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The petrologic diversity of volcanic rocks reflects the dynamics of magma reservoirs and the
temporal evolution of magma chemistry can provide valuable information for hazard
assessment. While some stratovolcanoes monotonously produce intermediate magmas
(55–68wt% SiO2), dominantly erupted magma types (e.g., basaltic andesite, andesite or
dacite) frequently differ even between neighboring volcanoes. If such differences arise due to
thermalmaturation processes over time or are predetermined by other properties ofmagmatic
systems remains poorly understood. This study helps to elucidate the underlying factors
modulating the chemistry of themagma preferentially erupted by Nevado de Toluca volcano in
Central Mexico. We present a new dataset of bulk-rock and mineral chemistry spanning the
entire 1.5Million years of the volcanos’ eruptive history. The results reveal that Nevado de
Toluca dacites andminor andesite originate in a stable configuration of pre-eruptive processes
and plumbing system architecture by hybridization between an upper crustal silicic mush and
deeper sourced basaltic andesitemagmas. Yet, a subtle trend toward increasing silica content
with time (2 wt% in 1.5Ma) and episodicity in magma hybridization conditions are observed.
We use thermal simulations of pulsedmagma injection to probe the controlling variables on the
temporal variation and compositional mode of magma geochemistry. The results show that
the subtle temporal trend toward increasing bulk-rock SiO2 content is plausibly explained by
slightly dropping recharge rates and continued upper crustal reservoir growth. Our modeling
also shows that the dominant composition of eruptible magmas (“petrologic mode”) can shift
as a function of magma flux, extrusive:intrusive ratio and temperature of the recharge magma.
A comparison of SiO2 whole rock distributions for monotonous Mexican stratovolcanoes and
their peripheral cones shows that their petrologic modes vary in concert, indicating that the
recharge magma chemistry or temperature is a major control on the preferentially erupted
magma composition for these volcanoes.
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INTRODUCTION

Over the last 30 years, combined geological mapping, dating and geochemical analyses have revealed
that the range of erupted magma chemistry differs significantly for individual volcanic centers
(Hildreth and Lanphere, 1994; Singer et al., 1997; Gertisser and Keller, 2003; Frey et al., 2004;
Thouret et al., 2005; Bacon and Lanphere, 2006; Hildreth, 2007; Hora et al., 2007; Singer et al., 2008;
Fierstein et al., 2011; Jicha et al., 2012;Walker et al., 2013; Muir et al., 2015; Rivera et al., 2017). While
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some volcanoes sample the entire spectrum from basalt to
rhyolite, others erupt magmas with monotonous chemistry
through time (Kent, 2014; Wörner et al., 2018). In this
contribution, we focus on systems producing a restricted range
of geochemical compositions, intermediate in silica content (here
defined as 55–68 wt% SiO2). While stratovolcanoes in continental
arc settings, such as the Trans Mexican Volcanic Belt (TMVB;
Figure 1), are often compositionally monotonous, differences
exist in the mode of erupted compositions (Schaaf et al., 2005;
Schaaf and Carrasco-Núñez, 2010; Torres-Orozco et al., 2017;
Crummy et al., 2019). The reasons why some volcanoes
preferentially erupt andesite (e.g., Popocatépetl; Schaaf et al.,
2005) and others repeatedly produce dacite (e.g., Nevado de
Toluca; Torres-Orozco et al., 2017) remains unclear.

Differences in the “petrologic mode” occur even between
neighboring volcanoes (Hildreth, 2007; Klemetti and Grunder,
2008; Kent et al., 2010; Macias et al., 2017), which indicates that
large-scale tectonic parameters (e.g., age or slope of the
subducting slab) or crustal thickness are not sufficient alone to

explain these variations. For example, sharp differences in the
petrologic mode exist between neighboring systems along the
Andean chain (e.g., Calbuco-Osorno, El Misti-Ubinas) or in the
Trans Mexican Volcanic Belt (e.g., Nevado de Toluca-
Popocatépetl). Most agree that local modulations in magma
flux, crustal and/or magma properties are some of the likely
variables governing the preferential eruption of specific
compositions (Carmichael, 2002; Klemetti and Grunder, 2008;
Caricchi and Blundy, 2015a; Wörner et al., 2018; Till et al., 2019).
The high viscosities of silica-rich magmas and the high densities
of basaltic melts may act as physical barriers, preventing magma
transport and inhibit volcanic eruptions of such compositions
(Stolper and Walker, 1980; Marsh, 1981; Pinel and Jaupart, 2000;
Moran et al., 2011). If such barriers are effective in preventing the
eruption of very mafic and silicic magma compositions, they may
be overcome by mixing/mingling processes induced by mafic
magma recharge in crustal mush reservoirs and produce
compositionally monotonous intermediate volcanoes (Reubi
and Blundy, 2009; Kent et al., 2010; Kent, 2014). Alternatively,

FIGURE 1 | Location of Nevado de Toluca volcano (NT) and petrological diversity of stratovolcanoes in the Trans Mexican Volcanic Belt. The light gray shaded area
marks the extent of the Neogene Trans Mexican Volcanic Belt in Central Mexico after Ferrari et al. (2012). The dashed white lines indicate the inferred depth of the
subducting oceanic slab (Pardo and Suárez, 1995). Red triangles mark the location of major volcanic systems: Ceboruco (Ce), Volcán Tequila (Tq), Colima Volcanic
Complex (Co), Michoacán-Guanajuato monogenetic field (MG), Nevado de Toluca (NT), Popocatépetl (Po), Los Humeros Caldera (H), Pico de Orizaba (Or). For
orientation, the locations of Mexico City (MC) and Guadalajara (Gdl) are shown by white squares. The three subpanels below the map show density distributions of bulk-
rock SiO2 (wt%) content for the Colima Volcanic complex (left, data fromGEOROC), Popocatéptl volcano (right, data fromGEOROC), and Nevado de Toluca (center, this
study). Care was taken to exclude oversampling of prominent eruptions. N indicates the number of analysis.
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FIGURE 2 | Relief, geological map and sampling locations. (A) Shaded relief of the Lerma basin and valley of Mexico with major volcanic structures indicated by
labels. The location of major cities is marked by white areas. Sampled monogenetic cones in the greater Nevado de Toluca area are shown by orange triangles. (B)
Geological map of Nevado de Toluca modified from Torres-Orozco et al. (2017). The map is divided into 6 major groups: Pre-Nevado lava flows (gray), Monogenetic
volcanism (orange), Domes (gold), Old Nevado stage (darkbrown), Recent Nevado stage (red), and Young Pyroclastic deposits (beige). Sampling locations are
indicated by red dots and numbers indicate the sampled unit. Calotepec dome (Ca), Cuescontepec (Cu), La Galera (Ga), Cerro Gordo (Go), Lower Toluca Pumice (LTP),
Middle Toluca Pumice (MTP), Ochre Pumice (OP), Las Palomas (Pa), Pyroclastic Flow 970 (PF), Pink Pumice (PP), Sabanillas (Sa), Tenango (T), Tepehuisco (Te),
Tlacotepec cone (Tl), Upper Toluca Pumice (UTP), White Quarry (WQ).
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magma properties such as the initial water content or non-
linearities in melt fraction-temperature relations can modulate
the variety of compositions present in a magmatic system
(Melekhova et al., 2013; Nandedkar et al., 2014; Caricchi and
Blundy, 2015b; Hartung et al., 2019; Huber et al., 2019).

Thermal modeling of incremental magma reservoir assembly
shows that magmatic systems evolve thermally in time with large
temperature fluctuations in early stages of temperatures later in the
life cycle (i.e., the evolutionary history) of the magmatic system
(Petford and Gallagher, 2001; Annen and Sparks, 2002; Dufek and
Bergantz, 2005; Annen et al., 2006; Annen, 2009; Gelman et al.,
2013; Melekova et al., 2013; Karakas et al., 2017). Thus,
progressively more homogeneous magma compositions may be
erupted with the progressive thermal maturation of volcanic
plumbing systems. Likewise, mechanical modeling predicts an
increase of the duration of magma storage during the lifetime of
volcanic systems because of the more efficient relaxation of
overpressures in thermally primed wall-rocks (Jellinek and
DePaolo, 2003; Gregg et al., 2012; de Silva and Gregg, 2014;
Karlstrom et al., 2017). This could favor magma homogenization
in the plumbing system and lead to more homogeneous erupted
compositions. Thermal and chemical heterogeneities in magma

reservoirs may decay with time by convective overturn in
association with fresh recharge pulses and/or gas exsolution
(Ruprecht et al., 2008; Huber et al., 2009, Burgisser and
Bergantz, 2011; Huber et al., 2012). In highly crystalline
reservoirs, melt segregation or reactive flow through vertically
extensive crystal piles can occur (Rabionwicz and Vigneresse,
2004; Solano et al., 2012; Cooper et al., 2016; Holness, 2018;
Jackson et al., 2018; Bachmann and Huber, 2019; Floess et al.,
2019), which may be important in buffering melts to specific
compositions governed by the chemistry of cumulate rocks.

Predictions of existing numerical models, relating
magmatic processes and the spectrum of chemical
compositions erupted by volcanoes can be tested based on
long-term eruptive records, but can also help to illuminate
physical controls on geochemical distributions and temporal
trends. Here we present a dataset of 52 new and 45 previously
published (Weber et al., 2019, Weber et al., 2020) whole-rock
analyses and 6247 new spot analyses on minerals of temporally
resolved bulk-rock major and trace element analyses and
mineral chemistry spanning the 1.5 Ma life cycle of the
dacitic Nevado de Toluca volcano in Central Mexico. We
use mineral zonation systematics and thermo-barometric

FIGURE 3 | Compilation of stratigraphic relations for Nevado de Toluca volcano. (A) Long-term stratigraphic relations and subdivision into groups modified after
Torres-Orozco et al. (2017). Colors and abbreviations as in Fig. 2. Age data have been compiled from Cantagrel et al. (1981), Macías et al. (1997), Garcia-Palomo et al.
(2002), Siebe (2000), Arce et al. (2003), Arce et al. (2005), Bellotti et al. (2006), Capra et al. (2006), and Torres-Orozco et al. (2017). (B)Composite stratigraphic column of
the “Young Pyroclastic Deposits (PD)” sequence and “Recent Nevado” groups. (C) Selection of units that have been analyzed frommineral chemistry in this study.
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calculations to constrain the origin of magmas at Nevado de
Toluca and investigate the temporal evolution of bulk eruptive
products and their crystal cargos over the entire lifespan of the
volcano. We finally discuss the origin of the observed long-
term temporal trends in magma chemistry, as well as the origin
of petrologic modes of Mexican stratovolcanoes, based on our
dataset, existing data and using thermal modeling to provide a
quantitative framework to our interpretations.

GEOLOGICAL BACKGROUND

Nevado de Toluca, also known as Xinantécatl (19°06′30″N;
99°45′30″W; 4,680 m above sea level), is a long-lived
stratovolcano located in the central Mexican highland about
80 km southwest of Mexico City (Macías, 2007). It is part of
the Trans Mexican Volcanic Belt, a 1,000 km long east-west
trending volcanic arc of Miocene to Holocene age that
developed in response to the subduction of the oceanic Cocos
and Rivera plates beneath the North American continental
lithosphere at different angles (Figure 1; Pardo and Suárez,
1995; Gómez-Tuena et al., 2007a, Gómez-Tuena et al., 2007b,
Gómez-Tuena et al., 2018; Ferrari et al., 2012).

The volcanic edifice was constructed from various silicic lava
flows and domes with intercalated pyroclastic deposits, with the
most prominent feature of the volcanos’morphology being a 2.5 ×
1.5 km horseshoe shaped amphitheater that opens toward the East
in the direction of the City of Toluca (Norini et al., 2004). Geological
mapping and dating have shown that volcanism at Nevado de
Toluca started in the Early Pleistocene, spanning 1.5 Ma of
continuous explosive and effusive activity since then (Garcia-
Palomo et al., 2002; Torres-Orozco et al., 2017). The volcanos’
history can be divided into several stages based on geomorphology
and age relations (Figures 2, 3A; Torres-Orozco et al., 2017).
During the early “Old Nevado” stage (1.5–0.13Ma), lava flows
have been erupted to the south and north-east of the current crater
area. This early stage is coeval with the extrusion of silicic Domes
(“Dome stage”) between 1.5 and 0.27Ma in the periphery of the
main volcano. Only a few monogenetic systems have been dated in
the area (Bloomfield, 1975; Arce et al., 2013a; Torres-Orozco et al.,
2017), but available data point toward a long age range between at
least 0.86Ma to 8.5 ka. The edifice of Nevado de Toluca collapsed
several times, which is evident in widely dispersed debris avalanche
deposits around the volcano (Capra and Macias, 2000; Caballero
and Capra, 2011). The younger eruptive history can be divided into
57–9 ka “Recent Nevado” stage, mostly characterized by silicic lava
effusion in the crater area, and a sequence of pyroclastic deposits
“Young PD stage” spanning ca. 42–3 ka (Macías et al., 1997; Arce
et al., 2006). The young pyroclastic deposits (Figure 3B) record a
complex series of dome destruction events that are preserved in
block and ash flow deposits (Garcia-Palomo et al., 2002), as well as
by a sequence of at least three Plinian eruptions (Arce et al., 2003;
Arce et al., 2005; Arce et al., 2006; Capra et al., 2006).

Geochemical studies, mostly focused on the Plinian deposits,
have shown that Nevado de Toluca predominantly erupts
subalkaline dacite and minor andesites with calc-alkaline
affinity typical for subduction related magmatism (Arce et al.,

2006; Torres-Orozco et al., 2017). Experimental constraints on
magma storage pressures range between 150 and 300 MPa at
water saturated conditions and eruptive temperatures are
typically in excess of 820°C (Arce et al., 2006; Arce et al.,
2013b). Isotopic (Sr, Nd, Pb) and trace element data shows
that even though Nevado de Toluca sits on thick continental
crust of about 50 km, crustal melting plays only a marginal role in
silicic magma genesis (Martínez-Serrano et al., 2004). The
shallow part of the magmatic system prior to the Plinian
events has evolved as an open system, where fresh pulses of
recharge magma enter the preexisting more silicic reservoirs
(Smith et al., 2009; Weber et al., 2019).

METHODS

Bulk Rock Analytical Techniques
Samples were collected in the field to represent the entire eruptive
history of the volcano, with particular emphasis on units that have
previously been dated by radiocarbon or 40Ar/39Ar-geochronology
(Macías et al., 1997; Torres Orozco et al., 2017). A description of
the sampled units and locations, including coordinates, can be
found in Supplementary Table 1. All samples were first cleaned
from adherent alteration patina, washed with water and dried in an
oven at 50°C before further processing. Lava and pumice samples
were then reduced in size using a steel jaw-crusher, a hydraulic
press and sieved to grain sizes <2 mm. Lava samples were ground
to fine powders in an agate mill for 30min, while pumice samples,
due to their higher porosity, were milled for 20min. In order to
monitor the alteration state of the samples, 2 g aliquots were
separated from the powders to determine the loss on ignition
(LOI). The aliquots were weighted into ceramic crucibles and
heated to 1,050°C for 24 h. The LOI was then calculated by
weight difference before and after heating. Subsequently, glass
beads for X-ray fluorescence analysis (XRF) were prepared.
Precisely 6 g of Li tetraborate were mixed for 3 min in a hand
mortar with 1.2 g of each of the powdered samples. The so obtained
mixtures were then loaded in Pt crucibles and fused at 1,200°C.
Major element analysis were carried out at the University of
Lausanne using a PANanalytical Axiosmax X-ray fluorescence
spectrometer. BHVO-2 and several in-house standard materials
were used for quality control during the analytical session.

Trace element contents in the whole rock samples were obtained
on the same fused glass beads by laser ablation inductively coupled
plasma mass spectrometry. After XRF analysis, glass beads were
crushed andmounted on adhesive tape with the side of the bead not
analyzed by XRF facing to the top. We used a quadrupole
spectrometer Agilent 7700x coupled to an UP-193FX ArF
eximer ablation system at the University of Lausanne. The
instrument was optimized by ablating the NIST SRM 612
reference glass in linear scan mode with 20 Hz repetition rate,
75 µm beam size, and 5.0 J cm−2 on-sample energy density.
Ablation of the sample glass discs was carried out under a
helium atmosphere, using a 12 Hz repetition rate, 5.0 J cm−2

energy density and 150 µm diameter beam size. Relative
sensitivity factors were determined by analysis of NIST SRM 612
during the analytical session. On each glass bead, we collected and
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averaged 3 spot analyses. Data were reduced with the MATLAB
based software SILLS (Guillong et al., 2008), using the bulk-rock Ca
contents from XRF analysis for quantification. The relative
uncertainties (RSE) for the 3-point analysis are for most
analyzed elements <2%, with Rare Earth Elements (REE)
generally showing RSE <5%. The largest differences for averaged
spots were obtained onMo (RSE: 12.8%), Cu (7.4%) and Ni (6.5%).

In-situ Mineral and Glass Analysis
In this study we present mineral and glass chemistry for 19
eruptions from Nevado de Toluca, which were selected to cover
the entire eruptive history of the volcano.Mineral, groundmass and
glass compositions were determined on polished 100 µm thick
petrographic sections by electron probemicroanalyzer. All analyses
considered here were carried out, using a JEOL 8200 superprobe at
the University of Geneva. Prior to analysis, the petrographic
sections were coated with a 20 nm thick layer of carbon to
ensure electrical conductivity. For each of the studied eruptions,
we analyzed one petrographic section, for which between 8 and 15
BSE images each were obtained in order to reveal textures and
internal mineral zonation features. Typically, we analyzed linear
rim to core profiles of 10–20 crystals for each mineral phase in the
individual petrographic sections. The spacing between points was
variable but between 5 and 20 µm for most grains.

Mineral phases (plagioclase, pyroxenes, Fe–Ti oxides and
amphiboles) were analyzed using the wavelength-dispersive
x-ray spectrometer of the electron probe microanalyzer.
Measuring conditions were set to 15 kV acceleration
voltage, 20 nA beam current and focused beam size of 2 µm.
The peak counting times were set to were 30 s (Si kα TAP), 20 s
(K kα PETH), 20 s (Na kα TAP), 30 s (Fe kα LIFH), 30 s (Al kα
TAP), 30 s (Ca kα PETJ), 30 s (Ti kα LIFH), 30 s (Mg kα TAP),
30 s (Cr kα PETJ), and 30 s (Mn kα LIFH). Raw analysis for
plagioclase and pyroxenes that showed totals outside of the
range 100 ± 1.5% were rejected from further analysis. The raw
amphibole totals outside the range 95.5–99.5% were filtered
out. Compositions that indicated mixed analysis of silicate
minerals and glass were also discarded. In total, 2,883
plagioclase, 2,232 pyroxene, and 1,128 amphibole analyses
are presented in this study. Matrix and melt inclusion
glasses, as well as groundmass analyses, were carried out on
the same petrographic sections as the mineral analyses and we
used a reduced beam current of 8 nA and 15 kV acceleration
voltage. The beam size was set to 10 µm for matrix glass and
melt inclusion analysis, while for the mostly microcrystalline
groundmass a beam diameter of ∼50 µm was used. In each
section, typically 15 groundmass analyses were carried out and
averaged. Melt inclusions were hosted in either pyroxene or
amphibole. Counting times on the peak position were 30 s (Na
kα TAP), 20 s (Si kα TAP), 60 s (S kα PETH), 20 s (K kα PETJ),
30 s (Mg kα TAP), 30 s (Ca kα LIFH), 30 s (Al kα TAP), 30 s (Ti
kα PETJ), and 30 s (Fe kα LIFH). Alkali element measurements
were performed first in the sequence to mitigate diffusive loss.

Thermobarometric Calculations
The mineral, glass and groundmass compositions analyzed in this
study were used to estimate the pressures, temperatures, and

oxygen fugacity of Nevado de Toluca magmas using a range of
geothermobarometric techniques. Amphibole crystallization
temperatures and pressures were calculated for euhedral
outermost amphibole rim compositions using Equation 7b from
Putirka (2016) by iterative solution, which requires input of
amphibole and liquid composition, as well as an estimate of
water content. We used average groundmass for each of the
studied eruptions to approximate the input liquid composition.
In order to assess equilibrium between the assumed liquid and
outermost rim amphibole, we discarded amphibole-liquid pairs
with mineral-melt exchange coefficient KD (Fet–Mg) outside the
range 0.17 and 0.39 (Putirka, 2016). 39% of the analyzed amphibole
rims were found to be in equilibrium. The impact of the assumed
liquid H2O content was assessed by performing calculations with 4,
6, and 8 wt% H2O. However, the resulting average differences in
pressures and temperature calculations of 0.4 kbar and 0.3°C are
much smaller than the uncertainties of amphibole
thermobarometry (±4 kbar and ±30°C for single spot analyses;
Putirka, 2016). Amphibole crystallization temperatures can also be
estimated independent of liquid composition and pressure, not
necessarily with worse precision and accuracy when compared to
amphibole-liquid thermometers (Ridolfi and Renzulli, 2012;
Putirka, 2016). We calculated liquid-independent amphibole
temperatures using Eqn. 5 presented in Putirka (2016) on
outermost rim compositions in order to compare them to the
amphibole-liquid pair estimates. This thermometer has been
calibrated over a temperature range applicable to intermediate
magmas and produces calibration data with standard error of
estimate (SEE) of ±53°C (Putirka, 2016). Plagioclase-amphibole
temperatures were calculated using the calibration based on the
edenite + albite � richterite + anorthite exchange reaction on
analyses corresponding to average outermost rim composition
within 2SD in samples that showed euhedral crystal textures
(Holland and Blundy, 1994). Several samples contain both
clino- and orthopyroxenes, but equilibrium between outermost
rim compositions based on a instead of an Kd (Fe–Mg) of 1.09 ±
0.14was only achieved in themonogenetic cone samples (Tenango,
Sabanillas). We thus calculated 2-pyroxene temperatures only on
these samples, using Eq. 36 of Putirka (2008). The composition of
coexisting titanomagnetite and ilmenite was used to constrain
temperatures and the oxygen fugacity for various eruptions of
Nevado de Toluca. We used the model of Ghiorso and Evans
(2008) to calculate the temperatures of Fe–Ti exchange between
touching equilibrium pairs (Bacon and Hirschmann, 1988) of
titanomagnetite and ilmenite. Oxygen fugacity is reported as
values relative to Nickel-Nickel-Oxide buffer.

Thermal Modeling
We used heat conduction modeling, in order to simulate the
temporal evolution of temperatures in crustal rocks subjected to
repeated magma injection. An explicit finite difference scheme
was used to solve the axisymmetric formulation of the heat
equation, which can be written as:

ρc
zT
zt

� 1
r
z

zr
(rk zT

zr
) + z

zz
(k zT

zz
) + ρL

zXc

zt
(1)
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where t is the time,T is the temperature, z is the vertical coordinate,
r is the radial distance from the axis of rotational symmetry, k is the
thermal conductivity, L is the latent heat of crystallization, ρ is the
density, c is the specific heat and Xc is the fraction of crystals. As we
do not aim to model the particular phase equilibria of Nevado de
Toluca in this study, but to investigate the general controls on
compositional modes, we used a hypothetical linear melt fraction
temperature relation in the presented model calculations. While
the specifics of melt-fraction temperature relations impact on
compositional distributions (Caricchi and Blundy, 2015a), it
does not impact the direction of compositional change as a
function of magma recharge or extraction rate (Weber et al.,
2020) and is therefore considered of secondary importance here.
A temperature dependent thermal conductivity (k) was
implemented in the model based on the experiments of
Whittington et al. (2009) for average crust. Zero heat flux was
imposed in all simulations in the direction perpendicular to all
lateral boundaries, apart from the surface, where temperature was
fixed at 8°C. The numerical code used in this study has been
benchmarked against existing models (Caricchi et al., 2014;

Caricchi et al., 2016), which used a different numerical method
to solve heat conduction problems.

Magma injection was modeled at an initial crustal intrusion
depth of 5 km by accretion of basaltic sills, intruded at their
liquidus temperature of 1,170°C, which causes downward
advection of crustal rocks. All presented simulations were run
with a linear initial geothermal gradient of 25°C/km. In order to
investigate the impact of changing extrusive:intrusive (E:I) ratio of
a magmatic systems compositional diversity, we implemented heat
and mass removal in the model. In such simulations, sills were
removed at a rate that is equivalent to E:I ratio of 0.4 and 0.8 of the
final intrusion volume built by a specific injection rate. This was
accomplished by removing sills matching the previous injection
site and dimension, which ensures removal of magma at the
highest temperature in the reservoir, by advecting the
temperature field upwards. We performed petrological
modeling, in order to invert the computed temperature
distributions into potentially eruptible magma chemistry. All
petrologic calculations were carried out using the hypothetical
liquid line of descent presented in Supplementary Table 7. For a

FIGURE 4 | Summary of major and trace element systematics of Nevado de Toluca volcano. (A) Total alkali vs. silica diagram. Shown are Pre-Nevado group (black
squares), Monogenetic cones (orange triangles), Old Nevado stage (gray rhombus), Domes (gold triangles), Recent Nevado stage (red circles), and Young Pyroclastics
(beige squares). Matrix glasses and melt inclusions are plotted as turquoize and light blue circles, respectively. Crystalline groundmass measurements are indicated by
small light green circles. Dashed circle indicates samples with elevated K2O contents corresponding to alkaline cones. Gray shaded area and black crosses indicate
previous work (GEOROC database: http://georoc.mpch-mainz.gwdg.de/georoc). (B) Bivariate plot of FeOt and MgO (wt%). (C) Primitive mantle normalized trace
element variation diagram (Sun and McDonough, 1989). (D) Chondrite normalized Rare Earth Elements (McDonough and Sun, 1995).
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detailed description of the calculation procedure, the reader is
referred to Weber et al. (2020).

RESULTS

Bulk-Rock and Glass Geochemistry
We present and analyze a combined dataset of 97 bulk rock major
and trace element analysis for the long-term eruptive history of

Nevado de Toluca volcano. In agreement with previous studies of
the long-term history of the volcano, the major element
geochemistry is focused on dacite throughout the history of
the volcano with an average SiO2 content of 63.69 (±2.68
1SD) wt% SiO2 (Figure 4A). Andesites are less frequently
erupted from Nevado de Toluca but occur in all eruptive
stages. The most mafic erupted bulk compositions with SiO2

contents around 55 wt% are observed in monogenetic cones,
extending into the basaltic andesite field, also in agreement

FIGURE 5 | Representative selection of petrographic features of basaltic andesite to dacitic volcanic rocks in the Nevado de Toluca area. All photomicrographs
were imaged with back-scattered electrons (BSE) (A) Typical phase assemblage of zoned plagioclase (plag), zoned hornblende (hbl), orthopyroxene (opx) and Fe–Ti
oxides (ox) in unit 34 (Ombligo Dome) in the central part of the crater. The groundmass (gm) is mostly composed of plag, glass and oxides. (B) Unit 14 “Tepehuisco
Dome” containing large quartz (qtz) crystals and disequilibrium hbl. Note also the resorption and overgrowth textures of plag crystals (dashed lines). The gm is
composed of plag and qtz and ox. (C)Biotite (bt), hbl and strongly zoned plag in U18 Lavawith gm consisting of plag, qtz and ox. (D)Strongly zoned opxwithmafic cores
(dark) and evolved overgrowth rim compositions (bright) in crater unit 31. Note the euhedral appearance of plag, opx and hbl. (E)Reaction rims onmafic hbl and opx in U5
Raices lava. The gm is composed of plag, qtz and ox. (F) Qtz xenocrysts with reaction corona of cpx, opx and plag dominated groundmass and sparse disequilibrium
olivine (ol) in Tenango lava. The gm is glassy with abundant elongated plag.
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with previous work on peripheral cones surrounding Nevado de
Toluca (Martínez-Serrano et al., 2004; Torres-Orozco et al.,
2017). Samples erupted from the main volcano show typical
trends of increasing incompatible major element components
(e.g., K2O, Figure 4A) and decreasing trends of compatible
elements, when plotted against an index of differentiation (e.g.,
MgO or SiO2). Different eruptive stages show slight differences in
slope and variance in bivariate plots of MgO vs. FeOtotal

(Figure 4B). Melt inclusions, hosted in amphibole and
orthopyroxene, are consistently rhyolitic in composition with
average silica contents of 75.20 (±1.63 1SD).

Primitive mantle normalized trace element pattern of all
analyzed samples show typical features of subduction related
magmatism such as negative Nb–Ta anomalies and enrichment
of large ion lithophile elements (LILE) like Cs, Ba or Sr
(Figure 4C). Rare Earth Element contents in the bulk-rock
samples normalized to chondritic compositions are enriched in
the light REE over heavy REE. Based on trace element variation
pattern, three compositional groups can be identified (Figures
4C,D): 1) A main calc-alkaline suite, which comprises >90% of
the analyzed samples. This group contains samples from all
eruptive stages, including some monogenetic cones. 2) A subset
of monogenetic cones, however, shows enrichment of light REE,
less pronounced Nb–Ta negative anomalies, and greater
enrichment in Sr and Ba relative to the dominant trace
element group. Chemical differences between these samples
and the main volcano are also evident in major elements, in
particular higher K2O contents (Figure 4A). 3) The third trace
element group is characterized by depletion relative to group 1
of mid to heavy REE elements (Sm–Lu) with the exception of
Eu. These distinct compositions are only evident in three
samples from silicic Domes surrounding the main volcano
and are consistent with an important role of amphibole
fractionation during magma evolution (Davidson et al., 2007)
before plagioclase crystallization.

Petrography
We collected petrographic images and determined the modes of
macro-crystal and groundmass phases in 17 eruptions from
Nevado de Toluca volcano and two peripheral cones, spanning
its entire eruptive history of 1.5 Ma (Figure 3C;
Supplementary Figure 1). A representative selection of BSE
images (Figures 5A–F) shows that the predominant phase
assemblages are comprised of plagioclase, orthopyroxene,
amphibole and Fe–Ti oxides. Occasionally, quartz,
clinopyroxene and biotite are observed in the eruptive
products. The mineral textures are complex but similar in
all studied eruptions from the main volcano. Plagioclase
textures are characterized by multiple resorption and
overgrowth zones, while pyroxenes and amphiboles show
strong, but generally binary core to rim zonation. Reaction
coronas surrounding amphibole are observed in some
petrographic sections (Figure 5E) and are particularly
evident in two of the early history samples (“U5 Raíces,”
“U14 Tepehuisco”), which lack strongly zoned
orthopyroxenes. The analyzed monogenetic eruptive
products contain two-pyroxene macro-crystal assemblages

and a groundmass dominated by plagioclase microlites.
Crystallinities of the eruptive products from the main
volcano range from 20 to 45 vol% with average of 36 vol%,
while crystal contents of the monogenetic eruptions are below
12 vol% (Supplementary Figure 1). Average fractions of
phenocrystals are 0.7 for plagioclase, 0.14 for amphiboles
and 0.08 for orthopyroxenes. Samples from the early
eruptive stages (i.e., “Old Nevado” and “Domes”) typically
contain clinopyroxene more frequently compared to the
younger eruptive units (Supplementary Figure 1).

Mineral Chemistry
Major and minor elements in silicate and oxide mineral phases
from 19 eruptions have been analyzed. Anorthite contents in
plagioclase crystals range from 13 to 69 mol% with average
value of 40 mol% and inter quartile range (IQR) between 34
and 46 mol%. FeOtotal contents in plagioclase show a large range
between 0.05 and 0.85 wt% and are positively-skewed with
average of 0.20 wt% and IQR between 0.14 and 0.31 wt%.
Anorthite contents for the different eruptive stages of the
main volcano vary only slightly with maximum difference of
2 mol% for average values and 3 mol% for IQRs. Greater variation
between the eruptive stages of Nevado de Toluca is evident in
FeOtotal contents, which show average values of 0.31 and 0.22 for
the “Old Nevado” and “Domes” stages, while the younger history
(“Young PD” and “Recent Nevado”) units have lower average in
FeOtotal contents of 0.17 and 0.15 wt%, respectively.

Amphibole crystals in the studied eruptions are Ca-rich and can
be classified as magnesio-hornblende and pargasite. Individual
eruptions show large differences in amphibole compositions both
in central tendency and variance for several elements
(Supplementary Figure 2). For example, AlT per formula unit
(p.f.u.) varies between 1.01 and 1.95 with average of 1.41. Much
of this range is for instance captured by amphibole from the 31 ka
(cal. BP) BAF28 eruption (average: 1.39 AlT p.f.u., IQR: 1.31–1.41
AlT p.f.u.), while the ca. 15 ka earlier Pink Pumice eruption contains
amphiboles of rather restricted composition with average of 1.15 and
IQR of 1.12–1.20 AlT p.f.u. In accordance with zonation pattern in
BSE images (Figures 5A–E), chemical compositions of Nevado de
Toluca amphiboles are often bimodal with different compositions of
crystal cores and rims (Supplementary Figure 2). Systematic
differences between the eruptive stages and amphibole
compositions are, however, not evident.

Orthopyroxenes are present in most of the studied eruptions
and range between 39 and 88 mol% in enstatite (En) and from
below detection limit to 0.90 wt% in Cr2O3 content. Average En
and Cr2O3 contents in the monogenetic cone samples of 84 mol%
and 0.25 wt%, respectively, are higher compared to eruptions
from the main volcano with average En of 66 mol% and Cr2O3 of
0.1 wt%. However, high En and Cr2O3 in heavily zoned crystal
cores (c.f., Figure 5D) are a characteristic feature of almost all
sampled silicic eruptions from the main volcano as well.
Clinopyroxenes occur in 9 of the 19 studied eruptions and in
all eruptive stages except the “Young PD” sequence
(Supplementary Figure 1). Cpx compositions cluster around
average values of 45 mol% and IQR of 41–49 mol% in En. All cpx
can be classified as augitic with the exception of the “Tepehuisco
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Dome” eruption that contains diopsitic cpx. Similar to opx, cpx
crystal show strong compositional zoning with Cr2O3 contents of
up to 1.17 wt%.

DISCUSSION

Petrogenesis and Deep Structure of the
Plumbing System
Intermediate and silicic arc magmas are widely believed to originate
by a combination of processes including fractional crystallization
(Grove et al., 2005; Lee and Bachmann, 2014; Müntener and Ulmer,
2018), reactive melt flow through porous cumulates (Solano et al.,
2012; Cooper et al., 2016; Jackson et al., 2018), assimilation of crustal
rocks (Hildreth and Moorbath, 1988), and hybridization of evolved
and mafic magmas (Nixon and Pearce, 1987; Eichelberger et al.,
2000; Tepley III et al., 2000; Witter et al., 2005; Reubi and Blundy,
2009; Straub et al., 2011; Kent, 2014), with the relative importance of
these processes being still widely discussed and possibly changing
from one system to another. Plagioclase and orthopyroxene crystals
from three Plinian eruptions in the younger (<26 ka) history of
Nevado de Toluca have previously been used to show that
interaction of a resident shallow crustal silicic magma with two
distinctmoremaficmelts is the dominantmechanism that produced
the Plinian eruptive products (Smith et al., 2009;Weber et al., 2019).
Our much extended dataset of mineral and bulk-rock geochemistry
for 19 additional eruptions, spanning the entire 1.5Ma history of the
volcano, allows us to evaluate the configuration of the plumbing
system and pre-eruptive conditions through time.

The long-termmineral record of Nevado de Toluca reveals that
strongly zoned pyroxene crystals, similar to those found in the
Plinian deposits (Weber et al., 2019), are a characteristic feature in
eruptive products throughout the volcano’s history (Figure 6).
Most remarkable about these crystals are elevated Cr2O3 contents
of up to 1.2 wt% in clinopyroxenes and up to 0.91 wt% in
orthopyroxenes at En fractions typically between 0.4 and 0.5 for
cpx and 0.7 and 0.9 for opx. BSE images and chemical profiles
reveal that these compositions are only present in crystal cores that
have undergone extensive resorption and overgrowth with a
significantly more evolved composition and Cr2O3 contents
often below detection limit (Figure 7). The data also show that
both cpx and opx evolve along two different major trajectories,
which can be distinguished by the different En, and MnO at
comparable Cr2O3 content (Figure 6A). Based on the En-Cr
systematics in opx, 3 groups of data can be distinguished: 1)
High Cr (>0.1 to 0.91 wt%) compositions at high En (80–90)
contents (cluster 1). 2) Fairly high Cr (up to 0.54 wt%) at

FIGURE 6 | Systematics of Enstatite (mol%) (En) content and Cr2O3 (wt
%) in Nevado de Toluca clino- and orthopyroxenes. (A) Data spanning the
entire 1.5 Ma history of the volcano. Color coding indicates MnO (wt%)
content of the pyroxenes. Clino- and orthopyroxene cores show

(Continued )

FIGURE 6 | elevated Cr2O3 contents that are developing toward lower values
in two main trajectories for both pyroxenes (black arrows). Dashed areas
indicate the silicic composition typically found in crystal rims. (B) Pyroxene
compositions of the older history (“Domes” and “Old Nevado” stages).
Symbols and color coding reflect different eruptions. (C) Compositions of
pyroxenes in the younger history of Nevado de Toluca (“Young PD” and
“Recent Nevado” stages). Colored fields indicate the compositions of opx
from Plinian eruptions taken from Weber et al. (2019).
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intermediate En70–80 and 3) Low Cr contents (frequently below
detection limit) at low En contents between ∼50 and 70mol%.
Differences in En contents between the two major Cr2O3

trajectories (clusters 1 and 2) are likely representing 2 distinct
and spatially separated melts, as the Fe–Mg exchange between
mafic melt and pyroxene is mostly dependent onmelt composition
(Gaetani and Grove, 1998; Hirschmann et al., 2008; Putirka, 2008;
Waters and Lange, 2017).

As shown inWeber et al. (2019), the highest Cr pyroxene cores
from Nevado de Toluca are overlapping in composition with
pyroxenes from mantle peridotite, indicating that these have
grown from primitive melts in their early stages of evolution
and therefore provide information about the deep structure of
the plumbing system. Within a radius of 80 km to Nevado de
Toluca, a large number of primitive mantle melts have been

identified in the neighboring Valle del Bravo to the west (Blatter
and Carmichael, 1998; Wallace and Carmichael, 1999; Blatter et al.,
2007) and in the Sierra Chichinautzin Volcanic Field to the east
(Siebe et al., 2005; Gomez-Tuena et al., 2007b). As recently
compiled by Schmidt and Jagoutz (2017), the great majority of
these melts are high-Mg basaltic andesites with SiO2 contents
mostly between 52–56 wt% and Cr contents of 200–500 μg/g,
while calc-alkaline arc basalts are rare in the area. Pyroxene
compositions in these melts are fully consistent with the
interpretation that the high Cr pyroxene cores from Nevado de
Toluca are derived from primitive basaltic andesite melts that may
either originate by direct mantle melting (Straub et al., 2011; Straub
et al., 2014) or derive from crystallization of primary calc-alkaline
basaltic mantle melts at upper mantle pressures (Schmidt and
Jagoutz, 2017). Interestingly, pyroxenes in the analyzed

FIGURE 7 | Evidence for magma hybridization in orthopyroxene crystals. (A) Microphotograph (BSE) of strongly zoned opx in Crater U25 magma. Dark cores
correspond to mafic Cr-rich magma and bright overgrowth rims to the erupted dacite. Note the wavy resorption textures at the interface of bright and dark zones. Red
line indicates analytical traverse. (B) Enstatite (En) in mol% and Cr2O3 are plotted vs. distance from the crystal rim (µm) for the profile in A. (C)BSE image of strongly zoned
opx crystals with indicated electron probe microanalyzer profile in Crater U25 magma. (D)Chemical profile of En (mol%) and Cr2O3 (wt%) for the profile shown in C.
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monogenetic basaltic andesite to andesite samples (“Tenango”,
“Sabanillas”) are very similar in composition to the mafic
pyroxene cores found in the dacite samples from the main
volcano (Figure 6). It is therefore plausible that the shallow
crustal plumbing system of Nevado de Toluca is recharged by
deep basaltic andesite to andesite magmas with at least two
prominent compositions. Two-pyroxene thermometry (Putirka,
2008; Eqn. 36) on average outermost pyroxene compositions
indicate similar temperatures of 1,030 ± 58°C (“Sabanillas”) and
1,050 ± 58°C (“Tenango”) for the 2 monogenetic eruptions,
indicating that the temperatures of magmas feeding the shallow
storage region are >1,000°C. The presence of primitive pyroxene
cores, likely originating from mantle or lower crust, in shallowly
sourced silicic eruptions over the long-term history of Nevado de
Toluca is consistent with a conceptual model in which magmatic
systems are transiently interconnected through the entire Earth
crust (Ruprecht and Plank, 2013; Cashman et al., 2017).

The occurrence of mafic pyroxene cores in almost all of the
analyzed samples testifies that the plumbing system of Nevado de
Toluca has been operating in a relatively stable configuration and by
similar pre-eruptive processes throughout its entire history. While
no systematic differences are evident in mafic pyroxene cores
between explosive and effusive eruptions, the record reveals that
the early stages of activity (“Old Nevado” and “Domes”) differ from
the more recent history (“Young PD” and “Recent Nevado”) by the
more frequent occurrence of high Cr cpx and less well definedmafic
clusters in opx (Figures 6B,C). These variations in phase
abundances and clustering of the data may reflect differences in
the composition of recharge magmas with time due to changes in
the melt source. However, experimental phase equilibria of basaltic
andesite magmas and thermal modeling offer a more nuanced
framework to explain these data. High pressure (i.e., 1 GPa)
fractional and equilibrium crystallization experiments on
hydrous basaltic andesite starting compositions by Ulmer et al.
(2018) show that opx crystallizes as the liquidus phase in suchmelts
and is joined by cpx at slightly lower T, while amphibole is stabilized
at even lower T at the expense of opx in a peritectic reaction.
Increasing temperatures of the mafic recharge magma with time
could therefore explain the occurrence of the early stage mafic
amphibole and lack of opx (“U5 Raíces,” “U14 Tepehuisco”), which
are indicative of lower recharge magma T, as well as the decreasing
abundances of mafic cpx through time. This scenario is consistent
with thermal modeling of deep crustal magma reservoir assembly,
which typically show trends of increasing temperature with time
due to the thermal maturation of the crust (Annen and Sparks,
2002; Annen et al., 2006; Weber et al., 2020).

The Role of Shallow Crustal Hybridization
Pyroxene and plagioclase crystals provide an extended record of
magma hybridization processes in the upper crustal plumbing
system of Nevado de Toluca over the entire history of the

FIGURE 8 | Evidence for magma hybridization in plagioclase. (A)
Systematics of anorthite (mol%) and FeOt (wt%) in plagioclase from all studied
samples. The data are color coded for distance from the crystal rims in µm
(orange to green). Dashed area indicates the predominant silicic

(Continued )

FIGURE 8 | composition of crystal cores and black arrows indicate the
trajectory typically followed during interaction with more mafic magma
recorded in crystal rims. (B) Example typical reversely zoned crystal (red line,
BSE image), and (C) rim to core profile in An (mol%) and FeOt (wt%).
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volcano. Interaction of mafic and silicic magma upon eruption is
recorded texturally and compositionally between low En-Cr
pyroxene rims and the mafic cores (Figures 6, 7). The An-FeO
relation of plagioclase crystals provides a complementary record
of magma hybridization. As shown in Figure 8, plagioclase rims
are systematically higher in FeO and An contents compared to
crystal cores in most of the studied samples, indicating that the
plumbing system was subjected to the episodic input of more
mafic magma prior to almost each eruption over 1.5 Ma.
Plagioclase cores in the analyzed samples typically record a
range of An contents at low FeO (Figure 8), which can be
interpreted to result from variable thermal conditions during
long-term magma storage rather than pre-eruptive
compositional mixing (Couch et al., 2001; Ruprecht and
Wörner, 2007).

Petrologic experiments on the Plinian deposits of Nevado de
Toluca revealed that these eruptions were fed from an upper crustal
reservoir at about 2 kbar (Arce et al., 2006, Arce et al., 2013a, Arce
et al., 2013b), which is in agreement with most magma storage
estimates of arc volcanoes worldwide (Huber et al., 2019).
Crystallization pressures calculated between amphibole rims and
average groundmass are presented in Figure 9 and are generally in
agreement with experimental estimates but suffer from large
uncertainties (4 kbar for individual analyses; Putirka, 2016) and
only approximately known liquid compositions, which may be
particularly problematic due to evidence for magma hybridization.
Nevertheless, the agreement in mineral records, erupted bulk-rock
compositions and barometry indicates that dacites and andesites
are erupted from an upper crustal reservoir over the eruptive
history of Nevado de Toluca. We used a range of mineral

FIGURE 9 | Geothermobarometry and crystallinity of Nevado de Toluca samples as a function of time. The deposit type of the sample material (Pumice and ash
flow, Block and ash flow, dome or lava flow) is indicated on the left side of the plot. Temperature estimates by plagioclase-amphibole (Holland and Blundy, 1994) of
average outermost rim compositions are shown as red rectangles with 2 standard deviation error bars. Amphibole-liquid temperatures (Putirka, 2016) were calculated by
using outmost amphibole compositions from euhedral crystals and average groundmass analyses of the corresponding thin section (green triangles). Amphibole
temperatures were also calculated using a calibration independent of melt chemistry (Putirka, 2016; blue diamonds), which for most samples shows agreement within
errors to amphibole-liquid temperatures. Fe–Ti oxide temperatures and oxygen fugacity (relative to Nickel-Nickel-Oxide) are shown as orange circles and purple squares
respectively and were calculated using Ghiorso and Evans (2008). Boxplots of pressure (kbar) were calculated using outermost amphibole rims and average
groundmass compositions for different samples following Putirka (2016). Calculation details and associated uncertainties are discussed in the main text. Crystal fractions
shown on the right side were estimated by point counting.
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FIGURE 10 | Time variation of SiO2 (wt%), V (µg/g), and Nb (µg/g) bulk-rock compositions. For each element, the upper panel shows boxplots of whole rock
analysis subdivided into three age groups: <500 ka, 800–1,200 ka, and 1,200–1,500 ka. The number of analysis for each group is indicated on top of the boxplots.
Lower subpanels show the data color coded for eruptive groups: Old Nevado stage (gray rhombus), Domes (gold triangles), Recent Nevado stage (red circles), and
Young Pyroclastics (beige squares). (A) Age (ka) vs. SiO2 (wt%). (B) Age (ka) vs. V (µg/g). (C) Age (ka) vs. Nb (µg/g). A sampling gap between 400 and 860 ka is
indicated on the x-axis. Note the logarithmic scale on the abscissa.
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thermometry techniques to constrain pre-eruptive temperatures
(Figure 9). The T estimates derived from the different methods are
variable but for most samples agree within their uncertainty, which
likely in part reflects the mentioned issue of melt composition
approximation by average groundmass. Still, the thermometers
show rather consistent results in terms of different average
temperatures for individual eruptions, which typically range
between 800 and 950°C. As Nevado de Toluca is a system
markedly impacted by hybridization processes, these
temperatures cannot be interpreted to represent long-term
magma storage conditions, but reflect the equilibration of
crystals following a recharge event. Thus, temperature
differences between eruptions can be associated with variations
in the recharge temperature and the relative volumes of mafic and
silicic magma interacting prior to these events. While this relation
can be exemplified by the lower temperatures and less evidence for
mixing in the “Pink Pumice” eruption compared to the following
“BAF37” and “BAF28” eruptions (Figure 9), no systematic relation

between eruption type and intensive parameters (P–T-fO2-
Crystallinity) of the magmatic system are evident from the data.
Altogether, textural observations and geochemical data indicate
that andesites and dacites at Nevado de Toluca are consistently
produced by hybridization and mingling of mafic recharge
magmas and a silicic reservoir resident in the upper crust over
the entire history of the volcano. In the following, using thermal
modeling results, we will discuss how the evolution of the thermal
and chemical architecture of the magmatic system can control the
subtle but measurable evolution of the chemical composition of the
erupted magmas at Nevado de Toluca. This is of interest, because
establishing the long-term pattern of chemical evolution of this
volcano may serve to evaluate its potential future activity.

Bulk-Rock, Magma Recharge, and
Hybridization History
Our analyses confirm that the Nevado de Toluca has erupted
dacites and andesites throughout its life-cycle. Within the andesitic

FIGURE 11 | Time variation of plagioclase compositions shown as two-sided “violin” plots. The left half (light colored) of each “violin” shows the density
distribution of plagioclase rims, while the right half (full colors) shows the density distribution of crystal cores. The median in each of these distributions is indicated by
a horizontal black line and the interquartile range is marked by vertical bold black lines at the base of each distribution. Color coding reflects the eruptive groups:
Young PD (beige), Recent Nevado (red), Old Nevado (gray), Domes (gold). (A) Time variation of An content (mol%) for different eruptions (labels). (B) Time
variation of FeOt content (wt%). The number of analysis (n) for each of the eruptions is shown on top of the diagrams in B).
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to dacitic compositional range, only few major and trace elements
show minor but consistent variations in time (Figure 10). The
average SiO2 content of erupted bulk-rock compositions increases
by about 2 wt% over the 1.5 Ma history of the volcano, indicating
slightly more evolved magma geochemistry in time (Figure 10A).
This is consistent with the drop of the average V (compatible)
contents from 83.2 μg/g for eruptions older than 1,200 ka to

70.0 μg/g in the later eruptive history (Figure 10B) and the
increase of average Nb (incompatible) content from 3.8 to
4.6 μg/g over time (Figure 10C).

The long-term temporal evolution of mineral chemistry at
Nevado de Toluca provides further insights into its life-cycle. The
An contents in plagioclase, which are mostly sensitive to
temperature, melt composition, and PH2O (Cashman and

FIGURE 12 | Temporal variation of amphibole compositions (A,B) and amphibole equilibriummelts (C,D). The color coding reflects the eruptive groups: Young PD
(beige), Recent Nevado (red), Old Nevado (gray), Domes (gold). (A)Distributions of Ti (C-site) per forumula unit (p.f.u) vs. time for various eruptions fromNevado de Toluca
(labels). (B) Al on T-site p.f.u. plotted vs. time. (C) Amphibole equilibrium melt SiO2 content (wt%). (D) FeOt contents (wt%) of melts in equilibrium with amphibole
compositions. The melt compositions were estimated using equations 1 and 8 of Zhang et al. (2017).
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Blundy, 2013) record similar conditions for most of the studied
eruptions (Figure 11A). Variation mostly between An fractions of
0.25 and 0.55 are thus a reflection of the range of thermo-chemical
conditions that the system experiences through time. Distributions
of An contents in crystal cores are bimodal in many of the studied
eruptions and rims show higher An content in average compared
to crystal cores. Such distributions are in agreement with complex
resorption and overgrowth textures observed in plagioclase and
are best explained by repeated heating and cooling cycles (Smith
et al., 2009; Weber et al., 2019), which are ubiquitously observed
in intermediate and silicic arc magmas (Tepley III et al., 2000;
Davidson et al., 2005; Humphreys et al., 2006, 2010; Zellmer and
Turner, 2007; Edmonds et al., 2010; Ruprecht et al., 2012). While
An fractions record similar ranges through time, FeO contents
are clearly higher in plagioclase crystal rims and interiors from
older eruptions >1,100 ka (Figure 11B). As discussed before,
elevated FeO contents in the crystals likely reflect more mafic
conditions. As Fe is mostly incorporated into plagioclase as ferric
iron (Wilke and Behrens, 1999), changing fO2 conditions may
also be invoked to explain the temporal trend and higher contents

in crystal rims. However, the fO2 estimates do not show any
correlation with differences in FeO contents of plagioclase
(Figures 9, 11). We therefore conclude that the high FeO
contents in early erupted plagioclase have grown from more
mafic melts or a higher contribution of the mafic melt to the
hybrid rocks. As An contents record similar ranges over time,
while FeO decreases (Figure 11), either lower PH2O or
temperature would be required in the early phase to
compensate the effect of more mafic melt chemistry and thus
keep An contents constant through time. As discussed before, a
lower recharge magma temperature is consistent with the
occurrence of mafic amphibole and cpx (Ulmer et al., 2018) in
the early stages and thermal modeling of incremental hot-zone
assembly (Annen et al., 2006; Weber et al., 2020). Interestingly,
the plagioclase chemistry shows episodes with a stronger and
weaker mafic magma component, indicated by higher or lower
FeO contents in crystal rims. These chemical variations are
broadly consistent with the thermometry data (Figure 9),
corroborating the interpretation that these variations result
from differences in recharge volumes or temperatures. This

FIGURE 13 | Variation of orthopyroxene compositions with time. The color coding reflects the eruptive groups: Monogenetics (orange), Young PD (beige), Recent
Nevado (red), Old Nevado (gray), Domes (gold). (A) Temporal variation of En (mol%) distributions for various eruptions (labels). (B) Variation in Cr2O3 content (wt%) with
time with number of analysis (n) indicated above the diagram.
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interpretation is generally consistent with Martínez-Serrano et al.
(2004), who proposed that temporal variations in bulk-rock and
Sr-isotopes are due to input of fresh mafic magma into the
system. In any case, a detailed analysis of higher resolution
stratigraphic records would be required to fully resolve the
nature of these episodic changes.

Amphibole compositions in the sequence of studied eruptions
show large differences in variance and systematic changes with
time (Figures 12A,B). This is exemplified in Ti (C-site) p.f.u. and
AlIV p.f.u., both proxies for temperature variation (Putirka, 2016),
which is higher in early erupted amphiboles (>1,000 ka) and
decreases progressively toward lower values. Similar to the
plagioclase data, amphibole records chemical variations, such
as increasing and decreasing Ti contents (Figure 12A), which are
likely reflecting the extent of replenishment and differentiation in
the subvolcanic reservoir. Using the empirical major element
inversion method from Zhang et al. (2017), we calculate melt
compositions in equilibrium with the amphiboles (Figures
12C,D). The recalculated melt compositions are in good
agreement with the bulk-rock and glass geochemical trends of
Nevado de Toluca (Supplementary Figure 3). Amphibole
equilibrium melt compositions span a large range of SiO2

contents between 55 and 80 wt%, revealing a large diversity of
chemical compositions present in the plumbing systems, which
are not observed in melt inclusion or glass analyses. The
amphibole equilibrium melts also show more mafic conditions
in the early history of the volcano, which is particularly evident in
recalculated SiO2 and FeO melt contents of the “Raices” and
“Tepehuisco” eruptions, indicating that amphiboles in these
dacites are derived from basaltic andesite to andesitic liquids.
This is consistent with the presence of reaction coronas
surrounding such grains (Figure 5E). High pressure phase
equilibria experiments on several primitive basaltic andesite
compositions typical of arc magmas at 1 GPa by Ulmer et al.
(2018) shows that amphibole crystallizes from such liquids
<1,050°C, while at higher temperatures opx and cpx
assemblages dominate. The absence of mafic amphiboles in
the later history of Nevado de Toluca may thus indicate either
1) complete digestion of mafic amphibole in the silicic magma of
later eruptive stages, 2) a more evolved recharge magma
composition in later stages of activity, in which mafic
amphibole is not stable (e.g., Andesite >1,000°C; Blatter and
Carmichael 2001) or 3) increasing temperature of the recharge
magma with time beyond the stability field of mafic amphibole.
While the second hypothesis is inconsistent with the presence of
ultramafic pyroxene cores, the latter is consistent with thermal
modeling of pulsed magma injection, which shows increasing
temperatures with time during the build-up of reservoirs in mid
to lower crustal hot zones due to progressive heat-up of the

FIGURE 14 |Controls on petrologic modes of compositionally restricted
volcanoes. (A) Modeled distributions of SiO2 content (wt%) of eruptible
magma (<50% crystallinity and all interstitial melt) are shown for 150 km3 sized
intrusions built with different magma fluxes (black: 0.1061 m/yr and red
curves: 0.0019 m/yr) and for different extrusive:intrusive ratios of 0 (solid), 0.4

(Continued )

FIGURE 14 | (dashed) and 0.8 (dotted red curve). (B) Schematic
representation of main controls on the positioning of SiO2 compositional
modes as constrained by thermal modeling. (C) Volume fraction of recharge
magma as a function of time showing the effect of reservoir growth. Sketches
illustrate the different volumes of a recharge pulse and magmatic mush at an
early and later evolutionary stage of incremental reservoir growth (not to scale).
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surrounding wall-rocks (Annen and Sparks, 2002; Annen et al.,
2006; Weber et al., 2020).

The temporal variation of En contents in orthopyroxenes
shows that most eruptions record a large range with slight
tendency toward lower variance in the early history of the
volcano (Figure 13). As these variations are associated with

textural evidence for the interaction of contrasting magma
compositions (Figures 5, 7) and chemical evidence for
hybridization of a mafic high Cr and silicic low Cr melt, we
suggest that this variation is resulting from differences in melt
chemistry of the resident silicicmagma andmafic rechargemagma.
Orthopyroxene crystals from the early history of Nevado de Toluca
show a tendency toward lower Cr contents and variability when
compared to later eruptive stages, but clear evidence for mafic
magma input in the early stages is present in the form of abundant
high Cr cpx and mafic amphibole cores. As discussed before this
observation is consistent with an increasing temperature of the
recharge magma with time, but may also reflect a change in
recharge magma composition. In the following we discuss and
identify the most likely controls on the long-term trends in bulk-
rock and mineral chemistry based on thermal considerations.

Controls on Long-Term Geochemical
Trends
The long-term geochemical trend toward more silicic compositions
observed in bulk-rock andmineral chemistry may be explained by a
range of changing conditions either related to the rates of magma
recharge, the relation of eruptive to intrusive fluxes, and the
modalities and rates of magma reservoir growth. We use
thermal modeling of incremental upper crustal magma assembly
and withdrawal in order to illustrate and test these processes
(Figure 14). As shown in Figures 14A,B, for an equivalent
recharge magma composition and temperature, higher magma
injection rates will result in higher average temperature and
therefore a more mafic eruptible magma composition of the
reservoir. From this follows that the slight trend toward more
silicic magma chemistry observed at Nevado de Toluca may be
explained by a drop in average recharge rates through time. Such a
process may be related to progressive decrease of fertility of the
mantle source, if the timescales of melt production and extraction
are faster than supply of fertile mantle by convection. Mechanical
considerations provide another mechanism that could potentially
result in a drop of recharge rates with time. Continuous magma
injection into the crust leads to progressive heat-up of wall-rocks
surrounding magma reservoirs, which favors the viscous relaxation
of overpressures generated by magma injection in lower and upper
crustal reservoirs (Jellinek and DePaolo, 2003; Gregg et al., 2012;
Karlstrom et al., 2017). This implies a greater potential for magma
storage rather than transfer with increasing lifetime of a magmatic
system and therefore result in more homogeneous and more silicic
erupted compositions with time. The temporal evolution of erupted
volumes from Nevado de Toluca shows higher volumetric eruptive
fluxes in the early history of the volcano compared to later
evolutionary stages (Torres-Orozco et al., 2017), which is
consistent with a decrease in magma fluxes with time.

Thermal modeling of pulsed magma injection and withdrawal
also shows that the E:I ratio impacts the thermal and
compositional evolution of crustal magma reservoirs (Figures
14A,B). An increasing eruption efficiency (higher E:I ratio)
removes more heat from the system and therefore shifts the
composition toward more silica rich. A systematic increase in
eruption efficiency may thus be invoked to explain the long-term

FIGURE 15 | SiO2 (wt%) density distributions of whole-rock data from
Nevado de Toluca (gray), Popocatépetl volcano (orange), Citlaltépetl (�Pico de
Orizaba) (gold) and the Colima Volcanic Complex (cyan) with their peripheral
cones. Data for Colima (N � 322 analysis), Popocatépetl (N � 220) and
Citlaltépetl (N � 99) were minded from the GEOROC database (http://georoc.
mpch-mainz.gwdg.de/georoc). Care was taken to exclude oversampling of
prominent eruptions. Note that the position of the volcanos’ mode and the
composition of more mafic cones vary in concert.
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geochemical trend of Nevado de Toluca. In fact, many volcanoes
show drastic and non-linear changes in volumetric eruption rates
throughout their histories (e.g., Hildreth, 2007). If such
differences reflect changing E:I ratios or are related to other
internal or external magmatic system variables is, however, not
well understood. Yet, an increasing E:I ratio is an unlikely
explanation for the geochemical trend, as it is inconsistent
with 1) the evolving mechanical properties of magmatic
systems through time and 2) the temporal record of erupted
volumes from Nevado de Toluca, which indicate higher eruptive
flux in the early history of the volcano (Torres-Orozco et al.,
2017).

The conditions of magma reservoir growth offer a further
potential explanation for the long-term geochemical trend
observed at Nevado de Toluca. Thermal modeling shows that
early injected magma batches cool so rapidly below the solidus
temperature that no coherent reservoir exists, until after some
incubation time a magma reservoir starts to grow (Annen et al.,
2006). From this follows that early injected recharge magmas have
less potential to interact with resident extractable silicic mush
compared to later intrusions. This process can be illustrated by
plotting the volume fractions of resident and recharge magma with
time (Figure 14C). Individual recharge pulses likely remain within
a certain volumetric range, while the upper crustal silicic reservoir
grows in size. Later injections can therefore be expected to be
buffered by the composition of the silicic mush, which will shift the
erupted compositions toward more evolved chemistry in time, in
particular for systems dominated by magma hybridization such as
Nevado de Toluca. Altogether, we propose that the faint long-term
compositional shift toward higher silica contents at Nevado de
Toluca is controlled by slightly dropping recharge rates,
accompanied by hotter recharge magma with time, which is
consistent with the effects of thermal and mechanical
maturation of the plumbing system (Karlstrom et al., 2017;
Weber et al., 2020), and continued reservoir growth, increasing
the volume fractions of silicicmagma relative to the incomingmore
mafic recharge melts (Figure 14C).

Petrologic Modes of Mexican
Stratovolcanoes
Our 1.5 Ma dataset from Nevado de Toluca shows that tuning of
erupted magma geochemistry to monotonous compositions can
be a primordial and persistent property of magmatic systems that
do not undergo substantial temporal evolution. Besides Nevado
de Toluca, several volcanic systems in the TMVB erupt magmas
of geochemically restricted variety (Figures 1, 15). While
compositionally resolved long-term eruptive histories are
sparse, the available data indicates that preferential eruption of
specific intermediate compositions is a long-term property of
various Mexican stratovolcanoes. The Colima Volcanic Complex
has consistently produced basaltic andesite and mafic andesite
magma over the last 30 ka (Luhr and Carmichael, 1980; Crummy
et al., 2014; Crummy et al., 2019) and while dacites have been
described in a transitional phase of the early history of Nevado de
Colima, the bulk of the over several hundred thousand years built
Colima Volcanic Complex is composed of mafic andesitic rocks
with mode around 60 wt% silica (Robin et al., 1987). Popocatépetl

volcano and its precursory structure El Ventorrillo were built over
about 310 ka and dominantly erupted andesitic magmas (Schaaf
et al., 2005; Sosa-Ceballos et al., 2015; Mangler et al., 2019), which
are on average more evolved compared to the Colima Volcanic
Complex (Figure 15). Citlaltépetl volcano (i.e., Pico de Orizaba)
in the eastern TMVB shows a less well defined compositional
mode in the andesite to dacite spectrum which defines the bulk of
the volcano, but has generally produced a range of geochemical
diversity from basalt to rhyolite compositions in its about 500 ka
history (Schaaf and Carrasco-Núñez, 2010). Given lifetimes of
several hundred thousand years or longer, the compositional
distributions reflect the long-term behavior of these systems.

Thermal modeling results show that differences in recharge
rate, temperature and E:I ratio can shift the compositional
spectrum of potentially eruptible magma compositions in
crustal reservoirs (Figure 14B). The preferentially erupted
magma of volcanoes may thus indicate either differences in
magma flux, eruption efficiency or temperature and
composition of the recharge magma. The Colima Volcanic
Complex, the most mafic of the systems considered here,
could thus be built by higher recharge rates compared to
Popocatépetl volcano, which accordingly may evolve by higher
rates compared to Nevado de Toluca (Figures 14, 15). Large
differences in E:I ratio would be required to explain the shift in
erupted compositions between the TMVB volcanoes which is,
however, an unlikely scenario, as it implies that the eruptibility of
viscous dacite magmas is greater than that of more mafic
compositions (Takeuchi, 2011). Interestingly, the
compositional mode of the summit volcanoes and peripheral
monogenetic cones varies in concert for the systems shown in
Figure 15, suggesting that differences in the temperature or
composition of the recharge magmas are likely controlling the
petrochemistry of the most frequently erupted products
(“petrologic mode”). This would require that the composition
of monogenetic cones in each case approximates the chemistry of
recharge magmas feeding the main volcanoes.

All systems considered in Figure 15 show evidence for
hybridization of mafic and more evolved magma prior to
eruption (Cantagrel et al., 1984; Robin and Potrel, 1993;
Schaaf et al., 2005; Witter et al., 2005; Smith et al., 2009; Sosa-
Ceballos et al., 2014; Macias et al., 2017; Crummy et al., 2019;
Mangler et al., 2019; Weber et al., 2019), but the composition of
the mafic mixing endmember is challenging to constrain. In the
case of Nevado de Toluca, equivalence between monogenetic
centers and feeding recharge magmas is indicated by the
similarity of characteristic mafic pyroxene cores (Figure 6).
Monogenetic cones surrounding the Colima Volcanic
Complex, are composed of shoshonites (trachybasalt) and
calc-alkaline basalts (Carmichael et al., 2006). Based on
petrogenetic considerations, the later have been proposed to
represent the parental magmas of the Colima andesite suite
(Luhr and Carmichael, 1980) and are very similar in
composition to the proposed gabbroic mixing endmember of
Reubi et al. (2019). A contribution of alkaline mafic magmas to
the andesite erupted at Colima has also been documented prior
to some eruptions (Crummy et al., 2014; Crummy et al., 2019).
Notably, basaltic magmas, equivalent to the calc-alkaline cones,
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have also been explosively erupted from the main volcano
(Crummy et al., 2014; Crummy et al., 2019). Constraints on
the mafic recharge magma of Popocatépetl volcano were derived
from the presence of olivine crystals (Fo87–90) and their melt
inclusions (50–52 wt% SiO2) in recent effusive and explosive
products (Roberge et al., 2009), which are identical to olivine
compositions from mafic cones with bulk-rock SiO2 contents of
50–54 wt% in the vicinity of the volcano, belonging to the
Chichinautzin Volcanic Field (Schaaf et al., 2005). Further
evidence for the equivalence of basaltic to basaltic andesite
compositions of the Chichinautzin Volcanic Field and the
recharge magmas feeding the magmatic system of
Popocatépetl volcano has been presented based on mineral
chemistry (Mangler et al., 2020). Overall, the constraints at
different major Mexican volcanoes are consistent with the
hypothesis that peripheral cone compositions are equivalent
to the mafic hybridization endmember that contributes to the
production of andesitic to dacitic volcanic rocks in the TMVB.
The systematic shift in the recharge and summit cone
geochemistry may therefore reflect that compositionally
monotonous stratovolcanoes are built by similar recharge
rates but with different compositions and temperatures of the
feeding magmas, indicating that the petrologic mode for
different volcanoes is already set in the deep crust or Earth
mantle.

CONCLUSIONS

Our analysis of the long-term volcanic record of Nevado de
Toluca volcano in Central Mexico reveals that:

(1) Dacite and andesite petrogenesis is dominated throughout
the entire life cycle of the volcano by hybridization processes
of deep basaltic-andesite recharge magma and an upper
crustal silicic mush. This process is captured in
compositional zoning of all major mineral phases.

(2) The compositional tuning to preferentially erupted dacite
compositions (“petrologic mode”) is a primordial and
resilient feature throughout the volcanos’ history.

(3) Minor long-term temporal trends toward more silicic
compositions are observed from bulk-rock compositions
and mineral chemistry and show that these data are best
explained by increasing interaction of mafic recharge magma
with growing volumes of silicic mush through time and
slightly dropping magma supply rates with increasing
temperature of the recharge magma.

(4) Very mafic clino- and orthopyroxene compositions
indicate that Nevado de Toluca is fed from 2 spatially

separated magma sources either in the upper mantle and/or
lower crust, at least in the younger history (<59 ka) of the
volcano.

(5) A comparison of petrologically monotonous stratovolcanoes in
the TMVB shows that the mode of the preferentially erupted
composition in themain volcano and in peripheral cones varies
in concert. This points toward an important role of recharge
magma composition and/or temperature in controlling the
compositional mode of Mexican stratovolcanoes.

DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/
Supplementary Material.

AUTHOR CONTRIBUTIONS

GW and LC conceived this study. GW carried out the
geochemical analysis and numerical modeling. Field work was
carried out by GW, LC, and JA. The initial manuscript draft was
prepared by GW. All authors contributed to data interpretation
and writing of the final manuscript.

FUNDING

GW and LC received funding from the European Research
Council (ERC) under the European Union’s Horizon 2020
research and innovation program (Grant agreement No.
677493-FEVER).

ACKNOWLEDGMENTS

We thank Alexey Ulianov for skillful support during LA-ICP-MS
analysis. Antoine de Haller is thanked for carrying out the XRF
analysis.Wewould like to thank Line Probst, Martin Gander, Adam
Curry and Adhara Avila for support during fieldwork in Mexico.
We thank MM and PS for constructive reviews that helped to
improve this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/feart.2020.563303/
full#supplementary-material.

REFERENCES

Annen, C., Blundy, J. D., and Sparks, R. S. J. (2006). The genesis of intermediate and
silicic magmas in deep crustal hot zones. J. Petrol. 47 (3), 505–539. doi:10.1093/
petrology/egi084

Annen, C. (2009). From plutons to magma chambers: thermal constraints on the
accumulation of eruptible silicic magma in the upper crust. Earth Planet Sci.
Lett. 284 (3–4), 409–416. doi:10.1016/j.epsl.2009.05.006

Annen, C., and Sparks, R. S. J. (2002). Effects of repetitive emplacement of basaltic
intrusions on thermal evolution and melt generation in the crust. Earth Planet
Sci. Lett. 203 (3–4), 937–955. doi:10.1016/s0012-821x(02)00929-9

Frontiers in Earth Science | www.frontiersin.org September 2020 | Volume 8 | Article 56330321

Weber et al. Long-Term Magma Diversity

https://www.frontiersin.org/articles/10.3389/feart.2020.563303/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/feart.2020.563303/full#supplementary-material
https://doi.org/10.1093/petrology/egi084
https://doi.org/10.1093/petrology/egi084
https://doi.org/10.1016/j.epsl.2009.05.006
https://doi.org/10.1016/s0012-821x(02)00929-9
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Arce, J. L., Cervantes, K. E., Macías, J. L., andMora, J. C. (2005). The 12.1 kaMiddle
Toluca pumice: a dacitic plinian–subplinian eruption of Nevado de Toluca in
central Mexico. J. Volcanol. Geoth. Res. 147 (1–2), 125–143. doi:10.1016/j.
jvolgeores.2005.03.010

Arce, J. L., Gardner, J. E., and Macías, J. L. (2013b). Pre-eruptive conditions of
dacitic magma erupted during the 21.7 ka Plinian event at Nevado de Toluca
volcano, Central Mexico. J. Volcanol. Geoth. Res. 249, 49–65. doi:10.1016/j.
jvolgeores.2012.09.012

Arce, J. L., Layer, P. W., Lassiter, J. C., Benowitz, J. A., Macías, J. L., and Ramírez-
Espinosa, J. (2013a). 40 Ar/39 Ar dating, geochemistry, and isotopic analyses of
the quaternary Chichinautzin volcanic field, south of Mexico City: implications
for timing, eruption rate, and distribution of volcanism. Bull. Volcanol. 75 (12),
774. doi:10.1007/s00445-013-0774-6

Arce, J. L., Macías, J. L., and Vázquez-Selem, L. (2003). The 10.5 ka Plinian eruption
of Nevado de Toluca volcano, Mexico: stratigraphy and hazard implications.
Geol. Soc. Am. Bull. 115 (2), 230–248. doi:10.1130/0016-7606(2003)115<0230:
tkpeon>2.0.co;2

Arce, J. L., Macias, J. L., Gardner, J. E., and Layer, P. W. (2006). A 2.5 ka history of
dacitic magmatism at Nevado de Toluca, Mexico: petrological, 40Ar/39Ar
dating, and experimental constraints on petrogenesis. J. Petrol. 47 (3), 457–479.
doi:10.1093/petrology/egi082

Bachmann, O., and Huber, C. (2019). The inner workings of crustal distillation
columns; the physical mechanisms and rates controlling phase separation in
silicic magma reservoirs. J. Petrol. 60 (1), 3–18. doi:10.1093/petrology/
egy103

Bacon, C. R., and Hirschmann, M. M. (1988). Mg/Mn partitioning as a test for
equilibrium between coexisting Fe–Ti oxides. Am. Mineral. 73 (1–2), 57–61.

Bacon, C. R., and Lanphere, M. A. (2006). Eruptive history and geochronology of
Mount Mazama and the Crater lake region, Oregon. Geol. Soc. Am. Bull. 118
(11–12), 1331–1359. doi:10.1130/b25906.1

Bellotti, F., Capra, L., Groppelli, G., and Norini, G. (2006). Tectonic evolution of the
central-eastern sector of Trans Mexican Volcanic Belt and its influence on the
eruptive history of the Nevado de Toluca volcano (Mexico). J. Volcanol. Geoth.
Res. 158 (1–2), 21–36. doi:10.1016/j.jvolgeores.2006.04.023

Blatter, D. L., and Carmichael, I. S. E. (1998). Hornblende peridotite xenoliths from
central Mexico reveal the highly oxidized nature of subarc upper mantle.
Geology 26 (11), 1035–1038. doi:10.1130/0091-7613(1998)026<1035:
hpxfcm>2.3.co;2

Blatter, D. L., and Carmichael, I. S. E. (2001). Hydrous phase equilibria of a
Mexican high-silica andesite: a candidate for a mantle origin? Geochem.
Cosmochim. Acta 65 (21), 4043–4065. doi:10.1016/s0016-7037(01)00708-6

Blatter, D. L., Lang Farmer, G., and Carmichael, I. S. E. (2007). A north-south
transect across the central Mexican volcanic belt at 100 W: spatial distribution,
petrological, geochemical, and isotopic characteristics of quaternary volcanism.
J. Petrol. 48 (5), 901–950. doi:10.1093/petrology/egm006

Bloomfield, K. (1975). A late-quaternary monogenetic volcano field in central
Mexico. Geol. Rundsch. 64 (1), 476–497. doi:10.1007/bf01820679

Burgisser, A., and Bergantz, G. W. (2011). A rapid mechanism to remobilize and
homogenize highly crystalline magma bodies. Nature 471 (7337), 212–215.
doi:10.1038/nature09799

Caballero, L., and Capra, L. (2011). Textural analysis of particles from El Zaguán
debris avalanche deposit, Nevado de Toluca volcano, Mexico: evidence of flow
behavior during emplacement. J. Volcanol. Geoth. Res. 200 (1–2), 75–82. doi:10.
1016/j.jvolgeores.2010.12.003

Cantagrel, J. M., Didier, J., and Gourgaud, A. (1984). Magma mixing: origin of
intermediate rocks and “enclaves” from volcanism to plutonism. Phys. Earth
Planet. In. 35 (1–3), 63–76. doi:10.1016/0031-9201(84)90034-7

Cantagrel, J. M., Robin, C., and Vincent, P. (1981). Les grandes étapes d’évolution
d’un volcan andésitique composite: exemple du Nevado de Toluca (Méxique).
Bull. Volcanol. 44 (2), 177–188. doi:10.1007/bf02597703

Capra, L., Carreras, L. M., Arce, J. L., and Macías, J. L. (2006). The lower Toluca
Pumice: a ca. 21,700 yrB. P. Plinian eruption of Nevado de Toluca volcano,
México. Neogene-Quat. Cont. Marg. Volcan. Perspect Mexico 402, 155. doi:10.
1130/2006.2402(07)

Capra, L., and Macıas, J. L. (2000). Pleistocene cohesive debris flows at Nevado de
Toluca Volcano, central Mexico. J. Volcanol. Geoth. Res. 102 (1–2), 149–167.
doi:10.1016/s0377-0273(00)00186-4

Caricchi, L., Annen, C., Blundy, J., Simpson, G., and Pinel, V. (2014). Frequency
and magnitude of volcanic eruptions controlled by magma injection and
buoyancy. Nat. Geosci. 7 (2), 126–130. doi:10.1038/ngeo2041

Caricchi, L., and Blundy, J. (2015b). Experimental petrology of monotonous
intermediate magmas. Geol. Soc. Lond. Spec. Publ. 422 (1), 105–130. doi:10.
1144/sp422.9

Caricchi, L., and Blundy, J. (2015a). The temporal evolution of chemical and
physical properties of magmatic systems. Geol. Soc. Lond. Spec. Publ. 422 (1),
1–15. doi:10.1144/sp422.11

Caricchi, L., Simpson, G., and Schaltegger, U. (2016). Estimates of volume and
magma input in crustal magmatic systems from zircon geochronology: the
effect of modeling assumptions and system variables. Front. Earth Sci. 4, 48.
doi:10.3389/feart.2016.00048

Carmichael, I. S. E., Frey, H. M., Lange, R. A., and Hall, C. M. (2006). The
Pleistocene cinder cones surrounding Volcán Colima, Mexico re-visited:
eruption ages and volumes, oxidation states, and sulfur content. Bull.
Volcanol. 68 (5), 407–419. doi:10.1007/s00445-005-0015-8

Carmichael, I. S. (2002). The andesite aqueduct: perspectives on the evolution of
intermediate magmatism in west-central (105–99°W) Mexico. Contrib.
Mineral. Petrol. 143 (6), 641–663. doi:10.1007/s00410-002-0370-9

Cashman, K., and Blundy, J. (2013). Petrological cannibalism: the chemical and
textural consequences of incremental magma body growth. Contrib. Mineral.
Petrol. 166 (3), 703–729. doi:10.1007/s00410-013-0895-0

Cashman, K. V., Sparks, R. S. J., and Blundy, J. D. (2017). Vertically extensive and
unstable magmatic systems: a unified view of igneous processes. Science 355
(6331), eaag3055. doi:10.1126/science.aag3055

Cooper, G. F., Davidson, J. P., and Blundy, J. D. (2016). Plutonic xenoliths from
Martinique, Lesser Antilles: evidence for open system processes and reactive
melt flow in island arc crust. Contrib. Mineral. Petrol. 171 (10), 87. doi:10.1007/
s00410-016-1299-8

Couch, S., Sparks, R. S. J., and Carroll, M. R. (2001). Mineral disequilibrium in lavas
explained by convective self-mixing in open magma chambers. Nature 411
(6841), 1037–1039. doi:10.1038/35082540

Crummy, J. M., Savov, I. P., Navarro-Ochoa, C., and Morgan, D. J. (2019).
“Holocene eruption history and magmatic evolution of the Colima volcanic
complex,” in Volcán de Colima. Berlin, Heidelberg: Springer. 1–25.

Crummy, J. M., Savov, I. P., Navarro-Ochoa, C., Morgan, D. J., and Wilson, M.
(2014). High-K mafic plinian eruptions of Volcán de Colima, Mexico. J. Petrol.
55 (11), 2155–2192. doi:10.1093/petrology/egu053

Davidson, J. P., Hora, J. M., Garrison, J. M., and Dungan, M. A. (2005). Crustal
forensics in arc magmas. J. Volcanol. Geoth. Res. 140 (1–3), 157–170. doi:10.
1016/j.jvolgeores.2004.07.019

Davidson, J., Turner, S., Handley, H., Macpherson, C., and Dosseto, A. (2007).
Amphibole “sponge” in arc crust? Geology 35 (9), 787–790. doi:10.1130/
g23637a.1

de Silva, S. L., and Gregg, P. M. (2014). Thermomechanical feedbacks in magmatic
systems: implications for growth, longevity, and evolution of large caldera-
forming magma reservoirs and their supereruptions. J. Volcanol. Geoth. Res.
282, 77–91. doi:10.1016/j.jvolgeores.2014.06.001

Dufek, J., and Bergantz, G.W. (2005). Lower crustal magma genesis and preservation:
a stochastic framework for the evaluation of basalt-crust interaction. J. Petrol. 46
(11), 2167–2195. doi:10.1093/petrology/egi049Google Scholar

Edmonds, M., Aiuppa, A., Humphreys, M., Moretti, R., Giudice, G., Martin, R. S.,
et al. (2010). Excess volatiles supplied by mingling of mafic magma at an andesite
arc volcano.Geochem. Geophys. Geosyst. 11 (4), 21–42. doi:10.1029/2009gc002781

Eichelberger, J. C., Chertkoff, D. G., Dreher, S. T., and Nye, C. J. (2000). Magmas in
collision: rethinking chemical zonation in silicic magmas. Geology 28 (7),
603–606. doi:10.1130/0091-7613(2000)28<603:micrcz>2.0.co;2

Ferrari, L., Orozco-Esquivel, T., Manea, V., and Manea, M. (2012). The dynamic
history of the Trans-Mexican Volcanic Belt and the Mexico subduction zone.
Tectonophysics 522–523, 122–149. doi:10.1016/j.tecto.2011.09.018

Fierstein, J., Hildreth,W., and Calvert, A. T. (2011). Eruptive history of south sister,
Oregon Cascades. J. Volcanol. Geoth. Res. 207 (3–4), 145–179. doi:10.1016/j.
jvolgeores.2011.06.003

Floess, D., Caricchi, L., Simpson, G., and Wallis, S. R. (2019). Melt segregation and
the architecture of magmatic reservoirs: insights from the Muroto sill (Japan).
Contrib. Mineral. Petrol. 174 (4), 27. doi:10.1007/s00410-019-1563-9

Frontiers in Earth Science | www.frontiersin.org September 2020 | Volume 8 | Article 56330322

Weber et al. Long-Term Magma Diversity

https://doi.org/10.1016/j.jvolgeores.2005.03.010
https://doi.org/10.1016/j.jvolgeores.2005.03.010
https://doi.org/10.1016/j.jvolgeores.2012.09.012
https://doi.org/10.1016/j.jvolgeores.2012.09.012
https://doi.org/10.1007/s00445-013-0774-6
https://doi.org/10.1130/0016-7606(2003)115<0230:tkpeon>2.0.co;2
https://doi.org/10.1130/0016-7606(2003)115<0230:tkpeon>2.0.co;2
https://doi.org/10.1093/petrology/egi082
https://doi.org/10.1093/petrology/egy103
https://doi.org/10.1093/petrology/egy103
https://doi.org/10.1130/b25906.1
https://doi.org/10.1016/j.jvolgeores.2006.04.023
https://doi.org/10.1130/0091-7613(1998)026<1035:hpxfcm>2.3.co;2
https://doi.org/10.1130/0091-7613(1998)026<1035:hpxfcm>2.3.co;2
https://doi.org/10.1016/s0016-7037(01)00708-6
https://doi.org/10.1093/petrology/egm006
https://doi.org/10.1007/bf01820679
https://doi.org/10.1038/nature09799
https://doi.org/10.1016/j.jvolgeores.2010.12.003
https://doi.org/10.1016/j.jvolgeores.2010.12.003
https://doi.org/10.1016/0031-9201(84)90034-7
https://doi.org/10.1007/bf02597703
https://doi.org/10.1130/2006.2402(07)
https://doi.org/10.1130/2006.2402(07)
https://doi.org/10.1016/s0377-0273(00)00186-4
https://doi.org/10.1038/ngeo2041
https://doi.org/10.1144/sp422.9
https://doi.org/10.1144/sp422.9
https://doi.org/10.1144/sp422.11
https://doi.org/10.3389/feart.2016.00048
https://doi.org/10.1007/s00445-005-0015-8
https://doi.org/10.1007/s00410-002-0370-9
https://doi.org/10.1007/s00410-013-0895-0
https://doi.org/10.1126/science.aag3055
https://doi.org/10.1007/s00410-016-1299-8
https://doi.org/10.1007/s00410-016-1299-8
https://doi.org/10.1038/35082540
https://doi.org/10.1093/petrology/egu053
https://doi.org/10.1016/j.jvolgeores.2004.07.019
https://doi.org/10.1016/j.jvolgeores.2004.07.019
https://doi.org/10.1130/g23637a.1
https://doi.org/10.1130/g23637a.1
https://doi.org/10.1016/j.jvolgeores.2014.06.001
https://doi.org/10.1093/petrology/egi049
https://doi.org/10.1029/2009gc002781
https://doi.org/10.1130/0091-7613(2000)28<603:micrcz>2.0.co;2
https://doi.org/10.1016/j.tecto.2011.09.018
https://doi.org/10.1016/j.jvolgeores.2011.06.003
https://doi.org/10.1016/j.jvolgeores.2011.06.003
https://doi.org/10.1007/s00410-019-1563-9
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Frey, H. M., Lange, R. A., Hall, C. M., and Delgado-Granados, H. (2004). Magma
eruption rates constrained by 40Ar/39Ar chronology and GIS for the
Ceboruco–San Pedro volcanic field, western Mexico. Geol. Soc. Am. Bull.
116 (3–4), 259–276. doi:10.1130/b25321.1

Gómez-Tuena, A., Langmuir, C. H., Goldstein, S. L., Straub, S. M., and Ortega-
Gutiérrez, F. (2007b). Geochemical evidence for slab melting in the Trans-
Mexican volcanic belt. J. Petrol. 48 (3), 537–562.

Gómez-Tuena, A., Mori, L., and Straub, S. M. (2018). Geochemical and petrological
insights into the tectonic origin of the trans Mexican volcanic belt. Earth Sci.
Rev. 183, 153–181. doi:10.1016/j.earscirev.2016.12.006

Gómez-Tuena, A., Orozco-Esquivel, M. T., and Ferrari, L. (2007a). Igneous
petrogenesis of the Trans-Mexican volcanic belt. Geol. Soc. Am. Spec. Pap.
422, 129–181.

Gaetani, G. A., and Grove, T. L. (1998). The influence of water onmelting of mantle
peridotite. Contrib. Mineral. Petrol. 131 (4), 323–346. doi:10.1007/
s004100050396

García-Palomo, A., Macías, J. L., Arce, J. L., Capra, L., Garduño, V. H., and
Espíndola, J. M. (2002). Geology of the Nevado de Toluca volcano and
surrounding areas, Central Mexico. Tectonophysics 318 (1–4), 281–302.
doi:10.1016/s0040-1951(99)00316-9

Gelman, S. E., Gutiérrez, F. J., and Bachmann, O. (2013). On the longevity of large
upper crustal silicic magma reservoirs. Geology 41 (7), 759–762. doi:10.1130/
g34241.1

Gertisser, R., and Keller, J. (2003). Temporal variations in magma composition at
Merapi Volcano (Central Java, Indonesia): magmatic cycles during the past
2,000 years of explosive activity. J. Volcanol. Geoth. Res. 123 (1–2), 1–23. doi:10.
1016/s0377-0273(03)00025-8

Ghiorso, M. S., and Evans, B. W. (2008). Thermodynamics of rhombohedral
oxide solid solutions and a revision of the Fe–Ti two-oxide
geothermometer and oxygen-barometer. Am. J. Sci. 308 (9), 957–1039.
doi:10.2475/09.2008.01

Gregg, P. M., De Silva, S. L., Grosfils, E. B., and Parmigiani, J. P. (2012).
Catastrophic caldera-forming eruptions: thermomechanics and implications
for eruption triggering and maximum caldera dimensions on earth. J. Volcanol.
Geoth. Res. 241–242, 1–12. doi:10.1016/j.jvolgeores.2012.06.009

Grove, T. L., Baker, M. B., Price, R. C., Parman, S. W., Elkins-Tanton, L. T.,
Chatterjee, N., et al. (2005). Magnesian andesite and dacite lavas fromMt. Shasta,
northern California: products of fractional crystallization of H2O-rich mantle
melts. Contrib. Miner. Petrol. 148 (5), 542–565. doi:10.1007/s00410-004-0619-6

Guillong, M., Meier, D. L., Allan, M.M., Heinrich, C. A., and Yardley, B.W. (2008).
Appendix A6: sills: a MATLAB-based program for the reduction of laser
ablation ICP-MS data of homogeneous materials and inclusions. Mineral.
Assoc. Can. Short Course 40, 328–333.

Hartung, E., Weber, G., and Caricchi, L. (2019). The role of H2O on the extraction
of melt from crystallising magmas. Earth Planet Sci. Lett. 508, 85–96. doi:10.
1016/j.epsl.2018.12.010

Hildreth, W., and Lanphere, M. A. (1994). Potassium–argon geochronology of a
basalt-andesite-dacite arc system: the Mount Adams volcanic field, Cascade
Range of southern Washington. Geol. Soc. Am. Bull. 106 (11), 1413–1429.
doi:10.1130/0016-7606(1994)106<1413:pagoab>2.3.co;2

Hildreth, W., and Moorbath, S. (1988). Crustal contributions to arc magmatism in
the Andes of central Chile. Contrib. Miner. Petrol. 98 (4), 455–489. doi:10.1007/
bf00372365

Hildreth, W. (2007). Quaternary magmatism in the cascades: geologic perspectives
(No. 1744). Reston, VA: U.S. Geological Survey. doi:10.3133/pp1744

Hirschmann, M. M., Ghiorso, M. S., Davis, F. A., Gordon, S. M., Mukherjee, S.,
Grove, T. L., et al. (2008). Library of experimental phase relations (LEPR): a
database and web portal for experimental magmatic phase equilibria data.
Geochem. Geophys. Geosyst. 9 (3), 60–65. doi:10.1029/2007gc001894

Holland, T., and Blundy, J. (1994). Non-ideal interactions in calcic amphiboles and
their bearing on amphibole-plagioclase thermometry. Contrib. Miner. Petrol.
116 (4), 433–447. doi:10.1007/bf00310910

Holness, M. B. (2018). Melt segregation from silicic crystal mushes: a critical
appraisal of possible mechanisms and their microstructural record. Contrib.
Mineral. Petrol. 173 (6), 48. doi:10.1007/s00410-018-1465-2Google Scholar

Hora, J. M., Singer, B. S., and Wor̈ner, G. (2007). Volcano evolution and eruptive
flux on the thick crust of the andean central volcanic zone: 40Ar/39Ar

constraints from Volcán parinacota, Chile. GSA Bull. 119 (3–4), 343–362.
doi:10.1130/b25954.1

Huber, C., Bachmann, O., and Dufek, J. (2012). Crystal-poor versus crystal-rich
ignimbrites: a competition between stirring and reactivation. Geology 40 (2),
115–118. doi:10.1130/g32425.1

Huber, C., Bachmann, O., and Manga, M. (2009). Homogenization processes in
silicic magma chambers by stirring and mushification (latent heat buffering).
Earth Planet Sci. Lett. 283 (1–4), 38–47. doi:10.1016/j.epsl.2009.03.029

Huber, C., Townsend, M., Degruyter, W., and Bachmann, O. (2019). Optimal
depth of subvolcanic magma chamber growth controlled by volatiles and crust
rheology. Nat. Geosci. 12 (9), 762–768. doi:10.1038/s41561-019-0415-6

Humphreys, M. C. S., Blundy, J. D., and Sparks, R. S. J. (2006). Magma evolution
and open-system processes at Shiveluch Volcano: insights from phenocryst
zoning. J. Petrol. 47 (12), 2303–2334. doi:10.1093/petrology/egl045

Humphreys, M. C. S., Edmonds, M., Christopher, T., and Hards, V. (2010). Magma
hybridisation and diffusive exchange recorded in heterogeneous glasses from
Soufrière Hills Volcano, Montserrat. Geophys. Res. Lett. 37 (19). doi:10.1029/
2009gl041926

Jackson, M. D., Blundy, J., and Sparks, R. S. J. (2018). Chemical differentiation, cold
storage and remobilization of magma in the Earth’s crust. Nature 564 (7736),
405–409. doi:10.1038/s41586-018-0746-2

Jellinek, A. M., and DePaolo, D. J. (2003). A model for the origin of large silicic
magma chambers: precursors of caldera-forming eruptions. Bull. Volcanol. 65
(5), 363–381. doi:10.1007/s00445-003-0277-y

Jicha, B. R., Coombs, M. L., Calvert, A. T., and Singer, B. S. (2012). Geology and
40Ar/39Ar geochronology of the medium-to high-K Tanaga volcanic cluster,
western Aleutians. Bulletin 124 (5–6), 842–856. doi:10.1130/b30472.1

Karakas, O., Degruyter, W., Bachmann, O., and Dufek, J. (2017). Lifetime and size
of shallow magma bodies controlled by crustal-scale magmatism. Nat. Geosci.
10 (6), 446–450. doi:10.1038/ngeo2959

Karlstrom, L., Paterson, S. R., and Jellinek, A. M. (2017). A reverse energy cascade
for crustal magma transport. Nat. Geosci. 10 (8), 604–608. doi:10.1038/
ngeo2982

Kent, A. J. R., Darr, C., Koleszar, A. M., Salisbury, M. J., and Cooper, K. M. (2010).
Preferential eruption of andesitic magmas through recharge filtering. Nat.
Geosci. 3 (9), 631–636. doi:10.1038/ngeo924

Kent, A. J. R. (2014). Preferential eruption of andesitic magmas: implications for
volcanic magma fluxes at convergent margins. Geol. Soc. Lond. Spec. Publ. 385
(1), 257–280. doi:10.1144/sp385.10

Klemetti, E. W., and Grunder, A. L. (2008). Volcanic evolution of Volcán
Aucanquilcha: a long-lived dacite volcano in the Central Andes of northern
Chile. Bull. Volcanol. 70 (5), 633–650. doi:10.1007/s00445-007-0158-x

Lee, C.-T. A., and Bachmann, O. (2014). How important is the role of crystal
fractionation in making intermediate magmas? Insights from Zr and P
systematics. Earth Planet Sci. Lett. 393, 266–274. doi:10.1016/j.epsl.2014.02.044

Luhr, J. F., and Carmichael, I. S. E. (1980). The colima volcanic complex, Mexico.
Contrib. Miner. Petrol. 71 (4), 343–372. doi:10.1007/bf00374707

Müntener, O., and Ulmer, P. (2018). Arc crust formation and differentiation
constrained by experimental petrology. Am. J. Sci. 318 (1), 64–89. doi:10.2475/
01.2018.04

Macías, J. L., García, P. A., Arce, J. L., Siebe, C., Espíndola, J. M., Komorowski, J. C.,
et al. (1997). Late pleistocene-Holocene cataclysmic eruptions at Nevado de
Toluca and Jocotitlan volcanoes, central Mexico. Brigh. Young Univ. Geol. Stud.
42 (1), 493–528. doi:10.1016/s0377-0273(00)00186-4

Macías, J. L. (2007). Geology and eruptive history of some active volcanoes of
México. Spec. Papers-Geol. Soc. Am. 422, 183. doi:10.1130/2007.2422(06)

Macías, J. L., Sosa-Ceballos, G., Arce, J. L., Gardner, J. E., Saucedo, R., and Valdez-
Moreno, G. (2017). Storage conditions and magma processes triggering the
1818 CE Plinian eruption of Volcán de Colima. J. Volcanol. Geotherm. Res. 340,
117–129. doi:10.1016/j.jvolgeores.2017.02.025

Mangler, M. F., Petrone, C. M., Hill, S., Delgado-Granados, H., and Prytulak, J.
(2020). A pyroxenic view on magma hybridization and crystallization at
Popocatépetl volcano, Mexico. Front. Earth Sci. 8. doi:10.3389/feart.2020.00362

Mangler, M. F., Prytulak, J., Gisbert, G., Delgado-Granados, H., and Petrone, C. M.
(2019). Interplinian effusive activity at Popocatépetl volcano, Mexico: new
insights into evolution and dynamics of the plumbing system. Volcanica 2 (1),
45–72. doi:10.30909/vol.02.01.4572

Frontiers in Earth Science | www.frontiersin.org September 2020 | Volume 8 | Article 56330323

Weber et al. Long-Term Magma Diversity

https://doi.org/10.1130/b25321.1
https://doi.org/10.1016/j.earscirev.2016.12.006
https://doi.org/10.1007/s004100050396
https://doi.org/10.1007/s004100050396
https://doi.org/10.1016/s0040-1951(99)00316-9
https://doi.org/10.1130/g34241.1
https://doi.org/10.1130/g34241.1
https://doi.org/10.1016/s0377-0273(03)00025-8
https://doi.org/10.1016/s0377-0273(03)00025-8
https://doi.org/10.2475/09.2008.01
https://doi.org/10.1016/j.jvolgeores.2012.06.009
https://doi.org/10.1007/s00410-004-0619-6
https://doi.org/10.1016/j.epsl.2018.12.010
https://doi.org/10.1016/j.epsl.2018.12.010
https://doi.org/10.1130/0016-7606(1994)106<1413:pagoab>2.3.co;2
https://doi.org/10.1007/bf00372365
https://doi.org/10.1007/bf00372365
https://doi.org/10.3133/pp1744
https://doi.org/10.1029/2007gc001894
https://doi.org/10.1007/bf00310910
https://doi.org/10.1007/s00410-018-1465-2
https://doi.org/10.1130/b25954.1
https://doi.org/10.1130/g32425.1
https://doi.org/10.1016/j.epsl.2009.03.029
https://doi.org/10.1038/s41561-019-0415-6
https://doi.org/10.1093/petrology/egl045
https://doi.org/10.1029/2009gl041926
https://doi.org/10.1029/2009gl041926
https://doi.org/10.1038/s41586-018-0746-2
https://doi.org/10.1007/s00445-003-0277-y
https://doi.org/10.1130/b30472.1
https://doi.org/10.1038/ngeo2959
https://doi.org/10.1038/ngeo2982
https://doi.org/10.1038/ngeo2982
https://doi.org/10.1038/ngeo924
https://doi.org/10.1144/sp385.10
https://doi.org/10.1007/s00445-007-0158-x
https://doi.org/10.1016/j.epsl.2014.02.044
https://doi.org/10.1007/bf00374707
https://doi.org/10.2475/01.2018.04
https://doi.org/10.2475/01.2018.04
https://doi.org/10.1016/s0377-0273(00)00186-4
https://doi.org/10.1130/2007.2422(06)
https://doi.org/10.1016/j.jvolgeores.2017.02.025
https://doi.org/10.3389/feart.2020.00362
https://doi.org/10.30909/vol.02.01.4572
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Marsh, B. D. (1981). On the crystallinity, probability of occurrence, and rheology of
lava and magma. Contrib. Miner. Petrol. 78 (1), 85–98. doi:10.1007/bf00371146

Martínez-Serrano, R. G., Schaaf, P., Solís-Pichardo, G., del Sol Hernández-Bernal,
M., Hernández-Treviño, T., Morales-Contreras, J. J., et al. (2004). Sr, Nd and Pb
isotope and geochemical data from the Quaternary Nevado de Toluca volcano,
a source of recent adakitic magmatism, and the Tenango Volcanic Field,
Mexico. J. Volcanol. Geoth. Res. 138 (1–2), 77–110. doi:10.1016/j.jvolgeores.
2004.06.007

McDonough, W. F., and Sun, S. S. (1995). The composition of the earth. Chem.
Geol. 120 (3–4), 223–253. doi:10.1016/0009-2541(94)00140-4

Melekhova, E., Annen, C., and Blundy, J. (2013). Compositional gaps in igneous
rock suites controlled by magma system heat and water content. Nat. Geosci. 6
(5), 385–390. doi:10.1038/ngeo1781

Moran, S. C., Newhall, C., and Roman, D. C. (2011). Failed magmatic eruptions:
late-stage cessation of magma ascent. Bull. Volcanol. 73 (2), 115–122. doi:10.
1007/s00445-010-0444-x

Muir, D. D., Barfod, D. N., Blundy, J. D., Rust, A. C., Sparks, R. S. J., and Clarke, K.
M. (2015). The temporal record of magmatism at Cerro Uturuncu, Bolivian
Altiplano. Geol. Soc. Lond. Spec. Publ. 422 (1), 57–83. doi:10.1144/sp422.1

Nandedkar, R. H., Ulmer, P., andMüntener, O. (2014). Fractional crystallization of
primitive, hydrous arc magmas: an experimental study at 0.7 GPa. Contrib.
Mineral. Petrol. 167 (6), 1015. doi:10.1007/s00410-014-1015-5

Nixon, G. T., and Pearce, T. H. (1987). Laser-interferometry study of oscillatory
zoning in plagioclase; the record of magma mixing and phenocryst recycling in
calc-alkaline magma chambers, Iztaccihuatl Volcano, Mexico. Am. Mineral. 72
(11–12), 1144–1162.

Norini, G., Groppelli, G., Capra, L., and De Beni, E. (2004). Morphological analysis
of Nevado de Toluca volcano (Mexico): new insights into the structure and
evolution of an andesitic to dacitic stratovolcano. Geomorphology 62 (1–2),
47–61. doi:10.1016/j.geomorph.2004.02.010

Pardo, M., and Suárez, G. (1995). Shape of the subducted Rivera and Cocos plates
in southernMexico: seismic and tectonic implications. J. Geophys. Res. 100 (B7),
12357–12373. doi:10.1029/95jb00919

Petford, N., and Gallagher, K. (2001). Partial melting of mafic (amphibolitic) lower
crust by periodic influx of basaltic magma. Earth Planet Sci. Lett. 193 (3–4),
483–499. doi:10.1016/s0012-821x(01)00481-2

Pinel, V., and Jaupart, C. (2000). The effect of edifice load on magma ascent
beneath a volcano. Philos. Trans. R. Soc. Lond. Ser. A: Math. Phys. Eng. Sci. 358
(1770), 1515–1532. doi:10.1098/rsta.2000.0601

Putirka, K. (2016). Amphibole thermometers and barometers for igneous systems
and some implications for eruption mechanisms of felsic magmas at arc
volcanoes. Am. Miner. 101 (4), 841–858. doi:10.2138/am-2016-5506

Putirka, K. D. (2008). Thermometers and barometers for volcanic systems. Rev.
Miner. Geochem. 69 (1), 61–120. doi:10.2138/rmg.2008.69.3

Rabinowicz, M., and Vigneresse, J. L. (2004). Melt segregation under compaction
and shear channeling: application to granitic magma segregation in a
continental crust. J. Geophys. Res.: Solid Earth 109 (B4). doi:10.1029/
2002jb002372

Reubi, O., and Blundy, J. (2009). A dearth of intermediate melts at subduction zone
volcanoes and the petrogenesis of arc andesites. Nature 461 (7268), 1269–1273.
doi:10.1038/nature08510

Reubi, O., Blundy, J., and Pickles, J. (2019). “Petrological monitoring of Volcán de
Colima magmatic system: the 1998 to 2011 activity,” in Volcán de Colima.
Berlin, Heidelberg: Springer, 219–240.

Ridolfi, F., and Renzulli, A. (2012). Calcic amphiboles in calc-alkaline and alkaline
magmas: thermobarometric and chemometric empirical equations valid up to
1,130°C and 2.2 GPa. Contrib. Mineral. Petrol. 163 (5), 877–895. doi:10.1007/
s00410-011-0704-6

Rivera, M., Martin, H., Le Pennec, J.-L., Thouret, J.-C., Gourgaud, A., and Gerbe,
M.-C. (2017). Petro-geochemical constraints on the source and evolution of
magmas at El Misti volcano (Peru). Lithos 268–271, 240–259. doi:10.1016/j.
lithos.2016.11.009

Roberge, J., Delgado-Granados, H., and Wallace, P. J. (2009). Mafic magma
recharge supplies high CO2 and SO2 gas fluxes from Popocatépetl volcano,
Mexico. Geology 37 (2), 107–110. doi:10.1130/g25242a.1

Robin, C., Mossand, P., Camus, G., Cantagrel, J. M., Gourgaud, A., and Vincent, P.
M. (1987). Eruptive history of the Colima volcanic complex (Mexico).
J. Volcanol. Geoth. Res. 31 (1–2), 99–113. doi:10.1016/0377-0273(87)90008-4

Robin, C., and Potrel, A. (1993). Multi-stage magma mixing in the pre-caldera
series of Fuego de Colima volcano. Geofisc. Int. 32 (4).

Ruprecht, P., Bergantz, G. W., Cooper, K. M., and Hildreth, W. (2012). The crustal
magma storage system of Volcán Quizapu, Chile, and the effects of magma
mixing on magma diversity. J. Petrol. 53 (4), 801–840. doi:10.1093/petrology/
egs002

Ruprecht, P., Bergantz, G. W., and Dufek, J. (2008). Modeling of gas-driven
magmatic overturn: tracking of phenocryst dispersal and gathering during
magma mixing. Geochem. Geophys. Geosyst. 9 (7). doi:10.1029/2008gc002022

Ruprecht, P., and Plank, T. (2013). Feeding andesitic eruptions with a high-speed
connection from the mantle. Nature, 500 (7460), 68–72. doi:10.1038/
nature12342

Ruprecht, P., and Wörner, G. (2007). Variable regimes in magma systems
documented in plagioclase zoning patterns: El Misti stratovolcano and
Andahua monogenetic cones. J. Volcanol. Geoth. Res. 165 (3–4), 142–162.
doi:10.1016/j.jvolgeores.2007.06.002

Schaaf, P., and Carrasco-Núñez, G. (2010). Geochemical and isotopic profile of
Pico de Orizaba (Citlaltépetl) volcano, Mexico: insights for magma generation
processes. J. Volcanol. Geoth. Res. 197 (1–4), 108–122. doi:10.1016/j.jvolgeores.
2010.02.016

Schaaf, P., Stimac, J., Siebe, C., and Macías, J. L. (2005). Geochemical evidence for
mantle origin and crustal processes in volcanic rocks from Popocatépetl and
surrounding monogenetic volcanoes, Central Mexico. J. Petrol. 46 (6),
1243–1282. doi:10.1093/petrology/egi015

Schmidt, M. W., and Jagoutz, O. (2017). The global systematics of primitive arc
melts.Geochem. Geophys. Geosyst. 18 (8), 2817–2854. doi:10.1002/2016gc006699

Siebe, C. (2000). Age and archaeological implications of Xitle volcano,
southwestern Basin of Mexico-city. J. Volcanol. Geoth. Res. 104 (1–4),
45–64. doi:10.1016/s0377-0273(00)00199-2

Siebe, C., Arana-Salinas, L., and Abrams, M. (2005). Geology and radiocarbon ages of
Tláloc, Tlacotenco, Cuauhtzin, Hijo del Cuauhtzin, Teuhtli, and Ocusacayo
monogenetic volcanoes in the central part of the Sierra Chichinautzin, México.
J. Volcanol. Geoth. Res. 141 (3–4), 225–243. doi:10.1016/j.jvolgeores.2004.10.009

Singer, B. S., Jicha, B. R., Harper, M. A., Naranjo, J. A., Lara, L. E., andMoreno-Roa,
H. (2008). Eruptive history, geochronology, and magmatic evolution of the
Puyehue-Cordón Caulle volcanic complex, Chile. Geol. Soc. Am. Bull. 120
(5–6), 599–618. doi:10.1130/b26276.1

Singer, B. S., Thompson, R. A., Dungan, M. A., Feeley, T. C., Nelson, S. T., Pickens,
J. C., et al. (1997). Volcanism and erosion during the past 930 k.y. at the Tatara-
San Pedro complex, Chilean Andes. Geol. Soc. Am. Bull. 109 (2), 127–142.
doi:10.1130/0016-7606(1997)109<0127:vaedtp>2.3.co;2

Smith, V. C., Blundy, J. D., and Arce, J. L. (2009). A temporal record of magma
accumulation and evolution beneath Nevado de Toluca, Mexico, preserved in
plagioclase phenocrysts. J. Petrol. 50 (3), 405–426. doi:10.1093/petrology/
egp005

Solano, J. M. S., Jackson, M. D., Sparks, R. S. J., Blundy, J. D., and Annen, C. (2012).
Melt segregation in deep crustal hot zones: a mechanism for chemical
differentiation, crustal assimilation and the formation of evolved magmas.
J. Petrol. 53 (10), 1999–2026. doi:10.1093/petrology/egs041

Sosa-Ceballos, G., Gardner, J. E., and Lassiter, J. C. (2014). Intermittent mixing
processes occurring before Plinian eruptions of Popocatepetl volcano,
Mexico: insights from textural–compositional variations in plagioclase and
Sr–Nd–Pb isotopes. Contrib. Miner. Petrol. 167 (2), 966. doi:10.1007/s00410-
014-0966-x

Sosa-Ceballos, G., Macías, J. L., García-Tenorio, F., Layer, P., Schaaf, P., Solís-
Pichardo, G., et al. (2015). El Ventorrillo, a paleostructure of Popocatépetl
volcano: insights from geochronology and geochemistry. Bull. Volcanol. 77
(10), 91. doi:10.1007/s00445-015-0975-2

Stolper, E., and Walker, D. (1980). Melt density and the average composition of
basalt. Contrib. Miner. Petrol. 74 (1), 7–12. doi:10.1007/bf00375484

Straub, S. M., Gomez-Tuena, A., Stuart, F. M., Zellmer, G. F., Espinasa-Perena, R.,
Cai, Y., et al. (2011). Formation of hybrid arc andesites beneath thick
continental crust. Earth Planet Sci. Lett. 303 (3–4), 337–347. doi:10.1016/j.
epsl.2011.01.013

Straub, S. M., Zellmer, G. F., Gómez-Tuena, A., Espinasa-Pereña, R., Martin-del
Pozzo, A. L., Stuart, F. M., et al. (2014). A genetic link between silicic slab
components and calc-alkaline arc volcanism in central Mexico. Geol. Soc. Lond.
Spec. Publ. 385 (1), 31–64. doi:10.1144/sp385.14

Frontiers in Earth Science | www.frontiersin.org September 2020 | Volume 8 | Article 56330324

Weber et al. Long-Term Magma Diversity

https://doi.org/10.1007/bf00371146
https://doi.org/10.1016/j.jvolgeores.2004.06.007
https://doi.org/10.1016/j.jvolgeores.2004.06.007
https://doi.org/10.1016/0009-2541(94)00140-4
https://doi.org/10.1038/ngeo1781
https://doi.org/10.1007/s00445-010-0444-x
https://doi.org/10.1007/s00445-010-0444-x
https://doi.org/10.1144/sp422.1
https://doi.org/10.1007/s00410-014-1015-5
https://doi.org/10.1016/j.geomorph.2004.02.010
https://doi.org/10.1029/95jb00919
https://doi.org/10.1016/s0012-821x(01)00481-2
https://doi.org/10.1098/rsta.2000.0601
https://doi.org/10.2138/am-2016-5506
https://doi.org/10.2138/rmg.2008.69.3
https://doi.org/10.1029/2002jb002372
https://doi.org/10.1029/2002jb002372
https://doi.org/10.1038/nature08510
https://doi.org/10.1007/s00410-011-0704-6
https://doi.org/10.1007/s00410-011-0704-6
https://doi.org/10.1016/j.lithos.2016.11.009
https://doi.org/10.1016/j.lithos.2016.11.009
https://doi.org/10.1130/g25242a.1
https://doi.org/10.1016/0377-0273(87)90008-4
https://doi.org/10.1093/petrology/egs002
https://doi.org/10.1093/petrology/egs002
https://doi.org/10.1029/2008gc002022
https://doi.org/10.1038/nature12342
https://doi.org/10.1038/nature12342
https://doi.org/10.1016/j.jvolgeores.2007.06.002
https://doi.org/10.1016/j.jvolgeores.2010.02.016
https://doi.org/10.1016/j.jvolgeores.2010.02.016
https://doi.org/10.1093/petrology/egi015
https://doi.org/10.1002/2016gc006699
https://doi.org/10.1016/s0377-0273(00)00199-2
https://doi.org/10.1016/j.jvolgeores.2004.10.009
https://doi.org/10.1130/b26276.1
https://doi.org/10.1130/0016-7606(1997)109<0127:vaedtp>2.3.co;2
https://doi.org/10.1093/petrology/egp005
https://doi.org/10.1093/petrology/egp005
https://doi.org/10.1093/petrology/egs041
https://doi.org/10.1007/s00410-014-0966-x
https://doi.org/10.1007/s00410-014-0966-x
https://doi.org/10.1007/s00445-015-0975-2
https://doi.org/10.1007/bf00375484
https://doi.org/10.1016/j.epsl.2011.01.013
https://doi.org/10.1016/j.epsl.2011.01.013
https://doi.org/10.1144/sp385.14
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Sun, S.-s., and McDonough, W. F. (1989). Chemical and isotopic systematics of
oceanic basalts: implications for mantle composition and processes. Geol. Soc.
Lond. Spec. Publ. 42 (1), 313–345. doi:10.1144/gsl.sp.1989.042.01.19

Takeuchi, S. (2011). Preeruptive magma viscosity: an important measure of magma
eruptibility. J. Geophys. Res.: Solid Earth 116 (B10). doi:10.1029/2011jb008243

Tepley, F. J., III, Davidson, J. P., Tilling, R. I., and Arth, J. G. (2000). Magmamixing,
recharge and eruption histories recorded in plagioclase phenocrysts from El
Chichón volcano, Mexico. J. Petrol. 41 (9), 1397–1411. doi:10.1093/petrology/
41.9.1397

Thouret, J.-C., Rivera, M., Wörner, G., Gerbe, M.-C., Finizola, A., Fornari, M., et al.
(2005). Ubinas: the evolution of the historically most active volcano in southern
Peru. Bull. Volcanol. 67 (6), 557–589. doi:10.1007/s00445-004-0396-0

Till, C. B., Kent, A. J. R., Abers, G. A., Janiszewski, H. A., Gaherty, J. B., and Pitcher,
B. W. (2019). The causes of spatiotemporal variations in erupted fluxes and
compositions along a volcanic arc. Nat. Commun. 10 (1), 1–12. doi:10.1038/
s41467-019-09113-0

Torres-Orozco, R., Arce, J. L., Layer, P. W., and Benowitz, J. A. (2017). The
quaternary history of effusive volcanism of the Nevado de Toluca area, Central
Mexico. J. S. Am. Earth Sci. 79, 12–39. doi:10.1016/j.jsames.2017.07.008

Ulmer, P., Kaegi, R., and Müntener, O. (2018). Experimentally derived
intermediate to silica-rich arc magmas by fractional and equilibrium
crystallization at 1·0 GPa: an evaluation of phase relationships,
compositions, liquid lines of descent and oxygen fugacity. J. Petrol. 59 (1),
11–58. doi:10.1093/petrology/egy017

Wörner, G., Mamani, M., and Blum-Oeste, M. (2018). Magmatism in the central
andes. Elem. Int. Mag. Mineral. Geochem. Petrol. 14 (4), 237–244. doi:10.2138/
gselements.14.4.237

Walker, B. A., Klemetti, E. W., Grunder, A. L., Dilles, J. H., Tepley, F. J., and Giles,
D. (2013). Crystal reaming during the assembly, maturation, and waning of an
eleven-million-year crustal magma cycle: thermobarometry of the
Aucanquilcha volcanic cluster. Contrib. Miner. Petrol. 165 (4), 663–682.
doi:10.1007/s00410-012-0829-2

Wallace, P. J., and Carmichael, I. S. E. (1999). Quaternary volcanism near
the Valley of Mexico: implications for subduction zone magmatism and
the effects of crustal thickness variations on primitive magma
compositions. Contrib. Miner. Petrol. 135 (4), 291–314. doi:10.1007/
s004100050513

Waters, L. E., and Lange, R. A. (2017). An experimental study of Fe2+–MgKD

between orthopyroxene and rhyolite: a strong dependence on H2O in the melt.
Contrib. Mineral. Petrol. 172 (6), 42. doi:10.1007/s00410-017-1358-9

Weber, G., Arce, J. L., Ulianov, A., and Caricchi, L. (2019). A recurrent magmatic
pattern on observable timescales prior to plinian eruptions from Nevado de
Toluca (Mexico). J. Geophys. Res. Solid Earth 124, (11), 10999–11021. doi:10.
1029/2019jb017640

Weber, G., Simpson, G., and Caricchi, L. (2020). Magma diversity reflects recharge
regime and thermal structure of the crust. Sci. Rep. 10, 11867. doi:10.1038/
s41598-020-68610-1

Whittington, A. G., Hofmeister, A. M., and Nabelek, P. I. (2009). Temperature-
dependent thermal diffusivity of the Earth’s crust and implications for
magmatism. Nature 458 (7236), 319–321. doi:10.1038/nature07818

Wilke, M., and Behrens, H. (1999). The dependence of the partitioning of iron and
europium between plagioclase and hydrous tonalitic melt on oxygen fugacity.
Contrib. Mineral. Petrol. 137, (1–2), 102–114. doi:10.1007/s004100050585

Witter, J. B., Kress, V. C., and Newhall, C. G. (2005). Volcán Popocatépetl, Mexico.
Petrology, magma mixing, and immediate sources of volatiles for the 1994-
present eruption. J. Petrol. 46 (11), 2337–2366. doi:10.1093/petrology/egi058

Zellmer, G. F., and Turner, S. P. (2007). Arc dacite genesis pathways: evidence from
mafic enclaves and their hosts in Aegean lavas. Lithos 95 (3–4), 346–362. doi:10.
1016/j.lithos.2006.08.002

Zhang, J., Humphreys, M. C. S., Cooper, G. F., Davidson, J. P., and Macpherson, C.
G. (2017). Magma mush chemistry at subduction zones, revealed by new melt
major element inversion from calcic amphiboles. Am. Mineral. 102 (6),
1353–1367. doi:10.2138/am-2017-5928

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020Weber, Caricchi and Arce. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication in
this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Earth Science | www.frontiersin.org September 2020 | Volume 8 | Article 56330325

Weber et al. Long-Term Magma Diversity

https://doi.org/10.1144/gsl.sp.1989.042.01.19
https://doi.org/10.1029/2011jb008243
https://doi.org/10.1093/petrology/41.9.1397
https://doi.org/10.1093/petrology/41.9.1397
https://doi.org/10.1007/s00445-004-0396-0
https://doi.org/10.1038/s41467-019-09113-0
https://doi.org/10.1038/s41467-019-09113-0
https://doi.org/10.1016/j.jsames.2017.07.008
https://doi.org/10.1093/petrology/egy017
https://doi.org/10.2138/gselements.14.4.237
https://doi.org/10.2138/gselements.14.4.237
https://doi.org/10.1007/s00410-012-0829-2
https://doi.org/10.1007/s004100050513
https://doi.org/10.1007/s004100050513
https://doi.org/10.1007/s00410-017-1358-9
https://doi.org/10.1029/2019jb017640
https://doi.org/10.1029/2019jb017640
https://doi.org/10.1038/s41598-020-68610-1
https://doi.org/10.1038/s41598-020-68610-1
https://doi.org/10.1038/nature07818
https://doi.org/10.1007/s004100050585
https://doi.org/10.1093/petrology/egi058
https://doi.org/10.1016/j.lithos.2006.08.002
https://doi.org/10.1016/j.lithos.2006.08.002
https://doi.org/10.2138/am-2017-5928
https://CreativeCommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

	The Long-Term Life-Cycle of Nevado de Toluca Volcano (Mexico): Insights Into the Origin of Petrologic Modes
	Introduction
	Geological Background
	Methods
	Bulk Rock Analytical Techniques
	In-situ Mineral and Glass Analysis
	Thermobarometric Calculations
	Thermal Modeling

	Results
	Bulk-Rock and Glass Geochemistry
	Petrography
	Mineral Chemistry

	Discussion
	Petrogenesis and Deep Structure of the Plumbing System
	The Role of Shallow Crustal Hybridization
	Bulk-Rock, Magma Recharge, and Hybridization History
	Controls on Long-Term Geochemical Trends
	Petrologic Modes of Mexican Stratovolcanoes

	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


