 50 177 

km. Estimations based on distribution and thickness of A-MS products yield a volume of ejected 178 

magma of ~ 0.9 km3 (dense rock equivalent; Orsi et al., 2009). 179 

The A-MS juvenile fragments are potassic alkaline rocks, ranging in composition from trachyte to 180 

phonolite. De Vita et al. (1999) reported a general decreasing differentiation degree from bottom to 181 

top of the A-MS sequence. They also noticed that the total range of variation for several trace 182 

elements is large despite the limited variation of major oxide contents and found evidence for Sr-183 

isotopic disequilibria among whole rocks and minerals. The authors concluded that the A-MS 184 

eruption was fed by two isotopically and chemically distinct trachytic and phonolitic magma 185 

batches that mixed during the eruption. Moreover, Arienzo et al. (2010), Moretti et al. (2019) and 186 

Romano et al. (2020) supported the mixing hypothesis of the previous authors and investigated the 187 

role of the H2O, CO2 volatile phases involved prior to/during the eruption, linking them to the 188 

magmatic components and to the eruption dynamics.  189 

 190 

3 Samples and methods 191 

The analyzed A-MS rocks are pumice fragments extracted from different deposits outcropping in 192 

the Agnano plain (Fig. 1c). Pumice fragments from the A-MS eruption are porphyritic, with 193 

phenocrysts of plagioclase and alkali–feldspar, clinopyroxene, phlogopite, apatite and Ti-magnetite 194 

in order of decreasing abundance (Fig. 1 in Supplementary Material 1). Feldspar, clinopyroxene and 195 

phlogopite phenocrysts occur as single crystals or sometimes as aggregates. The groundmass is 196 

glassy and contains rare microlites of clinopyroxene, K-feldspar, plagioclase and phlogopite. 197 

In the present work, we sampled the A-MS sequence in the representative localities of Cavone degli 198 

Sbirri, Guantai, Torciolano, Vallone del Corvo, Verdolino and Eremo (Fig. 1c) within and nearby 199 

the Agnano plain. We collected 25 samples, which correspond to different sub-members (Fig. 1d). 200 

The samples are pumice fragments collected from both fall and PDC deposits of all localities and 201 

sub-members (Fig. 1d).  202 
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The selected pumice samples were gently crushed to lapilli-size grains through a jaw crusher. About 203 

500 g of crushed sample was sieved using a stack of sieves with meshes ranging from 1 to -1. 204 

From the sieved aliquots, clinopyroxene, K-feldspar, phlogopite phenocrysts and pumice glass 205 

fragments were hand-picked under a binocular microscope. These grains were loaded in sample 206 

holders with epoxy resin and suitably polished with decreasing grain-size diamond paste. The 207 

crystals were oriented in order to cut the crystals along the elongated axis, presumably the c-axis. 208 

The glass fragments and clinopyroxene crystals were carefully observed in reflected and transmitted 209 

light at optical microscope and in polished thin section under a binocular polarized light microscope 210 

before obtaining compositional data.  211 

 212 

3.1 Analytical techniques 213 

An overall chemical characterization of glass and clinopyroxene crystals (Supplementary Material 214 

2) from all the aforementioned A-MS eruptive members was performed at DiSTAR - University of 215 

Napoli Federico II, by a JEOL-JSM 5310 electronic scanning microscope (SEM) equipped with an 216 

INCA X-Act detector using energy dispersive X-ray spectroscopy (EDS) microanalysis technique. 217 

Measurements were performed at a 15 kV primary beam voltage, 50–100 μA filament current, 218 

variable spot size and 50 s net acquisition time. The following standards were used for calibration: 219 

diopside (Mg), wollastonite (Ca), anorthoclase (Al, Si), albite (Na), rutile (Ti), almandine (Fe), 220 

Cr2O3 (Cr), rhodonite (Mn), orthoclase (K), apatite (P), fluorite (F) and sodium chloride (Cl). 221 

Relative analytical uncertainty is typically ~1% for major elements, ~3–5% for minor elements. 222 

Detailed mineral composition (Supplementary Material 2) were obtained along transects of length 223 

varying from 20 μm to 800 μm on zoned clinopyroxene crystals. The data were collected at the HP-224 

HT Laboratory of Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica 225 

e Vulcanologia in Rome (Italy), using a Jeol-JXA8200 electron microprobe equipped with five 226 

wavelength dispersive spectrometers. This kind of specific analysis was performed on selected 227 

samples belonging to A1, B1 and D1 members, which are the main fallout deposits representative 228 
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of the entire compositional range of the A-MS deposits. Crystals in carbon-coated resin mounts 229 

were analyzed under high vacuum conditions, using an accelerating voltage of 15 kV. Crystals were 230 

traversed using spots with separation of 2.5, 3.5, 5, 7 and 10 μm and variable beam diameter of 2.5, 231 

3.5 and 5 μm, both depending on the transect length. The electron beam current was set at 7.5 nA. 232 

Elemental counting times were 10 s on the peak and 5 s on each of two background positions. 233 

Corrections for inter-elemental effects were made using a ZAF (Z: atomic number; A: absorption; 234 

F: fluorescence) routine. The range of standards for calibration was taken from Micro-Analysis 235 

Consultants (MAC; http://www.macstandards.co.uk) and variable diffraction devices: albite (Si-236 

PET, Al-TAP, Na-TAP), forsterite (Mg-TAP), augite (Fe-LIF), apatite (Ca-PET), orthoclase (K-237 

PET), rutile (Ti-PET), and rhodonite (Mn-LIF). Smithsonian augite (Jarosewich et al., 1980) and 238 

MAC augite were used as quality monitor standards and for the calculation of accuracy and 239 

precision. Accuracy was better than 1–5% except for elements with abundances below 1 wt%, for 240 

which it was better than 5–10%. Precision was typically better than 1–5% for all analyzed elements. 241 

We also analyzed Sr isotopes on 5 whole-rock samples and mineral concentrates of K-feldspar, 242 

clinopyroxene and phlogopite, belonging to sub-members A1, A2, B2, D2 and E2. The Sr isotopic 243 

ratios were determined at the Radiogenic Isotope Laboratory of the Istituto Nazionale di Geofisica e 244 

Vulcanologia, sezione di Napoli-Osservatorio Vesuviano. Powdered whole rocks samples (~ 0.1 g) 245 

were leached with warm HCl for 10 min before dissolution. Sr was separated after HF-HNO3-HCl 246 

suprapur acid dissolution using standard column chromatographic methods, through Dowex 247 

AG50WX-8 (200-400 mesh) cation exchange resins (Arienzo et al., 2013), and measured in static 248 

mode by thermal ionization mass spectrometry (TIMS) using a Thermo Finnigan Triton TI. 249 

Average 2σmean, i.e., the standard error with N = 175, was better than ±0.000009. During the time of 250 

isotopic data acquisition, NIST-SRM 987 standard gave a mean value of 87Sr/86Sr = 0.710231 ± 251 

0.000019 (2σ, N = 169). External reproducibility (2σ) during the period of measurements was 252 

calculated according to Goldstein et al. (2003). During acquisition, Sr isotopic ratios were 253 

http://www.macstandards.co.uk/
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normalized for within-run isotopic fractionation to 86Sr/88Sr = 0.1194. The measured Sr isotopic 254 

ratios were normalized to the accepted value of NIST-SRM 987 (87Sr/86Sr = 0.71025) standard. 255 

 256 

3.2 Systems connectivity diagrams 257 

The chemical variations recorded in compositional zoning patterns can be used to track the 258 

evolution of different populations of crystals through distinct magmatic environments in which they 259 

grew. Following Kahl et al. (2011, 2015), we used a population-based approach to investigate the 260 

different magmatic environments. The method was developed using olivines and has recently been 261 

applied to orthopyroxenes (Solaro et al., 2020), but has not been applied to clinopyroxenes yet to 262 

the best of our knowledge, although Mangler et al (2020) interpreted compositional zoning in a 263 

similar manner.  264 

Minerals can be characterized by zones having constant composition for several microns along a 265 

direction: if a zone has a constant composition that differs from the constant compositions in 266 

surrounding zones, then a plot of such a concentration distribution as a profile along one direction 267 

has the shape of a plateau. Irrespective of whether the composition of the zone is higher or lower 268 

with respect to the surrounding zones, all of these flat regions in concentration profiles are referred 269 

to as “plateaus” in this work. The occurrence of plateaus in the zoning patterns of minerals, such as 270 

clinopyroxene, indicates that compositional zoning is not produced by pure fractionation, but that 271 

growth occurred for certain periods of time under stable conditions in response to fast changes of 272 

thermodynamic variables (pressure, temperature, oxygen fugacity or water fugacity). Consequently, 273 

plateaus with different composition represent several episodes of overgrowth of the crystals under 274 

different sets of P-T-X conditions. Each set of such thermodynamic variables characterizes a single 275 

magmatic environment. It is therefore possible to associate each compositional population, detected 276 

in the whole set of crystals, to a specific magmatic environment. As explained by Kahl et al. (2015), 277 

a magmatic environment does not necessarily represent a physical magmatic reservoir. Two 278 

magmatic environments could be parts of a single physical reservoir. For example, portion of a 279 
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zoned magma reservoir can differ from other parts of the same reservoir only because, for instance, 280 

the temperature is different while other variables remain fixed. 281 

The approach uses connectivity diagrams, made up of boxes joined by lines, to systematically 282 

organize the chemical information and identify the number of magmatic environments recorded in 283 

such zoning patterns (e.g. Kahl et al., 2011 and reference therein). In the Systems connectivity 284 

diagrams, each box represents a distinct magmatic environment and each connection line indicates 285 

the composition of a crystal from core to rim, that is equivalent to the zoning type; a single arrow 286 

represents the passageway of a crystal (or a magma in which the crystal was forming), from one 287 

magmatic environments to another with different conditions. The density of the connection lines 288 

can be used to infer the dominant passageways of crystals in different environments. Such a 289 

schematic data representation immediately provides a whole picture of the zoning patterns. It is 290 

therefore possible to quantify the connections among the various magmatic environments 291 

(henceforth, ME), through the entire set of zoning pattern, in order to reconstruct the evolutionary 292 

history of crystals. Here we applied this approach to A-MS clinopyroxenes, in order to investigate 293 

growth of crystals in the different MEs that possibly characterized the A-MS plumbing system.  294 

 295 

4 Results 296 

4.1 Matrix-Glass 297 

Matrix-glass analytical data (119 spots; Supplementary Material 2) have been acquired on 298 

representative samples of the A-MS eruption products. Matrix-glass shows an alkaline affinity 299 

(Na2O+K2O = 13.6–10.5 wt% and SiO2 = 60.0–55.7 wt%) and mostly classifies as trachyte and 300 

subordinately as phonolite (Fig.  2a). The agpaitic index [A.I. molar (Na++K+)/ Al3+] of A-MS 301 

glasses ranges from 0.97 to 0.75.  Na2O and K2O contents range from 5.55 to 3.24 wt% and from 302 

9.99 to 7.50 wt%, respectively. The Na2O/K2O ratio ranges from 0.70 to 0.33 while the CaO/Al2O3 303 

ratio ranges from 0.19 to 0.09. TiO2 and Al2O3 contents range from 0.75 to 0.17 wt% and from 19.8 304 
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to 18.1 wt%, respectively. FeO(tot) and MgO contents range from 4.27 to 2.58 wt% and from 1.12 to 305 

0.33 wt%, respectively (Fig. 2 in Supplementary Material 1).  306 

The analyzed A-MS matrix-glasses are Ne-normative and their Mg# [molar 307 

Mg2+/(Mg2++Fe2+)*100] varies from 43 to 24. The Mg# of the whole-rocks, taken from literature 308 

(de Vita et al., 1999) for comparison, ranges from 45 to 31, thus slightly shifted toward less evolved 309 

compositions. SiO2 and Na2O contents show positive correlation with the degree of chemical 310 

evolution (decreasing Mg#; Fig. 2 in Supplementary Material 1), whereas CaO, MgO and FeO(tot) 311 

contents show negative correlation. K2O content increases with Mg# decreasing from 43 to 30 and 312 

then decreases with Mg# decreasing from 30 to 24; Al2O3, and MnO contents are constant, although 313 

scattered. The degree of differentiation generally decreases from bottom to top of A-MS deposits. In 314 

fact, even if partially overlapped, there is a remarkable difference in the major oxide contents of the 315 

A-MS volcanic products sampled in the different members (from A to F). In particular, glass from 316 

members A to B show on average a slightly more differentiated composition than those from 317 

members D to F (Fig. 2a; Fig. 2 in Supplementary Material 1). 318 

 319 
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Fig. 2 a) Glass compositions of A-MS products plotted in the Total Alkali vs. Silica diagram; melt inclusion data are from Arienzo et 320 

al. (2010); whole rock and matrix-glass compositions are from de Vita et al. (1999). b) Di-Hd-En-Fs classification diagram of 321 

clinopyroxenes found in A1, B1 and D1 members of the A-MS deposits; literature data refer to clinopyroxene from A-MS products 322 

(de Vita et al., 1999; Arienzo et al., 2010); mantle refers to the zones/sectors of the crystals between the core and the most external 323 

rim. 324 

.  325 

4.2 Clinopyroxene 326 

Clinopyroxene from A-MS deposit occurs as euhedral to anhedral dark green phenocrysts and 327 

microcrysts in the groundmass. Both kinds of clinopyroxene have a diopsidic composition (Wo51-54-328 

En49-30-Fs27-4; Fig. 2b). On the other hand, clinopyroxene shows a significant compositional 329 

heterogeneity that is well reflected in the Mg# [molar Mg2+/(Mg2+ +Fetot) *100] which ranges from 330 

92 to 45 (Fig.  3a). Na2O, Al2O3 (Fig. 3d), TiO2 (Fig. 3e) and FeO contents increase with decreasing 331 

Mg#. TiO2 and Al2O3 contents range from 1.29 to 0.27 wt% and from 7.17 to 1.39 wt%, 332 

respectively (Fig.  3d-e). Na2O content ranges from 0.87 to 0.10 wt% (Fig. 3b). The whole set of 333 

acquired data allowed to enlarge the already known compositional range of clinopyroxene from A-334 

MS (cyan bordered field in Fig. 2b; de Vita et al., 1999; Arienzo et al., 2010). 335 

About 300 separated clinopyroxene crystals have been selected and then observed under a 336 

polarizing microscope. However, quantitative compositional zoning profiles have been only 337 

measured on the 41 crystals showing optical evidence of compositional variations. These make up a 338 

minor percentage (~15%) of the overall population. On 46 of the remaining optically unzoned 339 

clinopyroxenes, single spots major and minor element concentrations have been acquired. The 340 

optically unzoned clinopyroxene crystals show a quite homogeneous composition (Supplementary 341 

Material 2): 40 out of 46 analyzed crystals have Mg#= 75±5 (Fig. 3a). Only four out of the 46 342 

analyzed homogeneous clinopyroxene crystals show higher (Mg# = 87±5) values. Two other 343 

crystals exhibit lower (Mg# = 60±5) values. 344 

 345 
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4.2.1 Compositional populations 346 

As for the zoned crystals, we refer mantle to define the optically discriminable zones between the 347 

core and the rim. Frequency histograms (Fig. 3a-c) of core, mantle and rim compositions show that 348 

there are different compositional populations. In particular, through the Mg# parameter (Fig. 3a; 349 

Table 1), it is possible to clearly distinguish: 1) a population of compositions, hereafter referred to 350 

as ME0, characterized by high Mg# (92-85), occurring in 70% of the analyzed zoned crystals, in 351 

most cases represented by crystal cores; 2) a population, hereafter referred to as ME1, with Mg# 352 

between 84 and 80, occurring in 34% of the analyzed zoned clinopyroxenes and that mostly 353 

constitutes the mantles of the crystals; 3) a population of compositions, hereafter referred to as 354 

ME2, with Mg# between 78 and 70 and with an average value of 75, occurring in all the analyzed 355 

zoned clinopyroxenes and, in particular, in almost all their rims. Notably, this is also the 356 

composition of the unzoned crystals, which make up 85% of the overall population. 4) a further 357 

population is represented by few cores and mantles with low Mg# (69–60) found in 7% of the 358 

zoned analyzed crystals, hereafter referred to as ME3. Moreover, the rim of a single crystal showing 359 

very low Mg# (55–45) is also referred to as ME3 in Fig. 4. In summary, ME0 and ME2 make up 360 

most of the zoned clinopyroxene population, with the most mafic compositions (ME0) generally 361 

recorded in the cores. Although there are subtle variations in the distribution patterns of Al2O3 and 362 

Na2O contents of the pyroxene crystals that are discussed below in detail, the classification into 363 

different groups is largely corroborated by these compositional parameters as well (e.g. Fig. 3).  364 
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Fig. 3 a) Mg#, b) Na2O and c) Al2O3 frequency histograms of core, mantle and rim of the zoned A-MS clinopyroxenes. These allow 366 

different populations to be identified. d) Al2O3 vs Mg# and e) TiO2 vs Mg# variation diagrams of the analyzed zoned A-MS 367 

clinopyroxenes showing a wide compositional range and different populations and sub-populations. Note that all clinopyroxenes of 368 

different compositions lie on a trend defined by the orange arrow, with the exception of the ME1b and ME2b trends, which are 369 

shown in yellow. The significance of these trends is discussed in section 4.6. 370 

 371 

The main difference between the three analyzed members is that only member B1 has a significant 372 

number (9 out of 15 analyzed crystals) of zoned clinopyroxene crystals with cores showing ME2 373 

and ME3 compositions; in zoned clinopyroxene from the member A1, cores have only ME0 374 

composition. Only 4 out of 20 cores of the crystals from member D1 show a ME2 composition. 375 

Indeed, member D1 has a large proportion of zoned clinopyroxenes (15 out of 20 analyzed crystals) 376 

with ME1 and ME0 composition; this is consistent with the composition of its matrix-glass, which 377 

is less differentiated with respect to the composition of A-B members. An important observation is 378 

that despite the wide compositional variability of cores and mantles, crystal rims show a 379 

homogeneous composition: except the crystal rim with very low Mg#, all crystal rims show Mg# 380 

between 78 and 70, thus pertaining to ME2. Nevertheless, Al2O3 and TiO2 show an overlap in the 381 

compositional populations that are distinguishable based on their Mg# (Fig.  3). In particular, these 382 

elements show a wider compositional range in the populations of rims (ME2) and mantles (ME1), 383 

so it is possible to discriminate two other subpopulations (ME1b and ME2b), which, at similar Mg# 384 

values, are characterized by higher contents of Al2O3 and TiO2 (Fig.  3d-e). Thus, in terms of Al2O3 385 

and TiO2, mantles and rims show a compositional heterogeneity, despite they have homogeneous 386 

MgO, FeO and Na2O contents. This aspect will become relevant in the construction of diffusion 387 

models. 388 
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 389 

Fig. 4 The colored table reports, for each sub-member, the frequency of occurrence of a compositional population in a zoning sector 390 

(core, mantle or rim) in a total of 36 (out of 41) analyzed clinopyroxene crystals of the A-MS deposit; c=core; m=mantle; r=rim. 391 

Percentages have been calculated considering clinopyroxenes with plateaus (36 out of 41). Percentage of compositional populations 392 

occurring in the homogeneous clinopyroxene crystals is also reported. % tot.in rows at the bottom express the abundance of a 393 

compositional population in all the analyzed crystals (36 for the zoned and 46 for the unzoned crystals, respectively).  394 

 395 

 396 

4.2.2 Compositional Zoning 397 

The concentration profiles measured along core-to-rim traverses in zoned clinopyroxenes allowed 398 

to characterize their zoning patterns. In 36 out of 41 crystals, the zoning pattern of the main 399 

elements consists of two or more plateaus with a constant composition separated by either sharp or 400 

gradual boundaries (Fig. 5). Based on the chemical composition and the type of variation shown by 401 

plateaus, various types of zoning patterns have been identified, i.e. normal, reverse or complex. 402 

Normal zoning is defined by decreasing Mg# from core to rim while reverse zoning is characterized 403 

by increasing Mg# from core to rim of the clinopyroxene. Complex zoning refers to crystals 404 
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characterized by more than two plateaus, i.e. crystals showing normal-to-reverse zoning, in which 405 

Mg# decreases from core to mantle and increases from mantle to rim. 406 

The most common pattern (44%) is normal zoning (type I; Fig.  5a), consisting of cores with high 407 

Mg# (92–80; ME0-ME1) and rims with intermediate composition (Mg# = 78–70; ME2) showing 408 

sharp variation between these. Another type of zoning is type II (5%), that is similar to the normal 409 

zoning type I, but differs in that the variation is gradual (Fig.  5b). Only one normally zoned crystal 410 

(type III; Fig.  5c) shows a core with intermediate composition (Mg# = 75–73; ME2) and a rim with 411 

low Mg# (55–45; ME3). Another less common zoning type (type IV; Fig.  5d; ~ 5%) is represented 412 

by reversely zoned crystals in which cores with Mg# of 68–63 (ME3) are surrounded by rims with 413 

less differentiated composition (Mg# = 75–73; ME2). Several types of complex zoning patterns are 414 

also common. Most crystals have a reverse to normal zoning (type V; Fig.  5e; ~ 22%), with a core 415 

characterized by intermediate composition (Mg# = 81–72; ME1 or ME2), a mantle with higher Mg# 416 

(82–92; ME0 or ME1) and a rim with Mg# of 75–72 (ME2). An individual (type VI; Fig.  5f) from 417 

member B1 shows a variation from Mg# = 75 (ME2) in the core, through Mg# = 63 (ME3) in the 418 

mantle, to Mg# = 75 (ME2) in the rim. Finally, oscillatory zoned (type VII; Fig.  5g; ~ 7%) crystals 419 

are also present, showing an alternation of zones consisting of several plateaus with composition 420 

ranging from Mg# = 92–88 (ME0) to 84–82 (ME1) and a rim with Mg# = 75 (ME2). Moreover, a 421 

few crystals (type VIII; Fig. 5h; ~ 12%) show normal or oscillatory zoning with gradual variation 422 

(Mg# from 81 to 71) without plateaus.  423 
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 424 

Fig. 5 Types of zonation of the A-MS clinopyroxenes. Black diamonds are measured analysis along the crystal traverses showing 425 

concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ +Fetot)]. In the BSE images, the blue lines are the traverses along 426 

which the chemical composition has been acquired. Black dashed lines indicate the initial profile shapes: these are different 427 

depending on the two methods applied for diffusion modeling and have been inferred through the relationships between Al2O3 (wt%) 428 

and Mg# in the profiles Red lines indicate modelled profiles. A complete description of the diffusion modeling methods is provided 429 

in section 4.6. The numbers in brackets indicate the percentage of zoned clinopyroxenes exhibiting such a pattern. 430 

 431 

 432 

4.3 Sr isotope composition of whole rocks and minerals 433 

The whole-rock samples from the sub-members A1 and A2 show87Sr/86Sr isotopic ratios = 0.70747. 434 

Whole rocks from sub-member B2 have a 87Sr/86Sr isotopic ratio = 0.70749, whereas samples from 435 

sub- members D2 and E2 show higher 87Sr/86Sr isotopic ratios that are 0.70753 and 0.70750, 436 

respectively (Fig. 6a). Feldspars from all the A-MS members show a Sr-isotopic signature in the 437 
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range 0.70750–0.70748 (Fig. 6b). The Sr-isotopic signature of clinopyroxenes shows a significant 438 

range of variation, increasing from 0.70745 in member A1 to 0.70756 in member D2 and then 439 

slightly decreasing to 0.70755 in member E2 (Fig. 6c). Only phlogopite crystals from member E2 440 

have been analyzed and they show a 87Sr/86Sr value of 0.70753 (Supplementary Material 2). 441 

Notably, on average, the Sr isotopic ratios increase with stratigraphic height: this is particularly 442 

evident in whole rocks and clinopyroxenes (Fig. 6a, c). The new isotopic data acquired on whole 443 

rocks and mineral phases of the analyzed samples are reported in Supplementary Material 2 and are 444 

consistent with the range reported in literature (Fig. 6). 445 

 446 

Fig. 6 Stratigraphic height vs Sr-isotopic composition of A-MS whole rocks and minerals. Literature data are from de Vita et al. 447 

(1999) and Arienzo et al. (2010). 448 

 449 

4.4 P-T conditions of clinopyroxene crystallization 450 

Clinopyroxene-liquid thermometers and barometers specific for alkaline magmas (Masotta et al., 451 

2013) have been used in order to investigate the crystallization conditions of the A-MS 452 

clinopyroxenes. However, only few clinopyroxenes have passed the compositional test for 453 

equilibrium (Fig. 7a), implying that the majority of the crystals, mostly those belonging to ME0 and 454 

ME1, grew in a more mafic melt and were subsequently trapped in the A-MS trachytic magma. 455 

Nevertheless, we noted that some of these clinopyroxenes are in equilibrium with whole rocks 456 
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and/or melt inclusions representative of poorly evolved trachybasaltic to latitic Campi Flegrei 457 

magmas (Beccaluva et al., 1991; Civetta et al., 1991a; D’Antonio et al., 1999; Lustrino et al., 2002; 458 

Mastrolorenzo and Pappalardo, 2006; Cannatelli et al., 2007).  459 

 460 

Fig. 7 a) Fe-Mg partitioning between clinopyroxene and host rock (Fe/MgKdCpx-liq = 0.27±0.03; Grove and Bryan, 1983; Putirka et al., 461 

2003); fields demarcated by colored dotted lines represent the whole set of A-MS clinopyroxenes, belonging to different magmatic 462 

environments, compared to host rocks; the transparent colored dotted lines refer to clinopyroxenes with high Mg# (ME0 and ME1) 463 

compared to A-MS whole rocks and matrix glass compositions: these clinopyroxenes are out of equilibrium with respect to their host 464 

rocks; some of these clinopyroxenes are in equilibrium with more mafic rocks; diamond symbols refers to some clinopyroxenes 465 

which passed the compositional test for equilibrium and have been used for geothermobarometry. b) Output pressures and 466 

temperatures estimates for the different magmatic environments of the A-MS clinopyroxenes obtained by the clinopyroxene-liquid 467 

thermometers (equation Talk2012) and barometers (equation Palk2012) specific for alkaline magmas (Masotta et al., 2013); error 468 

bars refer to SEE. 469 

 470 

We consider only clinopyroxene crystals in equilibrium with hypothetical melts, i.e. crystals from 471 

the ME0 and ME1 in equilibrium with Campi Flegrei poorly evolved volcanic products, and 472 

crystals from ME2 and ME3 in equilibrium with A-MS matrix-glass compositions (Fig. 7a). 473 

Different ranges of temperature have been obtained for the variable clinopyroxene populations (Fig. 474 

7b; Supplementary Material 3). The most mafic compositions yield the highest temperatures, with 475 

averages of 1104±24 °C for ME0 and 1066±11 °C for ME1. Average temperatures for ME2 and 476 

ME3 are 990±13 °C and 952±18 °C, respectively. The standard error of estimate (SEE) of the used 477 

geothermometer (Masotta et al., 2013) is 18.2°C and hence, in the case of ME1 and ME2, it is 478 
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slightly higher than the standard deviation calculated from the output values. The estimated pressure 479 

is similar for all the populations ranging between 3.0 and 0.5 kbar, with an average value of ~ 1.7 480 

kbar. Only a few output data show pressures >3 kbar. With the exception of a few clinopyroxenes 481 

from ME0 and by considering that the SEE of the geobarometer is 1.15 kbar, the obtained pressure 482 

range is the same for the different magmatic environments, which likely indicates that the resolution 483 

in pressure is not good enough to discriminate reservoirs at different depths.  484 

 485 

4.5 Magmatic environments recorded in A-MS clinopyroxenes 486 

In Fig. 8, the Systems connectivity diagram schematically shows the A-MS clinopyroxene zoning 487 

pattern.  488 

 489 

Fig. 8 Systems connectivity diagrams of the zoning patterns of A-MS clinopyroxene crystals. Since each compositional population 490 

can be associated to a specific magmatic environment (see section 3.2), the different magmatic environments are characterized by 491 

different ranges in the Mg#. Different zoning types are depicted by different connection lines represented by different color (e.g. the 492 

orange routes represent clinopyroxene crystals with core formed in ME2, mantle formed in ME0 and the rim formed in ME2). The 493 

height of the boxes is proportional to the frequency of occurrence of the magmatic environments. The A-MS clinopyroxene zoning 494 

patter is characterized by most of the connection lines linking ME0 and ME2, also passing through ME1, and a few connections 495 

linking ME2 and ME3.  496 

 497 
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 Such an analysis reveals that, despite the complex diversity of zoning patterns, certain evolutionary 498 

tracks are recurrent in the history recorded by the clinopyroxene populations. It can be noted that 499 

there are many connections, depicted as arrows in Fig. 8, between the ME0 and ME2 environments. 500 

The connections often pass also through ME1 that represents an environment compositionally 501 

intermediate between ME0 and ME2. Finally, there is a much smaller number of connections 502 

between ME2 and ME3. Based on the available data, there are no connections between either ME0 503 

or ME1 and ME3; this allows us to divide the evolutionary history of A-MS clinopyroxene 504 

phenocrysts into two steps: one involves the interaction among the magmatic environments ME0, 505 

ME1 and ME2, the other involves ME2 and ME3. Moreover, as also visible in the frequency 506 

histograms (Fig. 3), it is worth noting that both crystal cores with high Mg# (ME0) and crystal cores 507 

with low Mg# (ME3) converge toward an intermediate composition (ME2) at the rim. At this point 508 

it is necessary to recall that this distinction in different magmatic environments is supported by 509 

other compositional variables such as Na2O, Al2O3 and TiO2 contents, with the exception of the 510 

ME1b and ME2b groups of Al2O3 and TiO2 contents that occur in the rim and mantle regions of the 511 

zoned clinopyroxenes. These will be discussed in detail in the following section on diffusion 512 

modeling. 513 

 514 

4.6 Diffusion modeling 515 

Kinetic modeling of the zoning patterns in clinopyroxene, which record fluctuations through the 516 

different magmatic environments, can yield information on the timescales over which the processes 517 

that created the different types of zoning took place. The well preserved plateaus found in most 518 

profiles can be used to infer the initial profile shapes before diffusion occurred. Given the different 519 

kinds of zoning profiles, two different methods for modeling have been used here. I. Most of the 520 

profiles, characterized by compositional plateaus and sharp gradients show little evidence of 521 

diffusive modification of growth zoning. In these cases, it is possible to calculate the relaxation of 522 

growth zoning timescales (e.g. see Chakraborty and Ganguly, 1991; Trepmann et al., 2004) to infer 523 
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maximum possible durations that the crystals may have spent in a magmatic reservoir at a given 524 

temperature without perceptible, within the analytical resolution of this study, diffusive 525 

modification of the profiles. II. In a small subset of profiles (e.g. Type II) diffusive gradients are 526 

observed and these can be modelled to fit the observed profiles and yield durations of residence of 527 

the crystals in a magmatic environment. In both cases, solutions to the diffusion equation 528 

𝑑𝐶

𝑑𝑡
=

𝑑

𝑑𝑥
(𝐷(𝑡)

𝑑

𝑑𝑥
)  (1) 529 

are sought with an appropriate choice of initial and boundary conditions. The equation describes 530 

how concentration gradients (i.e., concentration profiles: dC/dx), evolve as a function of time and 531 

this aspect is utilized to obtain information on timescales from measured concentration profiles (e.g. 532 

Chakraborty et al., 2008). We have carried out the diffusion modeling at temperatures 533 

corresponding to that of the ME2 environment (990 °C) because, in most cases, this is the final 534 

temperature at which clinopyroxenes grew and resided before eruption, at least for ~ 98% of the 535 

zoned crystals, as well as the homogeneous crystals, which make up 85% of the clinopyroxene 536 

population. We have used diffusion coefficients calculated using the expression provided by Müller 537 

et al. (2013):  538 

𝐷Fe−Mg = 2.77 ±  4.27 ∗ 10−7exp (
−320.7 ±

16kJ

mol

𝑅𝑇
) m2/s  (2) 539 

where R is the gas constant and T is the temperature in Kelvin. 540 

 541 

In the method I, the measured profiles are taken as the initial profiles and equation (1) and (2) are 542 

used to numerically calculate evolution of the profile shapes as a function of time. The boundary 543 

conditions for these calculations may be either constant composition or no flux at the rims of 544 

crystals, with little difference in the results. Timescales on which the calculated profiles deviate 545 

measurably from the initial profiles are considered to be upper limits of residence times of crystals 546 

in a particular magmatic environment. Fig. 5 (except Fig. 5b: Type II) shows examples of different 547 

kinds of profiles modeled through method I. The upper limit residence times for different plateau 548 



28 
 

compositions in the various types of zoning profiles are listed in Table 1. These are found to be < 549 

25 years, with durations < 15 years being the most common. 550 

Table1 551 

 552 

  

Method I  Method II 

   

Method I  Method II 

Member cpx n°-   

   

Member cpx n°-   
  

 

traverse n°   

    

traverse n°   
  

 

    

    

    

  A1 cpx1-1 14.3 

   

D1 cpx2-1 14.3 

  

 

cpx1-2 15.5 

    

cpx2-2 6.8 

  

 

cpx2-1 6.7 

    

cpx5-1   43.8 

 

 

cpx2-2 6.7 

    

cpx5-2   50.6 

 

 

cpx3-1   48.2 

   

cpx7-1 10.5 

  

 

cpx3-2   37.8 

   

cpx7-2 11.1 

  

 

cpx5-1   68.2 

   

cpx8-1 14.3 

  

 

cpx5-2   61.0 

   

cpx8-2 9.5 

  

 

    

    

cpx9-1 6.1 

  B1 cpx1-1 8.9 

    

cpx9-2 8.6 

  

 

cpx1-2 8.9 

    

cpx10-1 20.3 

  

 

cpx2-1 8.9 

    

cpx10-2 6.7 

  

 

cpx2-2 7.1 

    

cpx11-1 18.0 

  

 

cpx4-1   48.3 

   

cpx11-2 6.7 

  

 

cpx4-2   52.6 

   

cpx13-1 24.7 

  

 

cpx5-1 12.7 

    

cpx13-2 7.9 

  

 

cpx5-2 9.5 

    

cpx14-1 8.6 

  

 

cpx6-1 4.8 

    

cpx14-2 5.2 

  

 

cpx6-2 4.8 

    

cpx18-1 9.4 

  

 

cpx7-1 14.3 

    

cpx18-2 7.9 

  

 

cpx7-2 4.8 

    

cpx19-1 12.9 

  

 

cpx8-1 9.5 

    

cpx19-2 5.3 

  

 

cpx8-2 12.7 

    

    

  

 

cpx9-1 20.9 

    

    

  

 

cpx9-2 7.6 

    

    

  

 

cpx10-1 11.4 

        

 

cpx10-2 8.6 

        

 

cpx11-1   47.2 

       

 

cpx11-2   52.5 

                             

            553 

Table 1 Timescale (in years) estimates for Agnano-Monte Spina clinopyroxene crystals derived from Fe-Mg diffusion modeling 554 

across selected transects, calculated at T = 990 °C. In method I, the measured profile has been used as initial profile and the time term 555 

of the equation (1) has been varied until the modeled profile slightly oversteps the initial profile: the maximum diffusive smoothing 556 
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that a concentration (Mg#) profile has undergone has been modeled, thus yielding maximum times of residence. In method II, the 557 

shape of the initial profile has been inferred from the relationship between Al2O3 and Mg# (Fig. 8); the residence times have been 558 

modeled by obtaining the fit with the measured profile.  559 

 560 

In the method II, on the other hand, it is necessary to define the shapes of the initial profiles and 561 

then model their diffusive modification. To do that, element concentrations that are correlated with 562 

each other through petrogenetic processes but diffusing at different rates are useful. Here we make 563 

use of Mg# and Al2O3 concentration in the clinopyroxene crystals, which are anti-correlated with 564 

each other (e.g. see Fig. 3) because Mg-content decreases as Al-content increases during fractional 565 

crystallization as well as partial melting processes (e.g. Jagoutz et al., 1979). As discussed above 566 

(see caption of Fig. 3), there are two groups of compositions, ME1b and ME2b, that deviate from 567 

this trend. It is possible to reliably infer the initial profile shapes of crystals which exhibit this 568 

characteristic: by plotting Al2O contents vs Mg# in a profile, it is possible to obtain a linear 569 

correlation. Most of crystals show a good correlation, as shown by the fit of the data by a linear 570 

trend-line (in Fig. 9a, R2=0.94). This correlation can be then used to infer the hypothetical initial 571 

Mg# profile, plotted in figure 9b. Within the accuracy of the data, it is hardly possible to see the 572 

difference between the measured profile and the theoretical profile, in particular, in the region with 573 

the sharp compositional gradient. This implies that the Mg# profile was little or even not at all 574 

affected by Fe-Mg interdiffusion. For these crystals, it has been possible to estimate a maximum 575 

timescale using method I: in this case, since the inferred profile is very similar to the measured 576 

profile, the latter has been used as initial profile in the modeling. It is then possible to deduce that 577 

where Mg# and Al2O3 are correlated according to the overall general trend, the profiles of Mg# and 578 

Al2O3 track each other completely and the shapes overlap with each other. Conversely, when Al2O3 579 

content is higher at a given Mg# compared to the value expected from the overall correlation trend, 580 

such as for crystals showing ME1b and ME2b trends (Fig. 3e-f), the Al2O3 preserves a sharper 581 

gradient whereas the Mg# shows more smoothed concentration patterns (e.g. zoning Type II). In 582 
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this case, the correlation between Mg# and Al2O3 content is not good (in Fig. 9c, R2=0.74), 583 

indicating that the original trend was overprinted by Fe-Mg interdiffusion. It is possible to estimate 584 

an original trend by taking the Mg# and Al2O3 contents of the two plateau regions, which is plotted 585 

as blue line in Fig. 9c. This original correlation has been used to estimate a growth zoning of Mg#, 586 

which is the initial profile in Fig. 9d. We observe that the Mg# theoretical initial profile noticeably 587 

deviates from the measured profile and the strongest difference is in the region with the large 588 

compositional gradient of Al2O3. An example of such a profile, with the initial and the final 589 

modelled profile shapes is shown in Fig. 5b and Fig. 9c-d. This indicates that Mg has diffused to 590 

some extent and Al has not and this is consistent with the known experimentally measured diffusion 591 

behavior of these elements (Mg vs. Al) in clinopyroxenes (e.g. Fe-Mg: Müller et al., 2013; Al: 592 

Sautter et al., 1988). Thus, the shape of the Al2O3 profile can be taken as the initial profile shape for 593 

Mg# (i.e. as a grown profile) and diffusion modeling may be used to try to reproduce the measured, 594 

diffused concentration profile shape of Mg#. We have modelled the system as an infinite diffusion 595 

couple, i.e. boundary conditions are C = Cinitial at ±∞ (i.e. the two ends of a profile). Two 596 

compositional traverses were acquired across each clinopyroxene crystal. If modeling of both 597 

profiles did not yield the same time estimates the values were not used because the concentration 598 

profiles were considered to be affected by processes other than diffusion or artefacts such as oblique 599 

sectioning effects (Costa et al., 2008). On the other hand, the fact that in many cases the same 600 

timescales were obtained from profiles that are oriented in mutually perpendicular directions may 601 

point to a limited anisotropy of Fe-Mg diffusion in clinopyroxene; that indeed has not been 602 

measured experimentally yet.  603 
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 604 

Fig. 9 a,c) Mg# vs Al2O3 (wt%) relations of two selected crystal profiles. b,d) measured and inferred initial Mg# 605 

profiles. In Fig. 9a, the profile show a good correlation (R2=0.94; black trend-line) between Mg# and Al2O3 (wt%). In 606 

Fig. 9b, the inferred initial profile is calculated based on the relations assessed by best fit of the linear trend-line of Fig. 607 

8a. In Fig. 9c, the profile does not show a good correlation (R2=0.74; black trend-line) between Mg# and Al2O3 (wt%). 608 

By taking into account the Mg# and Al2O3 (wt%) contents of the two plateaus (without the points in the boundary 609 

region between the plateaus), a new best fit (R2=1; blue trend-line) has been estimated. In Fig. 9d, the inferred initial 610 

profile is calculated based on the best fit shown by the blue trend-line. Since Mg# And Al2O3 are correlated, the inferred 611 

profiles (blue diamonds in Fig. 9b,d) can be taken as growth profiles. Such an analysis implies that crystal profiles 612 

showing a good match between measured and inferred profiles (e.g. Fig. 9b) have been little, or not at all, affected by 613 

diffusion. On the other hand, crystal profiles showing differences between measured and inferred profiles (e.g. Fig. 9d) 614 

have been affected by diffusion. 615 

 616 

Timescale information has been extracted only from crystals showing concentration profiles 617 

suitable for diffusion modeling using one of the two methods described above: for example, crystals 618 

with profiles belonging to zoning type VIII (Fig. 5h) have not been used for the modeling. 619 

Altogether, we applied diffusion modelling to 25 crystals with 50 measured profiles of different 620 

Types (Table 1). All calculated timescales are shown in Fig. 10 where it should be borne in mind 621 

that timescales obtained using method I are upper limits of residence times in the magmatic 622 
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environment ME2, while those obtained using method II are residence times themselves. As seen in 623 

the figure, most crystals were amenable to modeling the relaxation of growth zoning using method 624 

I, while 10 profiles from 5 crystals, i.e. 2 profiles in mutually perpendicular directions, were 625 

suitable for modeling using method II. All of the profiles modelled using method II yielded 626 

timescales that were consistent with each other from the mutually perpendicular profiles. These 627 

timescales range between 38 and 68 years. Stratigraphically, two of these crystals come from 628 

members A1 and B1 and one from member D1. We discuss the implications of these results for the 629 

nature of the plumbing system in the following section.  630 

 631 

Fig. 10 Output values of times obtained by diffusion modeling on 50 out of 82 analyzed profiles on clinopyroxene crystals. Method I 632 

yields the upper limits of residence times of crystals in a magmatic environment; method II yields the residence times of crystals in a 633 

magmatic environment.  634 

 635 

5 Discussion 636 

5.1 The magmatic plumbing system of Agnano-Monte Spina eruption 637 

Taking into account the composition and temperature, the magmatic environment ME0 can be 638 

associated with primitive magmas, especially for the high Mg# (> 91). The ME2 composition (Mg# 639 

78–72) is the most widespread in the volcanic products erupted during all epochs of the Campi 640 
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Flegrei activity (e.g. de Vita et al., 1999; Munno and Petrosino, 2004; Marianelli et al., 2006; Piochi 641 

et al., 2005; Cannatelli et al., 2007; Fedele et al., 2008; Mangiacapra et al., 2008; Arienzo et al., 642 

2010, 2015, 2016; Melluso et al., 2012; Belkin et al., 2016; Forni et al., 2018). This suggests a 643 

common magmatic environment for most of the Campi Flegrei clinopyroxenes. Hence, taking into 644 

account the estimated T-P, ME2 is ascribable to a crustal reservoir of the Campi Flegrei magmatic 645 

system, in which clinopyroxenes with Mg# 78–72 formed. The composition of the ME2 population 646 

is the most widespread in the A-MS clinopyroxene crystals, making up 87 % of the homogeneous 647 

clinopyroxenes as well as the final, rim compositions of almost all (98 %) zoned crystals (Fig. 3a; 648 

Fig. 4). On this basis it is reasonable to interpret the ME2 environment as the physical reservoir in 649 

which most of the magmatic interaction(s) took place. In fact, mixing of the ME0 and ME2 melts 650 

would produce a magma with intermediate composition, from which clinopyroxenes of composition 651 

ME1 (Mg# 84–80) might have grown. The chemical composition of environment ME3 has been 652 

found in only 3 out of the total 41 analyzed crystals; being ME3 a different environment, it is 653 

characterized by a different set of thermodynamic variables with respect to those of ME2, i.e. it can 654 

be characterized by lower temperature (Fig. 7b); since the ME3 composition is more evolved with 655 

respect to those of ME2, thus ME3 could represent the most evolved, less-abundant portion of the 656 

ME2 magmatic reservoir. Alternatively, the ME3 composition could have been produced by 657 

degassing of the ME2 melt, during the stages of magma ascent. Therefore, we can hypothesize that 658 

the history recorded in the A-MS clinopyroxene chemical compositions and the behavior of such a 659 

plumbing system may be read as illustrated by the schematic diagram shown in Fig. 11: one or more 660 

inputs of mafic magma(s) (ME0), originating from partial melting of the mantle, refilled a crustal 661 

reservoir already hosting a more evolved resident magma (dominantly ME2, minor ME3), with 662 

consequent formation of intermediate compositions (ME1). The isotopic disequilibrium between 663 

several A-MS mineral phases and their host rocks (Fig. 5), as already reported in the literature (de 664 

Vita et al., 1999; Arienzo et al., 2010), supports such a mixing/mingling process.  665 
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Since the whole rock and glass composition of A-MS products ranges from trachyte to phonolite, 666 

the amount of mafic magma that might have interacted with the evolved resident magma(s) must 667 

have been limited. This is in good agreement with what has been already suggested by Arienzo et 668 

al. (2010), who modeled the mixing process and proved that less than 10% of a mafic magma with 669 

average 87Sr/86Sr ≈ 0.70754 mixed with an evolved one with an average 87Sr/86Sr ≈ 0.70749. This 670 

would explain the occurrence of melt inclusions with less differentiated composition in the A-MS 671 

clinopyroxenes (Fig. 2a). Such a hypothesis also explains the Sr-isotopic signature of the analyzed 672 

A-MS rocks and minerals: both matrix-glass and clinopyroxene crystals from the D-E members, 673 

which show a less evolved composition with respect to those from A-B members (Fig. 2a, Fig. 4), 674 

are characterized on average by 87Sr/86Sr values higher than those of whole rocks and 675 

clinopyroxenes from A-B members (Fig. 6). Moreover, the 87Sr/86Sr values of feldspars from all the 676 

A-MS members are in the range of that of whole rocks from members A-B (Fig. 6a-b); such a Sr-677 

isotopic ratio is the typical Sr-signature of the evolved Campi Flegrei magma component identified 678 

by Arienzo et al. (2016). Since this is the most evolved magma component, it can be associated with 679 

our ME2 and ME3, while the more mafic magma could be represented by our ME0.  680 

The hypothesized recharge scenario (Fig. 11) is also supported by the texture of some crystals, 681 

which show resorbed cores (Fig. 5), which is often indicative of disequilibrium due to incorporation 682 

within a new host magma (e.g. Ubide et al., 2015, 2019; Astbury et al., 2018; Ubide et Kamber, 683 

2018).  684 

This kind of mixing behavior is consistent with the nature of the clinopyroxene population as well, 685 

where ME0 and ME1, that represent the mafic magma, are statistically far less abundant than 686 

clinopyroxenes with ME2 composition. 687 

The hypothesized mixing process is also consistent with the observed chemical zoning patterns in 688 

the clinopyroxenes. Injection of ME0 mafic magma into the ME2 environment/physical reservoir 689 

would produce crystals with cores of ME0 composition (Mg# 92–85) and rims of ME2 composition 690 

(Mg# 78–70) and vice versa, as shown by the most common zoning types: Type I and Type V, 691 
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respectively. Mingling of ME0 and ME2 have probably caused the growth of ME1 composition in 692 

the A-MS clinopyroxene, as testified by the somewhat less common Type VII and Type VIII zoning 693 

patterns. Oscillations between these compositions (e.g. Type VII) would suggest long lasting 694 

connectivity between the reservoirs such that crystals could be transferred from one environment to 695 

another, sometimes back and forth. Type III, type IV and type VI zoning pattern (Fig. 5 c, d, f) 696 

suggest that crystals can be transferred from ME2 to ME3 environment and vice-versa, i.e. due to 697 

partial overturn caused by input of the ME0 melt.  698 

Based on the above, we therefore hypothesize that batches of high temperature (~ 1100 °C) mafic 699 

magma (ME0) with primitive composition, i.e. very high Mg#, low Ti, Al and Na contents, arrived 700 

in a magma reservoir (Fig. 11a) where they partially mixed with a pre-existing more evolved 701 

magma (ME2), leading to the formation of intermediate compositions (ME1; Fig. 11b). The mafic 702 

input could have caused perturbation in a zoned reservoir and promoted interaction between the 703 

chemically different magmatic portions (ME2-ME3; Fig. 11c). 704 

Since ME3 has been found only in member B1, it probably represents the most evolved least-705 

abundant portion of the A-MS magmas erupted during the first Plinian phase of the eruption. 706 

Furthermore, as a greater number of high Mg# core crystals are present in D1 compared to A1 and 707 

B1 members, we hypothesize that the magma which led to the eruption of the second main fallout 708 

deposit (D1), may have resided near the floor of the ME2 reservoir and may have been more 709 

affected by the ME0 batches of mafic magmas, likely deeper, although good barometric constraints 710 

are not available. However, few barometric estimates show pressures >3 kbar (Fig. 7b), implying 711 

that some clinopyroxenes from ME0 could have started crystallizing at higher pressures. Moreover, 712 

some crystal cores have higher Na2O and Al2O3 contents (Fig. 3b-c), which could reflect 713 

crystallization under higher pressure (e.g. Nimis, 1995; Putirka, 2008).These pressure values also 714 

agree with estimates obtained from previous studies on the A-MS (Roach, 2005; Arienzo et al., 715 

2010; Iovine et al., 2017a) and the PVD crystallization pressures (Perinelli et al., 2019; Bonechi et 716 

al., 2020). 717 
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 718 

 Fig. 11 Schematic sketch illustrating the magmatic processes occurred in the A-MS plumbing system. a) three distinct magmatic 719 

environments at a t = 0: one (ME0), in red, in which core of clinopyroxenes with high Mg# (92–85) were formed, is associated with 720 

primitive magmas; an environment (ME2), in yellow, ascribable to a crustal reservoir of the Phlegraean magmatic system, in which 721 

core of clinopyroxenes with Mg#78–70 were formed and an environment (ME3), in blue, identifiable with a less abundant, most 722 

differentiated magma portion of the ME2 reservoir. b) The interaction between ME0 and ME2 explains the normal zoning for 723 

clinopyroxenes of ME0 and, conversely, the reverse zoning for clinopyroxenes of ME2, also leading to the formation of intermediate 724 

compositions (ME1). c) The interaction between ME2 and ME3 justifies the whole set of observed zoning patterns in the A-MS 725 
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clinopyroxene; t2-t1 represents the time span of the mixing events recorded by crystals modeled through method II; t1-t0 represents the 726 

time span of the recharge events possibly due to increase of mafic magma input recorded by crystals modeled through method I; t0= 727 

time of the eruption.  728 

 729 

5.2 Timescales of processes in the Agnano-Monte Spina plumbing system 730 

Diffusion modeling of the chemical zoning profiles provides us temporal constraints on pre-eruptive 731 

processes. Overall, the plumbing system that led to the A-MS eruption appears to have been active 732 

on decadal timescales. Most types of zoning patterns observed in the clinopyroxene crystals, 733 

showing little or no evidence of diffusive modification at the spatial resolution at which the 734 

compositions were studied in this work, have presumably recorded the latest phases of the pre-735 

eruptive processes. This allows an upper limit to the duration of their residence in the ME2 736 

magmatic reservoir to be placed and it is on the order of 10–15 years for the majority of the 737 

crystals. More specific constraints are provided by a small subset (5) of crystals having high Al-Ti 738 

compositions, represented by sub-environments ME1b and ME2b, that record diffusive 739 

modification. Al- and Ti- contents tend to show disequilibrium distributions due to their slow 740 

diffusivity in the crystals as well as in the melts, and such evolutionary trends as those shown by 741 

yellow arrows in Fig. 3d-e have been shown experimentally and empirically to be related to such 742 

disequilibrium (e.g. due to high cooling rates; Mollo et al., 2010, 2013; Ubide and Kamber, 2018). 743 

Crystals recording such disequilibrium between Al and Mg contents can be used for diffusion 744 

modeling. These crystals indicate that a timescale of ~ 40–70 years elapsed between the entrapment 745 

of the ME0 crystals into the ME2 reservoir and the eruption. These results explain why diffusive 746 

modification can be seen in some crystals and not in others even though they are compositionally 747 

almost identical: some of these crystals have resided longer in the crustal reservoir (ME2 748 

environment). The rarity of such crystals, and the fact that back-and-forth transmission between 749 

ME0 and ME2 is recorded (e.g. Fig. 8), suggest the following scenario: a long lived connectivity 750 

existed between the ME0 and ME2 environments over several decades such that crystals could be 751 
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transferred back and forth. Only a few crystals resided in the ME2 reservoir for several decades. 752 

These were erupted when the extent of ME0 magma input considerably increased, as recorded by 753 

the major population of zoned crystals, within 10–15 years before the eruption.  754 

Fig. 11 also explains the systematics of zoning pattern shown in Fig. 4 and Fig. 8. At the start of the 755 

eruption (member A), likely triggered by increased input of mafic magma, crystals from the main 756 

ME2 reservoir with cores of ME0 and rims of ME2 are erupted. Subsequently, as the reservoir is 757 

gradually emptied, more and more crystals with cores of ME2, mantles of ME0-ME1 and rims of 758 

ME2 are erupted (member B). At this stage, increased degassing may have produced more ME3 759 

crystals as well. With progressive eruption, magma from the deeper, less evolved reservoir made its 760 

way directly to the surface, with an increased contribution of less evolved melts as well as 761 

clinopyroxene crystals (member D). In the course of the eruption then the ME2 reservoir was 762 

partially or completely emptied, establishing a direct link between the more primitive environment 763 

and the eruptive conduit during the later stages of the eruption (i.e. D1).  764 

 765 

 766 

5.3 Comparison with results of other timescale calculations for the Campi Flegrei caldera 767 

Although constraints on depths of the magmatic environments that were identified based on the 768 

systems analysis of compositional zoning in clinopyroxenes are poor, we can use results from other 769 

studies (e.g. Zollo et al., 2008; Arienzo et al., 2010; Pappalardo and Mastrolorenzo, 2012; Arzilli et 770 

al., 2016; Di Vito et al., 2016; Zdanowic et al., 2016; Fedi et al., 2018; Voloschina et al., 2018) that 771 

used different geological, geochemical or geophysical information to tentatively associate the 772 

magmatic environments to reservoirs at different depths. It is possible that the deeper reservoir at 773 

>10 km depth inferred in those studies is primarily associated with the less evolved ME0 774 

environment while the shallower reservoir at < 8 km is primarily associated with the dominant ME2 775 

reservoir. The overall assembly of eruptible magma which fed large eruptions occurs over relatively 776 

long timescales (e.g. ~ 6.4 kyr in the case of the Campanian Ignimbrite eruption; Arienzo et al., 777 
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2011) but processes within magmatic plumbing systems occur on a hierarchy of shorter timescales. 778 

The timescales of different processes that occurred in the plumbing system of Campi Flegrei have 779 

been determined using a variety of methods (e.g. Arienzo et al., 2011; Pappalardo and 780 

Mastrolorenzo, 2012; Montagna et al., 2015; Perugini et al., 2015; Wu et al., 2015; Arzilli et al., 781 

2016; Di Vito et al., 2016; Iovine et al., 2017; Astbury et al., 2018). Various lines of evidence point 782 

to the fact that degassing of rising magma plays an important role in the system (Mastrolorenzo and 783 

Pappalardo, 2006; Montagna et al., 2015; Chiodini et al., 2016; Astbury et al., 2018; Forni et al., 784 

2018) and that a short-lived episode of enhanced degassing occurs over hours to days before an 785 

eruption (e.g. Arzilli et al., 2016; Astbury et al., 2018; Pappalardo and Mastrolorenzo, 2012; 786 

Montagna et al., 2015). Such a transient (and hence less frequently recorded), degassed magmatic 787 

environment could be represented by ME3, for example. Note that such degassing promotes 788 

crystallinity (e.g. Moretti et al., 2014; Arzilli et al., 2016), which may have produced the ME3 789 

composition clinopyroxenes as well as the microlites that record a history of a few hours to days. 790 

Comparable or even more rapid timescales have been obtained for magma mingling processes in the 791 

Campi Flegrei magmatic system (e.g. tens of minutes; Perugini et al., 2015). As melts move 792 

between these reservoirs, they adapt to the local magmatic environment (i.e. new P, T oxygen 793 

fugacity, partial pressure of fluids) almost instantaneously. However, the crystal cargo of such melts 794 

would require much longer to adapt to the new conditions, and the residence times of crystals of 795 

different minerals have been consistently found to be on the order of decades or even longer using a 796 

variety of minerals and methods, e.g. < 60 years based on Ba-zoning in sanidine (Iovine et al., 797 

2017); few centuries for the coarsest feldspar crystals based on CSD (Pappalardo and 798 

Mastrolorenzo, 2012); few years to decades based on CSD of some microlites (Wu et al., 2015) and 799 

zoning in clinopyroxene (this study).  800 

These may be considered in the context of the plumbing system connectivity and timescales 801 

inferred above to develop an integrated picture. Taken together, this information would be 802 

consistent with a system where a long-lived magma reservoir at depths of >10 km containing a 803 
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shoshonitic-latitic magma, corresponding to ME0 of this study, is connected to a shallower (< 8 km) 804 

reservoir containing a more evolved magma (e.g. trachyte), corresponding to ME2 of this study, 805 

over decadal, or even century, timescales. Entry of the more mafic magma in the more evolved 806 

reservoir/mush zone could lead to melting/assimilation and mixing, leading to the formation of a 807 

reservoir such as ME1 (Fig. 11). Melts transported from one environment to another mingle rapidly 808 

on timescales of minutes (Perugini et al., 2015) while their crystal cargoes retain their identities in 809 

the form of compositional zoning. Progressive degassing, whose rate increases a few hours to days 810 

before eruption, may lead to the formation of a transient environment ME3 (Fig. 11). Such a 811 

scenario could be consistent, for example, with the record of unrest from 1251 AD – 1538 AD  812 

before the 1538 AD eruption at Campi Flegrei (Di Vito et al., 2016). Before that eruption, the 813 

system evolved over ~ 300 years and major changes occurred a couple of years before the eruption.  814 

 815 

6 Conclusions 816 

In this work, the complex zoning patterns shown by clinopyroxene crystals from the A-MS eruption 817 

have been characterized. Despite the complex sequential zoning testified by the wide chemical 818 

variation and the great variability of zoning types, some transitions inside the zoning pattern are 819 

prevalent suggesting a common late evolutionary history. A population-based approach allows us to 820 

identify several magmatic environments in which clinopyroxenes sequentially grew. Quantification 821 

of connectivity and their frequencies allow us to infer the pattern of magma movement among the 822 

different magmatic environments. The timescales of such movement have been constrained by 823 

diffusion modeling. 824 

 The textural features and the chemical composition of the A-MS clinopyroxenes record the 825 

existence of at least two main, likely physically separated, magmatic environments that make up the 826 

A-MS plumbing system: the first of these (ME0), identified in clinopyroxene crystals with very 827 

high Mg# (>91), is representative of mafic magma that presumably directly originated from partial 828 

melting of the local mantle source; the second, dominant magmatic environment is represented by 829 
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clinopyroxene crystals showing more evolved compositions (ME2: Mg# = 78–70) associated with 830 

trachytic and phonolitic magmas that were likely stationed in a shallower crustal reservoir. 831 

Mingling of magma from these two environments could have produced an intermediate 832 

environment (ME1; Mg#= 84–80). These magmatic environments were connected with each other 833 

with transfer of magma between them over decadal, and perhaps even centennial, timescales. More 834 

evolved environments (e.g. ME3: Mg#= 69–60) could have appeared as a result of degassing-835 

induced crystallization shortly (e.g. days to hours) before eruption.  836 

The proposed scenario provides guidance for evaluating future volcanic hazards. Our results 837 

suggest that mafic recharge of an evolved shallow reservoir can last for decades. During the latest 838 

phase, enhanced input of mafic magma could have destabilized the magmatic system and, combined 839 

with the associated degassing, could have favored the trigger of the eruption. In other words, input 840 

of mafic magma by itself does not trigger eruptions; eruptions are triggered only when a threshold is 841 

exceeded such that degassing and related events are set in motion. This study highlights the 842 

complex relationships between events of magma recharge/mixing and onset of the eruption. This 843 

knowledge, when integrated with information provided by other case-studies worldwide to build a 844 

behavioral model of similar active volcanoes, is useful for risk assessment. 845 
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 1251 

 1252 

Figures 1253 

Fig. 1 a) Geological and structural sketch map of the Southern Campania Plain (modified after Orsi 1254 

et al., 2003). b) Areal distribution of the A-MS volcanic deposits (redrawn after de Vita et al., 1999.  1255 

c) Detail of the Agnano-San Vito area (modified after Iovine et al., 2017a) d) Schematic 1256 

stratigraphic column of the A-MS erupted products, subdivided into various members (modified 1257 

after Iovine et al., 2017a).; in brackets we reported the number of samples collected from each sub-1258 

member.  1259 

https://doi.org/10.1029/2008GL034242
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 1260 

Fig. 2 a) Glass compositions of A-MS products plotted in the Total Alkali vs. Silica diagram; melt 1261 

inclusion data are from Arienzo et al. (2010); whole rock and matrix-glass compositions are from de 1262 

Vita et al. (1999). b) Di-Hd-En-Fs classification diagram of clinopyroxenes found in A1, B1 and D1 1263 

members of the A-MS deposits; literature data refer to clinopyroxene from A-MS products (de Vita 1264 

et al., 1999; Arienzo et al., 2010); mantle refers to the zones/sectors of the crystals between the core 1265 

and the most external rim. 1266 

 1267 

Fig. 3 a) Mg#, b) Na2O and c) Al2O3 frequency histograms of core, mantle and rim of the zoned A-1268 

MS clinopyroxenes. These allow different populations to be identified. d) Al2O3 vs Mg# and e) 1269 

TiO2 vs Mg# variation diagrams of the analyzed zoned A-MS clinopyroxenes showing a wide 1270 

compositional range and different populations and sub-populations. Note that all clinopyroxenes of 1271 

different compositions lie on a trend defined by the orange arrow, with the exception of the ME1b 1272 

and ME2b trends, which are shown in yellow. The significance of these trends is discussed in 1273 

section 4.6. 1274 

 1275 

Fig. 4 The colored table reports, for each sub-member, the frequency of occurrence of a 1276 

compositional population in a zoning sector (core, mantle or rim) in a total of 36 (out of 41) 1277 

analyzed clinopyroxene crystals of the A-MS deposit; c=core; m=mantle; r=rim. Percentages have 1278 

been calculated considering clinopyroxenes with plateaus (36 out of 41). Percentage of 1279 

compositional populations occurring in the homogeneous clinopyroxene crystals is also reported. % 1280 

tot.in rows at the bottom express the abundance of a compositional population in all the analyzed 1281 

crystals (36 for the zoned and 46 for the unzoned crystals, respectively).  1282 

 1283 
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Fig. 5 Types of zonation of the A-MS clinopyroxenes. Black diamonds are measured analysis along 1284 

the crystal traverses showing concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ 1285 

+Fetot)]. In the BSE images, the blue lines are the traverses along which the chemical composition 1286 

has been acquired. Black dashed lines indicate the initial profile shapes: these are different 1287 

depending on the two methods applied for diffusion modeling and have been inferred through the 1288 

relationships between Al2O3 (wt%) and Mg# in the profiles Red lines indicate modelled profiles. A 1289 

complete description of the diffusion modeling methods is provided in section 4.6. The numbers in 1290 

brackets indicate the percentage of zoned clinopyroxenes exhibiting such a pattern. 1291 

 1292 

Fig. 6 Stratigraphic height vs Sr-isotopic composition of A-MS whole rocks and minerals. 1293 

Literature data are from de Vita et al. (1999) and Arienzo et al. (2010). 1294 

 1295 

Fig. 7 a) Fe-Mg partitioning between clinopyroxene and host rock (Fe/MgKdCpx-liq = 0.27±0.03; Grove 1296 

and Bryan, 1983; Putirka et al., 2003); fields demarcated by colored dotted lines represent the whole 1297 

set of A-MS clinopyroxenes, belonging to different magmatic environments, compared to host 1298 

rocks; the transparent colored dotted lines refer to clinopyroxenes with high Mg# (ME0 and ME1) 1299 

compared to A-MS whole rocks and matrix glass compositions: these clinopyroxenes are out of 1300 

equilibrium with respect to their host rocks; some of these clinopyroxenes are in equilibrium with 1301 

more mafic rocks; diamond symbols refers to some clinopyroxenes which passed the compositional 1302 

test for equilibrium and have been used for geothermobarometry. b) Output pressures and 1303 

temperatures estimates for the different magmatic environments of the A-MS clinopyroxenes 1304 

obtained by the clinopyroxene-liquid thermometers (equation Talk2012) and barometers (equation 1305 

Palk2012) specific for alkaline magmas (Masotta et al., 2013); error bars refer to SEE. 1306 

 1307 
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Fig. 8 Systems connectivity diagrams of the zoning patterns of A-MS clinopyroxene crystals. Since 1308 

each compositional population can be associated to a specific magmatic environment (see section 1309 

3.2), the different magmatic environments are characterized by different ranges in the Mg#. 1310 

Different zoning types are depicted by different connection lines represented by different color (e.g. 1311 

the orange routes represent clinopyroxene crystals with core formed in ME2, mantle formed in ME0 1312 

and the rim formed in ME2). The height of the boxes is proportional to the frequency of occurrence 1313 

of the magmatic environments. The A-MS clinopyroxene zoning patter is characterized by most of 1314 

the connection lines linking ME0 and ME2, also passing through ME1, and a few connections 1315 

linking ME2 and ME3.  1316 

 1317 

Fig. 9 a,c) Mg# vs Al2O3 (wt%) relations of two selected crystal profiles. b,d) measured and inferred 1318 

initial Mg# profiles. In Fig. 9a, the profile show a good correlation (R2=0.94; black trend-line) 1319 

between Mg# and Al2O3 (wt%). In Fig. 9b, the inferred initial profile is calculated based on the 1320 

relations assessed by best fit of the linear trend-line of Fig. 8a. In Fig. 9c, the profile does not show 1321 

a good correlation (R2=0.74; black trend-line) between Mg# and Al2O3 (wt%). By taking into 1322 

account the Mg# and Al2O3 (wt%) contents of the two plateaus (without the points in the boundary 1323 

region between the plateaus), a new best fit (R2=1; blue trend-line) has been estimated. In Fig. 9d, 1324 

the inferred initial profile is calculated based on the best fit shown by the blue trend-line. Since Mg# 1325 

And Al2O3 are correlated, the inferred profiles (blue diamonds in Fig. 9b,d) can be taken as growth 1326 

profiles. Such an analysis implies that crystal profiles showing a good match between measured and 1327 

inferred profiles (e.g. Fig. 9b) have been little, or not at all, affected by diffusion. On the other hand, 1328 

crystal profiles showing differences between measured and inferred profiles (e.g. Fig. 9d) have been 1329 

affected by diffusion. 1330 

 1331 
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Fig. 10 Output values of times obtained by diffusion modeling on 50 out of 82 analyzed profiles on 1332 

clinopyroxene crystals. Method I yields the upper limits of residence times of crystals in a 1333 

magmatic environment; method II yields the residence times of crystals in a magmatic environment.  1334 

 1335 

Fig. 11 Schematic sketch illustrating the magmatic processes occurred in the A-MS plumbing 1336 

system. a) three distinct magmatic environments at a t = 0: one (ME0), in red, in which core of 1337 

clinopyroxenes with high Mg# (92–85) were formed, is associated with primitive magmas; an 1338 

environment (ME2), in yellow, ascribable to a crustal reservoir of the Phlegraean magmatic system, 1339 

in which core of clinopyroxenes with Mg#78–70 were formed and an environment (ME3), in blue, 1340 

identifiable with a less abundant, most differentiated magma portion of the ME2 reservoir. b) The 1341 

interaction between ME0 and ME2 explains the normal zoning for clinopyroxenes of ME0 and, 1342 

conversely, the reverse zoning for clinopyroxenes of ME2, also leading to the formation of 1343 

intermediate compositions (ME1). c) The interaction between ME2 and ME3 justifies the whole set 1344 

of observed zoning patterns in the A-MS clinopyroxene; t2-t1 represents the time span of the mixing 1345 

events recorded by crystals modeled through method II; t1-t0 represents the time span of the 1346 

recharge events possibly due to increase of mafic magma input recorded by crystals modeled 1347 

through method I; t0= time of the eruption.  1348 

 1349 

 1350 

Fig. 1 in Supplementary Material 1 - Photomicrographs and BSE images of A-MS rocks showing 1351 

the main textural and mineralogical features. a) microphotograph of a A-MS pumice from B1 sub-1352 

member showing a sanidine phenocryst; b) microphotograph showing a plagioclase and 1353 

clinopyroxene aggregate in a pumice clast from the A1 sub-member; c) microphotograph showing 1354 

phlogopite crystals in a pumice clast from the B2 sub-member; d) microphotograph showing  1355 

clinopyroxene and opaque oxide crystals in a pumice clast from the A2 sub-member; e) 1356 

microphotograph showing apatite crystals in the matrix-glass and in clinopyroxene of a pumice 1357 
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clast from the D2 sub-member; f) BSE image of a pumiceous clast from D1 sub-member showing 1358 

the network of vesicles. Abbreviations: cpx = clinopyroxene; pl = plagioclase; san =sanidine; phl = 1359 

phlogopite; ap = apatite; ox = opaque oxide 1360 

 1361 

Fig. 2 in Supplementary Material 1 Matrix-glass major and minor element variation diagrams of A-1362 

MS rocks; literature data on A-MS matrix-glasses and whole rocks composition are from de Vita et 1363 

al. (1999). 1364 
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Abstract 17 

The complex sequential compositional zoning of clinopyroxene crystals erupted < 5ka during the 18 

Agnano-Monte Spina (A-MS) eruption, which is considered to be the reference event for a future 19 

large-scale explosive eruption at Campi Flegrei caldera (Italy), has been characterized in detail. 20 

Concentration profiles (20–800 m long, spacing 2.5–10m) of major (Si, Ti, Al, Fe, Mg and Ca) 21 

and minor (Mn, Na, Ni and Cr) elements were measured along different directions in the 22 

clinopyroxene crystals. The zoning patterns of Fe–Mg and selected elements (e.g. Al, Ti) often 23 

consist of two or more compositional plateaus with both sharp and/or slightly diffuse boundaries 24 

between the plateaus. Each compositional population results from a growth stage in a distinct 25 

Magmatic Environment (ME), which is identified as a defined set of intensive thermodynamic 26 

variables (pressure, temperature, bulk composition and fugacity of fluids including oxygen). The 27 

large range of chemical compositions of clinopyroxenes reveals the existence of at least four MEs 28 

that are characterized by different compositional populations; two of these are dominant. The 29 

variation in zoning pattern from one plateau composition to another fingerprints the transfer of the 30 

crystal from one ME to another. In combination with Sr isotopic data and thermobarometric 31 

estimates, our systematic characterization of clinopyroxene zoning patterns suggests recharge by 32 

deep mafic magmas (ME0: Mg#=92–85) of an evolved shallow reservoir (ME2: Mg#=78–70). Such 33 

a process also led to the formation of a compositionally intermediate environment (ME1: Mg#=84–34 

80), that is detected in the clinopyroxene zoning pattern.  35 

A new method has been developed in this work to evaluate the effective diffusive modifications that 36 

affect the concentration profiles of zoned crystals. The application of different diffusion modeling 37 

methods indicates that deep and shallow reservoirs beneath the Campi Flegrei caldera were 38 

connected to each other over several tens of years until the amount of mafic recharge increased 39 

during the last 10–15 years before the A-MS eruption. This study highlights the complex 40 

relationships between events of magma recharge and the onset of eruption. Our results provide a 41 
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contribution to the knowledge of timescales of magmatic processes that have recently occurred 42 

beneath the Campi Flegrei caldera, which is useful for risk assessment.  43 

Key words 44 

Clinopyroxene zoning patterns – Plumbing system – Campi Flegrei caldera – Magma mixing – 45 

Diffusion chronometry   46 
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1 Introduction 47 

Volcanic eruptions are triggered by magmatic processes that occur in subvolcanic plumbing 48 

systems and so a better understanding of magma evolution rates and processes has implications for 49 

volcanic hazard forecasting (Blundy and Cashman, 2008; Saunders et al., 2012; Kahl et al., 2013; 50 

Cashman and Giordano, 2014; Petrone et al., 2016; Sparks and Cashman, 2017; Cooper, 2019). 51 

High-precision, high spatial resolution analysis of major and trace elements of chemically zoned 52 

minerals represents a powerful tool for investigating nature and rates of the magma chamber 53 

processes that preceded explosive eruptions of variable energy. Since mineral compositions in a 54 

magma depend on crystallization conditions, crystals preserve evidence of parameters (e.g. 55 

pressure, temperature, oxygen fugacity and volatile content) that characterize the environments 56 

where they were formed.  57 

Compositional data on various portions of chemically heterogeneous minerals have provided 58 

information both on pre-eruptive processes such as magma ascent, recharge of a reservoir, 59 

differentiation and mingling/mixing as well as their timescales (e.g. Zellmer et al., 1999, 2003; 60 

Costa and Chakraborty, 2004; Humphreys et al., 2006; Turner and Costa, 2007; Alves et al., 2009; 61 

Kahl et al., 2011, 2013, 2015, 2017; Chamberlain et al., 2014; Ubide et al., 2015, 2019; Ubide and 62 

Kamber, 2018; Astbury et al., 2018, Cooper, 2019).  63 

 64 

In spite of this large body of work, diffusion modeling of volcanic clinopyroxene crystals using 65 

compositional profiles measured through microanalysis and recently obtained experimental 66 

diffusion coefficient data (e.g. Müller et al., 2013) are rare, exceptions being the recent study of 67 

Mangler et al. (2020) or that of Chowdhury and Chakraborty (2019) on metamorphic 68 

clinopyroxenes. One earlier study used BSE contrast imaging and older diffusion data to obtain 69 

timescales of magmatic processes that preceded the 1944 AD eruption of the nearby Vesuvius 70 

volcanic complex (Morgan et al., 2004).  71 
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In this paper we develop a tool to use compositional zoning in clinopyroxene crystals to infer the 72 

nature and timescales of magmatic processes in volcanic plumbing systems. To develop the tool, we 73 

use detailed chemical characterization of clinopyroxene crystals from the products of Agnano-74 

Monte Spina (A-MS), a Plinian eruption that occurred at Campi Flegrei caldera at 2604–2461 BCE 75 

(Smith et al., 2011). For a dormant, though active and restless volcano, an estimate of the time 76 

required for magma to become eruptible, either by coalescence of separate shallow batches or by 77 

deeper magma recharge, is of paramount importance. The expected resumption of explosive activity 78 

and the high population density in the region makes the Campi Flegrei caldera one of the most 79 

hazardous and vulnerable volcanic areas on Earth (Orsi et al., 2004, 2009; Bevilacqua et al., 2015; 80 

Mastrolorenzo et al., 2017). These aspects, combined with the fact that a variety of clinopyroxene 81 

compositional patterns are found in the rocks, make the A-MS eruption an ideal target for 82 

developing the tool. Moreover, there have already been several attempts at assessing timescales of 83 

pre-eruptive processes for Campi Flegrei volcanic activity using different approaches. Estimates of 84 

timescales of magma differentiation, transfer, recharge, accumulation and mixing have been 85 

obtained through isotope analyses (e.g. Arienzo et al., 2011), zircon geochronology (e.g. Gebauer et 86 

al., 2014; Wu et al., 2015), diffusion chronometry (e.g. Iovine et al., 2017a) and experimental 87 

petrology (e.g. Perugini et al., 2015). Timescale information based on textural analysis (e.g. Crystal 88 

Size Distribution – CSD; Piochi et al., 2005; Mastrolorenzo and Pappalardo, 2006; Pappalardo and 89 

Mastrolorenzo, 2012; Arzilli et al., 2016), historical, archaeological, geological and long-term 90 

geodetic record (e.g. Di Vito et al., 2016 and reference therein), numerical simulations (e.g. 91 

Montagna et al., 2015) and crystals growth rates (e.g. Astbury et al., 2018) has also been acquired. 92 

All of these provide a framework within which to evaluate the results of the current study. 93 

We have carried out quantitative analyses along core to rim transects of clinopyroxene crystals 94 

belonging to different eruptive units of the A-MS deposits. The zoning patterns in the crystals are 95 

characterized by zones with constant compositions that have been interpreted to represent changes 96 

in magmatic environments in which the crystals resided (Kahl et al., 2013, 2015, 2017; Solaro et al., 97 
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2020). After systematizing the connectivity between different magmatic environments, we have 98 

attempted to reconstruct the pre-eruptive processes, and then applied the newly developed diffusion 99 

modeling tools to constrain the timescales of these processes. 100 

 101 

2 Volcanological and petrological background 102 

2.1 The Campi Flegrei caldera 103 

The volcanic history of the Campi Flegrei caldera (CFc) has been extensively investigated in the 104 

past decades (e.g. Orsi et al., 1996; Di Vito et al., 1999, 2016; Isaia et al., 2004, 2009; Scarpati et 105 

al., 2013). Continental Campi Flegrei together with the islands of Ischia and Procida, constitute the 106 

Phlegraean Volcanic District (PVD; Fig. 1a-b; Orsi et al., 1996). The PVD formed in response to 107 

the Pliocene-Quaternary extensional processes that generated the Campania Plain graben, along the 108 

Tyrrhenian margin of the Apennine thrust belt (Fig. 1a; Acocella and Funiciello, 2006). The NW–109 

SE normal and NE–SW normal to strike-slip transfer fault systems separated the graben into blocks 110 

and allowed magmas to rise to the surface (Acocella et al., 1999; Brocchini et al., 2001; Piochi et 111 

al., 2005; Acocella and Funiciello, 2006 and reference therein). Except for Procida, whose activity 112 

ended c. 22 ka (Morabito et al., 2014), Ischia island and CFc are still active and pose a high 113 

volcanic hazard.  114 
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 115 

Fig. 1 a) Geological and structural sketch map of the Southern Campania Plain (modified after Orsi et al., 2003). b) Areal distribution 116 

of the A-MS volcanic deposits (redrawn after de Vita et al., 1999.  c) Detail of the Agnano-San Vito area (modified after Iovine et al., 117 

2017a) d) Schematic stratigraphic column of the A-MS erupted products, subdivided into various members (modified after Iovine et 118 

al., 2017a).; in brackets we reported the number of samples collected from each sub-member.  119 

 120 

The volcanic activity at Campi Flegrei started at least c. 80 ka (Scarpati et al., 2013). The CFc is the 121 

result of multiple collapses that occurred during two big-size explosive eruptions: the Campanian 122 

Ignimbrite dated to c. 40 ka (Gebauer et al., 2014; Giaccio et al., 2017 and references therein) and 123 

the Neapolitan Yellow Tuff (NYT) dated to c. 15 ka (Deino et al., 2004). Volcanic activity has been 124 
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dominantly explosive through time, with several minor volcano-tectonic collapse episodes, hence 125 

volcanic products of the CFc are mostly pyroclastic rocks and subordinate lava flows and domes.  126 

During the last 15 ka, the caldera has been the site of intense volcanism and deformation, 127 

characterized by ~ 70 eruptions grouped into three epochs of activity: epoch 1 c. 15–10.6 ka; epoch 128 

2 c. 9.6–9.1 ka; and epoch 3 c. 5.5–3.5 ka (Di Vito et al., 1999; Smith et al., 2011). The last event, 129 

possibly marking the beginning of a new epoch (e.g. Bevilacqua et al., 2017) occurred in 1538 AD 130 

(Monte Nuovo eruption; Piochi et al., 2005; Guidoboni and Ciuccarelli, 2011; Di Vito et al., 2016; 131 

Liedl et al., 2019). During the past c. 5 ka, 28 low-to medium-magnitude eruptions occurred from 132 

vents mostly located in the NE part of the NYT caldera in the 12 km2 Agnano-San Vito area (Smith 133 

et al., 2011; Bevilacqua et al., 2017; Fig. 1c). This area includes the Astroni, Solfatara, and Agnano 134 

craters, and is considered as one of the sites of highest probability of future resumption of volcanic 135 

activity (Orsi et al., 2004; Selva et al., 2012; Bevilacqua et al., 2016, 2017). This portion of the 136 

NYT caldera has been subjected to extensional tectonics since at least c. 5 ka (Capuano et al., 2013) 137 

through NW–SE- and NE–SW-trending regional faults, favoring the ascent of trachytic and latitic 138 

magmas which fed the eruptions, and it is currently affected by voluminous hydrothermal emissions 139 

(Chiodini et al. 2015 and references therein). The intense fumarolic activity and the unrest episodes 140 

that occurred in recent decades (Del Gaudio et al., 2010) testify to the persistent activity of the CFc 141 

system. The presence of 350,000 inhabitants in the central part of the caldera raises the risk level to 142 

very high (Selva et al., 2012). 143 

The Campi Flegrei volcanic rocks range in composition from potassic shoshonite to trachyte and 144 

phonolite and appear to be the products of magmas originated in a mantle modified by fluids/melts 145 

from the subducting Ionian slab (e.g. Tonarini et al., 2004, D’Antonio et al., 2007; Mazzeo et al., 146 

2014). They exhibit a wide range of 87Sr/86Sr (07086–0.7068), but limited ranges of 143Nd/144Nd 147 

(0.51266–0.51240) and Pb-isotope ratios (e.g. 206Pb/204Pb: 19.25–18.85; D’Antonio et al., 2007; 148 

Pappalardo et al., 2002). The geochemical variability of Campi Flegrei magmas results from a 149 

variety of petrogenetic processes (e.g. partial melting of the mantle source, fractional crystallization,  150 
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crustal assimilation, magma mixing; D’Antonio et al. 1999, 2007; Pappalardo et al., 1999, 2002; 151 

2008; Fedele et al. 2008; Mangiacapra et al., 2008; Arienzo et al. 2009, 2015, 2016; D’Antonio, 152 

2011; Di Renzo et al., 2011; Melluso et al., 2012; Pappalardo and Mastrolorenzo, 2012; Belkin et 153 

al., 2016; Forni et al., 2018; Pappalardo and Buono, 2021). Minor, poorly differentiated 154 

trachybasaltic and latitic magmas erupted at the end of the first epoch, along NE–SW trending 155 

regional tectonic structures (Orsi et al., 1996). Eruption of these magmas along the rim and 156 

differentiated magmas within the caldera testifies to the ascent of weakly differentiated, CO2-rich 157 

magmas of deep provenance through regional faults (D’Antonio et al., 1999; Moretti et al., 2013; 158 

Arienzo et al., 2016) and to the occurrence of a shallow storage region beneath the caldera, within 159 

which the magmas evolve to trachyte and phonolite. Melt inclusion data indicate crystallization 160 

between ~ 9 and ~ 4 km (e.g., Marianelli et al., 2006; Mangiacapra et al. 2008; Arienzo et al. 2010, 161 

2016). The trachyte and phonolite storage region is relatively shallow with respect to the reservoir 162 

from which the shoshonitic-latitic magmas rise (Pappalardo and Mastrolorenzo, 2012; Moretti et al., 163 

2013; Fedi et al., 2018). 164 

 165 

2.2 The Agnano-Monte Spina eruption 166 

The A-MS eruption was the only high-magnitude event of the past c. 5 ka at CFc (Orsi et al. 2004, 167 

2009) and it is considered the reference event for a future medium-size explosive eruption (Mele et 168 

al., 2015). The eruption was characterized by magmatic/phreatomagmatic activity (de Vita et al., 169 

1999; Dellino et al., 2001) that led to the emplacement of alternating fallout and pyroclastic density 170 

current (PDC) deposits, distributed over an area of ~ 1000 km2. The thick sequence of deposits was 171 

subdivided into various members and sub-members, named A through F from the base upwards 172 

(Fig. 1d; de Vita et al., 1999). The fallout deposits are dispersed towards the north-east. High 173 

particle concentration PDC were confined within the Agnano depression, while more dilute PDC 174 

overtopped the morphological boundary of the caldera and ran at least 20 km NE (Fig. 1b; de Vita 175 

et al., 1999). The thickness of the tephra varies from a maximum estimated value of ~ 70 m in the 176 
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Agnano plain, the inferred vent area for the eruption, to a few centimeters over a distance of ~ 50 177 

km. Estimations based on distribution and thickness of A-MS products yield a volume of ejected 178 

magma of ~ 0.9 km3 (dense rock equivalent; Orsi et al., 2009). 179 

The A-MS juvenile fragments are potassic alkaline rocks, ranging in composition from trachyte to 180 

phonolite. De Vita et al. (1999) reported a general decreasing differentiation degree from bottom to 181 

top of the A-MS sequence. They also noticed that the total range of variation for several trace 182 

elements is large despite the limited variation of major oxide contents and found evidence for Sr-183 

isotopic disequilibria among whole rocks and minerals. The authors concluded that the A-MS 184 

eruption was fed by two isotopically and chemically distinct trachytic and phonolitic magma 185 

batches that mixed during the eruption. Moreover, Arienzo et al. (2010), Moretti et al. (2019) and 186 

Romano et al. (2020) supported the mixing hypothesis of the previous authors and investigated the 187 

role of the H2O, CO2 volatile phases involved prior to/during the eruption, linking them to the 188 

magmatic components and to the eruption dynamics.  189 

 190 

3 Samples and methods 191 

The analyzed A-MS rocks are pumice fragments extracted from different deposits outcropping in 192 

the Agnano plain (Fig. 1c). Pumice fragments from the A-MS eruption are porphyritic, with 193 

phenocrysts of plagioclase and alkali–feldspar, clinopyroxene, phlogopite, apatite and Ti-magnetite 194 

in order of decreasing abundance (Fig. 1 in Supplementary Material 1). Feldspar, clinopyroxene and 195 

phlogopite phenocrysts occur as single crystals or sometimes as aggregates. The groundmass is 196 

glassy and contains rare microlites of clinopyroxene, K-feldspar, plagioclase and phlogopite. 197 

In the present work, we sampled the A-MS sequence in the representative localities of Cavone degli 198 

Sbirri, Guantai, Torciolano, Vallone del Corvo, Verdolino and Eremo (Fig. 1c) within and nearby 199 

the Agnano plain. We collected 25 samples, which correspond to different sub-members (Fig. 1d). 200 

The samples are pumice fragments collected from both fall and PDC deposits of all localities and 201 

sub-members (Fig. 1d).  202 
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The selected pumice samples were gently crushed to lapilli-size grains through a jaw crusher. About 203 

500 g of crushed sample was sieved using a stack of sieves with meshes ranging from 1 to -1. 204 

From the sieved aliquots, clinopyroxene, K-feldspar, phlogopite phenocrysts and pumice glass 205 

fragments were hand-picked under a binocular microscope. These grains were loaded in sample 206 

holders with epoxy resin and suitably polished with decreasing grain-size diamond paste. The 207 

crystals were oriented in order to cut the crystals along the elongated axis, presumably the c-axis. 208 

The glass fragments and clinopyroxene crystals were carefully observed in reflected and transmitted 209 

light at optical microscope and in polished thin section under a binocular polarized light microscope 210 

before obtaining compositional data.  211 

 212 

3.1 Analytical techniques 213 

An overall chemical characterization of glass and clinopyroxene crystals (Supplementary Material 214 

2) from all the aforementioned A-MS eruptive members was performed at DiSTAR - University of 215 

Napoli Federico II, by a JEOL-JSM 5310 electronic scanning microscope (SEM) equipped with an 216 

INCA X-Act detector using energy dispersive X-ray spectroscopy (EDS) microanalysis technique. 217 

Measurements were performed at a 15 kV primary beam voltage, 50–100 μA filament current, 218 

variable spot size and 50 s net acquisition time. The following standards were used for calibration: 219 

diopside (Mg), wollastonite (Ca), anorthoclase (Al, Si), albite (Na), rutile (Ti), almandine (Fe), 220 

Cr2O3 (Cr), rhodonite (Mn), orthoclase (K), apatite (P), fluorite (F) and sodium chloride (Cl). 221 

Relative analytical uncertainty is typically ~1% for major elements, ~3–5% for minor elements. 222 

Detailed mineral composition (Supplementary Material 2) were obtained along transects of length 223 

varying from 20 μm to 800 μm on zoned clinopyroxene crystals. The data were collected at the HP-224 

HT Laboratory of Experimental Volcanology and Geophysics of the Istituto Nazionale di Geofisica 225 

e Vulcanologia in Rome (Italy), using a Jeol-JXA8200 electron microprobe equipped with five 226 

wavelength dispersive spectrometers. This kind of specific analysis was performed on selected 227 

samples belonging to A1, B1 and D1 members, which are the main fallout deposits representative 228 
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of the entire compositional range of the A-MS deposits. Crystals in carbon-coated resin mounts 229 

were analyzed under high vacuum conditions, using an accelerating voltage of 15 kV. Crystals were 230 

traversed using spots with separation of 2.5, 3.5, 5, 7 and 10 μm and variable beam diameter of 2.5, 231 

3.5 and 5 μm, both depending on the transect length. The electron beam current was set at 7.5 nA. 232 

Elemental counting times were 10 s on the peak and 5 s on each of two background positions. 233 

Corrections for inter-elemental effects were made using a ZAF (Z: atomic number; A: absorption; 234 

F: fluorescence) routine. The range of standards for calibration was taken from Micro-Analysis 235 

Consultants (MAC; http://www.macstandards.co.uk) and variable diffraction devices: albite (Si-236 

PET, Al-TAP, Na-TAP), forsterite (Mg-TAP), augite (Fe-LIF), apatite (Ca-PET), orthoclase (K-237 

PET), rutile (Ti-PET), and rhodonite (Mn-LIF). Smithsonian augite (Jarosewich et al., 1980) and 238 

MAC augite were used as quality monitor standards and for the calculation of accuracy and 239 

precision. Accuracy was better than 1–5% except for elements with abundances below 1 wt%, for 240 

which it was better than 5–10%. Precision was typically better than 1–5% for all analyzed elements. 241 

We also analyzed Sr isotopes on 5 whole-rock samples and mineral concentrates of K-feldspar, 242 

clinopyroxene and phlogopite, belonging to sub-members A1, A2, B2, D2 and E2. The Sr isotopic 243 

ratios were determined at the Radiogenic Isotope Laboratory of the Istituto Nazionale di Geofisica e 244 

Vulcanologia, sezione di Napoli-Osservatorio Vesuviano. Powdered whole rocks samples (~ 0.1 g) 245 

were leached with warm HCl for 10 min before dissolution. Sr was separated after HF-HNO3-HCl 246 

suprapur acid dissolution using standard column chromatographic methods, through Dowex 247 

AG50WX-8 (200-400 mesh) cation exchange resins (Arienzo et al., 2013), and measured in static 248 

mode by thermal ionization mass spectrometry (TIMS) using a Thermo Finnigan Triton TI. 249 

Average 2σmean, i.e., the standard error with N = 175, was better than ±0.000009. During the time of 250 

isotopic data acquisition, NIST-SRM 987 standard gave a mean value of 87Sr/86Sr = 0.710231 ± 251 

0.000019 (2σ, N = 169). External reproducibility (2σ) during the period of measurements was 252 

calculated according to Goldstein et al. (2003). During acquisition, Sr isotopic ratios were 253 

http://www.macstandards.co.uk/
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normalized for within-run isotopic fractionation to 86Sr/88Sr = 0.1194. The measured Sr isotopic 254 

ratios were normalized to the accepted value of NIST-SRM 987 (87Sr/86Sr = 0.71025) standard. 255 

 256 

3.2 Systems connectivity diagrams 257 

The chemical variations recorded in compositional zoning patterns can be used to track the 258 

evolution of different populations of crystals through distinct magmatic environments in which they 259 

grew. Following Kahl et al. (2011, 2015), we used a population-based approach to investigate the 260 

different magmatic environments. The method was developed using olivines and has recently been 261 

applied to orthopyroxenes (Solaro et al., 2020), but has not been applied to clinopyroxenes yet to 262 

the best of our knowledge, although Mangler et al (2020) interpreted compositional zoning in a 263 

similar manner.  264 

Minerals can be characterized by zones having constant composition for several microns along a 265 

direction: if a zone has a constant composition that differs from the constant compositions in 266 

surrounding zones, then a plot of such a concentration distribution as a profile along one direction 267 

has the shape of a plateau. Irrespective of whether the composition of the zone is higher or lower 268 

with respect to the surrounding zones, all of these flat regions in concentration profiles are referred 269 

to as “plateaus” in this work. The occurrence of plateaus in the zoning patterns of minerals, such as 270 

clinopyroxene, indicates that compositional zoning is not produced by pure fractionation, but that 271 

growth occurred for certain periods of time under stable conditions in response to fast changes of 272 

thermodynamic variables (pressure, temperature, oxygen fugacity or water fugacity). Consequently, 273 

plateaus with different composition represent several episodes of overgrowth of the crystals under 274 

different sets of P-T-X conditions. Each set of such thermodynamic variables characterizes a single 275 

magmatic environment. It is therefore possible to associate each compositional population, detected 276 

in the whole set of crystals, to a specific magmatic environment. As explained by Kahl et al. (2015), 277 

a magmatic environment does not necessarily represent a physical magmatic reservoir. Two 278 

magmatic environments could be parts of a single physical reservoir. For example, portion of a 279 
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zoned magma reservoir can differ from other parts of the same reservoir only because, for instance, 280 

the temperature is different while other variables remain fixed. 281 

The approach uses connectivity diagrams, made up of boxes joined by lines, to systematically 282 

organize the chemical information and identify the number of magmatic environments recorded in 283 

such zoning patterns (e.g. Kahl et al., 2011 and reference therein). In the Systems connectivity 284 

diagrams, each box represents a distinct magmatic environment and each connection line indicates 285 

the composition of a crystal from core to rim, that is equivalent to the zoning type; a single arrow 286 

represents the passageway of a crystal (or a magma in which the crystal was forming), from one 287 

magmatic environments to another with different conditions. The density of the connection lines 288 

can be used to infer the dominant passageways of crystals in different environments. Such a 289 

schematic data representation immediately provides a whole picture of the zoning patterns. It is 290 

therefore possible to quantify the connections among the various magmatic environments 291 

(henceforth, ME), through the entire set of zoning pattern, in order to reconstruct the evolutionary 292 

history of crystals. Here we applied this approach to A-MS clinopyroxenes, in order to investigate 293 

growth of crystals in the different MEs that possibly characterized the A-MS plumbing system.  294 

 295 

4 Results 296 

4.1 Matrix-Glass 297 

Matrix-glass analytical data (119 spots; Supplementary Material 2) have been acquired on 298 

representative samples of the A-MS eruption products. Matrix-glass shows an alkaline affinity 299 

(Na2O+K2O = 13.6–10.5 wt% and SiO2 = 60.0–55.7 wt%) and mostly classifies as trachyte and 300 

subordinately as phonolite (Fig.  2a). The agpaitic index [A.I. molar (Na++K+)/ Al3+] of A-MS 301 

glasses ranges from 0.97 to 0.75.  Na2O and K2O contents range from 5.55 to 3.24 wt% and from 302 

9.99 to 7.50 wt%, respectively. The Na2O/K2O ratio ranges from 0.70 to 0.33 while the CaO/Al2O3 303 

ratio ranges from 0.19 to 0.09. TiO2 and Al2O3 contents range from 0.75 to 0.17 wt% and from 19.8 304 
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to 18.1 wt%, respectively. FeO(tot) and MgO contents range from 4.27 to 2.58 wt% and from 1.12 to 305 

0.33 wt%, respectively (Fig. 2 in Supplementary Material 1).  306 

The analyzed A-MS matrix-glasses are Ne-normative and their Mg# [molar 307 

Mg2+/(Mg2++Fe2+)*100] varies from 43 to 24. The Mg# of the whole-rocks, taken from literature 308 

(de Vita et al., 1999) for comparison, ranges from 45 to 31, thus slightly shifted toward less evolved 309 

compositions. SiO2 and Na2O contents show positive correlation with the degree of chemical 310 

evolution (decreasing Mg#; Fig. 2 in Supplementary Material 1), whereas CaO, MgO and FeO(tot) 311 

contents show negative correlation. K2O content increases with Mg# decreasing from 43 to 30 and 312 

then decreases with Mg# decreasing from 30 to 24; Al2O3, and MnO contents are constant, although 313 

scattered. The degree of differentiation generally decreases from bottom to top of A-MS deposits. In 314 

fact, even if partially overlapped, there is a remarkable difference in the major oxide contents of the 315 

A-MS volcanic products sampled in the different members (from A to F). In particular, glass from 316 

members A to B show on average a slightly more differentiated composition than those from 317 

members D to F (Fig. 2a; Fig. 2 in Supplementary Material 1). 318 

 319 
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Fig. 2 a) Glass compositions of A-MS products plotted in the Total Alkali vs. Silica diagram; melt inclusion data are from Arienzo et 320 

al. (2010); whole rock and matrix-glass compositions are from de Vita et al. (1999). b) Di-Hd-En-Fs classification diagram of 321 

clinopyroxenes found in A1, B1 and D1 members of the A-MS deposits; literature data refer to clinopyroxene from A-MS products 322 

(de Vita et al., 1999; Arienzo et al., 2010); mantle refers to the zones/sectors of the crystals between the core and the most external 323 

rim. 324 

.  325 

4.2 Clinopyroxene 326 

Clinopyroxene from A-MS deposit occurs as euhedral to anhedral dark green phenocrysts and 327 

microcrysts in the groundmass. Both kinds of clinopyroxene have a diopsidic composition (Wo51-54-328 

En49-30-Fs27-4; Fig. 2b). On the other hand, clinopyroxene shows a significant compositional 329 

heterogeneity that is well reflected in the Mg# [molar Mg2+/(Mg2+ +Fetot) *100] which ranges from 330 

92 to 45 (Fig.  3a). Na2O, Al2O3 (Fig. 3d), TiO2 (Fig. 3e) and FeO contents increase with decreasing 331 

Mg#. TiO2 and Al2O3 contents range from 1.29 to 0.27 wt% and from 7.17 to 1.39 wt%, 332 

respectively (Fig.  3d-e). Na2O content ranges from 0.87 to 0.10 wt% (Fig. 3b). The whole set of 333 

acquired data allowed to enlarge the already known compositional range of clinopyroxene from A-334 

MS (cyan bordered field in Fig. 2b; de Vita et al., 1999; Arienzo et al., 2010). 335 

About 300 separated clinopyroxene crystals have been selected and then observed under a 336 

polarizing microscope. However, quantitative compositional zoning profiles have been only 337 

measured on the 41 crystals showing optical evidence of compositional variations. These make up a 338 

minor percentage (~15%) of the overall population. On 46 of the remaining optically unzoned 339 

clinopyroxenes, single spots major and minor element concentrations have been acquired. The 340 

optically unzoned clinopyroxene crystals show a quite homogeneous composition (Supplementary 341 

Material 2): 40 out of 46 analyzed crystals have Mg#= 75±5 (Fig. 3a). Only four out of the 46 342 

analyzed homogeneous clinopyroxene crystals show higher (Mg# = 87±5) values. Two other 343 

crystals exhibit lower (Mg# = 60±5) values. 344 

 345 
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4.2.1 Compositional populations 346 

As for the zoned crystals, we refer mantle to define the optically discriminable zones between the 347 

core and the rim. Frequency histograms (Fig. 3a-c) of core, mantle and rim compositions show that 348 

there are different compositional populations. In particular, through the Mg# parameter (Fig. 3a; 349 

Table 1), it is possible to clearly distinguish: 1) a population of compositions, hereafter referred to 350 

as ME0, characterized by high Mg# (92-85), occurring in 70% of the analyzed zoned crystals, in 351 

most cases represented by crystal cores; 2) a population, hereafter referred to as ME1, with Mg# 352 

between 84 and 80, occurring in 34% of the analyzed zoned clinopyroxenes and that mostly 353 

constitutes the mantles of the crystals; 3) a population of compositions, hereafter referred to as 354 

ME2, with Mg# between 78 and 70 and with an average value of 75, occurring in all the analyzed 355 

zoned clinopyroxenes and, in particular, in almost all their rims. Notably, this is also the 356 

composition of the unzoned crystals, which make up 85% of the overall population. 4) a further 357 

population is represented by few cores and mantles with low Mg# (69–60) found in 7% of the 358 

zoned analyzed crystals, hereafter referred to as ME3. Moreover, the rim of a single crystal showing 359 

very low Mg# (55–45) is also referred to as ME3 in Fig. 4. In summary, ME0 and ME2 make up 360 

most of the zoned clinopyroxene population, with the most mafic compositions (ME0) generally 361 

recorded in the cores. Although there are subtle variations in the distribution patterns of Al2O3 and 362 

Na2O contents of the pyroxene crystals that are discussed below in detail, the classification into 363 

different groups is largely corroborated by these compositional parameters as well (e.g. Fig. 3).  364 
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Fig. 3 a) Mg#, b) Na2O and c) Al2O3 frequency histograms of core, mantle and rim of the zoned A-MS clinopyroxenes. These allow 366 

different populations to be identified. d) Al2O3 vs Mg# and e) TiO2 vs Mg# variation diagrams of the analyzed zoned A-MS 367 

clinopyroxenes showing a wide compositional range and different populations and sub-populations. Note that all clinopyroxenes of 368 

different compositions lie on a trend defined by the orange arrow, with the exception of the ME1b and ME2b trends, which are 369 

shown in yellow. The significance of these trends is discussed in section 4.6. 370 

 371 

The main difference between the three analyzed members is that only member B1 has a significant 372 

number (9 out of 15 analyzed crystals) of zoned clinopyroxene crystals with cores showing ME2 373 

and ME3 compositions; in zoned clinopyroxene from the member A1, cores have only ME0 374 

composition. Only 4 out of 20 cores of the crystals from member D1 show a ME2 composition. 375 

Indeed, member D1 has a large proportion of zoned clinopyroxenes (15 out of 20 analyzed crystals) 376 

with ME1 and ME0 composition; this is consistent with the composition of its matrix-glass, which 377 

is less differentiated with respect to the composition of A-B members. An important observation is 378 

that despite the wide compositional variability of cores and mantles, crystal rims show a 379 

homogeneous composition: except the crystal rim with very low Mg#, all crystal rims show Mg# 380 

between 78 and 70, thus pertaining to ME2. Nevertheless, Al2O3 and TiO2 show an overlap in the 381 

compositional populations that are distinguishable based on their Mg# (Fig.  3). In particular, these 382 

elements show a wider compositional range in the populations of rims (ME2) and mantles (ME1), 383 

so it is possible to discriminate two other subpopulations (ME1b and ME2b), which, at similar Mg# 384 

values, are characterized by higher contents of Al2O3 and TiO2 (Fig.  3d-e). Thus, in terms of Al2O3 385 

and TiO2, mantles and rims show a compositional heterogeneity, despite they have homogeneous 386 

MgO, FeO and Na2O contents. This aspect will become relevant in the construction of diffusion 387 

models. 388 
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 389 

Fig. 4 The colored table reports, for each sub-member, the frequency of occurrence of a compositional population in a zoning sector 390 

(core, mantle or rim) in a total of 36 (out of 41) analyzed clinopyroxene crystals of the A-MS deposit; c=core; m=mantle; r=rim. 391 

Percentages have been calculated considering clinopyroxenes with plateaus (36 out of 41). Percentage of compositional populations 392 

occurring in the homogeneous clinopyroxene crystals is also reported. % tot.in rows at the bottom express the abundance of a 393 

compositional population in all the analyzed crystals (36 for the zoned and 46 for the unzoned crystals, respectively).  394 

 395 

 396 

4.2.2 Compositional Zoning 397 

The concentration profiles measured along core-to-rim traverses in zoned clinopyroxenes allowed 398 

to characterize their zoning patterns. In 36 out of 41 crystals, the zoning pattern of the main 399 

elements consists of two or more plateaus with a constant composition separated by either sharp or 400 

gradual boundaries (Fig. 5). Based on the chemical composition and the type of variation shown by 401 

plateaus, various types of zoning patterns have been identified, i.e. normal, reverse or complex. 402 

Normal zoning is defined by decreasing Mg# from core to rim while reverse zoning is characterized 403 

by increasing Mg# from core to rim of the clinopyroxene. Complex zoning refers to crystals 404 
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characterized by more than two plateaus, i.e. crystals showing normal-to-reverse zoning, in which 405 

Mg# decreases from core to mantle and increases from mantle to rim. 406 

The most common pattern (44%) is normal zoning (type I; Fig.  5a), consisting of cores with high 407 

Mg# (92–80; ME0-ME1) and rims with intermediate composition (Mg# = 78–70; ME2) showing 408 

sharp variation between these. Another type of zoning is type II (5%), that is similar to the normal 409 

zoning type I, but differs in that the variation is gradual (Fig.  5b). Only one normally zoned crystal 410 

(type III; Fig.  5c) shows a core with intermediate composition (Mg# = 75–73; ME2) and a rim with 411 

low Mg# (55–45; ME3). Another less common zoning type (type IV; Fig.  5d; ~ 5%) is represented 412 

by reversely zoned crystals in which cores with Mg# of 68–63 (ME3) are surrounded by rims with 413 

less differentiated composition (Mg# = 75–73; ME2). Several types of complex zoning patterns are 414 

also common. Most crystals have a reverse to normal zoning (type V; Fig.  5e; ~ 22%), with a core 415 

characterized by intermediate composition (Mg# = 81–72; ME1 or ME2), a mantle with higher Mg# 416 

(82–92; ME0 or ME1) and a rim with Mg# of 75–72 (ME2). An individual (type VI; Fig.  5f) from 417 

member B1 shows a variation from Mg# = 75 (ME2) in the core, through Mg# = 63 (ME3) in the 418 

mantle, to Mg# = 75 (ME2) in the rim. Finally, oscillatory zoned (type VII; Fig.  5g; ~ 7%) crystals 419 

are also present, showing an alternation of zones consisting of several plateaus with composition 420 

ranging from Mg# = 92–88 (ME0) to 84–82 (ME1) and a rim with Mg# = 75 (ME2). Moreover, a 421 

few crystals (type VIII; Fig. 5h; ~ 12%) show normal or oscillatory zoning with gradual variation 422 

(Mg# from 81 to 71) without plateaus.  423 
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 424 

Fig. 5 Types of zonation of the A-MS clinopyroxenes. Black diamonds are measured analysis along the crystal traverses showing 425 

concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ +Fetot)]. In the BSE images, the blue lines are the traverses along 426 

which the chemical composition has been acquired. Black dashed lines indicate the initial profile shapes: these are different 427 

depending on the two methods applied for diffusion modeling and have been inferred through the relationships between Al2O3 (wt%) 428 

and Mg# in the profiles Red lines indicate modelled profiles. A complete description of the diffusion modeling methods is provided 429 

in section 4.6. The numbers in brackets indicate the percentage of zoned clinopyroxenes exhibiting such a pattern. 430 

 431 

 432 

4.3 Sr isotope composition of whole rocks and minerals 433 

The whole-rock samples from the sub-members A1 and A2 show87Sr/86Sr isotopic ratios = 0.70747. 434 

Whole rocks from sub-member B2 have a 87Sr/86Sr isotopic ratio = 0.70749, whereas samples from 435 

sub- members D2 and E2 show higher 87Sr/86Sr isotopic ratios that are 0.70753 and 0.70750, 436 

respectively (Fig. 6a). Feldspars from all the A-MS members show a Sr-isotopic signature in the 437 
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range 0.70750–0.70748 (Fig. 6b). The Sr-isotopic signature of clinopyroxenes shows a significant 438 

range of variation, increasing from 0.70745 in member A1 to 0.70756 in member D2 and then 439 

slightly decreasing to 0.70755 in member E2 (Fig. 6c). Only phlogopite crystals from member E2 440 

have been analyzed and they show a 87Sr/86Sr value of 0.70753 (Supplementary Material 2). 441 

Notably, on average, the Sr isotopic ratios increase with stratigraphic height: this is particularly 442 

evident in whole rocks and clinopyroxenes (Fig. 6a, c). The new isotopic data acquired on whole 443 

rocks and mineral phases of the analyzed samples are reported in Supplementary Material 2 and are 444 

consistent with the range reported in literature (Fig. 6). 445 

 446 

Fig. 6 Stratigraphic height vs Sr-isotopic composition of A-MS whole rocks and minerals. Literature data are from de Vita et al. 447 

(1999) and Arienzo et al. (2010). 448 

 449 

4.4 P-T conditions of clinopyroxene crystallization 450 

Clinopyroxene-liquid thermometers and barometers specific for alkaline magmas (Masotta et al., 451 

2013) have been used in order to investigate the crystallization conditions of the A-MS 452 

clinopyroxenes. However, only few clinopyroxenes have passed the compositional test for 453 

equilibrium (Fig. 7a), implying that the majority of the crystals, mostly those belonging to ME0 and 454 

ME1, grew in a more mafic melt and were subsequently trapped in the A-MS trachytic magma. 455 

Nevertheless, we noted that some of these clinopyroxenes are in equilibrium with whole rocks 456 
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and/or melt inclusions representative of poorly evolved trachybasaltic to latitic Campi Flegrei 457 

magmas (Beccaluva et al., 1991; Civetta et al., 1991a; D’Antonio et al., 1999; Lustrino et al., 2002; 458 

Mastrolorenzo and Pappalardo, 2006; Cannatelli et al., 2007).  459 

 460 

Fig. 7 a) Fe-Mg partitioning between clinopyroxene and host rock (Fe/MgKdCpx-liq = 0.27±0.03; Grove and Bryan, 1983; Putirka et al., 461 

2003); fields demarcated by colored dotted lines represent the whole set of A-MS clinopyroxenes, belonging to different magmatic 462 

environments, compared to host rocks; the transparent colored dotted lines refer to clinopyroxenes with high Mg# (ME0 and ME1) 463 

compared to A-MS whole rocks and matrix glass compositions: these clinopyroxenes are out of equilibrium with respect to their host 464 

rocks; some of these clinopyroxenes are in equilibrium with more mafic rocks; diamond symbols refers to some clinopyroxenes 465 

which passed the compositional test for equilibrium and have been used for geothermobarometry. b) Output pressures and 466 

temperatures estimates for the different magmatic environments of the A-MS clinopyroxenes obtained by the clinopyroxene-liquid 467 

thermometers (equation Talk2012) and barometers (equation Palk2012) specific for alkaline magmas (Masotta et al., 2013); error 468 

bars refer to SEE. 469 

 470 

We consider only clinopyroxene crystals in equilibrium with hypothetical melts, i.e. crystals from 471 

the ME0 and ME1 in equilibrium with Campi Flegrei poorly evolved volcanic products, and 472 

crystals from ME2 and ME3 in equilibrium with A-MS matrix-glass compositions (Fig. 7a). 473 

Different ranges of temperature have been obtained for the variable clinopyroxene populations (Fig. 474 

7b; Supplementary Material 3). The most mafic compositions yield the highest temperatures, with 475 

averages of 1104±24 °C for ME0 and 1066±11 °C for ME1. Average temperatures for ME2 and 476 

ME3 are 990±13 °C and 952±18 °C, respectively. The standard error of estimate (SEE) of the used 477 

geothermometer (Masotta et al., 2013) is 18.2°C and hence, in the case of ME1 and ME2, it is 478 
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slightly higher than the standard deviation calculated from the output values. The estimated pressure 479 

is similar for all the populations ranging between 3.0 and 0.5 kbar, with an average value of ~ 1.7 480 

kbar. Only a few output data show pressures >3 kbar. With the exception of a few clinopyroxenes 481 

from ME0 and by considering that the SEE of the geobarometer is 1.15 kbar, the obtained pressure 482 

range is the same for the different magmatic environments, which likely indicates that the resolution 483 

in pressure is not good enough to discriminate reservoirs at different depths.  484 

 485 

4.5 Magmatic environments recorded in A-MS clinopyroxenes 486 

In Fig. 8, the Systems connectivity diagram schematically shows the A-MS clinopyroxene zoning 487 

pattern.  488 

 489 

Fig. 8 Systems connectivity diagrams of the zoning patterns of A-MS clinopyroxene crystals. Since each compositional population 490 

can be associated to a specific magmatic environment (see section 3.2), the different magmatic environments are characterized by 491 

different ranges in the Mg#. Different zoning types are depicted by different connection lines represented by different color (e.g. the 492 

orange routes represent clinopyroxene crystals with core formed in ME2, mantle formed in ME0 and the rim formed in ME2). The 493 

height of the boxes is proportional to the frequency of occurrence of the magmatic environments. The A-MS clinopyroxene zoning 494 

patter is characterized by most of the connection lines linking ME0 and ME2, also passing through ME1, and a few connections 495 

linking ME2 and ME3.  496 

 497 



26 
 

 Such an analysis reveals that, despite the complex diversity of zoning patterns, certain evolutionary 498 

tracks are recurrent in the history recorded by the clinopyroxene populations. It can be noted that 499 

there are many connections, depicted as arrows in Fig. 8, between the ME0 and ME2 environments. 500 

The connections often pass also through ME1 that represents an environment compositionally 501 

intermediate between ME0 and ME2. Finally, there is a much smaller number of connections 502 

between ME2 and ME3. Based on the available data, there are no connections between either ME0 503 

or ME1 and ME3; this allows us to divide the evolutionary history of A-MS clinopyroxene 504 

phenocrysts into two steps: one involves the interaction among the magmatic environments ME0, 505 

ME1 and ME2, the other involves ME2 and ME3. Moreover, as also visible in the frequency 506 

histograms (Fig. 3), it is worth noting that both crystal cores with high Mg# (ME0) and crystal cores 507 

with low Mg# (ME3) converge toward an intermediate composition (ME2) at the rim. At this point 508 

it is necessary to recall that this distinction in different magmatic environments is supported by 509 

other compositional variables such as Na2O, Al2O3 and TiO2 contents, with the exception of the 510 

ME1b and ME2b groups of Al2O3 and TiO2 contents that occur in the rim and mantle regions of the 511 

zoned clinopyroxenes. These will be discussed in detail in the following section on diffusion 512 

modeling. 513 

 514 

4.6 Diffusion modeling 515 

Kinetic modeling of the zoning patterns in clinopyroxene, which record fluctuations through the 516 

different magmatic environments, can yield information on the timescales over which the processes 517 

that created the different types of zoning took place. The well preserved plateaus found in most 518 

profiles can be used to infer the initial profile shapes before diffusion occurred. Given the different 519 

kinds of zoning profiles, two different methods for modeling have been used here. I. Most of the 520 

profiles, characterized by compositional plateaus and sharp gradients show little evidence of 521 

diffusive modification of growth zoning. In these cases, it is possible to calculate the relaxation of 522 

growth zoning timescales (e.g. see Chakraborty and Ganguly, 1991; Trepmann et al., 2004) to infer 523 
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maximum possible durations that the crystals may have spent in a magmatic reservoir at a given 524 

temperature without perceptible, within the analytical resolution of this study, diffusive 525 

modification of the profiles. II. In a small subset of profiles (e.g. Type II) diffusive gradients are 526 

observed and these can be modelled to fit the observed profiles and yield durations of residence of 527 

the crystals in a magmatic environment. In both cases, solutions to the diffusion equation 528 

𝑑𝐶

𝑑𝑡
=

𝑑

𝑑𝑥
(𝐷(𝑡)

𝑑

𝑑𝑥
)  (1) 529 

are sought with an appropriate choice of initial and boundary conditions. The equation describes 530 

how concentration gradients (i.e., concentration profiles: dC/dx), evolve as a function of time and 531 

this aspect is utilized to obtain information on timescales from measured concentration profiles (e.g. 532 

Chakraborty et al., 2008). We have carried out the diffusion modeling at temperatures 533 

corresponding to that of the ME2 environment (990 °C) because, in most cases, this is the final 534 

temperature at which clinopyroxenes grew and resided before eruption, at least for ~ 98% of the 535 

zoned crystals, as well as the homogeneous crystals, which make up 85% of the clinopyroxene 536 

population. We have used diffusion coefficients calculated using the expression provided by Müller 537 

et al. (2013):  538 

𝐷Fe−Mg = 2.77 ±  4.27 ∗ 10−7exp (
−320.7 ±

16kJ

mol

𝑅𝑇
) m2/s  (2) 539 

where R is the gas constant and T is the temperature in Kelvin. 540 

 541 

In the method I, the measured profiles are taken as the initial profiles and equation (1) and (2) are 542 

used to numerically calculate evolution of the profile shapes as a function of time. The boundary 543 

conditions for these calculations may be either constant composition or no flux at the rims of 544 

crystals, with little difference in the results. Timescales on which the calculated profiles deviate 545 

measurably from the initial profiles are considered to be upper limits of residence times of crystals 546 

in a particular magmatic environment. Fig. 5 (except Fig. 5b: Type II) shows examples of different 547 

kinds of profiles modeled through method I. The upper limit residence times for different plateau 548 
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compositions in the various types of zoning profiles are listed in Table 1. These are found to be < 549 

25 years, with durations < 15 years being the most common. 550 

Table1 551 

 552 

  

Method I  Method II 

   

Method I  Method II 

Member cpx n°-   

   

Member cpx n°-   
  

 

traverse n°   

    

traverse n°   
  

 

    

    

    

  A1 cpx1-1 14.3 

   

D1 cpx2-1 14.3 

  

 

cpx1-2 15.5 

    

cpx2-2 6.8 

  

 

cpx2-1 6.7 

    

cpx5-1   43.8 

 

 

cpx2-2 6.7 

    

cpx5-2   50.6 

 

 

cpx3-1   48.2 

   

cpx7-1 10.5 

  

 

cpx3-2   37.8 

   

cpx7-2 11.1 

  

 

cpx5-1   68.2 

   

cpx8-1 14.3 

  

 

cpx5-2   61.0 

   

cpx8-2 9.5 

  

 

    

    

cpx9-1 6.1 

  B1 cpx1-1 8.9 

    

cpx9-2 8.6 

  

 

cpx1-2 8.9 

    

cpx10-1 20.3 

  

 

cpx2-1 8.9 

    

cpx10-2 6.7 

  

 

cpx2-2 7.1 

    

cpx11-1 18.0 

  

 

cpx4-1   48.3 

   

cpx11-2 6.7 

  

 

cpx4-2   52.6 

   

cpx13-1 24.7 

  

 

cpx5-1 12.7 

    

cpx13-2 7.9 

  

 

cpx5-2 9.5 

    

cpx14-1 8.6 

  

 

cpx6-1 4.8 

    

cpx14-2 5.2 

  

 

cpx6-2 4.8 

    

cpx18-1 9.4 

  

 

cpx7-1 14.3 

    

cpx18-2 7.9 

  

 

cpx7-2 4.8 

    

cpx19-1 12.9 

  

 

cpx8-1 9.5 

    

cpx19-2 5.3 

  

 

cpx8-2 12.7 

    

    

  

 

cpx9-1 20.9 

    

    

  

 

cpx9-2 7.6 

    

    

  

 

cpx10-1 11.4 

        

 

cpx10-2 8.6 

        

 

cpx11-1   47.2 

       

 

cpx11-2   52.5 

                             

            553 

Table 1 Timescale (in years) estimates for Agnano-Monte Spina clinopyroxene crystals derived from Fe-Mg diffusion modeling 554 

across selected transects, calculated at T = 990 °C. In method I, the measured profile has been used as initial profile and the time term 555 

of the equation (1) has been varied until the modeled profile slightly oversteps the initial profile: the maximum diffusive smoothing 556 
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that a concentration (Mg#) profile has undergone has been modeled, thus yielding maximum times of residence. In method II, the 557 

shape of the initial profile has been inferred from the relationship between Al2O3 and Mg# (Fig. 8); the residence times have been 558 

modeled by obtaining the fit with the measured profile.  559 

 560 

In the method II, on the other hand, it is necessary to define the shapes of the initial profiles and 561 

then model their diffusive modification. To do that, element concentrations that are correlated with 562 

each other through petrogenetic processes but diffusing at different rates are useful. Here we make 563 

use of Mg# and Al2O3 concentration in the clinopyroxene crystals, which are anti-correlated with 564 

each other (e.g. see Fig. 3) because Mg-content decreases as Al-content increases during fractional 565 

crystallization as well as partial melting processes (e.g. Jagoutz et al., 1979). As discussed above 566 

(see caption of Fig. 3), there are two groups of compositions, ME1b and ME2b, that deviate from 567 

this trend. It is possible to reliably infer the initial profile shapes of crystals which exhibit this 568 

characteristic: by plotting Al2O contents vs Mg# in a profile, it is possible to obtain a linear 569 

correlation. Most of crystals show a good correlation, as shown by the fit of the data by a linear 570 

trend-line (in Fig. 9a, R2=0.94). This correlation can be then used to infer the hypothetical initial 571 

Mg# profile, plotted in figure 9b. Within the accuracy of the data, it is hardly possible to see the 572 

difference between the measured profile and the theoretical profile, in particular, in the region with 573 

the sharp compositional gradient. This implies that the Mg# profile was little or even not at all 574 

affected by Fe-Mg interdiffusion. For these crystals, it has been possible to estimate a maximum 575 

timescale using method I: in this case, since the inferred profile is very similar to the measured 576 

profile, the latter has been used as initial profile in the modeling. It is then possible to deduce that 577 

where Mg# and Al2O3 are correlated according to the overall general trend, the profiles of Mg# and 578 

Al2O3 track each other completely and the shapes overlap with each other. Conversely, when Al2O3 579 

content is higher at a given Mg# compared to the value expected from the overall correlation trend, 580 

such as for crystals showing ME1b and ME2b trends (Fig. 3e-f), the Al2O3 preserves a sharper 581 

gradient whereas the Mg# shows more smoothed concentration patterns (e.g. zoning Type II). In 582 
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this case, the correlation between Mg# and Al2O3 content is not good (in Fig. 9c, R2=0.74), 583 

indicating that the original trend was overprinted by Fe-Mg interdiffusion. It is possible to estimate 584 

an original trend by taking the Mg# and Al2O3 contents of the two plateau regions, which is plotted 585 

as blue line in Fig. 9c. This original correlation has been used to estimate a growth zoning of Mg#, 586 

which is the initial profile in Fig. 9d. We observe that the Mg# theoretical initial profile noticeably 587 

deviates from the measured profile and the strongest difference is in the region with the large 588 

compositional gradient of Al2O3. An example of such a profile, with the initial and the final 589 

modelled profile shapes is shown in Fig. 5b and Fig. 9c-d. This indicates that Mg has diffused to 590 

some extent and Al has not and this is consistent with the known experimentally measured diffusion 591 

behavior of these elements (Mg vs. Al) in clinopyroxenes (e.g. Fe-Mg: Müller et al., 2013; Al: 592 

Sautter et al., 1988). Thus, the shape of the Al2O3 profile can be taken as the initial profile shape for 593 

Mg# (i.e. as a grown profile) and diffusion modeling may be used to try to reproduce the measured, 594 

diffused concentration profile shape of Mg#. We have modelled the system as an infinite diffusion 595 

couple, i.e. boundary conditions are C = Cinitial at ±∞ (i.e. the two ends of a profile). Two 596 

compositional traverses were acquired across each clinopyroxene crystal. If modeling of both 597 

profiles did not yield the same time estimates the values were not used because the concentration 598 

profiles were considered to be affected by processes other than diffusion or artefacts such as oblique 599 

sectioning effects (Costa et al., 2008). On the other hand, the fact that in many cases the same 600 

timescales were obtained from profiles that are oriented in mutually perpendicular directions may 601 

point to a limited anisotropy of Fe-Mg diffusion in clinopyroxene; that indeed has not been 602 

measured experimentally yet.  603 
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 604 

Fig. 9 a,c) Mg# vs Al2O3 (wt%) relations of two selected crystal profiles. b,d) measured and inferred initial Mg# 605 

profiles. In Fig. 9a, the profile show a good correlation (R2=0.94; black trend-line) between Mg# and Al2O3 (wt%). In 606 

Fig. 9b, the inferred initial profile is calculated based on the relations assessed by best fit of the linear trend-line of Fig. 607 

8a. In Fig. 9c, the profile does not show a good correlation (R2=0.74; black trend-line) between Mg# and Al2O3 (wt%). 608 

By taking into account the Mg# and Al2O3 (wt%) contents of the two plateaus (without the points in the boundary 609 

region between the plateaus), a new best fit (R2=1; blue trend-line) has been estimated. In Fig. 9d, the inferred initial 610 

profile is calculated based on the best fit shown by the blue trend-line. Since Mg# And Al2O3 are correlated, the inferred 611 

profiles (blue diamonds in Fig. 9b,d) can be taken as growth profiles. Such an analysis implies that crystal profiles 612 

showing a good match between measured and inferred profiles (e.g. Fig. 9b) have been little, or not at all, affected by 613 

diffusion. On the other hand, crystal profiles showing differences between measured and inferred profiles (e.g. Fig. 9d) 614 

have been affected by diffusion. 615 

 616 

Timescale information has been extracted only from crystals showing concentration profiles 617 

suitable for diffusion modeling using one of the two methods described above: for example, crystals 618 

with profiles belonging to zoning type VIII (Fig. 5h) have not been used for the modeling. 619 

Altogether, we applied diffusion modelling to 25 crystals with 50 measured profiles of different 620 

Types (Table 1). All calculated timescales are shown in Fig. 10 where it should be borne in mind 621 

that timescales obtained using method I are upper limits of residence times in the magmatic 622 
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environment ME2, while those obtained using method II are residence times themselves. As seen in 623 

the figure, most crystals were amenable to modeling the relaxation of growth zoning using method 624 

I, while 10 profiles from 5 crystals, i.e. 2 profiles in mutually perpendicular directions, were 625 

suitable for modeling using method II. All of the profiles modelled using method II yielded 626 

timescales that were consistent with each other from the mutually perpendicular profiles. These 627 

timescales range between 38 and 68 years. Stratigraphically, two of these crystals come from 628 

members A1 and B1 and one from member D1. We discuss the implications of these results for the 629 

nature of the plumbing system in the following section.  630 

 631 

Fig. 10 Output values of times obtained by diffusion modeling on 50 out of 82 analyzed profiles on clinopyroxene crystals. Method I 632 

yields the upper limits of residence times of crystals in a magmatic environment; method II yields the residence times of crystals in a 633 

magmatic environment.  634 

 635 

5 Discussion 636 

5.1 The magmatic plumbing system of Agnano-Monte Spina eruption 637 

Taking into account the composition and temperature, the magmatic environment ME0 can be 638 

associated with primitive magmas, especially for the high Mg# (> 91). The ME2 composition (Mg# 639 

78–72) is the most widespread in the volcanic products erupted during all epochs of the Campi 640 
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Flegrei activity (e.g. de Vita et al., 1999; Munno and Petrosino, 2004; Marianelli et al., 2006; Piochi 641 

et al., 2005; Cannatelli et al., 2007; Fedele et al., 2008; Mangiacapra et al., 2008; Arienzo et al., 642 

2010, 2015, 2016; Melluso et al., 2012; Belkin et al., 2016; Forni et al., 2018). This suggests a 643 

common magmatic environment for most of the Campi Flegrei clinopyroxenes. Hence, taking into 644 

account the estimated T-P, ME2 is ascribable to a crustal reservoir of the Campi Flegrei magmatic 645 

system, in which clinopyroxenes with Mg# 78–72 formed. The composition of the ME2 population 646 

is the most widespread in the A-MS clinopyroxene crystals, making up 87 % of the homogeneous 647 

clinopyroxenes as well as the final, rim compositions of almost all (98 %) zoned crystals (Fig. 3a; 648 

Fig. 4). On this basis it is reasonable to interpret the ME2 environment as the physical reservoir in 649 

which most of the magmatic interaction(s) took place. In fact, mixing of the ME0 and ME2 melts 650 

would produce a magma with intermediate composition, from which clinopyroxenes of composition 651 

ME1 (Mg# 84–80) might have grown. The chemical composition of environment ME3 has been 652 

found in only 3 out of the total 41 analyzed crystals; being ME3 a different environment, it is 653 

characterized by a different set of thermodynamic variables with respect to those of ME2, i.e. it can 654 

be characterized by lower temperature (Fig. 7b); since the ME3 composition is more evolved with 655 

respect to those of ME2, thus ME3 could represent the most evolved, less-abundant portion of the 656 

ME2 magmatic reservoir. Alternatively, the ME3 composition could have been produced by 657 

degassing of the ME2 melt, during the stages of magma ascent. Therefore, we can hypothesize that 658 

the history recorded in the A-MS clinopyroxene chemical compositions and the behavior of such a 659 

plumbing system may be read as illustrated by the schematic diagram shown in Fig. 11: one or more 660 

inputs of mafic magma(s) (ME0), originating from partial melting of the mantle, refilled a crustal 661 

reservoir already hosting a more evolved resident magma (dominantly ME2, minor ME3), with 662 

consequent formation of intermediate compositions (ME1). The isotopic disequilibrium between 663 

several A-MS mineral phases and their host rocks (Fig. 5), as already reported in the literature (de 664 

Vita et al., 1999; Arienzo et al., 2010), supports such a mixing/mingling process.  665 
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Since the whole rock and glass composition of A-MS products ranges from trachyte to phonolite, 666 

the amount of mafic magma that might have interacted with the evolved resident magma(s) must 667 

have been limited. This is in good agreement with what has been already suggested by Arienzo et 668 

al. (2010), who modeled the mixing process and proved that less than 10% of a mafic magma with 669 

average 87Sr/86Sr ≈ 0.70754 mixed with an evolved one with an average 87Sr/86Sr ≈ 0.70749. This 670 

would explain the occurrence of melt inclusions with less differentiated composition in the A-MS 671 

clinopyroxenes (Fig. 2a). Such a hypothesis also explains the Sr-isotopic signature of the analyzed 672 

A-MS rocks and minerals: both matrix-glass and clinopyroxene crystals from the D-E members, 673 

which show a less evolved composition with respect to those from A-B members (Fig. 2a, Fig. 4), 674 

are characterized on average by 87Sr/86Sr values higher than those of whole rocks and 675 

clinopyroxenes from A-B members (Fig. 6). Moreover, the 87Sr/86Sr values of feldspars from all the 676 

A-MS members are in the range of that of whole rocks from members A-B (Fig. 6a-b); such a Sr-677 

isotopic ratio is the typical Sr-signature of the evolved Campi Flegrei magma component identified 678 

by Arienzo et al. (2016). Since this is the most evolved magma component, it can be associated with 679 

our ME2 and ME3, while the more mafic magma could be represented by our ME0.  680 

The hypothesized recharge scenario (Fig. 11) is also supported by the texture of some crystals, 681 

which show resorbed cores (Fig. 5), which is often indicative of disequilibrium due to incorporation 682 

within a new host magma (e.g. Ubide et al., 2015, 2019; Astbury et al., 2018; Ubide et Kamber, 683 

2018).  684 

This kind of mixing behavior is consistent with the nature of the clinopyroxene population as well, 685 

where ME0 and ME1, that represent the mafic magma, are statistically far less abundant than 686 

clinopyroxenes with ME2 composition. 687 

The hypothesized mixing process is also consistent with the observed chemical zoning patterns in 688 

the clinopyroxenes. Injection of ME0 mafic magma into the ME2 environment/physical reservoir 689 

would produce crystals with cores of ME0 composition (Mg# 92–85) and rims of ME2 composition 690 

(Mg# 78–70) and vice versa, as shown by the most common zoning types: Type I and Type V, 691 
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respectively. Mingling of ME0 and ME2 have probably caused the growth of ME1 composition in 692 

the A-MS clinopyroxene, as testified by the somewhat less common Type VII and Type VIII zoning 693 

patterns. Oscillations between these compositions (e.g. Type VII) would suggest long lasting 694 

connectivity between the reservoirs such that crystals could be transferred from one environment to 695 

another, sometimes back and forth. Type III, type IV and type VI zoning pattern (Fig. 5 c, d, f) 696 

suggest that crystals can be transferred from ME2 to ME3 environment and vice-versa, i.e. due to 697 

partial overturn caused by input of the ME0 melt.  698 

Based on the above, we therefore hypothesize that batches of high temperature (~ 1100 °C) mafic 699 

magma (ME0) with primitive composition, i.e. very high Mg#, low Ti, Al and Na contents, arrived 700 

in a magma reservoir (Fig. 11a) where they partially mixed with a pre-existing more evolved 701 

magma (ME2), leading to the formation of intermediate compositions (ME1; Fig. 11b). The mafic 702 

input could have caused perturbation in a zoned reservoir and promoted interaction between the 703 

chemically different magmatic portions (ME2-ME3; Fig. 11c). 704 

Since ME3 has been found only in member B1, it probably represents the most evolved least-705 

abundant portion of the A-MS magmas erupted during the first Plinian phase of the eruption. 706 

Furthermore, as a greater number of high Mg# core crystals are present in D1 compared to A1 and 707 

B1 members, we hypothesize that the magma which led to the eruption of the second main fallout 708 

deposit (D1), may have resided near the floor of the ME2 reservoir and may have been more 709 

affected by the ME0 batches of mafic magmas, likely deeper, although good barometric constraints 710 

are not available. However, few barometric estimates show pressures >3 kbar (Fig. 7b), implying 711 

that some clinopyroxenes from ME0 could have started crystallizing at higher pressures. Moreover, 712 

some crystal cores have higher Na2O and Al2O3 contents (Fig. 3b-c), which could reflect 713 

crystallization under higher pressure (e.g. Nimis, 1995; Putirka, 2008).These pressure values also 714 

agree with estimates obtained from previous studies on the A-MS (Roach, 2005; Arienzo et al., 715 

2010; Iovine et al., 2017a) and the PVD crystallization pressures (Perinelli et al., 2019; Bonechi et 716 

al., 2020). 717 
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 718 

 Fig. 11 Schematic sketch illustrating the magmatic processes occurred in the A-MS plumbing system. a) three distinct magmatic 719 

environments at a t = 0: one (ME0), in red, in which core of clinopyroxenes with high Mg# (92–85) were formed, is associated with 720 

primitive magmas; an environment (ME2), in yellow, ascribable to a crustal reservoir of the Phlegraean magmatic system, in which 721 

core of clinopyroxenes with Mg#78–70 were formed and an environment (ME3), in blue, identifiable with a less abundant, most 722 

differentiated magma portion of the ME2 reservoir. b) The interaction between ME0 and ME2 explains the normal zoning for 723 

clinopyroxenes of ME0 and, conversely, the reverse zoning for clinopyroxenes of ME2, also leading to the formation of intermediate 724 

compositions (ME1). c) The interaction between ME2 and ME3 justifies the whole set of observed zoning patterns in the A-MS 725 
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clinopyroxene; t2-t1 represents the time span of the mixing events recorded by crystals modeled through method II; t1-t0 represents the 726 

time span of the recharge events possibly due to increase of mafic magma input recorded by crystals modeled through method I; t0= 727 

time of the eruption.  728 

 729 

5.2 Timescales of processes in the Agnano-Monte Spina plumbing system 730 

Diffusion modeling of the chemical zoning profiles provides us temporal constraints on pre-eruptive 731 

processes. Overall, the plumbing system that led to the A-MS eruption appears to have been active 732 

on decadal timescales. Most types of zoning patterns observed in the clinopyroxene crystals, 733 

showing little or no evidence of diffusive modification at the spatial resolution at which the 734 

compositions were studied in this work, have presumably recorded the latest phases of the pre-735 

eruptive processes. This allows an upper limit to the duration of their residence in the ME2 736 

magmatic reservoir to be placed and it is on the order of 10–15 years for the majority of the 737 

crystals. More specific constraints are provided by a small subset (5) of crystals having high Al-Ti 738 

compositions, represented by sub-environments ME1b and ME2b, that record diffusive 739 

modification. Al- and Ti- contents tend to show disequilibrium distributions due to their slow 740 

diffusivity in the crystals as well as in the melts, and such evolutionary trends as those shown by 741 

yellow arrows in Fig. 3d-e have been shown experimentally and empirically to be related to such 742 

disequilibrium (e.g. due to high cooling rates; Mollo et al., 2010, 2013; Ubide and Kamber, 2018). 743 

Crystals recording such disequilibrium between Al and Mg contents can be used for diffusion 744 

modeling. These crystals indicate that a timescale of ~ 40–70 years elapsed between the entrapment 745 

of the ME0 crystals into the ME2 reservoir and the eruption. These results explain why diffusive 746 

modification can be seen in some crystals and not in others even though they are compositionally 747 

almost identical: some of these crystals have resided longer in the crustal reservoir (ME2 748 

environment). The rarity of such crystals, and the fact that back-and-forth transmission between 749 

ME0 and ME2 is recorded (e.g. Fig. 8), suggest the following scenario: a long lived connectivity 750 

existed between the ME0 and ME2 environments over several decades such that crystals could be 751 
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transferred back and forth. Only a few crystals resided in the ME2 reservoir for several decades. 752 

These were erupted when the extent of ME0 magma input considerably increased, as recorded by 753 

the major population of zoned crystals, within 10–15 years before the eruption.  754 

Fig. 11 also explains the systematics of zoning pattern shown in Fig. 4 and Fig. 8. At the start of the 755 

eruption (member A), likely triggered by increased input of mafic magma, crystals from the main 756 

ME2 reservoir with cores of ME0 and rims of ME2 are erupted. Subsequently, as the reservoir is 757 

gradually emptied, more and more crystals with cores of ME2, mantles of ME0-ME1 and rims of 758 

ME2 are erupted (member B). At this stage, increased degassing may have produced more ME3 759 

crystals as well. With progressive eruption, magma from the deeper, less evolved reservoir made its 760 

way directly to the surface, with an increased contribution of less evolved melts as well as 761 

clinopyroxene crystals (member D). In the course of the eruption then the ME2 reservoir was 762 

partially or completely emptied, establishing a direct link between the more primitive environment 763 

and the eruptive conduit during the later stages of the eruption (i.e. D1).  764 

 765 

 766 

5.3 Comparison with results of other timescale calculations for the Campi Flegrei caldera 767 

Although constraints on depths of the magmatic environments that were identified based on the 768 

systems analysis of compositional zoning in clinopyroxenes are poor, we can use results from other 769 

studies (e.g. Zollo et al., 2008; Arienzo et al., 2010; Pappalardo and Mastrolorenzo, 2012; Arzilli et 770 

al., 2016; Di Vito et al., 2016; Zdanowic et al., 2016; Fedi et al., 2018; Voloschina et al., 2018) that 771 

used different geological, geochemical or geophysical information to tentatively associate the 772 

magmatic environments to reservoirs at different depths. It is possible that the deeper reservoir at 773 

>10 km depth inferred in those studies is primarily associated with the less evolved ME0 774 

environment while the shallower reservoir at < 8 km is primarily associated with the dominant ME2 775 

reservoir. The overall assembly of eruptible magma which fed large eruptions occurs over relatively 776 

long timescales (e.g. ~ 6.4 kyr in the case of the Campanian Ignimbrite eruption; Arienzo et al., 777 
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2011) but processes within magmatic plumbing systems occur on a hierarchy of shorter timescales. 778 

The timescales of different processes that occurred in the plumbing system of Campi Flegrei have 779 

been determined using a variety of methods (e.g. Arienzo et al., 2011; Pappalardo and 780 

Mastrolorenzo, 2012; Montagna et al., 2015; Perugini et al., 2015; Wu et al., 2015; Arzilli et al., 781 

2016; Di Vito et al., 2016; Iovine et al., 2017; Astbury et al., 2018). Various lines of evidence point 782 

to the fact that degassing of rising magma plays an important role in the system (Mastrolorenzo and 783 

Pappalardo, 2006; Montagna et al., 2015; Chiodini et al., 2016; Astbury et al., 2018; Forni et al., 784 

2018) and that a short-lived episode of enhanced degassing occurs over hours to days before an 785 

eruption (e.g. Arzilli et al., 2016; Astbury et al., 2018; Pappalardo and Mastrolorenzo, 2012; 786 

Montagna et al., 2015). Such a transient (and hence less frequently recorded), degassed magmatic 787 

environment could be represented by ME3, for example. Note that such degassing promotes 788 

crystallinity (e.g. Moretti et al., 2014; Arzilli et al., 2016), which may have produced the ME3 789 

composition clinopyroxenes as well as the microlites that record a history of a few hours to days. 790 

Comparable or even more rapid timescales have been obtained for magma mingling processes in the 791 

Campi Flegrei magmatic system (e.g. tens of minutes; Perugini et al., 2015). As melts move 792 

between these reservoirs, they adapt to the local magmatic environment (i.e. new P, T oxygen 793 

fugacity, partial pressure of fluids) almost instantaneously. However, the crystal cargo of such melts 794 

would require much longer to adapt to the new conditions, and the residence times of crystals of 795 

different minerals have been consistently found to be on the order of decades or even longer using a 796 

variety of minerals and methods, e.g. < 60 years based on Ba-zoning in sanidine (Iovine et al., 797 

2017); few centuries for the coarsest feldspar crystals based on CSD (Pappalardo and 798 

Mastrolorenzo, 2012); few years to decades based on CSD of some microlites (Wu et al., 2015) and 799 

zoning in clinopyroxene (this study).  800 

These may be considered in the context of the plumbing system connectivity and timescales 801 

inferred above to develop an integrated picture. Taken together, this information would be 802 

consistent with a system where a long-lived magma reservoir at depths of >10 km containing a 803 
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shoshonitic-latitic magma, corresponding to ME0 of this study, is connected to a shallower (< 8 km) 804 

reservoir containing a more evolved magma (e.g. trachyte), corresponding to ME2 of this study, 805 

over decadal, or even century, timescales. Entry of the more mafic magma in the more evolved 806 

reservoir/mush zone could lead to melting/assimilation and mixing, leading to the formation of a 807 

reservoir such as ME1 (Fig. 11). Melts transported from one environment to another mingle rapidly 808 

on timescales of minutes (Perugini et al., 2015) while their crystal cargoes retain their identities in 809 

the form of compositional zoning. Progressive degassing, whose rate increases a few hours to days 810 

before eruption, may lead to the formation of a transient environment ME3 (Fig. 11). Such a 811 

scenario could be consistent, for example, with the record of unrest from 1251 AD – 1538 AD  812 

before the 1538 AD eruption at Campi Flegrei (Di Vito et al., 2016). Before that eruption, the 813 

system evolved over ~ 300 years and major changes occurred a couple of years before the eruption.  814 

 815 

6 Conclusions 816 

In this work, the complex zoning patterns shown by clinopyroxene crystals from the A-MS eruption 817 

have been characterized. Despite the complex sequential zoning testified by the wide chemical 818 

variation and the great variability of zoning types, some transitions inside the zoning pattern are 819 

prevalent suggesting a common late evolutionary history. A population-based approach allows us to 820 

identify several magmatic environments in which clinopyroxenes sequentially grew. Quantification 821 

of connectivity and their frequencies allow us to infer the pattern of magma movement among the 822 

different magmatic environments. The timescales of such movement have been constrained by 823 

diffusion modeling. 824 

 The textural features and the chemical composition of the A-MS clinopyroxenes record the 825 

existence of at least two main, likely physically separated, magmatic environments that make up the 826 

A-MS plumbing system: the first of these (ME0), identified in clinopyroxene crystals with very 827 

high Mg# (>91), is representative of mafic magma that presumably directly originated from partial 828 

melting of the local mantle source; the second, dominant magmatic environment is represented by 829 
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clinopyroxene crystals showing more evolved compositions (ME2: Mg# = 78–70) associated with 830 

trachytic and phonolitic magmas that were likely stationed in a shallower crustal reservoir. 831 

Mingling of magma from these two environments could have produced an intermediate 832 

environment (ME1; Mg#= 84–80). These magmatic environments were connected with each other 833 

with transfer of magma between them over decadal, and perhaps even centennial, timescales. More 834 

evolved environments (e.g. ME3: Mg#= 69–60) could have appeared as a result of degassing-835 

induced crystallization shortly (e.g. days to hours) before eruption.  836 

The proposed scenario provides guidance for evaluating future volcanic hazards. Our results 837 

suggest that mafic recharge of an evolved shallow reservoir can last for decades. During the latest 838 

phase, enhanced input of mafic magma could have destabilized the magmatic system and, combined 839 

with the associated degassing, could have favored the trigger of the eruption. In other words, input 840 

of mafic magma by itself does not trigger eruptions; eruptions are triggered only when a threshold is 841 

exceeded such that degassing and related events are set in motion. This study highlights the 842 

complex relationships between events of magma recharge/mixing and onset of the eruption. This 843 

knowledge, when integrated with information provided by other case-studies worldwide to build a 844 

behavioral model of similar active volcanoes, is useful for risk assessment. 845 
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 1251 

 1252 

Figures 1253 

Fig. 1 a) Geological and structural sketch map of the Southern Campania Plain (modified after Orsi 1254 

et al., 2003). b) Areal distribution of the A-MS volcanic deposits (redrawn after de Vita et al., 1999.  1255 

c) Detail of the Agnano-San Vito area (modified after Iovine et al., 2017a) d) Schematic 1256 

stratigraphic column of the A-MS erupted products, subdivided into various members (modified 1257 

after Iovine et al., 2017a).; in brackets we reported the number of samples collected from each sub-1258 

member.  1259 

https://doi.org/10.1029/2008GL034242
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 1260 

Fig. 2 a) Glass compositions of A-MS products plotted in the Total Alkali vs. Silica diagram; melt 1261 

inclusion data are from Arienzo et al. (2010); whole rock and matrix-glass compositions are from de 1262 

Vita et al. (1999). b) Di-Hd-En-Fs classification diagram of clinopyroxenes found in A1, B1 and D1 1263 

members of the A-MS deposits; literature data refer to clinopyroxene from A-MS products (de Vita 1264 

et al., 1999; Arienzo et al., 2010); mantle refers to the zones/sectors of the crystals between the core 1265 

and the most external rim. 1266 

 1267 

Fig. 3 a) Mg#, b) Na2O and c) Al2O3 frequency histograms of core, mantle and rim of the zoned A-1268 

MS clinopyroxenes. These allow different populations to be identified. d) Al2O3 vs Mg# and e) 1269 

TiO2 vs Mg# variation diagrams of the analyzed zoned A-MS clinopyroxenes showing a wide 1270 

compositional range and different populations and sub-populations. Note that all clinopyroxenes of 1271 

different compositions lie on a trend defined by the orange arrow, with the exception of the ME1b 1272 

and ME2b trends, which are shown in yellow. The significance of these trends is discussed in 1273 

section 4.6. 1274 

 1275 

Fig. 4 The colored table reports, for each sub-member, the frequency of occurrence of a 1276 

compositional population in a zoning sector (core, mantle or rim) in a total of 36 (out of 41) 1277 

analyzed clinopyroxene crystals of the A-MS deposit; c=core; m=mantle; r=rim. Percentages have 1278 

been calculated considering clinopyroxenes with plateaus (36 out of 41). Percentage of 1279 

compositional populations occurring in the homogeneous clinopyroxene crystals is also reported. % 1280 

tot.in rows at the bottom express the abundance of a compositional population in all the analyzed 1281 

crystals (36 for the zoned and 46 for the unzoned crystals, respectively).  1282 

 1283 
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Fig. 5 Types of zonation of the A-MS clinopyroxenes. Black diamonds are measured analysis along 1284 

the crystal traverses showing concentration profiles from core to rim [Mg# = molar Mg2+/(Mg2+ 1285 

+Fetot)]. In the BSE images, the blue lines are the traverses along which the chemical composition 1286 

has been acquired. Black dashed lines indicate the initial profile shapes: these are different 1287 

depending on the two methods applied for diffusion modeling and have been inferred through the 1288 

relationships between Al2O3 (wt%) and Mg# in the profiles Red lines indicate modelled profiles. A 1289 

complete description of the diffusion modeling methods is provided in section 4.6. The numbers in 1290 

brackets indicate the percentage of zoned clinopyroxenes exhibiting such a pattern. 1291 

 1292 

Fig. 6 Stratigraphic height vs Sr-isotopic composition of A-MS whole rocks and minerals. 1293 

Literature data are from de Vita et al. (1999) and Arienzo et al. (2010). 1294 

 1295 

Fig. 7 a) Fe-Mg partitioning between clinopyroxene and host rock (Fe/MgKdCpx-liq = 0.27±0.03; Grove 1296 

and Bryan, 1983; Putirka et al., 2003); fields demarcated by colored dotted lines represent the whole 1297 

set of A-MS clinopyroxenes, belonging to different magmatic environments, compared to host 1298 

rocks; the transparent colored dotted lines refer to clinopyroxenes with high Mg# (ME0 and ME1) 1299 

compared to A-MS whole rocks and matrix glass compositions: these clinopyroxenes are out of 1300 

equilibrium with respect to their host rocks; some of these clinopyroxenes are in equilibrium with 1301 

more mafic rocks; diamond symbols refers to some clinopyroxenes which passed the compositional 1302 

test for equilibrium and have been used for geothermobarometry. b) Output pressures and 1303 

temperatures estimates for the different magmatic environments of the A-MS clinopyroxenes 1304 

obtained by the clinopyroxene-liquid thermometers (equation Talk2012) and barometers (equation 1305 

Palk2012) specific for alkaline magmas (Masotta et al., 2013); error bars refer to SEE. 1306 

 1307 
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Fig. 8 Systems connectivity diagrams of the zoning patterns of A-MS clinopyroxene crystals. Since 1308 

each compositional population can be associated to a specific magmatic environment (see section 1309 

3.2), the different magmatic environments are characterized by different ranges in the Mg#. 1310 

Different zoning types are depicted by different connection lines represented by different color (e.g. 1311 

the orange routes represent clinopyroxene crystals with core formed in ME2, mantle formed in ME0 1312 

and the rim formed in ME2). The height of the boxes is proportional to the frequency of occurrence 1313 

of the magmatic environments. The A-MS clinopyroxene zoning patter is characterized by most of 1314 

the connection lines linking ME0 and ME2, also passing through ME1, and a few connections 1315 

linking ME2 and ME3.  1316 

 1317 

Fig. 9 a,c) Mg# vs Al2O3 (wt%) relations of two selected crystal profiles. b,d) measured and inferred 1318 

initial Mg# profiles. In Fig. 9a, the profile show a good correlation (R2=0.94; black trend-line) 1319 

between Mg# and Al2O3 (wt%). In Fig. 9b, the inferred initial profile is calculated based on the 1320 

relations assessed by best fit of the linear trend-line of Fig. 8a. In Fig. 9c, the profile does not show 1321 

a good correlation (R2=0.74; black trend-line) between Mg# and Al2O3 (wt%). By taking into 1322 

account the Mg# and Al2O3 (wt%) contents of the two plateaus (without the points in the boundary 1323 

region between the plateaus), a new best fit (R2=1; blue trend-line) has been estimated. In Fig. 9d, 1324 

the inferred initial profile is calculated based on the best fit shown by the blue trend-line. Since Mg# 1325 

And Al2O3 are correlated, the inferred profiles (blue diamonds in Fig. 9b,d) can be taken as growth 1326 

profiles. Such an analysis implies that crystal profiles showing a good match between measured and 1327 

inferred profiles (e.g. Fig. 9b) have been little, or not at all, affected by diffusion. On the other hand, 1328 

crystal profiles showing differences between measured and inferred profiles (e.g. Fig. 9d) have been 1329 

affected by diffusion. 1330 

 1331 
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Fig. 10 Output values of times obtained by diffusion modeling on 50 out of 82 analyzed profiles on 1332 

clinopyroxene crystals. Method I yields the upper limits of residence times of crystals in a 1333 

magmatic environment; method II yields the residence times of crystals in a magmatic environment.  1334 

 1335 

Fig. 11 Schematic sketch illustrating the magmatic processes occurred in the A-MS plumbing 1336 

system. a) three distinct magmatic environments at a t = 0: one (ME0), in red, in which core of 1337 

clinopyroxenes with high Mg# (92–85) were formed, is associated with primitive magmas; an 1338 

environment (ME2), in yellow, ascribable to a crustal reservoir of the Phlegraean magmatic system, 1339 

in which core of clinopyroxenes with Mg#78–70 were formed and an environment (ME3), in blue, 1340 

identifiable with a less abundant, most differentiated magma portion of the ME2 reservoir. b) The 1341 

interaction between ME0 and ME2 explains the normal zoning for clinopyroxenes of ME0 and, 1342 

conversely, the reverse zoning for clinopyroxenes of ME2, also leading to the formation of 1343 

intermediate compositions (ME1). c) The interaction between ME2 and ME3 justifies the whole set 1344 

of observed zoning patterns in the A-MS clinopyroxene; t2-t1 represents the time span of the mixing 1345 

events recorded by crystals modeled through method II; t1-t0 represents the time span of the 1346 

recharge events possibly due to increase of mafic magma input recorded by crystals modeled 1347 

through method I; t0= time of the eruption.  1348 

 1349 

 1350 

Fig. 1 in Supplementary Material 1 - Photomicrographs and BSE images of A-MS rocks showing 1351 

the main textural and mineralogical features. a) microphotograph of a A-MS pumice from B1 sub-1352 

member showing a sanidine phenocryst; b) microphotograph showing a plagioclase and 1353 

clinopyroxene aggregate in a pumice clast from the A1 sub-member; c) microphotograph showing 1354 

phlogopite crystals in a pumice clast from the B2 sub-member; d) microphotograph showing  1355 

clinopyroxene and opaque oxide crystals in a pumice clast from the A2 sub-member; e) 1356 

microphotograph showing apatite crystals in the matrix-glass and in clinopyroxene of a pumice 1357 
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clast from the D2 sub-member; f) BSE image of a pumiceous clast from D1 sub-member showing 1358 

the network of vesicles. Abbreviations: cpx = clinopyroxene; pl = plagioclase; san =sanidine; phl = 1359 

phlogopite; ap = apatite; ox = opaque oxide 1360 

 1361 

Fig. 2 in Supplementary Material 1 Matrix-glass major and minor element variation diagrams of A-1362 

MS rocks; literature data on A-MS matrix-glasses and whole rocks composition are from de Vita et 1363 

al. (1999). 1364 
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