
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00445-021-01486-9

RESEARCH ARTICLE

A petrological and conceptual model of Mayon volcano (Philippines) 
as an example of an open‑vent volcano

D. C. S. Ruth1,2  · F. Costa1,3 

Received: 2 December 2020 / Accepted: 27 August 2021 
This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021

Abstract
Mayon is a basaltic andesitic, open-vent volcano characterized by persistent passive degassing from the summit at 2463 m 
above sea level. Mid-size (< 0.1  km3) and mildly explosive eruptions and occasional phreatic eruptions have occurred 
approximately every 10 years for over a hundred years. Mayon’s plumbing system structure, processes, and time scales 
driving its eruptions are still not well-known, despite being the most active volcano in the Philippines. We investigated the 
petrology and geochemistry of its crystal-rich lavas (~ 50 vol% phenocrysts) from nine historical eruptions between 1928 and 
2009 and propose a conceptual model of the processes and magmatic architecture that led to the eruptions. The whole-rock 
geochemistry and mineral assemblage (plagioclase + orthopyroxene + clinopyroxene + Fe-Ti oxide ± olivine) of the lavas 
have remained remarkably homogenous (54 wt%  SiO2, ~ 4 wt% MgO) from 1928 to 2009. However, electron microscope 
images and microprobe analyses of the phenocrysts and the existence of three types of glomerocrysts testify to a range of 
magmatic processes, including long-term magma residence, magma mixing, crystallization, volatile fluxing, and degassing. 
Multiple mineral-melt geothermobarometers suggest a relatively thermally buffered system at 1050 ± 25 °C, with several 
magma residence zones, ranging from close to the surface, through reservoirs at ~ 4–5 km, and as deep as ~ 20 km. Diffu-
sion chronometry on > 200 orthopyroxene crystals reveal magma mixing timescales that range from a few days to about 
65 years, but the majority are shorter than the decadal inter-eruptive repose period. This implies that magma intrusion at 
Mayon has been nearly continuous over the studied time period, with limited crystal recycling from one eruption to the next. 
The variety of plagioclase textures and zoning patterns reflect fluxing of volatiles from depth to shallower melts through 
which they eventually reach the atmosphere through an open conduit. The crystal-rich nature of the erupted magmas may 
have developed during each inter-eruptive period. We propose that Mayon has behaved over almost 100 years as a steady 
state system, with limited variations in eruption frequency, degassing flux, magma composition, and crystal content that 
are mainly determined by the amount and composition of deep magma and volatile input in the system. We explore how 
Mayon volcano’s processes and working model can be related to other open-vent mafic and water-rich systems such as Etna, 
Stromboli, Villarrica, or Llaima. Finally, our understanding of open-vent, persistently active volcanoes is rooted in historical 
observations, but volcano behavior can evolve over longer time frames. We speculate that these volcanoes produce specific 
plagioclase textures that can be used to identify similar volcanic behavior in the geologic record.

Keywords Diffusion chronometry · Mineral chemistry · Basaltic andesite · Persistently active volcano · Open-vent · Magma 
mixing · Magma mush

Introduction

Open-vent, mafic volcanoes are characterized by prominent 
volcanic gas plumes and persistent passive degassing from 
summit vents and/or lava lakes during quiescence, often with 
limited or no magma erupted (Rose et al. 2013). This persis-
tent degassing is punctuated by a diverse range of eruptive 
behavior, from effusive and almost dome-like extrusion of 
viscous lavas to explosive eruptions with a wide range of 
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compositions (Rose et al. 2013). Open-vent volcanoes are 
found in all tectonic settings and include some of the most 
active terrestrial volcanoes, such as Stromboli (Italy), Vil-
larrica (Chile), Merapi (Indonesia), Erta Ale (Ethiopia), and 
Kilauea (USA), among others (e.g., Rose et al. 2013; Girona 
et al. 2014; Vergniolle and Métrich 2021). Many subduction 
zone open-vent volcanoes typically produce small to mid-
sized eruptions (0.1  km3; Volcanic Explosivity Index, VEI, 1 
to 3), but they are also capable of larger eruptions (> VEI 3) 
that occur less frequently (Rose et al. 2013). Most magmas 
are basalt to basaltic andesite, and crystal-rich lavas with 
high phenocryst contents (20–45 vol%) are the volumetri-
cally dominant deposits.

The near continuous degassing of these volcanoes implies 
that there is a more or less permanent physical connection 
between the surface and the magma reservoir(s) that supply 
the volcanic gas. This condition allows the use of volcanic 
gas and fluxes (e.g., Allard 1997; Allard et al. 2008; Girona 
et al. 2014) for an increased understanding of the processes 
occurring in the plumbing system. The gas emissions during 
quiescence have been explained by magma convection in the 
conduit and degassing near the earth’s surface (Kazahaya 
et al. 1994; Stevenson & Blake 1998; Burton et al. 2007; 
Allard et al. 2016) and/or by gas percolation through the 
melt in viscous crystal-rich conduits (Boudreau 2016; Ruth 
et al. 2016; Edmonds et al. 2019). The daily gas flux that is 
produced by these volcanoes can be very large, on the order 
of several thousand or tens of thousands of tonnes per day 

(mainly  H2O, but also  CO2 and  SO2). Such mass release may 
have a large influence on the plumbing system and therefore 
be one of the drivers of renewed intrusions that lead to erup-
tions (Girona et al. 2014, 2015). There are many unanswered 
questions about open-vent volcanic systems including: what 
processes keep these volcanic systems frequently erupting? 
How does the magma composition remain so homogenous 
over multiple eruptions? How do we identify evidence of 
similar open-vent behavior in the geologic past? Is it pos-
sible to propose a robust generalized model for how these 
volcanoes work that would be useful toward identifying a 
suite of analogue volcanoes (Tierz et al. 2019)?

Mayon volcano (13.257°N, 123.685°E, 2463 m above sea 
level) is located on Luzon Island in the Philippines, ~ 300 km 
southeast of the capital, Manila (Fig. 1). It is a famously 
steep-sided and nearly symmetrical conical volcano, and 
the most active in the Philippines. Nearly 50 eruptions have 
occurred since written records began in 1616 (Catane et al. 
2003), with the most recent eruption occurring in February 
2018. Eruption deposits from ~ 1250 A.D. to 1978 are domi-
nated by andesite to basaltic andesite lavas (Newhall 1977, 
1979). Using whole-rock geochemical data, Newhall (1979) 
highlighted the occurrence of cyclical chemical variations 
with more primitive magma erupted after higher intensity 
eruptions. Such variations were explained by periodic basal-
tic magma injection and subsequent fractional crystallization 
at generally shallow depths. Mayon lavas erupted after 1979 
have either been mainly investigated within the context of 
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Fig. 1  a Regional location map of Mayon volcano (red circle) 
and other volcanoes (gray circles) within the Philippine Archipelago. 
b The hillshade map shows the location of main edifice and the two 
satellite scoria cones. Ligñon Hill is to the south of the main edifice, 
whereas Paulog Cinder Cone is to the west of the summit (shown 

with stars, respectively). inset) The photo shows typical open-vent 
degassing and symmetrical morphology of the main edifice. Regional 
location map made with GeoMapApp (www. geoma papp. org)/ Crea-
tive Commons license by (Ryan et al. 2009)
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Philippine and Bicol arc-scale processes (Castillo & Newhall 
2004; McDermott et al. 2005; DuFrane et al. 2006), or are 
cursory geochemical and petrological reports (Listanco et al. 
1999; Catane and Mirabueno 2001; Arpa et al. 2006).

Here we present a detailed geochemical and petrologi-
cal dataset for multiple Mayon eruptions between 1928 and 
2009, that mainly produced lava flows. We use these data 
to reveal the timing of crustal magmatic processes that may 
drive its eruptions. Deciphering the plumbing system struc-
ture, location of magmatic environments, and the timing of 
magmatic processes at Mayon provides spatial and temporal 
constraints to help monitoring efforts for better anticipat-
ing its eruptions. Furthermore, by investigating plumbing 
systems over time, and comparing multiple volcanoes, we 
aim to develop a generalized conceptual model of how per-
sistently degassing and open-vent volcanoes work.

Geologic background

Mayon volcano is situated within the Bicol Volcanic Arc, 
which forms from the westward oblique subduction of the 
Philippine Sea Plate into the Philippine Trench (McDermott 
et al. 2005; Lagmay et al. 2005; Andal et al. 2005). Ultra-
mafic and metamorphic rocks constitute the deep basement, 
which is overlain by limestone, other marine sediments, 
and volcaniclastic sediments (Andal et al. 2005; McDer-
mott et al. 2005). The mantle source has been modified by 
sediment and fluid inputs from the subducting plate as indi-
cated by trace element and isotopic studies (e.g., Castillo & 
Newhall 2004; McDermott et al. 2005; DuFrane et al. 2006). 
The oblique convergence also results in the Philippine Fault, 
a large left-lateral strike slip system with splay faults like the 
San Vicente-Linao Fault that cuts across the southwestern 
side of Mayon (Newhall 1979; Lagmay et al. 2005). Volcan-
ism in the Bicol Arc began ~ 70 Ma and continued to 1 Ma 
(Andal et al. 2005). The current stage of active volcanism 
resumed less than 0.1 Ma and continues to this day (Andal 
et al. 2005; Mirabueno et al. 2006). In addition to the Mayon 
stratocone, there are several scoria cones 11–14 km from the 
summit vent, two of which have been previously investigated 
(Maximo, 2011). Ligñon Hill (156 m a.s.l.) is located south 
of the main edifice and within Legaspi City limits. Mayon 
Volcano Observatory, managed by the Philippine Institute 
of Volcanology and Seismology (Philippine Institute of Vol-
canology and Seismology 2019b), is located at the summit 
of Ligñon Hill. Paulog cinder cone (120 m a.s.l.) is located 
east of the main edifice (Maximo 2011). The ages for these 
scoria cones are not well constrained, but paleosol radiomet-
ric ages adjacent to Paulog cinder cone provide a maximum 
age of ~ 20 ka (Mirabueno et al. 2006).

Eruptive activity in the last 200 years has ranged from 
minor ash explosions to Strombolian and Vulcanian 

eruptions (VEI 2–3) (Global Volcanism Program 2013; 
Philippine Institute of Volcanology and Seismology 2020). 
In addition to the more frequent mildly explosive erup-
tions, Mayon has also produced much more explosive 
events in 1814 and 1897 (Philippine Institute of Volcan-
ology and Seismology 2020). Here we focus on the more 
common eruptions that have produced many lava flows, 
although the more explosive and larger events are also 
an important component of the Mayon dynamics. Com-
mon hazards include lava flows, ash fall, pyroclastic flows, 
and lahars (Catane et al. 1991). Monsoonal rains make 
lahars a major risk to the nearly 1 million people who live 
within a 30 km radius (Paguican et al. 2009). The vol-
cano is currently monitored with geophysical (broadband, 
short period, and infrasound), geodetic (electronic tilt, and 
global positioning system, GPS), and geochemical (mini-
DOAS, multi-gas) instrumentation.

Inter-eruption activity is characterized by persistent 
outgassing from the summit region, between 400 and 600 
tonnes of  SO2 per day, measured via mini-DOAS (Philip-
pine Institute of Volcanology and Seismology 2019a, b; 
Arelleno et al. 2021). Mayon crater often shows incan-
descence, indicating that partially crystallized magma is 
very close to the surface, and probably filling the upper 
parts of the conduit (Girona et al. 2015). Sustained outgas-
sing requires a relatively high flux of magma and volatiles 
from deeper parts of the system, a process which has been 
proposed at other mafic open-vent volcanoes (Etna; Allard 
1997). Gas transport through the magmatic system and 
upper parts of the conduit may occur via magma convec-
tion (Shinohara 2008; Witter et al. 2004; Beckett et al. 
2014; Sheehan & Barclay 2016), although the high vis-
cosity of the magma implied by the crystal-rich nature of 
Mayon lavas may require gas percolation through a high 
permeability crystal-network (Edmonds et al. 2003; Hol-
land et al. 2011) or some combination of magma convec-
tion and gas percolation (Burton et al. 2007).

Our understanding of the Mayon plumbing system is 
partly based on geophysical datasets. Gravity and tilt data 
suggest magma is stored at 4–5 km below sea level, which 
corresponds to ~ 6–8 km below the summit (Camacho et al. 
2007; Vajda et al. 2012; D. Hidayat personal communi-
cation). Volcano-tectonic earthquakes between 2005 and 
2016 occurred throughout the crustal column, but cluster 
between 6 and 12 km (Philippine Institute of Volcanol-
ogy and Seismology 2020). Finally, preliminary receiver 
function analysis also suggests a large magma body around 
20 km depth (D. Hidayat personal communication; S. Wei 
personal communication).
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Sampling and analytical methods

The limited geographic extent of the tephra deposits from 
the low VEI eruptions, coupled with significant rain-induced 
erosion severely limited tephra sampling at Mayon. Moreo-
ver, the compositional similarity adds complexity in distin-
guishing tephras deposited by different eruptions. Thus, we 
focused mainly on lava flows and bomb samples from nine 
main edifice eruptions between 1928 and 2009 (Table 1). 
Whole-rock geochemical data from the 1814 and 1897 erup-
tions, as well as from the literature are also included for 
context. For eruptions before and including the one in 1978, 
we analysed the same samples described in Newhall (1979). 
Samples from recent eruptions (1984, 1993, 2000, 2006, 
and 2009) were collected from exposed outcrops on Mayon 
over several field excursions. Multiple thin sections from 
each eruption were prepared, and high-resolution images 
(3200 dpi) of the entire sections were obtained using a flat-
bed scanner. We used JMicroVision software (Roduit 2007; 
http:// jmicr ovisi on. com/) and counted a minimum of 500 
points per thin section to determine phenocryst modal abun-
dances as vesicle-free vol%. Backscattered electron (BSE) 
images of thin sections and quantitative mineral chemistry 
were collected on samples from the 1814, and 1928–onward.

Textural definitions, abbreviations, and mineral end 
members

We classified minerals into phenocrysts (> 300 μm), micro-
phenocrysts (100–300 μm), and microlites (< 100 μm). 
Mineral chemistry is discussed in terms of end-members. 
For plagioclase we used Anorthite, An mol% = 100 × Ca/
(Ca + Na + K). We discuss orthopyroxene and clinopyrox-
ene in terms of their Mg#, where Mg# (mol%) = 100 × Mg/
(Mg +  Fet) where we computed all iron  (Fet) as  Fe2+. We 
also provide the molar end-members of wollastonite 
Wo = 100 × Ca/(Ca + Mg +  Fet), enstatite En = 100 × Mg/
(Ca + Mg +  Fet) and ferrosilite Fs = 100 × Fe/(Ca + Mg +  Fet) 
after Morimoto (1989). For olivine we used the Forsterite 
content, Fo (mol%) = 100 × Mg/(Mg +  Fet). For Fe-Ti oxides 
group we calculated the end members between spinel  (Xsp 
 MgAl2O4), magnetite  (Xmag  Fe3O4), and ulvöspinel  (Xulv 
 Fe2+TiO4).

Whole‑rock geochemistry

Whole-rock geochemical analyses of major and trace 
elements were obtained at ActLabs (Canada) with the 
4Lithores analytical package (see www. actla bs. com for 
details). Samples were powdered and fused using lith-
ium metaborate/tetraborate as a flux and were analyzed 

with the Perkin Elmer Sciex ELAN Inductively Coupled 
Plasma-Mass Spectrometer (ICP-MS) system. Major ele-
ments were measured with Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES) whereas trace 
elements were measured with ICP-MS. The complete geo-
chemical dataset and details on reproducibility and preci-
sion of the analysis can be found in the supplementary 
Table S1.

Electron images and microprobe analysis

We used the BSE images to identify compositional differ-
ences throughout a given crystal and collected composi-
tional data to capture the observed variability. High-reso-
lution BSE images (at least 2048 pixels) were collected on 
a JEOL-JXA-8530F electron probe microanalyser (EPMA) 
and a JEOL JSM-7800F scanning electron microscope 
(SEM), both hosted at Nanyang Technological University, 
Singapore. Phenocryst compositions from each eruption 
were analysed via EPMA with a 15 kV accelerating volt-
age, beam current from 10–30 nA, and beam diameter 
from point to 5 µm, depending on the analyzed mineral. 
Core and rim analyses were collected in all minerals if 
grey scale heterogeneities were observed in BSE images. 
Core to rim traverses of orthopyroxene and plagioclase 
crystals were acquired perpendicular to the zoning bound-
ary and with a spacing between individual points ranging 
between 2.5 and 4 µm. In addition, we also used calibrated 
BSE images of orthopyroxene to model Fe–Mg composi-
tional profiles (e.g., Ginibre et al. 2002; Martin et al. 2008; 
Fabbro 2014). Full details for EPMA analytical procedures 
are provided in the supplementary Table S2.

Secondary ion mass spectrometry

Selected orthopyroxene and clinopyroxene crystals from 
the 2000 eruption were analyzed for 1H concentrations. 
Gold-coated thin sections were loaded into the Cameca 
ims4f secondary ion mass spectrometer (University of 
Edinburgh, UK). 1H, 25 Mg, 30Si, and 27Al were meas-
ured using a 15 kV  O− ion beam and accelerating volt-
age of 4500 eV with a -75 eV offset. Beam diameter was 
about 50 μm for a 4-min pre-sputtering, after which each 
element peak position was confirmed. The beam diam-
eter was reduced to 8–10 μm for the analysis. Analyses 
were collected from rims and cores. Each analysis had a 
minimum of 10 cycles where on peak count times ranged 
from 2 to 5 s. We normalized the counts based on 30Si and 
used glass standard-based calibration curves to obtain  H+ 
concentrations (for calibration curves and standards, see 
supplementary Table S3).
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Magmatic  H2O content

We measured the  H+ concentrations in orthopyroxene and 
clinopyroxene and used equilibrium partitioning relations 
to calculate the  H2O contents of the melt (Wade et al. 
2008; O’Leary et al. 2010). We analysed seven clinopyrox-
ene and 34 orthopyroxene crystals from the 2000 eruption, 
including crystal cores and rims. To determine the  H+ par-
tition coefficients, we used Eq. 11 for clinopyroxene, and 
Eq. 12 for orthopyroxene from O’Leary et al. (2010) and a 
temperature of 1050 °C.  H+ diffusion in pyroxenes is rela-
tively fast where proton-polaron diffusion is the dominant 
mechanism and is affected by the presence of  Al3+ (Wade 
et al. 2008; O’Leary et al. 2010; Ferriss et al. 2016; Lloyd 
et al. 2016). It is likely that the  H+ in pyroxenes partially 
re-equilibrated during ascent and cooling of the samples 
on the earth’s surface (Lloyd et al. 2016) and thus the 
values we report are minimum melt  H2O concentrations.

Diffusion chronometry modeling

Diffusion modeling of chemical gradients in phenocrysts 
is becoming a routine method to determine magmatic 
timescales (Costa et  al. 2008). Zoned plagioclase in 
Mayon lavas are an ideal target for such studies due to 
their abundance in the lava flows. However, plagioclase 
have complex textures, with many dissolution zones and 
small mineral inclusions of pyroxenes, oxides and recrys-
tallized melt inclusions. Such features make it impossi-
ble for us to model the diffusion of elements such as Mg 
in plagioclase (Costa et al. 2003) because the individual 
analysis from electron microprobe traverses may include 
multiple phases. As a result, the measured concentration 
changes cannot be simply approximated by volume dif-
fusion in plagioclase. We have thus focused instead on 
the Fe–Mg zoning in orthopyroxene, with a total of 239 
traverses (187 reverse zoned and 52 normal zoned) which 
we have modeling using the diffusion equation and stand-
ard methodology (e.g., Allan et al. 2013; Fabbro et al. 
2017; Flaherty et al. 2018; see also methods). The input 
parameters included (their specific values are in the results 
section): temperature, oxygen fugacity to calculate the dif-
fusion coefficient, and the model initial and boundary con-
ditions, where temperature is typically the largest source 
of uncertainty (Costa et al. 2008). The initial shape of 
the model was based on the observed chemical profile in 
the orthopyroxene; these were typically compositionally 
homogenous cores and rims separated by a step function 
(Fig. S1a-c). Finally, we assumed an oxygen fugacity at the 
nickel—nickel oxide buffer which is consistent with arc 
magmas (Toplis & Carroll 1995). Details about the model 
assumptions are provided in the supplementary materials.

Results

Whole‑rock petrography

Throughout its last 100 years of eruptive history, Mayon 
has produced remarkably homogenous lavas in terms of 
mineral assemblage and phenocryst content. All lavas are 
porphyritic, with 45 to 52 vol% phenocrysts of plagio-
clase + orthopyroxene + clinopyroxene + Fe-Ti oxide ± oli-
vine (Table 1, Fig. 2a). Plagioclase is the most abundant 
mineral (75–84 vol% of the total) and is found as phe-
nocrysts, microphenocrysts, microlites, and in glomero-
crysts. Pyroxenes (orthopyroxene + clinopyroxene) make 
up 16–24 vol% of the mineral assemblage. Orthopyroxene 
(~ 90–95 vol% of the pyroxene population) is found as phe-
nocrysts, microphenocrysts, and microlites, and in glom-
erocrysts. Clinopyroxene occurs primarily as phenocrysts, 
microphenocrysts, and in glomerocrysts. Fe-Ti oxides 
are < 5 vol% of the mineral assemblage and is present as 
phenocrysts, microphenocrysts, microlites, as inclusions 
in other minerals, and in the glomerocrysts. Olivine is rare 
and found as microphenocrysts and included in orthopy-
roxene. Plagioclase, orthopyroxene, and clinopyroxene 
show a variety of textures and chemical zoning which are 
discussed below. Finally, previous works report xenocrys-
tic pargasitic hornblende poikilitically enclosing high-Ca 
plagioclase  (An93–95) (Newhall 1977) and amphibole phe-
nocrysts in lavas from the 2006 eruption (Maximo 2011).

Healed microfractures are ubiquitous within plagioclase 
phenocrysts, and commonly observed in orthopyroxene 
and clinopyroxene phenocrysts (Fig. 2b–e). Many are con-
centrated near crystal corners, especially when the interfa-
cial angle is acute, where they may intersect crystal twin-
ning or crystal boundaries (Fig. 2b, d). In multi-pyroxene 
crystal clusters, fractures occur along crystal boundaries, 
often showing chemical zoning (Fig. 2c). Finally, frac-
tures are observed linking various melt inclusions and the 
matrix glass, especially in plagioclase crystals (Fig. 2b, 
e). In many cases, fractures are “in-filled” which pro-
vides evidence for post-fracture “healing” at magmatic 
conditions. These fractures may result from a range of 
processes including melt inclusion decrepitation, glomero-
cryst breakup, flow shearing (Bindeman 2005), and brittle 
fracturing (Taddeucci et al. 2021).

The samples also contain three types of glomerocrysts, 
or crystal clusters (Fig. 2f–h). The most abundant glom-
erocryst, Type 1, is composed of orthopyroxene + clinopy-
roxene + Fe-Ti oxides ± plagioclase ± olivine. The equig-
ranular pyroxenes often host large Fe-Ti oxides inclusions. 
Type 2 glomerocryst lacks clinopyroxene and is composed 
of orthopyroxene + olivine + Fe-Ti oxides ± Plagioclase. 
Textures in Type 2 glomerocrysts have orthopyroxene 
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mantling olivine, commonly with associated symplectite-
textured Fe-Ti oxides. Plagioclase may be found as an 
interstitial phase, and/or a large component of the glom-
erocryst. Type 3 glomerocrysts are the least abundant 
and are composed of plagioclase + orthopyroxene + Fe-Ti 
oxides ± olivine. Plagioclase and orthopyroxene are gen-
erally equigranular. Fe-Ti oxides in Type 3 glomerocrysts 
are hosted in orthopyroxene (Fig. 2h). The abundance of 
fractures and glomerocrysts is likely a reflection of the 
high crystal content of the subvolcanic plumbing system 
of Mayon volcano which behaves as a rigid crystal mush 
(Holness et al. 2019).

Whole‑rock, matrix glass, and melt inclusion 
compositions

The whole-rock compositions erupted from the main edifice 
of Mayon from the eruptions that we have studied are high-
alumina basaltic andesites (Figs. 3a, 4a) with remarkably 

homogenous major element contents (see supplementary 
Table S1 for the complete geochemical dataset). Whole-rock 
 SiO2 and Mg# show limited variations from 1928–2009, 
from about 54–55 wt% and 47–49  mol%, respectively 
(Fig. 3b). These compositions overlap with those reported 
in previous studies (Castillo and Newhall 2004; McDermott 
et al. 2005; Andal et al. 2005; DuFrane et al. 2006; Maximo 
2011). Previously reported plagioclase-hosted melt inclu-
sions  in lavas from the main edifice and matrix glass range 
from basaltic andesite to dacite with  SiO2 of 53–65 wt% 
and MgO from 0.3 to 4.6 wt% (Newhall 1977; Mirabueno 
2001). The scoria cones have the most primitive whole-rock 
compositions and olivine-hosted melt inclusions, with  SiO2 
ranging from 48 to 52 wt%, and MgO ranging from 5.1 to 
9.3 wt% (Maximo 2011).

Major element Harker diagrams of the scoria cones, 
Mayon whole-rock, matrix glass, and melt inclusions show 
negative linear trends between some oxides, such  SiO2 vs. 
MgO, and CaO, (Fig. 4b, c). MELTS (Ghiorso and Gualda 

Type 1: Opx+Cpx+Ox Type 2: Opx+Ol+Ox±Plag Type 3: Plag+Opx+Ox±Ol

Fig. 2  a  False color X-ray intensity maps combining Ca (teal), Mg 
(yellow), and Fe (magenta) showing the representative mineral-
ogy and textures at Mayon. Scale bar is 5  mm. b–e  Representative 
backscatter electron (BSE) images of fracture textures in different 
minerals. Specific fractures highlighted with arrows. All scale bars 

are 100  μm.    f–h  Three different types of glomerocrysts commonly 
observed in lavas.  All scale bars are 100  μm. In all panels—Cpx: 
clinopyroxene, Opx: orthopyroxene, Plag: plagioclase, Ox: Fe-Ti 
oxides, Ol: olivine
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Fig. 3  a TAS diagram showing 
previous work (main edifice: 
light gray symbols, scoria 
cones: dark gray symbols) and 
this study (orange symbols). 
Whole rocks are basalt to basal-
tic andesite. Melt inclusion and 
matrix glass are generally more 
evolved. b Time-series showing 
that  SiO2 and Mg# have not 
changed from 1928 to 2009. 
Previous work from Moore 
and Melson 1969; Newhall 
1977; Newhall 1979; Magalit 
and Ruelo 1985; Listanco et al. 
1999; Jentzsch et al. 2001; 
Mirabueno 2001; Castillo and 
Newhall 2004; McDermott et al. 
2005; Arpa et al. 2006; DuFrane 
et al. 2006; Maximo 2011

( %)

# ( %)

Fig. 4  Symbols the same as 
in Fig. 3a–c) Harker diagrams 
showing  Al2O3, MgO, CaO. 
Fractional crystallization 
MELTS modeling completed 
with rhyolite-MELTS v1.2 
(Ghiorso and Gualda 2015) 
using a parent composition from 
the scoria cones (PAC4; Max-
imo 2011) and varied pressures 
and with 2 wt% of water and 
oxygen fugacity at the Ni-NiO 
reaction buffer (NNO). MELTS 
modeling results follow the gen-
eral whole-rock trend for  Al2O3, 
MgO, and CaO (with offsets). 
However, the  K2O model shows 
that simple fractionation cannot 
reproduce the whole-rock data 
of the Mayon edifice, suggesting 
that the scoria cones are not the 
dominant parental melts
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2015) fractional crystallization modeling using the scoria 
cone basalt as an initial composition shows that MgO, CaO 
and  Al2O3 results generally follow the trends outlined by the 
main edifice lavas. However, other elements such as  K2O 
have significantly higher contents that do not match the main 
edifice trends.

Whole-rock trace element compositions show significant 
scatter (Fig. 5a–d); the scoria cone samples have comparable 
to much higher Rb, Sr, La, and Zr contents than the basaltic 
andesite lavas of the main edifice. Such differences further 
indicate that the scoria cones are not appropriate parental 
magmas as incompatible elements should increase with 
crystal fractionation of anhydrous minerals. Given the high 
crystal content of the Mayon lavas (especially plagioclase) 
it seems possible that their incompatible trace elements 
would have been diluted by the addition of crystals (Max-
imo, 2011). However, the cone samples have comparable to 
higher Sr and Eu/Eu* ( Eu∕Eu∗ = Eu

N
∕
(

Sm
N
× Gd

N

)0.5
) , as 

well as different ratios of incompatible elements (e.g., La vs 
Zr) than the Mayon lavas we have analyzed, and thus these 
relations cannot simply be explained by plagioclase accu-
mulation. Therefore, it appears that we have not sampled 

the dominant mafic parental magmas of the main Mayon 
basaltic andesite lavas, and that the basaltic magmas that 
produced the scoria cones originated from different degrees 
of partial melting, sediment contribution, and fluid contribu-
tions (Castillo and Newhall 2004).

Mineral compositions, zoning, and textures

Although the whole-rock chemistry and mineral assem-
blage of Mayon lavas erupted in the last century do not vary 
through time, mineral compositions and textures vary sig-
nificantly within a single sample. The crystal compositions 
and chemical zoning are key to unraveling the structure of 
the plumbing system, processes and time scales that lead to 
eruptions at Mayon, and thus are described in some detail 
in the following sections.

Plagioclase

Plagioclase phenocrysts are commonly euhedral to subhe-
dral and exhibit a variety of textures, often within individual 
crystals, including multiple compositionally distinct zones, 

Fig. 5  Symbols the same as 
in Fig. 3a–d) Trace element 
variation diagrams vs Zr. The 
scoria cones (symbols circled in 
b, d) have different Rb, and Sr 
trends when compared with the 
whole-rock trace element data; 
this suggests that scoria cones 
cannot be the dominant parental 
magma for the main edifice. 
Sr and Eu/Eu* data indicate 
varying degrees of plagioclase 
fractionation and accumula-
tion. The two trends in La vs 
Zr indicate varying degrees of 
fluid input and partial melting 
produce the magmas erupted 
from the main edifice

Page 9 of 28    62Bulletin of Volcanology (2021) 83: 62



1 3

patchy and sieve textures, and recrystallized melt inclusions 
(Fig. 6). Crystal cores can be rounded to angular, but most 
are subrounded. Plagioclase shows a wide compositional 
range, from  An29 to  An94 (Fig. 6), and the compositional 
histograms show three main modes at about  An62,  An78, 
and  An90. Crystal rims are consistently  An60–65, whereas 
the crystal interiors tend to be more calcic (>  An65). Most 
crystal cores are at about  An78 rather than  An90, with very 
few crystals of core compositions <  An65. The lowest An 
(<  An55) are interstitial plagioclase crystals found within 
the multi-phase glomerocrysts. An contents do not mono-
tonically increase or decrease from crystals’ core to rim. 
Rather, many crystals show multiple compositional bands of 
high An that are 10 s of micrometers thick within lower An 

areas, with the compositional bands parallel to the crystal 
margins. Reverse zoned plagioclase crystals (An increasing 
from core to rim) are rare; we only observed one crystal with 
a core composition of  An55, intermediate zones ranging from 
 An52–70, and the rim composition of  An60 (see Fig. S2).

Combining textural and compositional observations we 
further classified the plagioclase into three groups. Group 
I crystals have a high An  (An80–90) interior with limited to 
no textural features (Fig. 6c, f) that is mantled by a low 
An (< 65) rim with a sharp boundary between them. Group 
II crystals are similar to Group I, except that the high An 
interior has a boxy or patchy texture filled with low An pla-
gioclase (Fig. 6d, g). Group III crystals are characterized by 
multiple, alternating An-rich and An-poor bands (Fig. 6e, h). 

µµ µ

Fig. 6  Summary of compositions and textures of plagioclase includ-
ing textures, chemistry and chemical distribution. a, b Compositional 
distribution by year (a) and then combined into a master dataset (b). 
Bin width for both is 2 mol% An. Note three peaks in the master set 

at  An90,  An77–78, and  An60–62. c-e BSE images showing representative 
plagioclase textures. All scale bars are 100 μm. f–h An content from 
electron microprobe traverses in c–e
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The high-to-low An transitions are often sharp. In contrast, 
low-to-high An transitions are more progressive, often with 
uneven dissolution-like textures. These lower An regions 
with dissolution features also contain melt pockets (recrys-
tallized to various mineral assemblages), multi-mineral 
assemblages of small (< 20 µm) pyroxenes, and Fe-Ti oxides 
(e.g., Fig. 6e), and vesicles. Fine-scale oscillatory zoning 
displaying small variations in An content (< 5 mol%) is often 
observed in the low An zones (e.g., Fig. 6c). Finally, other 
minerals such as orthopyroxene, olivine, and Fe-Ti oxides 
are commonly included in the interior of the plagioclase 
phenocrysts.

Orthopyroxene

Orthopyroxene phenocrysts are predominantly euhedral to 
subhedral whereas anhedral orthopyroxene inclusions are 
often found in plagioclase phenocrysts. Compositions range 
from Mg# 65 to 83 (with end-members of  Wo0–14,  En56–78, 
 Fs19–39) and show a normal distribution, when disregarding 
zoning (Fig. 7a–d). We note that some crystals are pigeonite 
and likely out of equilibrium with the melt. Reverse and nor-
mal zoned orthopyroxene coexist in each sample (Fig. 7c–h); 
reverse zoned crystals are more common. Based on the pop-
ulation statistics, Mg# varies by 2 mol% between core and 

rims in the reverse zoned orthopyroxene, whereas Mg# var-
ies by 8 mol% in normal zoned orthopyroxene (Fig. 7c, d). 
Fine-scale oscillatory zoning and sector zoning in Mg# are 
also observed (Fig. S3a, b). Orthopyroxene crystals rarely 
show multiple zones of alternating Mg# (Fig. S3c, d). Tex-
tures typically associated with rapid growth (e.g., dendritic/
skeletal features at the apices of crystal faces and aligned 
melt inclusions) are found in normal zoned and smaller 
crystals (Fig. S3c). Some orthopyroxene exhibit exsolution 
lamellae in their cores (Fig. S3e, f); these may be indica-
tive of long-term storage at near solidus temperature, and 
imply the existence of crystal-rich environments. Finally, 
Fe-Ti oxides and olivine are common mineral inclusions in 
orthopyroxene. The majority of orthopyroxene cores are sub-
rounded (often preferentially along the longest visible axis) 
with an oblate morphology, indicative of dissolution. Some 
reversely zoned orthopyroxene are more complexly rounded 
and exhibit non-uniform dissolution textures (Fig. S3g-j).

Clinopyroxene

Clinopyroxene phenocrysts are subhedral to euhedral and 
often have simple basal twins (Fig. 8a–c). The clinopyroxene 
composition ranges from Mg# 65 to 89  (Wo36–45,  En39–69, 
 Fs13–31) (Fig. 8d). Reverse zoning in Mg# is more common 

μ μ

Fig. 7  Summary of compositions and textures of orthopyroxene 
including textures, chemistry, and chemical distribution. a, b  Com-
positional distribution by year (a) and then combined into a master 
dataset (b). Bin width for both 2 mol% Mg#. c, d Compositional dis-
tribution separated by zoning. Three peaks emerge at Mg# 67–68, 

73–74, and 75–76. Note the difference in y-axis between c) and d). 
The intermediate blue denotes the overlapping distributions between 
the core and rims. e, g BSE images of representative orthopyroxene 
textures. f, h Mg# distribution for a reverse and normal zoned crystal, 
respectively
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than normal zoning (Fig. 8a, b, e, f). Clinopyroxene crystals 
with multiple changes in Mg# are rare and have subrounded 
or resorbed cores. Normal zoned clinopyroxene crystals 
show changes of about 8 mol% Mg# between cores (at about 
82) and rims (about 74; Fig. 8e). Reverse zoned clinopyrox-
ene show a much narrower compositional range of 2 mol% 
Mg# between rims (about 82) and cores (about 80; Fig. 8f).

Olivine and Fe‑Ti oxide

Rare olivine microphenocrysts are subhedral to anhedral, 
with a compositional range from  Fo64 to  Fo79 (Fig. 9a, b, 
d). They are normal zoned (cores about 78, rims about 
68), with zoning lengths ranging from 8 to 40 µm (average 
of ~ 15 µm). We found one reverse zone olivine crystal with 
a 2 mol% difference between core  (Fo77) and rim  (Fo79). 
Olivine crystals in the Type 2 glomerocrysts are anhedral 
and unzoned and are often associated with Fe-Ti oxide and 
mantled by orthopyroxene. We did not observe deformed 
olivine. However, it has been reported in deposits from the 
1814 eruption (Mirabueno 2001) and is often associated 

with crystal compaction in a magma mush (Holness et al. 
2019).

Fe-Ti oxide is subhedral or anhedral and commonly 
included within orthopyroxene and clinopyroxene (Figs. 2a, 
7g, 8b, c, 9c), or sometimes in plagioclase. Fe-Ti oxides 
phenocrysts may exhibit exsolution lamellae (Fig. 9d). We 
observe abundant Fe-Ti oxides microlites in the groundmass 
and as inclusions within the glomerocrysts. Those in type 2 
glomerocrysts show symplectite textures and are associated 
with olivine inclusions (see Figs. 2f, 9d). The majority of 
Fe-Ti oxides are magnetite, ranging in composition from 
spinel  (Xsp 0.08–0.22) to magnetite  (Xmag 0.53–0.70) to 
ulvöspinel  (Xulv 0.13–0.32). Ti–rich magnetite is occasion-
ally observed as exsolution lamellae with compositions of 
spinel  (Xsp = 0.09–0.13), magnetite  (Xmag = 0.11–0.27) and 
ulvöspinel  (Xulv = 0.61–0.74).

Fig. 8  Summary of compositions and textures of clinopyroxene 
including textures and chemical distributions. a, b  BSE images of 
representative clinopyroxene textures. c  Mg# distribution combined 
from nine eruptions with 2 mol% Mg# bin widths. d, e Distribution 

separated by zoning. Three peaks emerge at Mg# 81–82, Mg# 79–80, 
and Mg# 73–74. Note the difference in y-axis between d) and e). The 
intermediate blue denotes the overlapping distributions between the 
core and rims
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Assessing the intrinsic variables of the magmas 
and plumbing system

Calculating equilibrium melt compositions

We estimated the composition of the melt from which the 
dominant plagioclase compositions might have grown  (An90, 

 An78,  An62), using their K concentrations, the plagioclase-
melt partition coefficient from Bindeman et al. (1998), and 
making use of the mainly linear relationships between K and 
Si concentration shown by the bulk-rocks and various glass 
compositions (method after Fabbro et al. 2017; Fig. 10a, b). 
The K crystal-melt partitioning of Bindeman et al (1998) is 
weakly dependent on temperature, therefore for simplicity 

Fig. 9  Summary figure for oli-
vine and Fe-Ti oxides including 
textures and chemical distribu-
tion. a BSE images showing 
rare olivine microphenocrysts 
with normal zoning. Although 
we did not measure diffusion in 
olivine because of their paucity, 
the diffusion lengths of the 
observed profiles ranged from 8 
to 19 μm. b Fo distribution from 
all analysed olivine. Distribu-
tion separated by olivine type 
(zoned—rim and core, and 
inclusion). Three peaks emerge 
at  Fo75–76,  Fo73–74, and  Fo67–68. 
c BSE images of representative 
Fe-Ti oxides textures including 
their presence as a phenocryst 
phase, inclusions, and exsolu-
tion lamellae. d BSE image 
showing the peritectic, symplec-
tite texture of orthopyroxene-
olivine-Fe-Ti oxides
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Fig. 10  a–b  Equilibrium melt composition calculated from plagio-
clase partition coefficients (after Bindeman et al. 1998). a The equi-
librium melt composition for  K2O decreases with increasing An con-
tent. b Whole rock, matrix glass, and melt inclusion  K2O content vs 
 SiO2; symbols as in Fig. 3, 4. Note the same y-axes for a) and b) to 

directly compare the equilibrium melt  K2O and sample  K2O composi-
tions. The dashed line in b) projects the sample trend to basalt com-
positions to estimate the equilibrium melt associated with  An90. Bold 
vertical lines show the estimated equilibrium melt based on the inter-
cept with the regression line
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we report the results at 1050 °C (see Fig. S5 for all results 
including the limited effect of a temperature variation from 
1000 to 1100 °C). We found that the prominent peak of 
 An62 plagioclase likely formed in andesitic to dacitic melts 
(Fig. 10), whereas the  An78 plagioclase formed in basaltic 
andesitic to andesitic melts that overlap with the observed 
whole-rock compositions. Melts in equilibrium with the 
most calcic plagioclase grew from liquids with lower K and 
Si than the observed whole-rock compositions, and may 
originate from basaltic melts that reside below Mayon but 
which have not erupted, as has been found elsewhere (Izbe-
kov et al. 2002). Alternatively, the high An plagioclase may 
have originated from a hydrous basaltic andesitic melt.

Calculated melt  H2O contents

H2O concentration in pyroxenes ranges from 18 to 340 ppm, 
with lower concentrations in clinopyroxene than in orthopy-
roxene (Fig. 11; see supplementary Table S8, and Fig. S6). 
The calculated  H2O in the melt ranges from about 0.15 wt% 

 H2O to 3.5 wt%  H2O, but most data are < 1 wt%  H2O. These 
values are consistent with  H2O contents reported for mafic 
open-vent volcanoes from subduction zones (e.g., Bouvet 
de Maisonneuve et al. 2012a; Plank et al. 2013; Ruth et al. 
2016). Such relatively low values may partially reflect  H+ 
loss via diffusion out of the crystal during magma ascent 
or cooling at the earth’s surface. Low  H+ contents may 
also indicate re-equilibration due to prolonged residence in 
degassed magma within the shallow plumbing system.

The relatively low  H2O contents are consistent with the 
virtual absence of amphibole phenocrysts in Mayon lavas, 
although it could still be an important mineral growing at 
the deeper part of the system (Blatter & Carmichael 1998; 
Moore & Carmichael 1998).

We also calculated melt  H2O contents using the plagio-
clase-melt hygrometer (Waters and Lange 2015). For  An62 
and andesitic melt composition (Newhall 1977, sample 6–1), 
 H2O contents vary from 1.8 to 3.1 wt% for temperatures 
from 1100 to 1000 °C, respectively. For  An76 and the aver-
age whole rock composition (basaltic andesite),  H2O con-
tents vary from 2.5 to 3.8 wt% for temperatures from 1100 
to 1000 °C. Finally, for  An90 and basaltic melt composition 
(Newhall 1977, sample 91-LH),  H2O contents vary from 2.9 
to 4.2 wt% for temperatures from 1100 to 1000 °C.

Calculated temperatures‑geothermometry

The varied mineral assemblage allowed us to take advan-
tage of multiple geothermometers to calculate temperature. 
Core and rim mineral compositions were combined with 
whole-rock and matrix glass compositions, respectively; we 
acknowledge that some ambiguity exists on the liquid com-
positions, and the effects of water in the melt. We calculated 
temperatures assuming 1 and 3 wt%  H2O contents in the 
melt (based on the calculated melt  H2O content from the  H+ 
in orthopyroxene and clinopyroxene, and plagioclase-melt 
hygrometer results) and discarded all results outside the pub-
lished acceptable equilibrium crystal-melt partitioning  (KD) 
values (Table 2). Finally, for the clinopyroxene-orthopyrox-
ene thermometer, we measured touching crystal pairs.

Fig. 11  H2O content in the magma calculated from measured  H2O 
contents in clinopyroxene and orthopyroxene. Melt  H2O contents 
calculated from orthopyroxene range from < 0.5 to ~ 3.5 wt%. clino-
pyroxene-derived melt  H2O contents are more constant at less than 1 
wt%. We would expect higher  H2O contents derived from the clino-
pyroxene (Wade et al. 2008); therefore, we posit these have been re-
equilibrated and the  H2O contents are minimum values

Table 2  Summary of the 
textural relations and crystal-
melt pairs we used for various 
geothermometers

Thermometer Crystal Rim/Interior “Melt” composition Kd (Putirka 2008)

Plagioclase-melt Rim –  An60-62 Average matrix glass 0.25 ± 0.05
Interior –  An74-77 Average whole rock
Interior – >  An88 Average whole rock

Orthopyroxene-melt Rim Average matrix glass 0.29 ± 0.06
Core Average whole rock

Clinopyroxene-melt Rim Average matrix glass 0.27 ± 0.03
Core Average whole rock

Clinopyroxene-Orthopyroxene Touching pairs n/a 1.09 ± 0.14
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The clinopyroxene-orthopyroxene temperatures of all 
studied eruptions varied from 940 to 1060 °C, with an aver-
age temperature of 1000 ± 20 °C (Fig. 12a). Clinopyroxene 
rim-matrix melt results (at 3 wt%  H2O) partly overlap with 
the clinopyroxene-orthopyroxene results, with a peak around 
1025 °C. The clinopyroxene core-whole rock melt, orthopy-
roxene rim-matrix melt, and orthopyroxene core-whole rock 
thermometers largely overlap, regardless of  H2O content, 
with peak temperatures of about 1050 to 1100 °C. The pla-
gioclase thermometers have the widest range in temperatures 
with respect to cores vs. rims, and  H2O content. The  An60–62 
plagioclase rim-matrix melt temperature (at 3 wt%  H2O) 
is slightly less than 1050 °C, whereas  An74–77 and  An>88 
plagioclase core-whole rock melt temperatures (at 3 wt% 
 H2O) are around 1075–1080 °C. Generally, in all minerals 
the core-whole rock melt temperatures are slightly higher 
than the rim-matrix melt temperatures. We conclude that 
Mayon magmas erupted in the last 100 years record a rela-
tively limited range of temperatures, most are 1050 ± 25 °C 
(Fig. 12b).

Calculated pressure‑geobarometry

We used various approaches to constrain the pressure of 
crystallization and likely range of magma storage depths 
below Mayon. We first calculated the volatile melt satura-
tion pressure using the MagmaSatApp and the solubility 
model of Ghiorso and Gualda (2015). With the average 
whole rock composition and using only the calculated melt 
 H2O contents from the  H+ concentrations in clinopyroxene 
and orthopyroxene, we obtained minimum  H2O saturation 
pressures from 0.15 MPa to 154 MPa. We also applied the 
clinopyroxene-orthopyroxene barometer, clinopyroxene-
melt barometer, and Orthopyroxene-melt barometer (using 
crystal cores only and 3 wt%  H2O) based on the mineral 
analyses that fulfilled the accepted  KD values by Putirka 
(2008). We found that these mineral barometers provide 
information about the deeper plumbing system (Fig. 13). 
The clinopyroxene-melt and orthopyroxene-melt barometer 
results range from 150 to > 600 MPa (about 7.5–25 km). The 
clinopyroxene-melt barometer results show a main peak at 

Fig. 12  Summary of geother-
mometry results. a Geother-
mometry results from individual 
eruptions calculated with the 
clinopyroxene-orthopyroxene 
thermometer in Putirka (2008). 
The average temperature over 
the twentieth century was 
1002 ± 22 °C. b The tempera-
ture range at Mayon calculated 
using multiple mineral ther-
mometers from Putirka (2008) 
and separated in core + whole 
rock (WR), and rim + matrix 
glass (MG). Equations given in 
the image. The orthopyroxene-
melt, clinopyroxene-melt 
thermometers are generally 
within 50 °C. The plagioclase-
melt thermometers show a wide 
range based on water content of 
the melt
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416 MPa (18 km), very similar to those of orthopyroxene-
melt (422 MPa, 18 km). The clinopyroxene-orthopyroxene 
barometer results also ranged from ~ 200 to > 600  MPa 
(9.5–25 km), with the main peak at 457 MPa (20 km) and a 
smaller peak at ~ 330 MPa (15 km). The difference between 
the major element barometers of the pyroxenes, and that 
calculated from the  H+ content and water saturation pressure 
is likely due to  H+ loss from the pyroxenes during magma 
ascent or cooling at the earth’s surface.

Hornblende stability requires significant  H2O contents in 
the melt (typically > 3 wt%; Krawczynski et al. 2012), which 
can be easily achieved at deeper storage zones (Melekhova 
et al. 2017; Goltz et al. 2020). We used the hornblende com-
position reported in Newhall (1977) and the geobarometer 
(Eq. 7a) of Putirka (2016) to obtain a first-order estimate 
of the depth of hornblende crystallization. We tested sev-
eral melt compositions from basalt to andesite to determine 
which was in equilibrium with the amphibole using the  KD 
(Si-Al) and  KD (Fe–Mg) relationships following Li et al. 
(2020). We found that amphibole is in equilibrium with a 
basaltic andesite composition, with 54–57 wt%  SiO2, ~ 18 
wt%  Al2O3, and FeO* from 7 to 16 wt%; these values over-
lap with reported whole rock composition (Fig. 4a). The 
geobarometer indicates that hornblende grew at 430 MPa, 
corresponding to a depth of about 19 km overlapping with 
the main mode of depths from pyroxene-based barometers.

Assessing magmatic timescales with diffusion 
chronometry

Magmatic temperature is the most important parameter 
that affects the values of the diffusion coefficient. We mod-
eled diffusion isothermally with 1030 °C for rims with 
Mg# < 70, and 1070 °C for rims > Mg# 70 with ± 30 °C for 
the uncertainty; these values encompass the natural tem-
perature variability in the magmas from the 9 eruptions. 

Orthopyroxene crystals from all eruptions gave a range of 
timescales (Fig. 14a; supplementary data) from a few days 
to about 65 years, although the majority (ca. 88%) of the 
timescales are less than about 10 years, which is within the 
average inter-eruptive repose time of Mayon. Timescales 
from normal and reverse zoned crystals generally overlap, 
but the shortest timescales (< 60 days) are exclusively from 
reverse zoned crystals (Fig. 14a). We also observe an almost 
exponential increase of the number of timescales about three 
years prior to eruption (Fig. 14a inset). We calculated the 
injection/mixing date for each crystal by subtracting the dif-
fusion times from the eruption date (Fig. 14b), placing the 
diffusion timescales in an absolute-time reference frame. For 
this we assume that all crystals were ejected during the first 
day of the eruption and that cooling time of the lava flow did 
not affect the calculated timescale. We find that individual 
eruptions show the same pattern as the aggregate histogram, 
with many more timescales as time gets closer to the erup-
tion date. These data also suggest limited crystal recycling 
between eruptive events and that the processes that create 
the zoning occur between eruptive episodes. We find that 
only four eruptions had significant crystal recycling from 
previous events (Fig. 14c). For these eruptions, 18–23% 
orthopyroxene crystals were recycled from previous events, 
with the 2009 eruption having up 45% of recycled crystals.

Discussion

The magmatic processes within Mayon’s plumbing sys-
tem have produced the same whole-rock composition and 
mineral assemblage over the last hundred years, suggest-
ing a stable structure and a steady-state system. Some 
of the key processes and observations include the flux 
of gases through the magmatic system to sustain its per-
manent volcanic gas plume, the extensive crystallization 
of mainly plagioclase that is revealed by the crystal-rich 
content of its lavas, and the repetitive magma intrusions 
that are required for the frequent eruptions, and which we 
propose are recorded in the plagioclase and pyroxene crys-
tals. Our understanding of subvolcanic plumbing systems 
has significantly changed over the last two decades. It is 
now recognized that magmatic systems are mainly made 
of magma mushes dominated by crystal networks rather 
than large pools of melt (Marsh 2006; Holness et al. 2019). 
The magma mushes may be vertically extensive, forming 
a network distributed throughout most, if not the entire 
crust (i.e., the so-called “transcrustal magmatic system”, 
Cashman et al. 2017). The presence of such crystal-rich 
zones has been proposed using textural observations of 
crystals and aggregates (Holness et al. 2019). Moreover, it 
has also become apparent that the crystal cargo has com-
ponents recycled from previous eruptions/magmas from 

Fig. 13  Histogram results 
compiled from multiple geoba-
rometers (Putirka 2008, 2016; 
Li et al. 2020) and the minimum 
 H2O saturation pressure (from 
melt  H2O contents calculated 
from the orthopyroxene  H2O 
contents). The dashed gray 
line shows the depth of the 
amphibole barometry result 
(430 MPa). These data show 
that minerals are sourced from 
nearly the entire crustal column 
beneath Mayon

)
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a variety of sources and ages, and not necessarily those 
related to the melt that carried the crystals to the surface 
(Davidson et al. 2007). The recognition that the plumbing 
system may be very crystal-rich has sparked the need for 
new numerical simulations that are capable of exploring 
the dynamics of intrusions in crystal-network dominated 
systems (Schleicher et al. 2016; Carrara et al. 2020). The 
high crystallinity of the system can be due to simply long 
sustained cooling, although another major conceptual 
shift has been the recognition that fluxing of volatiles 
from deeper to shallower parts of the system may be also 
a very important process in creation of crystal mushes. 
More specifically, volatile fluxing and percolation of  CO2 
from the deeper to the shallower parts of the system can 
drive crystallization by decreasing the  H2O activity, and 
has been documented at various volcanoes (e.g., Métrich 

et al. 2004; Yoshimura and Nakamura 2011; Caricchi et al. 
2018).

In this section, we bring together the textural and geo-
chemical data of Mayon’s crystal cargo to reveal the main 
components of the structure below the volcano, including 
the processes and time scales that are active during repose 
and those that may lead to eruption. We integrate our obser-
vations from Mayon to those from those of other open-vent 
volcanoes from the literature and discuss the importance of 
developing an interpretative framework of mafic, open-vent 
systems.

The plumbing system and associated magmatic 
processes

Several observations suggest that the Mayon plumbing 
system consists of magma mush regions, especially in the 

Fig. 14  a Master dataset com-
piled from diffusion timescales 
from all eruptions; note the log 
scale on x-axis. Uncertainty 
in the diffusion timescales are 
shown with the horizontal bars; 
this is associated mostly with 
the ± 30 °C uncertainty from the 
temperature data. The major-
ity of the timescales are from 
reversely zoned crystals. The 
shortest timescales are always 
reversely zoned. The long-
est may be either reversely or 
normal zoned. Inset: Histogram 
of timescale results, 1-year 
bins. The majority of timescales 
recorded a mixing event within 
the average inter-eruption 
repose period. Note the general 
uptick in diffusion-inducing 
events within two years of an 
eruption at time 0. b Injec-
tion/mixing date determined 
from diffusion chronometry. 
Increased number of injections 
occurred within 1–2 years prior 
to each eruption. c A subset of 
the timescale dataset showing 
the mixing year for the recycled 
crystals from each eruption. 
** Mayon erupted in 1938. 
Although we show it here for 
reference, we were unable to 
sample the lava flow
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shallower parts of the system where most of plagioclase 
crystallizes (Fig. 15). One is the high phenocryst crystal 
content of the lavas, which is dominated by plagioclase 
(> 30 wt%) and the common occurrence and textural vari-
ety of glomerocrysts as has also been reported in other 
systems (e.g., Arculus and Wills 1980; Stamper et  al. 
2014; Holness et al. 2019; McIntire et al. 2019). Another 
is the presence of phenocrysts with healed microfractures, 
likely due to deformation and brittle failure of the magma 
mush (Bindeman 2005; Holness et al. 2019; Taddeucci et al. 
2021), which would not occur in a liquid-dominated system. 
The orthopyroxene exsolution lamellae and orthopyroxene-
olivine-Fe-Ti oxide peritectic textures suggest prolonged 
storage at near solidus conditions as can be expected in a 
crystal-rich system. Finally, despite the remarkably uniform 
whole rock geochemistry, the crystal-rich mushes likely host 
a wide range of melt compositions, from basaltic andesite to 
dacite as we have found in the calculated melt (Fig. 10), and 
the melt inclusion data from the literature (Fig. 3). Similar 
observations have been reported in other systems (Kilgour 
et al. 2013; Ruth et al. 2016; Stock et al. 2020).

Moving upward from depth and towards the earth’s sur-
face, we infer the existence of one or two mid to deep crustal 
regions of magma ponding and crystallization by the pres-
ence/absence of some minerals and geothermobarometry 
calculations (Fig. 13). The available amphibole barometry 
places this region at ~ 19 km below the crater. This region 
could be where basalt or hydrous basaltic andesite melts 
enter the system and crystallize  An90 plagioclase to evolve 
towards high-Al basaltic andesite that Mayon erupts. The 
high water contents and pressure inhibits significant plagio-
clase crystallization (Gust and Perfit 1987).

Clinopyroxene, orthopyroxene, and olivine crystal-
lization like occurred at these depths as well. Although 
the main edifice magmas fractionated from a basalt, the 
alkalic compositions of the scoria cone basalts indicates 
that they are not the parental magmas. Our inferences 
agree with experimental phase equilibria results from 
mafic subduction zone magmas (Moore and Carmichael 
1998; Blatter and Carmichael 1998; Blatter et al. 2013; 
Melekhova et al. 2017) and could also explain the absence 
of  plagioclase  within the Type 1  glomerocrysts.  The 

Fig. 15  Plumbing system 
schematic based on the results 
in this paper. Bold black lines 
show potential magma pathways 
for a given eruption. Note that 
pathways may or may not be 
repeated, thus limiting crystal 
recycling between eruptions. 
Mineral chemistry suggests a 
trans-crustal plumbing system 
with at least two magma mush 
zones with a larger proportion 
of melt. The diffusion/injection 
timescales and limited amount 
of crystal recycling suggests 
that each eruption is derived 
from a small portion of the sys-
tem that is activated and mixed 
during the inter-eruption repose 
interval. The remaining parts 
of the system is then in varying 
states of evolution and cooling, 
as evidenced by the glomero-
crysts, evolved melt inclusions, 
and near solidus textures in 
orthopyroxene and Fe-Ti oxides
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main orthopyroxene-melt, clinopyroxene-melt, and clino-
pyroxene-orthopyroxene barometry results indicate magma 
storage depths of 18–20 km and support the presence of 
a deep magma mush region at Mayon. The geobarom-
etry results for samples from the deeper plumbing system 
(> 15 km) generally overlap with the preliminary receiver 
function dataset (S. Wei, personal communication).

The shallowest melt storage below Mayon extends 
from about near surface conditions to about 4–8  km 
depth (Figs. 13, 15) as indicated by our geothermobarometry 
and volatile saturation pressure calculations. Magma/melt 
mixing/mingling between the injecting basaltic andesite and 
andesitic/dacitic magma potentially produces the observed 
linear whole rock geochemistry trends.  An60–62 plagioclase 
crystallization from andesitic/dacitic melts and re-equilibra-
tion of deeply derived pyroxene likely occurs in this region. 
Such depths are consistent with textures observed within 
Type 2 glomerocrysts (orthopyroxene + olivine + Fe-Ti 
oxides ± plagioclase) which show a peritectic texture, sug-
gesting the reaction where orthopyroxene and Fe-Ti oxides 
begin to crystallize at the expense of olivine. Such reac-
tions occur within more evolved melts which often develop 
at shallow depths (Blatter and Carmichael 1998). Moreover, 
the equilibrium between plagioclase and orthopyroxene in 
Type 3 glomerocrysts also suggests mid-crustal to shallower 
conditions (< 6–8 km), where  H2O contents are low enough 
(< 4 wt%) to allow significant plagioclase crystallization 
(Moore and Carmichael 1998). Our geobarometry results 
do not match the locations of inferred gravity anomalies in 
the shallow system (6–8 km depth) (Camacho et al. 2007; 
Vajda et al. 2012). This may reflect the uncertainties in the 
geobarometry method and/or the geophysical approaches. 
Additional petrological sampling and analysis to refine the 
shallow system plumbing system may lead to better depth 
correlations.

Magma injection and mixing are dominant processes 
within the Mayon system as evidenced by the large textural 
variety and compositional zoning of the phenocrysts, espe-
cially the plagioclase. The presence of normal and reverse 
zoned clinopyroxene and orthopyroxene crystals in a single 
hand specimen can be simply explained by recharge of rela-
tively hotter and more Mg-rich magma into a more evolved 
and cooler reservoir (Streck 2008). The reverse Mg# zoning 
in orthopyroxene crystals spans about 2 mol%, and mainly 
consists of a homogenous core surrounded by a rim of a 
different composition (Fig. 7). However, the cores of many 
crystals are subrounded and suggest that crystal dissolu-
tion may have erased the past evidence for multiple mafic 
recharge events (Fig. 7e, and Fig. S3). Thus, the orthopy-
roxene crystals are likely only recording the last magma 
replenishment event prior to eruption. The replenishment 
melt was probably hotter and more volatile-rich than the 
resident melts, although mixing between resident evolved 

melt and incoming mafic melt means that the crystal rims 
may record only the mixed melts, rather than the intruding 
melt. We may infer some information of the resident and 
intruding magmas using the temperature difference between 
the different core and rim thermometer results (at the same 
 H2O content) (Fig. 11) which varies ~ 50 °C from approxi-
mately 1050 to 1100 °C. This shows the injecting magma 
may not have been significantly hotter than the resident 
magma, and that the difference is mainly related to storage, 
crystallization, and degassing at shallower conditions. Pla-
gioclase composition and textures also record replenishment 
of more primitive magma. Using the K concentrations in 
plagioclase and its melt partition coefficient we found that 
the  An90 plagioclase likely grew from a basalt with 48–52 
wt%  SiO2 (or a hydrous basaltic andesite), whereas  An78 pla-
gioclase is a proxy for the main injecting magma of basaltic 
andesite to andesite composition (Fig. 10b). Similarly, we 
view the  An62 plagioclase as a proxy for the shallow resident 
magma with an andesite to dacite composition. However, the 
interpretation of An variations is complicated by the major 
influence of  H2O activity on An and the role of fluid fluxing 
as we discuss below.

The relatively simple Fe–Mg zoning of the mafic min-
erals contrasts with complex zoning and textures of many 
plagioclase phenocrysts (Fig. 6). Plagioclase stability and 
composition vary as a function of temperature and melt com-
position, but the  H2O content, and more specifically the  H2O 
activity has also a very strong effect, in contrast with the 
much lesser role in the mafic minerals (Sisson and Grove 
1993; Waters and Lange 2015). The high abundance of pla-
gioclase phenocrysts and the variety of plagioclase textures 
and chemistry (Fig. 6) reflect a major role for changes in the 
abundance and composition of the volatiles in the Mayon 
plumbing system. Addition of more primitive (higher Ca/
Na) and relatively hotter, mafic melt would tend to first par-
tially melt any pre-existing lower An plagioclase crystals 
producing boxy, sieve textures and patchy zoning followed 
by relatively higher An plagioclase crystallization (see 
Fig. 6). We favor this process to explain the large-scale com-
positional changes in Group II and large-scale oscillatory 
zoning in Group III plagioclase. Such textures and observed 
void spaces (an inferred exsolved vapor phase) have been 
linked to dissolution and rapid regrowth owing to volatile 
oversaturation in shallow magma storage regions (Izbekov et 
al. 2002, 2004; Landi et al. 2004; Streck 2008). Moreover, 
crystals from the deeper system  (An80–90) may be entrained 
and mixed into the resident magma (Group I plagioclase). 
The repetition of these large-scale zoning features suggests 
repeated injection events, perhaps over many years, which 
is supported by the diffusion timescale results (Fig. 14b).

In contrast, lower An contents may be derived from shal-
low  H2O degassing, and/or  CO2 flushing. Mayon emits ~ 700 
tonnes/day  CO2 (Allard et al. 2017; Aiuppa et al. 2019) and 
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flushing from depth would decrease the  H2O activity in the 
melt leading to additional crystallization of low An plagio-
clase (Caricchi et al. 2018). This process could explain the 
finer-scale oscillatory zoning associated with small An fluc-
tuations; the overall low An content suggests that this type 
of degassing occurs at shallow pressures. The range of 
plagioclase compositions and textures observed in Mayon 
and also recorded at other open-vent volcanoes (Strom-
boli – Landi et al. 2004; Etna – Viccaro et al. 2010; Llaima 
– Bouvet de Maisonneuve et al. 2012b) may be the result 
of a complex interplay between arrivals of fluids and melts 
from depth with cooling and melt degassing that is needed 
to sustain the vigorous volcanic gas plumes (Giuffrida et al. 
2017). Distinguishing the finer details of how the different 
processes have affected the An and textural patterns of pla-
gioclase would necessitate sophisticated numerical models 
of plagioclase growth and dissolution due to changing vari-
ables (Wallace and Bergantz 2002), which are beyond the 
scope of this paper.

Timing of magma intrusions and crystal recycling

Modeling the pyroxene Fe–Mg zoning patterns using 
diffusion chronometry  from  multiple eruptions pro-
vides unique insights into the timing of sustained and/or 
repeated magma injection and mixing events. We found 
that almost 90% of the diffusion timescales show evi-
dence for magma replenishment/mixing of less than about 
11 years (Fig. 14), which is the average repose interval 
of Mayon.  Mixing and injection generally occurred in 
the deeper plumbing system (~ 15–20 km), based on the 
orthopyroxene-melt barometric results. This suggests 
that plumbing system is almost continuously replenished 
between eruptions by new melt from depths greater than 
18–20 km. Such additions of mass, heat, and fluids likely 
allows for the relatively narrow range of temperature and 
continues degassing which in turn maintains the open 
plumbing system. Moreover, we also found that all erup-
tions were preceded by increased injection frequency and/
or mixing on the order of 1–2 years before eruption onset, 
which suggest that eruptions were preceded by an increased 
amount of melt replenishment that could have been driven 
by the accumulated amount of gas lost (Girona et al. 2015).

Recalculation of the time scales into absolute magma 
intrusion times shows that between 10 and 20% of the 
pyroxene crystals found in each eruption are recycled from 
previous events. For example, one crystal erupted in 2009 
is inherited from processes that started in 1989 (Fig. 14b, c, 
see supplementary Table S9 for exact mixing dates). Given 
the crystal-rich nature of the Mayon plumbing system one 
could expect a larger amount of recycled pyroxene crys-
tals, although most of the crystal mush is likely made by 
plagioclase. There are several possible scenarios to explain 

the small number of crystals with diffusion time scales that 
are longer than the repose times. One is that older pyroxenes 
may be dissolved by each renewed intrusion, as orthopy-
roxene dissolution is relatively fast if we assume that it is 
mainly dependent on the Mg diffusion in the liquid as it is 
for olivine (Chen and Zhang 2008). This scenario would 
require significantly hotter mafic magma input, which is 
not supported by the thermometry data. Another possibility 
is that the relationship between the crystal-mush and the 
intruding melt is very heterogenous and that each intrusion-
eruption “couple” only samples a localized, small volume 
part of the system (Fig. 15). Recent numerical modeling 
simulations of melt intrusion into crystal-rich mafic mushes 
highlights that crystals entrained during an injection event 
may be redistributed to distal regions of the active crys-
tal mush and these crystals may only be entrained during a 
later injection event (Schleicher et al. 2016 and their sup-
plementary data). Thus, the long-lived magma mush “traps” 
these crystals, allowing for decades of diffusion before being 
entrained during a later injection event and erupted. Finally, 
Mayon eruptions between 1928 and 2009 have been rela-
tively small to moderate (VEI 2–3) and it is most likely that 
the majority of the intruded magma volume is erupted, so 
that only a limited number of crystals are left over in the 
plumbing system. This implies that the magma mush could 
have returned to the pre-eruptive state relatively quickly, in 
the few years during the repose period during which addition 
of  CO2 rich fluids to the shallower parts of the system fol-
lowed by vigorous degassing towards the surface promotes 
extensive plagioclase crystallization.

Comparing the plumbing system of Mayon 
to other persistently active volcanoes

Our conceptual model for the Mayon plumbing system is 
that magma extends from near surface conditions to depths 
of about 30 km, although there is not necessarily significant 
melt at all storage depths (Figs. 13, 15). Given that Mayon 
is an open-volcano with a permanent volcanic gas plume, 
the various parts of the magmatic system are well connected 
(Girona et al. 2015), and allow  CO2-rich fluids to poten-
tially percolate from the deeper to the shallower parts of the 
system. Such volatile influx could lead to additional plagio-
clase crystallization as it decreases the activity of  H2O in the 
melt and promotes additional degassing of  H2O,  CO2 and 
 SO2 towards the atmosphere (Giuffrida et al. 2017; Caric-
chi et al. 2018). During repose periods such volatile fluxing 
and some melt additions leads to the complex plagioclase 
textures, with numerous dissolution zones followed by crys-
tallization. Pyroxenes may also dissolve and regrow more 
mafic rims, producing reverse zoning and at some point, 
due to an increasing amount of melt replenishment the pres-
sure is large enough that the volcano erupts. The eruptions 
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are low-moderate intensity (VEI 2–3), and predominantly 
involve the conduit and upper parts of the system and bring 
to the surface a range of crystal glomerocrysts. The eruption 
frequency and crystal content could be controlled by the 
amount of magma (and volatile) transfer through the plumb-
ing system (Locke et al. 2003; Girona et al. 2015; Caricchi 
et al. 2018; McCarthy et al. 2020). The larger and more 
explosive eruptions that also occur in Mayon such as those 
in 1814 and 1897 are likely affected by additional processes 
and thus would necessitate a different conceptual model (for 
example Merapi 2006 vs 2010, Costa et al. 2013; Rose et al. 
2013).

Other studies of open-vent volcanoes such as Stromboli, 
Etna or Llaima, among others found that their plumbing sys-
tem often consists of multiple, vertically distributed mag-
matic environments or reservoirs, often extending to mid-
crustal depths, if not deeper (Métrich et al. 2010; Bouvet de 
Maisonneuve et al. 2012a; Ruth et al. 2016). Smaller, lower 
intensity eruptions mostly involve magma from the shal-
low reservoir, but more primitive, deeply derived magmas 
may also be found in the most powerful eruptions (Métrich 
et al. 2021). At Mayon, we have not found evidence for these 
more primitive magmas, but they might be present in the 
more powerful sub-Plinian to Plinian eruptions such as in 
1814. Many of these open-vent systems have high erup-
tion frequencies on the order of days to weeks (Stromboli), 
once every 1–2 years (Etna), every 10 years (Mayon), and 
10–50 years (Llaima) (Table 3). Moreover, these persis-
tently active volcanoes erupt often with highly crystalline 
eruptive products (plagioclase dominant, 10–60 vol%) and 
generally homogenous whole rock major element composi-
tion over time; although some evolutionary trends have also 
been documented (e.g., Stromboli—Pompilio et al. 2012). 
Lavas from these open-vent volcanoes exhibit mineral tex-
tures (especially plagioclase) that are like those observed at 
Mayon (Landi et al. 2004; Viccaro et al. 2010). Diffusion 
chronometry results in orthopyroxene, clinopyroxene, oli-
vine and plagioclase from many of these systems show that 
magma injection and mixing consistently occurs months to a 
few years before a given eruption, within the repose interval 
for these volcanoes, and often with increasing mixing within 
the last year to days before a given eruption (Kilgour et al. 
2014; Kahl et al. 2015; Bouvet de Maisonneuve et al. 2016; 
Ruth et al. 2018; Oeser et al. 2018; Métrich et al. 2021). 
Moreover, for the systems discussed here, crystals with the 
longest residence times are erupted from volcanoes with the 
longest repose interval, which again illustrates that persis-
tently active volcanoes are steady state systems, where vol-
ume inputs and outputs into a magma reservoir are largely 
balanced (e.g.,Armienti et al. 2007; Kelly et al. 2008; Firth 
et al. 2014).

We propose that the variety of attributes from open-vent 
volcanic systems such as eruption frequency, degree of 

magmatic differentiation, amount of degassing, and crys-
tallinity are mainly controlled by the amount of magma 
and volatile added from depth through the whole plumb-
ing system. In addition to these simple range of variables, 
the regional tectonic or the stresses created by the volcanic 
edifice itself also modulate the amount of melt or magma 
intrusion that is required for eruption (Fig. 16, Table 3). 
Thus, volcanoes such as Etna and Stromboli with higher 
eruptive frequencies are perhaps driven by higher melt and 
volatile fluxes from depth, which lead to more primitive 
magma compositions, shorter residence times, and vari-
able lava crystallinities. Decreasing the amount of melt and 
volatile transfer leads to lower eruption frequencies, more 
evolved rock compositions (high-Al basaltic andesites), 
larger amount of shallow crystallization, and more effusive 
eruption of crystal-rich lavas.

Can we identify persistently active volcanic systems 
in the geologic record?

The definition of open-vent volcanoes depends on our 
direct observations of their prominent degassing plumes 
and thus is limited to the historical record. It seems unlikely 
that this behavior persists for their entire volcanic lifecy-
cle, and it could be important to identify whether a given 
volcano that is now not active or extinct used to be an 
open-vent. It appears that some petrological and textural 
features of the minerals could be the “hall-mark” of an 
open-vent system. The textures of Group III plagioclase 
(e.g., Fig. 6e), in particular, the combination of oscillatory 
zoning with large An jumps and boxy/sieve textures, show 
some potential as a fingerprint for persistently degassing 
behavior; a similar concept was suggested by Giacomoni et 
al. (2014). Plagioclase textures similar to those discussed 
here have been observed at other persistently degassing vol-
canoes in arcs such as Llaima (Bouvet de Maisonneuve et al. 
2012b their Fig. 7c–d), Stromboli (Landi et al. 2004 their 
Fig. 3a–f; Armienti et al. 2007 their Fig. 2a–c; Viccaro et al. 
2021 their Fig. 3), Bezymianny (Shcherbakov et al. 2011 
their Fig. 4b), Etna (Viccaro et al. 2010 their Fig. 3e, 5a, 
6d; Giacomoni et al. 2014 their Fig. 9c). With the advent of 
machine learning approaches for textural analysis (Cheng 
et al. 2017), a quantitative textural study comparing plagio-
clase textures between open and closed vent systems would 
shed more light. Nevertheless, we speculate that the combi-
nation of multiple, large-scale oscillatory zoning and boxy/
sieve textures that seems unique to persistently active vol-
canoes in arc settings could be useful to identify volcanoes 
that experienced open-vent behavior in the geologic past.
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Conclusions

The frequent eruptive activity at Mayon volcano serves as 
a natural laboratory that allows us to investigate the plumb-
ing system dynamics of open-vent, persistently active vol-
canoes. For the past 100 years Mayon has produced similar 
mild-intensity eruptions, and remarkably homogenous high-
crystallinity basaltic andesite lavas. However, textural obser-
vations, phenocryst mineral chemistry, and Fe–Mg diffusion 
chronometry in orthopyroxene all reveal complex magmatic 
processes (injection, mixing,  H2O and likely  CO2 fluxing 
and degassing) throughout the plumbing system and over 
different time scales. Our detailed observations suggest a 

vertically extensive plumbing system dominated by magma 
mushes in the shallow and intermediate crust. Steady state 
magma injection and mixing provides the heat and gases 
that maintain the persistently active behavior observed at 
the summit.

A comparison of persistently active mafic volcanoes 
reveal they share some key characteristics: a plumbing sys-
tem that extends to mid-crustal depths and often deeper, 
whole rock chemical homogeneity over decades, highly 
crystalline lavas, and a timing of magma intrusion that is 
consistent with their eruption frequencies. We propose that 
the range of eruption frequencies, crystallinities, and volatile 
fluxes are driven by differences in the amount of magma 

Higher eruptive 
frequency

Lower eruptive 
frequency

More crystalsFewer crystals

# 
of

 C
ry

st
al

s

Mineral residence time

E

MayonStromboli

Days Years

More summit degassing Less summit degassing

Fig. 16  Schematic cartoon compiling the key characteristics observed 
at several open-vent, persistently active volcanoes. The x-axis in the 
mineral residence time vs number of crystals is not linked to specific 
data, but rather shows the relative abundance of long vs short time 

scales between, in this case, Stromboli and Mayon. E = t0, or the 
eruption day. Table 3 provides the data and references supporting this 
figure
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and volatiles supplied at depth and percolating through the 
plumbing system. Given that a volcano’s eruptive behav-
ior may evolve over its lifespan, an important question is 
whether persistently active volcanoes could be identified 
in the geologic record. We propose that the combination 
of multiply zoned and sieve-textured plagioclase crystals 
observed in many persistently active systems today could 
be an indicator of persistent activity at volcanoes in the geo-
logic past.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00445- 021- 01486-9.

Acknowledgments Many thanks for the field work, assistance, and 
discussions with PHIVOLCS, especially M. Bornas and D. Rivera. 
Thanks to C. Newhall who provided samples for eruptions up to 1984. 
Discussion with C. Newhall M. Clynne, T. Sisson, P. Izbekov, D. Blat-
ter, helped to refine our ideas. Internal  U.S. Geological Survey reviews 
from K. Lynn helped improve the manuscript. Reviews from N. Métrich 
and two anonymous reviewers also helped improve the quality of the 
manuscript. Any use of trade, firm, or product names is for descriptive 
purposes only and does not imply endorsement by the US Government.

Author contribution DCSR completed all new mineralogical and dif-
fusion timescale data collection. DCSR and FC co-wrote and revised 
the manuscript.

Funding Funding provided to FC by National Research Foundation 
Singapore Investigatorship Award (NRF-NRFI2017-06). Earth Obser-
vatory of Singapore contribution to FC #385.

Data availability All data will be available in the supplementary 
materials.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Aiuppa A, Fischer T, Plank T, Bani P (2019)  CO2 flux emissions from 
the Earth’s most actively degassing volcanoes, 2005–2015. Sc 
Rep-UK 9:5442. https:// doi. org/ 10. 1038/ s41598- 019- 41901-y

Allan ASR, Morgan DJ, Wilson CJN, Millet M-A (2013) From mush 
to eruption in centuries: assembly of the super-sized Oruanui 

magma body. Contrib Mineral Petrol 166:143–164. https:// doi. 
org/ 10. 1007/ s00410- 013- 0869-2

Allard P (1997) Endogenous magma degassing and storage at Mount 
Etna. Geophys Res Lett 24(17):2219–2222

Allard P, Aiuppa A, Burton M, Caltabiano T, Federico C, Salerno G, 
La Spina A (2008) Crater gas emissions and the magma feed-
ing system of Stromboli volcano. In: The Stromboli Volcano: 
An Integrated Study of the 2002–2003 Eruption. Geoph Monog 
Series 182:65–80

Allard P, Burton M, Sawyer G, Bani P (2016) Degassing dynamics 
of basaltic lava lake at a top-ranking volatile emitter: Ambrym 
volcano, Vanuatu arc. Earth Planet Sci Lett 448:69–80

Allard P et al. (2017) First determination of the chemistry and fluxes of 
magma-derived gas emissions from Mayon volcano, Philippines. 
In: CCVG-IAVCEI, editor. 13th CCVG-IAVCEI gas workshop 
Ecuador 2017

Andal ES, Yumul GP, Listanco EL, Tamayo RA, Dimalanta CB, Ishii T 
(2005) Characterization of the Pleistocene Volcanic Chain of the 
Bicol Arc, Philippines: implications for Geohazard Assessment. 
Terr Atmos Ocean Sci 16(4):865–885. https:// doi. org/ 10. 3319/ 
TAO. 2005. 16.4. 865(GIG)

Arculus RJ, Wills KJA (1980) The petrology of plutonic blocks 
and inclusions from the Lesser Antilles Island Arc. J Petrol 
21(4):743–799

Arelleno S, Galle B, Apaza F, Avard G, Barrington C, Bobrowski 
N, Bucarey C, Burbano V, Burton M, Chacón Z, Chigna G, 
Clarito CJ, Conde V, Costa F, De Moore M, Delgado-Granados 
H, Di Muro A, Fernandez D, Garzón G, Gunawan H, Haerani 
N, Hansteen TH, Hidalgo S, Inguaggiato S, Johansson M, Kern 
C, Kihlman M, Kowalski P, Masias P, Montalvo F, Möller J, 
Platt U, Rivera C, Saballos A, Salerno G, Taisne B, Vásconez 
F, Velásquez G, Vita F, Yalire M (2021) Synoptic analysis 
of a decade of daily measurements of  SO2 emission in the 
troposphere from volcanoes of the global ground-based Net-
work for Observation of Volcanic and Atmospheric Change. 
Earth Syst Sci Data 13:1167–1188. https:// doi. org/ 10. 5194/ 
essd- 13- 1167- 2021

Armienti P, Francalanci L, Landi P (2007) Textural effects of steady 
state behavior of the Stromboli feeding system. J Volcanol Geoth 
Res 160:86–98. https:// doi. org/ 10. 1016/j. jvolg eores. 2006. 05. 004

Arpa MCB, Bornas MAV, Abigania MIT, Solidum RU, Listanco EL, 
Ozawa A, Tagami T (2006) Characterization of lava flow and 
pyroclasts from the February to March 2000 eruption of Mayon 
Volcano, Philippines. J Geol Soc Philippines 60:1–19

Arpa MCB, Laguerta EP, Perez JS, Villacorte EU, Maximo RPR, 
Dela Cruz E, Ayuson JRC (2008) Morphology, flow front 
advance and volume of the active lava flow from the 2006 erup-
tion of Mayon Volcano Philippines. Geophys Res Abstracts 
10:EGU2008-A-01544

Beckett FM, Burton M, Mader HM, Phillips JC, Polacci M, Rust AC, 
Witham F (2014) Conduit convection driving persistent degas-
sing at basaltic volcanoes. J Volcanol Geoth Res 283:19–35

Bertagnini A, Métrich N, Landi P, Rosi M (2003) Stromboli volcano 
(Aeolian Archipelago, Italy): An open window on the deep-
feeding system of a steady state basaltic volcano. J Geophys Res 
108(B7):2336. https:// doi. org/ 10. 1029/ 2002J B0021 46

Bindeman IN (2005) Fragmentation phenomena in populations of mag-
matic crystals. Am Mineral 90:1801–1815

Bindeman IN, Davis AM, Drake MJ (1998) Ion microprobe study 
of plagioclase-basalt partition experiments at natural con-
centration levels of trace elements. Geochim Cosmochim Ac 
62(7):1175–1193

Blatter DL, Carmichael ISE (1998) plagioclase-free andesites from 
Zitácuaro (Michoacán), Mexico: petrology and experimental 
constraints. Contrib Mineral Petrol 132:121–138

62   Page 24 of 28 Bulletin of Volcanology (2021) 83: 62

https://doi.org/10.1007/s00445-021-01486-9
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-019-41901-y
https://doi.org/10.1007/s00410-013-0869-2
https://doi.org/10.1007/s00410-013-0869-2
https://doi.org/10.3319/TAO.2005.16.4.865(GIG)
https://doi.org/10.3319/TAO.2005.16.4.865(GIG)
https://doi.org/10.5194/essd-13-1167-2021
https://doi.org/10.5194/essd-13-1167-2021
https://doi.org/10.1016/j.jvolgeores.2006.05.004
https://doi.org/10.1029/2002JB002146


1 3

Blatter DL, Sisson TW, Hankins WB (2013) Crystallization of oxi-
dized, moderately hydrous arc basalt at mid- to lower-crystal 
pressures: implications for andesite genesis. Contrib Mineral 
Petrol 166:861–886

Bonaccorso A, Currenti G, Del Negro C (2013) Interaction of volcano-
tectonics fault with magma storage, intrusion and flank instabil-
ity: A thirty years study at Mt Etna volcano. J Volcanol Geoth 
Res 251:127–136

Boudreau A (2016) Bubble migration in a compacting crystal-liquid 
mush. Contrib Mineral Petrol 171:32. https:// doi. org/ 10. 1007/ 
s00410- 016- 1237-9

Bouvet de Maisonneuve C, Dungan MA, Bachmann O, Burgisser A 
(2012a) Insights into shallow magma storage and crystallization 
at Volcán Llaima (Andean Southern Volcanic Zone, Chile). J 
Volcanol Geoth Res 211–212:76–91

Bouvet de Maisonneuve C, Dungan MA, Bachmann O, Burgisser A 
(2012b) Petrological insights into shifts in eruptive styles at Vol-
cán Llaima (Chile). J Petrol 54(2):393–420

Bouvet de Maisonneuve C, Costa F, Huber C, Vonlanthen P, Bachmann 
O, Dungan MA (2016) How do olivines record magmatic events? 
Insights from major and trace element zoning. Contrib Mineral 
Petrol 171:56. https:// doi. org/ 10. 1007/ s00410- 016- 1264-6

Burton MR, Mader HM, Polacci M (2007) The role of gas percolation 
in quiescent degassing of persistently active basaltic volcanoes. 
Earth Planet Sci Lett 264:46–60. https:// doi. org/ 10. 1016/j. epsl. 
2007. 08. 028

Camacho AG, Fernández J, Charco M, Tiampo KF, Jentzsch G (2007) 
Interpretation of 1992–1994 gravity changes around Mayon 
Volcano, Philippines, using point sources. Pure Appl Geophys 
164:733–749

Caricchi L, Sheldrake TE, Blundy J (2018) Modulation of magmatic 
processes by  CO2 flushing. Earth Planet Sci Lett 491:160–171

Carrara A, Burgisser A, Bergantz GW (2020) The architecture of an 
intrusion in magmatic mush. Earth Planet Sci Lett 549:116539. 
https:// doi. org/ 10. 1016/j. epsl. 2020. 116539

Cashman K, Sparks RSJ, Blundy JD (2017) Vertically extensive and 
unstable magmatic systems: a unified view of igneous pro-
cesses. Science 355:1280. https:// doi. org/ 10. 1126/ scien ce. 
aag30 55

Castillo PR, Newhall CG (2004) Geochemical constraints on pos-
sible subduction components in lavas of Mayon and Taal Vol-
canoes, Southern Luzon, Philippines. J Petrol 45(6):1089–1108

Catane S, Corpuz E, Punongbaya R (1991) Mayon Volcano’s past 
and possible future eruptive activities. Bull Volcanol Soc Jpn 
36:133–134

Catane SG, Mirabueno MHT (2001) Characteristics and origin of the 
pyroclastic flows and surges of the 1993 Mayon Volcano erup-
tion. J Geol Soc Philippines 56(3–4):125–214

Catane SG, Listanco EL, Corpuz EG, Lagmay AMA, Bornas MAV, 
Cabria HB, Panol AP (2003) Active volcanoes in the Philip-
pines – Mayon, Pinatubo and Taal. A5 field trip guidebook, 
International Union of Geodesy and Geophysics. Sapporo: The 
Volcanological Society of Japan

Cembrano J, Lara L (2009) The link between volcanism and tectonics 
in the southern volcanic zone of the Chilean Andes: a review. 
Tectonophysics 471:96–113

Chen Y, Zhang Y (2008) Olivine dissolution in basaltic melt. Geochim 
Cosmochim Ac 72:4756–4777

Cheng L, Costa F, Carniel R (2017) Unraveling the presence of mul-
tiple plagioclase populations and identification of representa-
tive two-dimensional sections using a statistical and numerical 
approach. Am Mineral 102:1894–1905. https:// doi. org/ 10. 2138/ 
am- 2017- 5929C CBYNC ND

Cigolini C, Laiolo M, Bertolino S (2008) Probing Stromboli volcano 
from the mantle to paroxysmal eruptions. Geol Soc London Spe-
cial Publ 304:33–70

Costa F, Chakraborty S, Dohmen R (2003) Diffusion coupling between 
trace and major elements and a model for calculation of magma 
residence times using plagioclase. Geochim Cosmochim Ac 
67(12):2189–2200. https:// doi. org/ 10. 1016/ s0016- 7037(00) 
001345-5

Costa F, Dohmen R, Chakraborty S (2008) Time scales of magmatic 
processes from modeling the zoning pattern of crystals. Rev Min-
eral Geochem 69:545–594

Costa F, Andreastuti S, Bouvet de Maisonneuve C, Pallister JS (2013) 
Petrological insights into the storage conditions, and magmatic 
processes that yielded the centennial 2010 Merapi explosive 
eruption. J Volcanol Geoth Res 261:209–235

Davidson J, Turner S, Handley H, Macpherson C, Dossetto A (2007) 
Amphibole “sponge” in arc crust? Geology 35:787–790

DuFrane SA, Asmerom Y, Morris JD, Dreyer BM (2006) Subduction 
and melting processes inferred from U-series, Sr-Nd-Pb isotope, 
and trace element data, Bicol and Bataan arcs, Philippines. Geo-
chim Cosmochim Ac 70:3401–3420

Edmonds M, Oppenheimer C, Pyle DM, Herd RA, Thompson G (2003) 
 SO2 emissions from Soufrière Hills Volcano and their relation-
ship to conduit permeability, hydrothermal interaction and degas-
sing regime. J Volcanol Geoth Res 124:23–43

Edmonds M, Cashman KV, Holness M, Jackson M (2019) Architec-
ture and dynamics of magma reservoirs. Philos T R Soc S-A 
377:20180298. https:// doi. org/ 10. 1098/ rsta. 2018. 0298

Fabbro GN (2014) The timescales of magmatic processes prior to a 
caldera-forming eruption. PhD Dissertation, Université Blaise 
Pascal-Clermont-Ferrand II

Fabbro GN, Druitt TH, Costa F (2017) Storage and eruption of silicic 
magma across the transition from dominantly effusive to caldera-
forming states at an arc volcano (Santorini, Greece). J Petrol 
58(12):2429–2464. https:// doi. org/ 10. 1093/ petro logy/ egy013

Ferriss E, Plank T, Walker D (2016) Site-specific hydrogen diffusion 
rates during clinopyroxene dehydration. Contrib Mineral Petrol 
171:55. https:// doi. org/ 10. 1007/ s00410- 016- 1262-8

Firth CW, Handley HK, Cronin SJ, Turner SP (2014) The eruptive 
history and chemical stratigraphy of a post-caldera, steady-state 
volcano: Yasur, Vanuatu. Bull Volcanol 76:837. https:// doi. org/ 
10. 1007/ s00445- 014- 0837-3

Flaherty T, Druitt TH, Tuffen H, Higgins MD, Costa F, Cadoux A 
(2018) Multiple timescale constraints for high-flux magma cham-
ber assembly prior to the Late Bronze Age eruption of Santorini 
(Greece). Contrib Mineral Petrol 173:75. https:// doi. org/ 10. 1007/ 
s004- 410- 018- 1490-1

Fournelle J, Marsh BD (1991) Shishaldin Volcano: Aleutian high-
alumina basalts and the question of plagioclase accumulation. 
Geology 19:234–237

Ghiorso MS, Gualda GAR (2015) An  H2O-CO2 mixed fluid saturation 
model compatible with rhyolite-MELTS. Contrib Mineral Petrol 
169:53. https:// doi. org/ 10. 1007/ s00410- 015- 1141-8

Giacomoni PP, Ferlito C, Coltorti M, Bonadiman C, Lanzafame G 
(2014) Plagioclase as archive of magma ascent dynamics on 
“open conduit” volcanoes: the 2001–2016 eruptive period at Mt 
Etna. Earth-Sci Rev 138:371–393

Ginibre C, Kronz A, Wörner G (2002) High-resolution quantitative 
imaging of plagioclase composition using accumulated back-
scattered electron images: new constraints on oscillatory zoning. 
Contrib Mineral Petrol 142:436–448

Girona T, Costa F, Newhall C, Taisne B (2014) On depressurization 
of volcanic magma reservoirs by passive degassing. J Geophys 
Res Solid Earth 119:8667–8687. https:// doi. org/ 10. 1002/ 2014J 
B0113 68

Girona T, Costa F, Schubert G (2015) Degassing during quiescence as 
a trigger of magma ascent and volcanic eruptions. Sci Rep-UK 
5:18212. https:// doi. org/ 10. 1038/ srep1 8212

Page 25 of 28    62Bulletin of Volcanology (2021) 83: 62

https://doi.org/10.1007/s00410-016-1237-9
https://doi.org/10.1007/s00410-016-1237-9
https://doi.org/10.1007/s00410-016-1264-6
https://doi.org/10.1016/j.epsl.2007.08.028
https://doi.org/10.1016/j.epsl.2007.08.028
https://doi.org/10.1016/j.epsl.2020.116539
https://doi.org/10.1126/science.aag3055
https://doi.org/10.1126/science.aag3055
https://doi.org/10.2138/am-2017-5929CCBYNCND
https://doi.org/10.2138/am-2017-5929CCBYNCND
https://doi.org/10.1016/s0016-7037(00)001345-5
https://doi.org/10.1016/s0016-7037(00)001345-5
https://doi.org/10.1098/rsta.2018.0298
https://doi.org/10.1093/petrology/egy013
https://doi.org/10.1007/s00410-016-1262-8
https://doi.org/10.1007/s00445-014-0837-3
https://doi.org/10.1007/s00445-014-0837-3
https://doi.org/10.1007/s004-410-018-1490-1
https://doi.org/10.1007/s004-410-018-1490-1
https://doi.org/10.1007/s00410-015-1141-8
https://doi.org/10.1002/2014JB011368
https://doi.org/10.1002/2014JB011368
https://doi.org/10.1038/srep18212


1 3

Giuffrida M, Holtz F, Vetere F, Viccaro M (2017) Effects of  CO2 flush-
ing on crystal textures and compositions: experimental evidence 
from recent K-trachybasalts erupted at Mt Etna. Contrib Mineral 
Petrol 172:90. https:// doi. org/ 10. 1007/ s00410- 017- 1408-3

Global Volcanism Program (2013) Mayon (273030) in Volcanoes of 
the World, v. 4.8.6 (20 Feb 2020). Venzke E. (ed.). Smithsonian 
Institution. (https:// volca no. si. edu/ volca no. cfm? vn= 273030). 
https:// doi. org/ 10. 5479/ si. GVP. VOTW4- 2013 Accessed 17 Aug 
2020

Goltz AE, Krawczynski MJ, Gavrilenko M, Gorbach NV, Ruprecht P 
(2020) Evidence for superhydrous primitive arc magmas from 
mafic enclaves at Shiveluch volcano, Kamchatka. Contrib Min-
eral Petrol 175:115. https:// doi. org/ 10. 1007/ s00410- 020- 01746-5

Gust DA, Perfit MR (1987) Phase relations of a high-Mg basalt from 
the Aleutian Island arc: implications for primary island arc 
basalts and high-Al basalts. Contrib Mineral Petrol 97:7–18

Holland ASP, Watson IM, Phillips JC, Caricchi L, Dalton MP (2011) 
Degassing processes during lava dome growth: Insights from 
Santiaguito lava dome, Guatemala. J Volcanol Geoth Res 
202:153–166

Holness MB, Stock MJ, Geist D (2019) Magma chambers versus mush 
zones: constraining the architecture of sub-volcanic plumbing 
systems from microstructural analysis of crystalline enclaves. 
Philos T R Soc S-A 377:20180006. https:// doi. org/ 10. 1098/ rsta. 
2018. 0006

Izbekov PE, Eichelberger JC, Patino LC, Vogel TA, Ivanov BV (2002) 
Calcic cores of plagioclase phenocrysts in andesite from Karym-
sky volcano: evidence for rapid introduction by basaltic replen-
ishment. Geology 30(9):799–802

Izbekov PE, Eichelberger JC, Ivanov BV (2004) The 1996 erup-
tion of Karymsky volcano, Kamchatka: historical record 
of basaltic replenishment of an andesite reservoir. J Petrol 
45(11):2325–2345

Jentzsch G, Punongbayan RS, Schreiber U, Seeber G, Völksen C, 
Weise A (2001) Mayon volcano, Philippines: change of moni-
toring strategy after microgravity and GPS measurements from 
1992 to 1996. J Volcanol Geoth Res 109:219–234

Kahl M, Chakraborty S, Costa F, Pompilio M (2011) Dynamic plumb-
ing system beneath volcanoes revealed by kinetic modeling, and 
the connection to monitoring data: an example from Mt. Etna. 
Earth Planet Sci Lett 308:11–22

Kahl M, Chakraborty S, Costa F, Pompilio M, Liuzzo M, Viccaro M 
(2013) Compositionally zoned crystals and real-time degassing 
data reveal changes in magma transfer dynamics during the 2006 
summit eruptive episodes of Mt. Etna. Bull Volcanol 75:692. 
https:// doi. org/ 10. 1007/ s00445- 013- 0692-7

Kahl M, Chakraborty S, Pompilo M, Costa F (2015) Constraints on 
the nature and evolution of the magma plumbing system of Mt. 
Etna Volcano (1991–2008) from a combined thermodynamic 
and kinetic modelling of the compositional record of minerals. J 
Petrol 56(10):2025–2068

Kazahaya K, Shinohara H, Saito G (1994) Excessive degassing of Izu-
Oshima volcano: magma convection in a conduit. Bull Volcanol 
56:207–216. https:// doi. org/ 10. 1007/ BF002 79605

Kelly PJ, Kyle PR, Dunbar NW, Sims KWW (2008) Geochemistry 
and mineralogy of the phonolite lava lake, Erebus volcano, Ant-
arctica: 1972–2004 and comparison with older lavas. J Volcanol 
Geoth Res 177:589–605

Kilgour G, Blundy J, Cashman K, Mader HM (2013) Small volume 
andesite magmas and melt-mush interactions at Ruapehu, New 
Zealand: evidence from melt inclusions. Contrib Mineral Petrol 
166:371–392. https:// doi. org/ 10. 1007/ s00410- 013- 0880-7

Kilgour GN, Saunders KE, Blundy JD, Cashman KV, Scott BJ, Miller 
CA (2014) Timescales of magmatic processes at Ruapehu 
volcano from diffusion chronometry and their comparison to 

monitoring data. J Volcanol Geoth Res 288:62–75. https:// doi. 
org/ 10. 1016/j. jvolg eores. 2014. 09. 010

Kinoshita K, Laguerta EP (2014) Image recordings of eruption clouds 
at Bulusan and Mayon Volcanoes, Philippines. Earth Sci Mag 
123(5):776–788. https:// doi. org/ 10. 5026/ jgeog raphy. 123. 776

Krawczynski MJ, Grove TL, Behrens H (2012) Amphibole stability in 
primitive arc magmas: effects of temperature,  H2O content, and 
oxygen fugacity. Contrib Mineral Petrol 164:317–339

Lagmay AMF, Tengonciang AMP, Uy HS (2005) Structural setting of 
the Bicol Basin and kinematic analysis of fractures on Mayon 
Volcano, Philippines. J Volcanol Geoth Res 144:23–36

Lallemant HGA, Oldow JS (2000) Active displacement partitioning 
and arc-parallel extension of the Aleutian volcanic arc based 
on Global Positioning System geodesy and kinematic analysis. 
Geology 28(8):739–742

Landi P, Métrich N, Bertagnini A, Rosi M (2004) Dynamics of magma 
mixing and degassing recorded in plagioclase at Stromboli (Aeo-
lian Archipelago, Italy). Contrib Mineral Petrol 147:213–227

Larsen JF (2016) Unraveling the diversity in arc volcanic eruption 
styles: Examples from the Aleutian volcanic arc, Alaska. J Vol-
canol Geoth Res 327:643–668

Li W, Costa F, Nagashima K (2020). Apatite crystals reveal melt vola-
tile budgets and magma storage depths at Merapi volcano, Indo-
nesia. J Petrol. https:// doi. org/ 10. 1093/ petro logy/ egaa1 00

Listanco EL, Sudo M, Newhall C, Ohkura T, Tatsumi Y, Ando M, 
Punogbayan RS (1999) Application of per analysis to the mag-
mas of the 1968–1993 eruptions of Mayon volcano. In: Punon-
gbayan RS, Martinez-Villegas MM (eds.) The Mayon Volcano 
1993 eruption. Volcanological and Seismological Monographs, 
Philippine Institute of Volcanology and Seismology, Manila, pp 
27–34

Lloyd AS, Ferriss E, Ruprecht P, Hauri EH, Jicha BR, Plank T (2016) 
An assessment of clinopyroxene as a recorder of magmatic water 
and magma ascent rate. J Petrol 57(10):1865–1886

Locke CA, Rymer H, Cassidy J (2003) Magma transfer processes at 
persistently active volcanoes: insights from gravity observations. 
J Volcanol Geoth Res 127:73–86

Magalit CT, Ruelo HB (1985) Features and characteristics of the 1984 
Mayon lava flows. Philippine J Volcanol 2:52–67

Marsh BD (2006) Dynamics of magmatic systems. Elements 
2:287–292

Martin VM, Morgan DJ, Jerram DA, Caddick MJ, Prior DJ, Davidson 
JP (2008) Bang! Month-scale eruption triggering at Santorini 
Volcano. Science 321:1178

Maximo RPR (2011) Composition and volatile (S and Cl) contents of 
lavas and tephras from Mayon Volcano, Philippines. MS Thesis, 
Northern Illinois University

McCarthy A, Chelle-Michou C, Blundy JD, Vonlanthen P, Meibom 
A, Escrig S (2020) Taking the pulse of volcanic eruptions using 
plagioclase glomerocrysts. Earth Planet Sci Lett 552:116596. 
https:// doi. org/ 10. 1016/j. epsl. 2020. 116596

McDermott F, Delfin FG Jr, Defant MJ, Turner S, Maury R (2005) The 
petrogenesis of volcanics from Mt. Bulusan and Mt. Mayon in the 
Bicol arc, the Philippines. Contrib Mineral Petrol 150:652–670

McIntire MZ, Bergantz GW, Schleicher JM (2019) On the hydrody-
namics of crystal clustering. Philos T R Soc S-A 377:20180015. 
https:// doi. org/ 10. 1098/ rsta. 2018. 0015

Melekhova E, Blundy J, Martin R, Arculus R, Pichavant M (2017) Pet-
rological and experimental evidence for differentiation of water-
rich magmas beneath St. Kitts. Lesser Antilles. Contrib Mineral 
Petrol 172:98. https:// doi. org/ 10. 1007/ s00410- 017- 1416-3

Métrich N, Allard P, Spilliaert N, Andronico D, Burton M (2004) 2001 
flank eruption of the alkali-and volatile-rich primitive basalt 
responsible for Mount Etna’s evolution in the last three decades. 
Earth Planet Sc Lett 228:1–17

62   Page 26 of 28 Bulletin of Volcanology (2021) 83: 62

https://doi.org/10.1007/s00410-017-1408-3
https://volcano.si.edu/volcano.cfm?vn=273030
https://doi.org/10.5479/si.GVP.VOTW4-2013
https://doi.org/10.1007/s00410-020-01746-5
https://doi.org/10.1098/rsta.2018.0006
https://doi.org/10.1098/rsta.2018.0006
https://doi.org/10.1007/s00445-013-0692-7
https://doi.org/10.1007/BF00279605
https://doi.org/10.1007/s00410-013-0880-7
https://doi.org/10.1016/j.jvolgeores.2014.09.010
https://doi.org/10.1016/j.jvolgeores.2014.09.010
https://doi.org/10.5026/jgeography.123.776
https://doi.org/10.1093/petrology/egaa100
https://doi.org/10.1016/j.epsl.2020.116596
https://doi.org/10.1098/rsta.2018.0015
https://doi.org/10.1007/s00410-017-1416-3


1 3

Métrich N, Bertagnini A, Di Muro A (2010) Conditions of magma 
storage, degassing and ascent at Stromboli: new insights into 
the volcano plumbing system with inferences on the eruptive 
dynamics. J Petrol 51(3):603–626. https:// doi. org/ 10. 1093/ petro 
logy/ egp083

Métrich N, Bertagnini A, Pistolesi M (2021) Paroxysms at Stromboli 
Volcano (Italy): source, genesis and dynamics. Front Earth Sci. 
https:// doi. org/ 10. 3389/ feart. 2021. 593339

Mirabueno MHT (2001) Reconstruction of the 01 February 1814 erup-
tion of Mayon Volcano, Philippines. MS Thesis, University of 
Canterbury

Mirabueno MHT, Okuno M, Nakamura T, Newhall CG, Kobayashi T 
(2006) AMS radiocarbon dating of paleosols intercalated with 
tephra layers from Mayon Volcano, Southeastern Luzon, Philip-
pines: a preliminary report. Fukuoka Univ Sci Rep 36:23–28

Moore JG, Melson WG (1969) Nuées ardentes of the 1968 eruption of 
Mayon Volcano, Philippines. Bull Volcanol 33:600–620

Moore G, Carmichael ISE (1998) The hydrous phase equilibria (to 3 
kbar) of an andesite and basaltic andesite from western Mex-
ico: constraints on water content and conditions of phenocryst 
growth. Contrib Mineral Petrol 130:304–319

Morimoto N (1989) Nomenclature of pyroxenes. Subcommittee on 
Pyroxenes, Commission on New Mineral and Mineral Names. 
Can Mineral 27:143–156

Newhall CG (1977) Geology and petrology of Mayon Volcano, South-
eastern Luzon, Philippines. MS Thesis, University of California 
Davis

Newhall CG (1979) Temporal variation in the lavas of Mayon Volcano, 
Philippines. J Volcanol Geoth Res 6:61–83

O’Leary JA, Gaetani GA, Hauri EH (2010) The effect of tetrahedral 
Al3+ on the partitioning of water between clinopyroxene and 
silicate melt. Earth Planet Sci Lett 297:111–120

Oeser M, Ruprecht P, Weyer S (2018) Combined Fe-Mg chemical and 
isotopic zoning in olivine constraining magma mixing-to-erup-
tion timescales for the continental arc volcano Irazú (Costa Rica) 
and Cr diffusion in olivine. Am Mineral 103:582–599

Paguican EMR, Lagmay AMF, Rodolfo KS, Rodolf RS, Tengonciang 
AMP, Lapus MR, Baliatan EG, Obille EC Jr (2009) Extreme 
rainfall-induced lahars and dike breaching, 30 November 2006, 
Mayon Volcano, Philippines. Bull Volcanol 71:845–857

Philippine Institute of Volcanology and Seismology (2019a) Volcano 
Bulletins. https:// www. phivo lcs. dost. gov. ph/ index. php/ volca no- 
hazard/ volca no- bulle tins3. Accessed 17 Aug 2020

Philippine Institute of Volcanology and Seismology (2019b) Volcano 
Monitoring Networks PHIVOLCS. https:// www. phivo lcs. dost. 
gov. ph/ index. php/ volca no- hazard/ volca no- monit oring2/ volca 
no- monit oring- bulus an. Accessed 13 May 2019

Philippine Institute of Volcanology and Seismology (2020) PHI-
VOLCS-LAVA: Local Active Volcanoes Archive. https:// vmepd. 
phivo lcs. dost. gov. ph/ volcan/ erupt- histo ry? volcan= 574& sdate= 
& edate= & btn- search= & page=1. Accessed 24 Sept 2020

Plank T, Kelley KA, Zimmer MM, Hauri EH, Wallace PJ (2013) Why 
do mafic arc magmas contain ~ 4 wt% water on average? Earth 
Planet Sci Lett 364:168–179

Pompilio M, Bertagnini A, Métrich N (2012) Geochemical heteroge-
neities and dynamics of magmas within the plumbing system 
of a persistently active volcano: evidence from Stromboli. Bull 
Volcanol 74:881–894

Putirka KD (2008) Thermometers and barometers for volcanic systems. 
Rev Mineral Geochem 69:61–120

Putirka K (2016) Amphibole thermometers and barometers for igneous 
systems and some implications for eruption mechanisms of felsic 
magmas at arc volcanoes. Am Mineral 101:841–858

Ramos-Villarta SC, Corpuz EG, Newhall CG (1985) Eruptive history 
of Mayon Volcano, Philippines. Philippine J Volcanol 2:1–35

Rasmussen DJ, Plank TA, Roman DC, Power JA, Bodnar RJ, Hauri 
EH (2018) When does eruption run-up begin? Multidisciplinary 
insight from the 1999 eruption of Shishaldin volcano. Earth 
Planet Sci Lett 486:1–14

Roduit N (2007) JMicroVision: un logiciel d’analyse d’images pétro-
graphiques polyvalent. PhD Dissertation University of Geneva

Rose WI, Palma JL, Delgado Granados H, Varlay N (2013) Open-vent 
volcanism and related hazards: Overview. Geological Society 
of America Special Papers 498:vii-xiii. https:// doi. org/ 10. 1130/ 
2013. 2498(00)

Ruth DCS, Cottrell E, Cortés JA, Kelley KA, Calder ES (2016) 
From passive degassing to violent strombolian eruption: the 
case of the 2008 eruption of Llaima Volcano, Chile. J Petrol 
57(9):1833–1864

Ruth DCS, Costa F, Bouvet de Maisonneuve C, Franco L, Cortés JA, 
Calder ES (2018) Crystal and melt inclusion timescales reveal 
the evolution of magma migration before eruption. Nat Commun 
9:2657. https:// doi. org/ 10. 1038/ s41467- 018- 05086-8

Ryan WBF, Carbotte SM, Coplan J, O’Hara S, Melkonian A, Weissel 
RA, Ferrini V, Goodwillie A, Nitsche F, Bonczkowski J, Zemsky 
R (2009) Global Multi-Resolution Topography (GMRT) synthe-
sis data set. Geochem Geophys Geosyst 10:Q03014. https:// doi. 
org/ 10. 1029/ 2008G C0023 32

Schleicher JM, Bergantz GW, Breidenthal RE, Burgisser A (2016) 
Time scales of crystal mixing in magma mushes. Geophys Res 
Lett 43(4):1543–1550

Shcherbakov VD, Plechov PY, Izbekov PE, Shipman JS (2011) Plagio-
clase zoning as an indicator of magma processes at Bezymianny 
volcano, Kamchatka. Contrib Mineral Petrol 162:83–99

Sheehan F, Barclay J (2016) Staged storage and magma convection at 
Ambrym volcano, Vanuatu. J Volcanol Geoth Res 322:144–157

Shinohara H (2008) Excess degassing from volcanoes and its role on 
eruptive and intrusive activity. Rev Geophys 46:RG4005

Sisson TW, Grove TW (1993) Experimental investigations of the role 
of  H2O in calc-alkaline differentiation and subduction zone 
magmatism. Contrib Mineral Petrol 113:143–166

Spilliaert N, Allard P, Métrich N, Sobolev AV (2006) Melt inclusion 
record of the conditions of ascent, degassing, and extrusion 
of volatile-rich alkali basalt during the powerful 2002 flank 
eruption of Mount Etna (Italy). J Geophys Res 111:B04203. 
https:// doi. org/ 10. 1029/ 2005J B0039 34

Stamper CC, Blundy JD, Arculus RJ, Melekhova E (2014) Petrology 
of plutonic xenoliths and volcanic rocks from Grenada, Lesser 
Antilles. J Petrol 55(7):1353–1387

Stelling P, Beget J, Nye C, Gardner J, Devine JD, George RMM 
(1999) Geology and petrology of ejecta from the 1999 erup-
tion of Shishaldin Volcano, Alaska. Bull Volcanol 64:548–561

Stevenson DS, Blake S (1998) Modelling the Dynamics and Thermo-
dynamics of Volcanic Degassing. Bull Volcanol 60:307–317. 
https:// doi. org/ 10. 1007/ s0044 50050 234

Stock MJ, Geist D, Neave DA, Gleeson MLM, Bernard B, Howard 
KA, Buisman I, Maclennan J (2020) Cryptic evolved melts 
beneath monotonous basaltic shield volcanoes in the Galápa-
gos Archipelago. Nat Commun 11:3767. https:// doi. org/ 10. 
1038/ s41467- 020- 17590-x

Streck MJ (2008) Mineral textures and zoning as evidence for open 
system processes. Rev Mineral Geochem 69:595–622

Taddeucci J, Cimarelli C, Alatorre-Ibargüengoitia MA, Delgado-
Granados H, Andronico D, Del Bello E, Scarloto P, Di Stefano 
F (2021) Fracturing and healing of basaltic magmas during 
explosive volcanic eruptions. Nat Geosci 14:248–254. https:// 
doi. org/ 10. 1038/ s41561- 021- 00708-1

Tierz P, Loughlin SC, Calder ES (2019) VOLCANS: an objective, 
structured and reproducible method for identifying sets of ana-
logue volcanoes. Bull Volcanol 81:76. https:// doi. org/ 10. 1007/ 
s00445- 019- 1336-3

Page 27 of 28    62Bulletin of Volcanology (2021) 83: 62

https://doi.org/10.1093/petrology/egp083
https://doi.org/10.1093/petrology/egp083
https://doi.org/10.3389/feart.2021.593339
https://www.phivolcs.dost.gov.ph/index.php/volcano-hazard/volcano-bulletins3
https://www.phivolcs.dost.gov.ph/index.php/volcano-hazard/volcano-bulletins3
https://www.phivolcs.dost.gov.ph/index.php/volcano-hazard/volcano-monitoring2/volcano-monitoring-bulusan
https://www.phivolcs.dost.gov.ph/index.php/volcano-hazard/volcano-monitoring2/volcano-monitoring-bulusan
https://www.phivolcs.dost.gov.ph/index.php/volcano-hazard/volcano-monitoring2/volcano-monitoring-bulusan
https://vmepd.phivolcs.dost.gov.ph/volcan/erupt-history?volcan=574&sdate=&edate=&btn-search=&page=1
https://vmepd.phivolcs.dost.gov.ph/volcan/erupt-history?volcan=574&sdate=&edate=&btn-search=&page=1
https://vmepd.phivolcs.dost.gov.ph/volcan/erupt-history?volcan=574&sdate=&edate=&btn-search=&page=1
https://doi.org/10.1130/2013.2498(00)
https://doi.org/10.1130/2013.2498(00)
https://doi.org/10.1038/s41467-018-05086-8
https://doi.org/10.1029/2008GC002332
https://doi.org/10.1029/2008GC002332
https://doi.org/10.1029/2005JB003934
https://doi.org/10.1007/s004450050234
https://doi.org/10.1038/s41467-020-17590-x
https://doi.org/10.1038/s41467-020-17590-x
https://doi.org/10.1038/s41561-021-00708-1
https://doi.org/10.1038/s41561-021-00708-1
https://doi.org/10.1007/s00445-019-1336-3
https://doi.org/10.1007/s00445-019-1336-3


1 3

Toplis MJ, Carroll MR (1995) An experimental study of the influ-
ence of oxygen fugacity on Fe-Ti oxide stability, phase rela-
tions, and mineral-melt equilibria in ferro-basaltic systems. J 
Petrol 36(5):1137–1170

Vajda P, Prutkin I, Tenzer R, Jentzsch G (2012) Inversion of tempo-
ral gravity changes by the method of local corrections: a case 
study from Mayon volcano, Philippines. J Volcanol Geoth Res 
241–242:13–20

Vergniolle S, Métrich N (2021) Open-vent volcanoes: a preface to 
the special issue. Bull Volcanol 83:29. https:// doi. org/ 10. 1007/ 
s00445- 021- 01454-3

Viccaro M, Giacomoni PP, Ferlito C, Cristofolini R (2010) Dynam-
ics of magma supply at Mt. Etna volcano (Southern Italy) as 
revealed by textural and compositional features of plagioclase 
phenocrysts. Lithos 116:77–91

Viccaro M, Barca D, Bohrson WA, D’Oriano C, Giuffria M, Nicotra 
E, Pitcher BW (2016) Crystal residence times from trace ele-
ment zoning in plagioclase reveal changes in magma trans-
fer dynamics at Mt. Etna during the last 400 years. Lithos 
248–251:309–323

Viccaro M, Cannata A, Cannavò F, De Rosa R, Giuffrida M, Nicotra 
E, Petrelli M, Sacco G (2021) Shallow conduit dynamics fuel 
the unexpected paroxysms of Stromboli volcano during the 
summer 2019. Sci Rep-UK 11:6. https:// doi. org/ 10. 1038/ 
s41598- 020- 79558-7

Wade JA, Plank T, Hauri EH, Kelley KA, Roggensack K, Zimmer M 
(2008) Prediction of magmatic water contents via measurement 
of H2O in clinopyroxene phenocrysts. Geology 36(1):799–802

Wallace GS, Bergantz GW (2002) Wavelet-based correlation (WBC) 
of zoned crystal populations and magma mixing. Earth Planet 
Sci Lett 202:133–145

Waters LE, Lange RA (2015) An updated calibration of the pla-
gioclase-liquid hygrometer-thermometer applicable to basalts 
through rhyolites. Am Mineral 100:2172–2184

Witter JB, Kress VC, Delmelle P, Stix J (2004) Volatile degassing, 
petrology, and magma dynamics of the Villarrica Lava Lake, 
Southern Chile. J Volcanol Geoth Res 134:303–337

Yoshimura S, Nakamura M (2011) Carbon dioxide transport in crustal 
magmatic systems. Earth Planet Sci Lett 307:470–478. https:// 
doi. org/ 10. 1016/j. epsl. 2011. 05. 039

Authors and Affiliations

D. C. S. Ruth1,2  · F. Costa1,3 

1 Earth Observatory of Singapore, Nanyang Technological 
University, Singapore, Singapore

2 U.S. Geological Survey, Volcano Science Center, California, 
Menlo Park, USA

3 Asian School of the Environment, Nanyang Technological 
University, Singapore, Singapore

62   Page 28 of 28 Bulletin of Volcanology (2021) 83: 62

https://doi.org/10.1007/s00445-021-01454-3
https://doi.org/10.1007/s00445-021-01454-3
https://doi.org/10.1038/s41598-020-79558-7
https://doi.org/10.1038/s41598-020-79558-7
https://doi.org/10.1016/j.epsl.2011.05.039
https://doi.org/10.1016/j.epsl.2011.05.039
http://orcid.org/0000-0001-9369-9364
http://orcid.org/0000-0002-1409-5325

	A petrological and conceptual model of Mayon volcano (Philippines) as an example of an open-vent volcano
	Abstract
	Introduction
	Geologic background
	Sampling and analytical methods
	Textural definitions, abbreviations, and mineral end members
	Whole-rock geochemistry
	Electron images and microprobe analysis
	Secondary ion mass spectrometry
	Magmatic H2O content
	Diffusion chronometry modeling


	Results
	Whole-rock petrography
	Whole-rock, matrix glass, and melt inclusion compositions
	Mineral compositions, zoning, and textures
	Plagioclase
	Orthopyroxene
	Clinopyroxene
	Olivine and Fe-Ti oxide

	Assessing the intrinsic variables of the magmas and plumbing system
	Calculating equilibrium melt compositions
	Calculated melt H2O contents
	Calculated temperatures-geothermometry
	Calculated pressure-geobarometry

	Assessing magmatic timescales with diffusion chronometry

	Discussion
	The plumbing system and associated magmatic processes
	Timing of magma intrusions and crystal recycling
	Comparing the plumbing system of Mayon to other persistently active volcanoes
	Can we identify persistently active volcanic systems in the geologic record?

	Conclusions
	Acknowledgments 
	References


