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ABSTRACT

Relevant data on the structure and composition of the crystalline 
basement in Central México can be found by means of plutonic, 
metamorphic, and sedimentary xenoliths transported by Neogene and 
Quaternary volcanic eruptions within the Trans-Mexican Volcanic 
Belt (TMVB). We present detailed major oxide and trace elements 
concentrations, isotopic analysis and thermobarometric estimations 
for a granitic xenolith found in an Early Miocene ignimbrite in Cuitzeo 
Lake, Michoacán. The xenolith is a calc-alkaline quartz-plagioclase-
K-feldspar-biotite-amphibole granite-monzogranite with 73.7 wt.% 
SiO2. Trace element and isotopic signatures are compatible with a 
volcanic arc signature. According to amphibole-plagioclase pairs and 
Ti-in-zircon thermobarometry, the studied xenolith suggests that the 
granitic system crystallized between 655–737 °C and 1.3–1.9 kbar. 
U-Pb isotopic analyses of zircon grains from this rock have provided a 
concordia age of 20.76 ± 0.11 Ma. The presence of granitic xenoliths in 
Quaternary eruptions produced by the TMVB are not rare. However, 
this is the first zircon age of a Miocene granitic rock showing evidence 
of the shallow plutonic counterpart of the magma plumbing system 
of the Early Miocene (~23 to ~16 Ma) Mil Cumbres - Angangueo 
voluminous, andesitic-dacitic-rhyolitic episode. Implications for 
faulting, erosion, and Miocene-Pliocene ignimbrite emplacement in 
Cuitzeo region are also discussed.

Key words: Granitic xenolith; magma plumbing; central Mexico; Mil 
Cumbres; Angangueo; Miocene; Mexico.

RESUMEN

La estructura y composición litológica del basamento cristalino del 
centro de México se han descrito a través del estudio de los xenolitos íg-
neos, metamórficos y sedimentarios transportados por lavas del Neógeno 

y del Cuaternario de la Faja Volcánica Trans-Mexicana (FVTM). En este 
trabajo se presentan los resultados de los análisis de elementos mayores, 
traza, relaciones isotópicas y estimaciones termobarométricas de un xe-
nolito granítico alojado en una ignimbrita del Mioceno Temprano en las 
cercanías del Lago de Cuitzeo, Michoacán. El xenolito es un monzogranito 
calcialcalino con Qz-Plg-Kfs-Bt-Amph y 73.7 wt% de SiO2. El contenido 
de elementos traza y relaciones isotópicas indican firmas típicas de arco 
magmático. De acuerdo con los datos de termobarometría obtenidos 
en pares de anfíbol-plagioclasa y Ti en zircones del granito estudiado, 
se estiman condiciones de cristalización del sistema granítico entre los 
655 y 737 °C y entre 1.3 y 1.9 kbar. Los análisis geocronológicos U-Pb 
en zircones indican una edad concordante de 20.76 ± 0.11 Ma. Aunque 
la presencia de xenolitos graníticos no es rara ni escasa en los depósitos 
volcánicos cuaternarios de la FVTM, éste estudio contiene el primer 
fechamiento de zircones en rocas graníticas del Mioceno que evidencia 
la presencia del componente plutónico somero del enorme sistema mag-
mático -intermedio-félsico del Mioceno Temprano (23 a 16 Ma) formado 
por la Sierra de Mil Cumbres (SMC) y la Sierra de Angangueo (MALSA). 
Se discuten las implicaciones del hallazgo en relación con el fallamiento, 
erosión y el emplazamiento recurrente de sistemas ignimbríticos del 
Mioceno-Plioceno en la región de Cuitzeo.

Palabras clave: xenolito granítico; magmatismo intermedio-félsico; Mil 
Cumbres; Angangueo; Mioceno; México.

INTRODUCTION

A xenolith is a foreign rock extracted from the host basement or 
older magmatic parental rock that could be brought to the surface by 
a volcanic eruption (Castro-Dorado, 2015; Condie, 2016). Xenoliths 
help to constrain the nature and age of the basement obliterated by 
younger volcanic sequences and provide samples to describe different 
levels of the lithosphere as well as to understand the magmatic processes 
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(Rudnick and Gao, 2013; Condie, 2016). The type of xenolith is closely 
related to the tectonic setting and depth of the magmatic reservoir 
inside the crust. However, data must be interpreted carefully because 
some lithologies may be oversampled and other lithologies could be 
undersampled by ascending magmas (Condie, 2016). In general, man-
tle or lower crustal xenoliths from volcanic arcs are chiefly mafic in 
composition and xenoliths of sediments are rare to absent, suggesting 
that the root zones of modern arcs are composed chiefly of mafic rocks 
(Rudnick and Taylor, 1987; Condie, 2016). On the other hand, crustal 
xenoliths that are usually partially melted or assimilated into mafic 
lava flows, have raised questions about the theoretical importance of 
assimilation versus fractional crystallization or assimilation-fractional 
crystallization (AFC) processes (Wilcox, 1954; DePaolo, 1981; Tegner 
et al., 2005). Xenoliths found inside explosive pyroclastic units or ign-
imbrites generally are also considered as accessory and/or accidental 
lithic clasts coming from the country-rock caldera system (Schmincke, 
2004; Pittari et al., 2008); consequently, they may not have any direct 
relationship with the erupting magmatic reservoir. However, granitic 
xenoliths related to ignimbrites could provide information about a 
nearly coeval plutonic-volcanic system (Ewart and Cole, 1967; Watts 
et al., 2016). Therefore, whereas erupted magmas represent an extru-
sive proportion of the magmatic system, plutonic/granitic xenoliths 
provide a complementary record of the mushy reservoir of the magma 
plumbing system that cannot be mobilized easily to form lavas and 
consequently offer a unique record of magma diversity (Cooper et al., 
2019; Edmonds et al., 2019; Sparks et al., 2019). Small plutons represent 
ideal case study for analyzing the feed of ignimbrite-forming erup-
tions at a local scale, and the connection between them could be the 
key for understanding the regional consequences related to timespans 
characterized by intense plutonic activity, and its relationship with 
rhyolitic volcanism. For instance, studies on Andean granite plutons 
have suggested that granitic melt compositions represent residual liquid 
extracted and upward transferred from highly crystalline mushy zone 
(Aravena et al., 2017).

Several studies on xenoliths in México have recognized two main 
types: (i) Mantle-sourced peridotite-pyroxenites found in the north-
central region of the Mexican highlands (Pier et al., 1989; Schaaf et al., 
1994; Aranda-Gómez and Luhr, 1996), and ii) low-medium crustal 
granites and granulites found in the central Trans-Mexican volcanic 
belt (Martin del Pozzo, 1990; Urrutia-Fucugauchi and Uribe-Cifuentes, 
1999; Aguirre-Díaz et al., 2002; Schaaf et al., 2005; Corona-Chávez et 
al., 2006; Ortega-Gutiérrez et al., 2014). However, the studies on xe-
noliths in central Mexico remain scarce (Corona-Chávez et al., 2006; 
Ortega-Gutiérrez et al., 2011, 2014).

In this paper, we describe a granitic xenolith found inside a Miocene 
ignimbrite on the southern shore of Cuitzeo lake in Michoacán. We 
present new geochemical, geochronological, and thermobarometric 
data and discuss their implications on assessing the plutonic-volcanic 
interaction processes as well as the recurrence and erosion of caldera 
volcano systems in central Mexico.

GEOLOGICAL SETTING

The Cuitzeo xenolith is found within the Miocene Cuitzeo ignim-
brite, that belongs to the Sierra de Mil Cumbres- (SMC; (Pasquarè et 
al., 1991; Gómez-Vasconcelos et al., 2015)) volcanic sequence, which is 
overlain by the Pliocene-Quaternary Michoacán-Guanajuato Volcanic 
Field (MGVF; (Hasenaka and Carmichael, 1985; Pasquarè et al., 1991; 
Gómez-Vasconcelos et al., 2020)). Main exposures of the Miocene 
volcanic units in Central México are located at the north-eastern part 
of the state of Michoacán and are divided into two volcanic sequences 

exposed at two large and extensional highlands (Figure 1). The first one 
is exposed at the ENE-WSW oriented Sierra de Mil Cumbres (SMC) 
highland, which is 20 km wide and 60 km long, exposed to the south 
of the city of Morelia (Pasquarè et al., 1991; Gómez-Vasconcelos et al., 
2015). The second one is exposed at Sierra de Angangueo (MALSA), 
which is a NNW-SSE elongated and prominent, 35 km - long landform 
(Hernández-Bernal et al., 2016). The SMC-MALSA Miocene volcanic 
sequences contain exposures of chemically-bimodal volcanism in the 
form of andesitic-dacitic lava flows, ignimbrites and some basaltic 
cinder cones. Their corresponding K-Ar and Ar-Ar ages range between 
24 and 14 Ma (Pasquarè et al., 1991; Gómez-Vasconcelos et al., 2015; 
Hernández-Bernal et al., 2016). According to previous work, the known 
ages for the SMC-MALSA volcanic sequences between 24 and 18 Ma 
correspond to voluminous eroded early Miocene andesitic (±dacitic) 
stratovolcanoes, which are overlain by ignimbrites, debris flow deposits 
and debris avalanche deposits related to the evolution of scattered cal-
deras and showing ages between 18 and 16 Ma. Both SMC and MALSA 
volcanic sequences are separated from each other by a NNW–SSE fault 
system of Basin and Range type closely related to the emplacement of 
the Los Azufres geothermal field (LAGF) (Figure 1; (Pasquarè et al., 
1991; Ferrari et al., 2000, 2012; Pérez-Esquivias et al., 2010).

Later, the SMC-MALSA volcanic sequences were disrupted by 
the Morelia-Acambay Fault System (MAFS), which consists of E–W 
and NNE–SSW trending normal faults that originated during the Late 
Miocene showing normal and minor sinistral strike slip kinemat-
ics (Garduño-Monroy et al., 2009). During the Late Pliocene and 
Quaternary, paroxysmal volcanism and E-W structurally controlled 
related epiclastic deposition, developed within the WNW-ESE basin 
geometry (Szynkaruk et al., 2004; Israde-Alcántara et al., 2005).

GEOLOGY OF THE CUITZEO IGNIMBRITE (Czi-16.88 Ma)

A thick exposure of the Early Miocene Sierra de Mil Cumbres 
(SMC) volcanic sequence, occurs along the southern margin of the 
Cuitzeo region (Figure 2). This package consists of interbedded 
lava flows and ignimbrites (Gómez-Vasconcelos et al., 2015), which 
were grouped into three main units: (i) the Copándaro andesite-
dacite lavas (>18.7 Ma), (ii) Tarímbaro andesite-dacite lavas (18.3–18.7 
Ma), and (iii) the Chucándiro ignimbrite (16.7–17.4 Ma) (Trujillo-
Hernández, 2017). Late Miocene and Pliocene units are represented by 
8.11–3.02 Ma basalt-andesite lavas. Quaternary units belonging to the 
Michoacán-Guanajuato Volcanic Field (MGVF) discordantly cover 
the Early Miocene rocks. Among them, we highlight the Cuitzeo 
pyroclastic fallout (Czf) marker (1.48 Ma), the Quinceo small-shield 
unit (1.36–1.37 Ma), and the Tetillas small-shield unit (0.56 Ma). All 
volcanic units are surrounded by fluvio‐lacustrine deposits (Trujillo-
Hernández, 2017; Avellán et al., 2020).

According to Pola et al. (2016) and Avellán et al. (2020), the 
Tarímbaro unit correlates with the Cuitzeo lavas (Czl) and the 
Chucándiro ignimbrite correlates with the Cuitzeo ignimbrite, both 
of them mapped in a region further south. Therefore, we will refer 
to the Cuitzeo lavas (Czl) and Cuitzeo Ignimbrite (Czi), accordingly.

The Czi was deposited between the Czl and the Czf units (Figure 2). 
The distribution of the Czi unit suggests that it was probably originated 
from a caldera located north of the study area (Trujillo-Hernández, 
2017). The Czi is a white to pink massive welded ignimbrite with a 
fine ash matrix. The geological mapping made by Pola et al. (2016), 
Trujillo-Hernández (2017) and Avellán et al. (2020) show some slight 
differences between them but they agree with the age and general fea-
tures. These authors describe up to ten different lithofacies, based on 
texture, components proportion, welding, and degree of hydrothermal 
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alteration. Lithofacies are prevalently stratified, but some lithofa-
cies are composed of an alternation of massive and stratified poorly 
consolidated layers (Pola et al., 2016). The Cuitzeo ignimbrites are 
composed of different proportions of pumice and lithic lava fragments 
within a fine-rich altered matrix composed of glass, lithics, plagioclase, 
quartz, amphiboles, and oxides crystal fragments, and large amounts 
of montmorillonite.

Granitic xenoliths were found at the base of the Czi (Trujillo-
Hernández, 2017), within a moderately welded matrix-supported 
pink lapilli tuff. This lithofacies contains subrounded pumice clasts, 
abundant quartz crystals and angular accessory lithics, including red 
and black lava fragments, besides the granitic xenoliths. A phenocryst-
free whole rock ignimbrite sample dated by Ar-Ar on an outcrop of 
Czi near the studied site shows an age of 16.88 ± 0.22 Ma (Trujillo-
Hernández, 2017).

ANALYTICAL PROCEDURES

Approximately 200 g of fresh sample material of one granitic xe-
nolith were crushed in a jawbreaker, agate mortar, split into aliquots, 
and finally pulverized with a tungsten carbide mill set for geochemical 
and isotope analyses. Major elements were determined by X-ray fluo-
rescence spectroscopy (XRF) using a Siemens SRS-3000 instrument 
at the Laboratorio Nacional de Geoquímica y Mineralogía (LANGEM 
at Universidad Nacional Autónoma de México -UNAM-). Trace ele-
ment abundances were obtained by inductively coupled plasma mass 
spectrometry (ICP-MS) at the Centro de Geociencias (CGEO-UNAM), 
using a Thermo Series XII instrument of the Laboratorio de Estudios 
Isotópicos (LEI). The Sr–Nd isotope analysis were performed with 

a Finnigan MAT 262 thermal ionization mass spectrometer at the 
Laboratorio Universitario de Geoquímica Isotópica (LUGIS-UNAM). 
The zircon crystals were analyzed at the laser ablation system facility 
of the Laboratorio de Estudios Isotópicos (LEI-CGEO-UNAM), by 
employing a Resonetics M050 excimer laser coupled with a Thermo 
Xseries quadrupole ICP-MS. Quantitative electron-microprobe analy-
ses were done with a JEOL JXA-8200 electron microprobe working on 
wavelength-dispersion mode, at the Department of Earth Sciences of 
the University of Milan (ESD-MI).

Pressure-temperature (P-T) and physical conditions were esti-
mated using amphibole, plagioclase- amphibole pairs and Ti-in- zircon 
electron microprobe and inductively coupled plasma mass spectrom-
etry (ICP-MS) analyses (Table 1). Microsoft® Visual Basic software 
WinAmptb (Yavuz and Döner, 2017) was used to calculate the pressure 
(P), temperature (T) and oxygen fugacity (ƒO2) conditions of amphibole 
and amphibole-plagioclase pairs of granite rock. Pressure calculation 
was carried out using the Al-in-hornblende barometry formulation 
by Mutch et al. (2016). Crystallization temperature was successively 
checked from pressure-dependent expressions of Anderson et al. (2008) 
using pressures obtained from Mutch et al. (2016).

RESULTS

Petrography and mineral chemistry of the Granitic Xenolith of 
Cuitzeo

Xenoliths within the 16.88 Ma Cuitzeo reddish-pink welded ign-
imbrite (Czi) are abundant, angular to subangular and square shaped, 
fresh pink, granitic fragments ranging from 1 to 10 cm in diameter 
(Figure 3a, 3b). Ignimbrite-xenolith contacts show no thermal, or 

Figure 1. Location map of the Cuitzeo area showing the fault segments in the Morelia-Acambay fault system; Sierra de Mil Cumbres (SMC) and Sierra de 
Angangueo (MALSA) Miocene andesite-dacite-rhyolite sequences (“v” dashed yellow); and the main localities in the study area. Note three NNW–SSE large 
and extensional tectonic lineaments disrupting Miocene andesitic ranges, which are also separated by resurgence of the Los Azufres Geothermal Field (LAGF). 
(After Pasquarè et al. (1991), Garduño-Monroy et al.(2009), Gómez-Vasconcelos et al.(2015), Hernández-Bernal et al.(2016)). (Inset) Trans-Mexican Volcanic 
Belt (TMVB) and the Michoacán-Guanajuato Volcanic Field (MGVF) in Central México. Red square location of main study area.
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chemical effects, or reaction zones. Granitic xenoliths contain abun-
dant medium to coarse K-feldspar, quartz, plagioclase, biotite, and 
amphibole crystals. The phaneritic texture of the xenoliths contrasts 
with the reddish-pink pyroclastic host, where aphanitic lithics and 
pumice fragments range between 2 and 10 cm.

For petrography and mineral chemistry characterization we 
describe and analyze only one sample. It is a leucocratic, phaneritic, 
4 cm wide by 5 cm long rock with a noticeable oxidized border. 
Petrographically, the studied sample comprises plagioclase (35 vol. %), 
quartz (30 vol. %), K-feldspars (25 vol. %) and 10 vol. % of biotite > 
amphibole > oxides > clinopyroxene, and a few subhedral zircon and 
apatite crystals (Figure 3c-3d). Modal estimation indicates a monzo-
granite composition (Le Maitre et al., 2002) (Figure 3e). Plagioclase 
ranges in composition from An14 to An30, lying within the oligoclase-
andesine field, whereas K-feldspars range between Or59 and Or66, lying 
within the orthoclase-microcline field (Figure 4a, Table 2, Table S1 of 
the supplementary material). Plagioclase crystals are twinned, show-
ing concentric zoning and sieve textures suggesting a disequilibrium 
process, where the rim of plagioclase crystallized around the corroded 
core during a chemical re-equilibrium (cf., Smith, 1974).

On the basis of 23 oxygens, anhydrous cations, the stoichiometric, 
and the ferric iron content were estimated considering 13eCNK limits, 
resulting that amphiboles are compositionally magnesio-hornblende 
according to IMA-2004 (Leake et al., 2004) (Figure 4b, Table 2, Table 
S1). Fe-Biotite crystals show a mean Fe/(Fe+Mg) value of 0.44 and Ti 
contents of 0.48–0.53 pfu (Table 1, and Table S1).

Geochemistry

Major and Trace Elements
Major elements, trace elements and Sr-Nd isotopes of the studied 

granitic xenolith of the Czi are consistent with other granitic and 
granulitic xenoliths reported in the TMVB (Figure 5, and  Table 3) 
(McBirney et al., 1987; Martin del Pozzo, 1990; Aguirre-Díaz et al., 
2002; Schaaf et al., 2005; Corona-Chávez et al., 2006; Meriggi et al., 
2008; Ortega-Gutiérrez et al., 2014), as well as in the SMC-MALSA 
volcani<c sequences (Verma and Hasenaka, 2004; Gómez-Vasconcelos 
et al., 2015; Hernández-Bernal et al., 2016). The granite xenolith 
contains 73.71 wt.% of SiO2 and shows Mg# = 33 and A/CNK (Al2O3/
(CaO+Na2O+K2O)) = 0.99, falling within the metaluminous field. The 
total alkalis versus silica diagram (Middlemost, 1994) indicates a sub-

alkaline trend, which is also similar to the granitic xenoliths reported 
for the TMVB and granulites of the Valle de Santiago volcanic field 
and Amealco Caldera (Figure< 1 and 5a). In addition, the sample falls 
into the granite field, similar to xenoliths found within products of 
the Paricutín Volcano, which is the youngest of the MGVF (Foshag 
and González, 1956), whereas other granitic xenoliths of the TMVB 
are gabbrodiorite-diorite in composition. In comparison, the granu-
lites of the Valle de Santiago volcanic field show mafic compositions 
whereas the xenolith from Amealco caldera shows felsic compositions. 
The MORB normalized trace element spider diagram (Figure 5b) is 
consistent with a subduction setting, as demonstrated by the selective 
enrichment in the nonconservative (subduction-mobile) elements 
Rb, Ba, K, Pb, Th and U. By using certain proxies, the pattern can be 
broken down into four components (Pearce and Peate, 1995; Pearce et 
al., 2005; Pearce and Stern, 2006). A mantle component with a pattern 
that passes through the conservative (subduction-immobile) elements 
(Nb, Ta, Zr, Hf, Ti, HREE) defines the baseline whereas the Nb-Th-Ba 
component is lithospheric. A component containing all subduction-
mobile elements (Rb, Ba, Sr, K, Th, U, LREE, MREE, P, Pb) defines the 
supercritical fluid or melt released at high temperatures (i.e., usually 
deep) from subducted crust and sediment. A component containing 
only the fluid mobile elements (Rb, Ba, K, Sr, Pb) depict the aqueous 
fluid released at low temperatures (i.e., usually shallow) from the sub-
ducted crust or sediments. Also, trace element ratios Yb+Nb versus Rb 
(inset 5b) suggest a volcanic arc granite affinity (Pearce et al., 1984).

Lastly, the REE chondrite normalized plot (Figure 5c) of the studied 
granite xenolith, together with the Mil Cumbres, the Cuitzeo ignimbrite 
and the Angangueo volcanic sequences consistently show a relatively 
LREE enrichment and a negative Eu anomaly, commonly related to the 
fractionation of plagioclase (Taylor and McLennan, 2008).

Sr and Nd isotopic ratios
The resulting 86Sr/86Sr and 143Nd/144Nd isotopic values of the studied 

xenolith are 0.704601 and 0.512706 (εNd = +1.33) respectively, and are 
shown in Table 3 and Figure 5d. Sr and Nd isotopic signatures from 
granulites, granitic xenoliths and Early Miocene volcanic follow the 
mantle array and volcanic arcs. The studied granite xenolith yields 
a Sm-Nd TDM of 677 Ma, similar to the values reported in granulitic 
xenoliths of the Valle de Santiago (582 and 900 Ma) (Ortega-Gutiérrez 
et al., 2014) and Amealco case (683 Ma) (Aguirre-Díaz et al., 2002). 
The Amealco granulite shows higher Sr radiogenic values than the 
above-mentioned cases, providing island arcs and active continental 
signatures (Aguirre-Díaz et al., 2002). However, this Amealco xenolith 
was transported within a 4.7 Ma eruption. For comparison, granitic 
xenoliths released at active volcanoes within the TMVB, such as the 
Popocatépetl volcano, have lower Sr and higher Nd radiogenic values 
than those of the studied Cuitzeo sample, lying near to the mantle array 
line. Unfortunately, isotopic data on granitic xenoliths are still scarce 
for a fully comprehensive comparison.

U-Pb dating
U-Pb geochronological data were obtained from 35 zircons 

concentrated from the Cuitzeo granitic xenolith (Table 4). Zircons 
are colorless to slightly pink and range in size from 80 up to 476 µm,
showing long and short prismatic morphologies. These crystals 
provided U-Pb crystallization ages between 19.6 ± 0.8 Ma and 
22.4 ± 1.0 Ma, showing the most pronounced peak at 20.6 ± 0.11 Ma 
(Early Miocene) (Figures 6a and 6b).

The Th/U ratios range between 0.35 and 1.18 with a mean value of 
0.53 (Table 4), suggesting an homogenous igneous origin (cf., Hoskin, 
2003). The zircon REE pattern shows a positive Ce anomaly, a negative 
Eu anomaly, as well as a fractionated HREE pattern (Lu/Gd)N varying 

Temperature AVG.

Ti in zircon [29 zircon analyses]
°C SD Reference

1 648.91 38.78 Ferry and Watson, 2007
2 690.03 42.35

13 amphibole analyses
693.16 28.96 Holland and Blundy, 1994

Pressure AVG.

13 amphibole analyses
kbar SD Reference
1.46 0.36 Mutch et al., 2016

4.4 [km]
1.12 0.56 Anderson et al., 2008

log ƒO2 SD Reference
-12.76 0.35 Fegley, 2013

1 aSi=1; aTi=1; 2 aSi=1; aTi=0.6

Table 1. Thermo-barometric data of Cuitzeo granite xenolith
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Figure 3. Petrographic and mineralogical characteristics of the Cuitzeo xenolith. a) Xenolith within the ignimbrite matrix with lithics. b) Same sample as in (a) cut 
and polished where the main mineralogy is best observed: subhedral, white plagioclase, anhedral, gray quartz, subhedral K-feldspars in pink tones. Mafic minerals 
such as biotite and sparingly amphibole are also observed. c) Thin section photomicrograph under cross-polarised light with plagioclase crystals showing twins, 
concentric zoning, and sieve textures. d) SEM image of main mafic minerals: biotite, amphibole, and oxides around biotite crystals. e) QPF modal classification 
diagram of xenolith. plg = plagioclase; KF = K feldspar; qz = quartz; ox = oxides; bio = biotite; amph = amphibole.

from 19.4 to 51.6 (Figure 6c). Figure 6d plots along a “mantle-zircon 
array” reference line. Moreover, the Nb, Yb and U contents in the 
analyzed zircons lie above the reference line in the “magmatic arc and 
post-collisional continental” field (Grimes et al., 2015).

Geothermobarometry
Amphibole-plagioclase thermometry values obtained in the stud-

ied xenolith range between 655 °C and 737 °C (Holland and Blundy, 
1994) (Average= 693.16 °C and STD=28.96). Pressure varies between 
1.26 and 1.96 kbar (Average =1.46 kbar and STD=0.36). The Ti-in-
zircon thermometer of Ferry and Watson (2007) was also applied 

to zircons, where Ti contents range from 1.0 to 12.1 ppm (Table S2). 
Therefore, calculated average temperatures for zircons range from 633 
to 862 (aTi=1) °C to 569–764 (aTi=0.6) °C. The calculated average 
of the highest temperatures is 690.03 °C (STD= 42.35), which tends 
to be slightly higher than the average obtained from the plagioclase-
amphibole thermometer. However, considering the uncertainty of both 
thermometers, the results are comparable and consistent. Estimation 
of the oxygen fugacity (ƒO2) and QFM buffer for amphibole composi-
tions was based on the recent P-T calibrations (e.g. Ridolfi and Renzulli 
(2012), Putirka (2016)) and equations from Fegley (2013), giving log 
ƒO2 = -12.76 (SD= 0.35).
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Oxide wt % Feldspars Amphiboles   Biotites Fe-Ti oxides

SiO2 65.65 60.65 62.03 48.81 50.60 36.99 0.10
TiO2 ---- ---- ---- 0.92 0.82 4.58 2.21
Al2O3 18.53 24.07 23.17 4.76 4.08 13.21 0.93
FeO Tot 0.30 0.31 0.36 14.29 14.70 19.13 86.32
MnO ---- ---- ---- 0.35 0.37 0.24 0.11
MgO ---- ---- ---- 14.67 14.96 13.02 1.27
CaO 0.21 6.06 4.60 11.52 11.26 0.02 0.10
Na2O 3.81 7.61 7.91 1.51 1.43 0.47 ----

K2O 10.74 0.58 0.85 0.62 0.49 9.09 ----

TOTAL 99.23 99.28 98.91 97.46 98.72 96.10 91.04

cations 31 oxygens 23 oxygens 22 oxygens 6 oxygens
Si 12.00 10.88 11.12 7.11 7.25 5.57 0.01
Al IV ---- ---- ---- 0.82 0.69 ---- ----
Al VI ---- ---- ---- 0.00 0.00 ---- ----
Al Tot 3.99 5.09 4.90 ---- ---- 2.34 0.08
Ti ---- ---- ---- 0.10 0.09 0.52 0.13
Cr ---- ---- ---- 0.00 0.00 ---- ----
Fe 3+ ---- ---- ---- 0.62 0.73 ---- 3.78
Fe 2+ 0.05 0.05 0.05 1.15 1.05 2.41 -0.04
Mn ---- ---- ---- 0.04 0.05 0.03 0.01
Mg ---- ---- ---- 3.19 3.20 2.92 0.14
Ca 0.04 1.16 0.88 1.80 1.73 0.00 0.01
Na 1.35 2.65 2.75 0.43 0.40 0.14 ----
K 2.50 0.13 0.19 0.12 0.09 1.75 ----

TOTAL 19.93 19.96 19.90 15.36 15.27 15.68 4.12

Name An 1.05 An 29.54 An 23.09 Mg-hornblende XMag 0.55 Ilm 3.25

#Mg 74 #Mg 75

Table 2. Representative mineral chemistry of Cuitzeo granite xenolith.

DISCUSSION

Geochemical and isotopic signatures and Miocene magmatic 
plumbing system

The calc-alkaline type, the REE pattern and age of the Cuitzeo 
ignimbrite (Czi) and the embedded granite xenolith, are closely com-
parable to other volcanic complexes of SMC (Gómez-Vasconcelos et 
al., 2015) (Figure 5c). In fact, the Sr and Nd isotopic signatures of all 

granitic and granulite xenoliths described in central Mexico lie near 
the mantle array (Figure 5d) and indicate that the role of crustal as-
similation for these magmatic rocks might be negligible. Therefore, 
the relatively good geochemical, isotopic and geochronological cor-
relation between ignimbrites and the studied granite xenolith, suggest 
that both the plutonic and volcanic felsic systems could represent the 
erosional remnants of a shallow magma chamber at ~20 Ma. The 
explosive volcano-tectonic collapse of its roof at ~18 Ma was possibly 
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structurally controlled by a NNW-SSE graben structure, as described 
elsewhere by Aguirre-Díaz et al.(2008).

On the other hand, it is worth noticing that the Sm-Nd TDM ages of 
the granite xenolith and granulites of the Valle de Santiago and Amealco, 
are Neoproterozoic, ranging between ~683 and 582 Ma while the Valle 
de Santiago granulites record a zircon individual age of ~497 Ma 
(Aguirre-Díaz et al., 2002; Ortega-Gutiérrez et al., 2014). However. the 
absence of pre-Phanerozoic zircons in the dated xenolith apparently 
does not support the existence of old crust in this region. The Sm-Nd 
TDM ages of granitic rocks of Cuitzeo region could represent averages and 
mixtures between mantle and crustal components, particularly of rocks 
belonging to the Guerrero terrane which possibly include some recycled 
components of Precambrian and Paleozoic rocks (Ortega-Gutiérrez 
et al., 2014), and represent the basement of this region of the TMVB.

P–T and physical conditions of granitoid magmatic xenoliths
The relationship between 4.4 ± 1.09 km depth, a temperature of 

~690 °C and magnetite-hematite oxygen fugacity behavior suggests that 
the magma crystalizing as the granitic xenolith of Cuitzeo experienced 
a baric evolution at shallow crustal level. Closely comparable tempera-
tures obtained from homogenous amphibole and zircon, suggest that 
a short-lived magmatism, unable to assimilate the country rock, and 
a relatively rapid cooling could have occurred within a single magma 
batch, during the ascent, emplacement and crystallization processes.

Younger basement in Central Mexico
Approximately 60 km north of the outcrop of the studied loca-

tion, a charnockitic-granulite xenolith was found by Ortega-Gutiérrez 
et al.(2014). These authors argued that the granulite was emplaced 
at a depth lower than 22 km and the zircon crystallization ages are 
latest Cretaceous (67.1 Ma), apparently without inheritance from 
Precambrian or Paleozoic crust. These authors attributed the meta-

morphism in granulite facies to the continued heating of the crust by 
basaltic magmas underplating the central TMVB and the northern 
portion of the MGVF. However, the southern and central parts of the 
MGVF could overlie at least two different upper crustal granitic base-
ments: i) Eocene granites, considering that 60 km and 120 km to the 
SW of Cuitzeo, granitic xenoliths in Quaternary lavas (Arócutin and 
Parícutin, respectively) are correlated with Eocene granitic plutons 
(Wilcox, 1954; McBirney et al., 1987; Corona-Chávez et al., 2006); 
and ii) Early Miocene granites related to the Early Miocene granitic 
xenolith of Cuitzeo Lake.

Implications for Oligocene to Miocene magmatic episodes in 
Central Mexico

The growth of the magmatic arcs, which are the main factories 
of continental crust on Earth, and in particular those formed onto 
continental lithosphere, is highly episodic, punctuated by simple or 
high-volume magmatic pulses termed “flare-ups” (Ducea et al., 2015; 
Paterson and Ducea, 2015). The geographic distribution of rocks of 
the two main Cenozoic volcanic belts shows a relative overlap along 
the Pacific coast and Central México, but the frequency distribution of 
isotopic ages records peaks at about 30 Ma, 23 Ma, 10 Ma, and 4 Ma. 
Peaks are considered to reflect the intensity of magmatic activity in a 
region where volumetric estimations are missing (Ferrari et al., 1999). 
After a major episode of ignimbritic volcanism in the Sierra Madre 
Occidental, the so-called ignimbrite flare-up at ~38 and ~25 Ma, a 
counterclockwise rotation of 30° of the arc occurred. Then, less volumi-
nous silicic volcanism occurred during the Early Miocene (25–17 Ma)
(Pasquarè et al., 1991; Cerca-Martínez et al., 2000; Lenhardt et al., 2010; 
Pérez-Esquivias et al., 2010; Bryan and Ferrari, 2013; Arce et al., 2015). 
In northern Michoacán, the Early Miocene magmatism represents a 
voluminous eruptive period, which has been initiated with mainly 
andesite compositions (SMC and MALSA andesites) and continued 
with predominantly ignimbritic volcanism (Sierra de Mil Cumbres 
and Cuitzeo region) at ~18–16 Ma. The ~20.6 Ma granite xenolith 
found within the Cuitzeo ignimbrite represents the Early Miocene 
intrusive counterpart of some intermediate or silicic volcanic rocks. 
Successively, the Early Miocene volcanism continued, as represented by 
the Copándaro unit (>18.7 Ma) and the Cuitzeo lavas (Czl) (>18.3 Ma), 
which are older than the Cuitzeo ignimbrite (16.88 ± 0.34 Ma)). The 
conspicuous presence of such felsic rocks suggests the development of 
recurrent episodic felsic magmatism in this region. The volume of the 
Miocene explosive volcanism of the Sierra de Mil Cumbres was large, 
although perhaps unquantifiable due to the strong tectonic erosion 
produced by normal faulting (Garduño-Monroy et al., 2009). After 
a long period of felsic volcanic quiescence over the Early Pleistocene 
(1.48 Ma), an atypical and explosive event occurred with an unknown 
source, dispersing the Cuitzeo fallout (Czf), which mantled the 18.69 
Ma Cuitzeo lava flows (Czl) and, locally, the 17.42 Ma Cuitzeo ign-
imbrite unit (Czi). Later on, the MGVF started to develop in the Late 
Pliocene (Avellán et al., 2020).

CONCLUDING REMARKS

The ~16.88 Ma Cuitzeo ignimbrite hosts a calc-alkaline metalu-
minous granitic xenolith providing a concordant zircon (U-Pb) age of 
20.6 ± 0.1 Ma without older or inherited components. Major and trace 
elements of whole rock and zircon crystals, as well as the isotopic Sr 
and Nd signatures show magmatic arc signatures near the mantle array 
line. Thermobarometric constraints of the Cuitzeo granitic xenolith 
suggest it is a remnant of a felsic ~4 km shallow magma chamber from 
the Early Miocene plumbing magmatic system. However, to understand 

Major elements (wt%) Trace elements ICP-MS (ppm)
XRF

SiO2 73.71 Li 12.59 Ba 600.46
TiO2 0.27 Be 2.23 La 34.03
Al2O3 13.62 P 0.05 Ce 65.83
Fe2O3 2.06 Sc 4.16 Pr 7.91
MnO 0.02 Ti 0.30 Nd 27.26
MgO 0.51 V 24.46 Sm 5.11
CaO 1.67 Cr 6.75 Eu 0.58
Na2O 4.00 Co 2.96 Tb 0.70
K2O 3.81 Ni 2.67 Gd 4.40
P2O5 0.05 Cu 4.62 Dy 4.09
LOI 0.17 Zn 20.93 Ho 0.82
Total 99.88 Ga 17.35 Er 2.36

Rb 104.72 Yb 2.43
Isotopic compositions Sr 161.22 Lu 0.36

87Rb/86Sr 1.048 Y 24.10 Hf 2.68
87Sr/86Sr 0.704601 Zr 90.46 Ta 0.92
1σ 31 Nb 9.99 W 0.31
147Sm/144Nd 0.126 Mo 1.37 Tl 0.46
143Nd/144Nd 0.512706 Sn 1.64 Pb 8.67
1σ 17 Sb 0.26 Th 12.73
TDM (Ma) 677 Cs 2.55 U 2.62

Table 3. Whole rock major and trace elements, and isotopic ratios of Cuitzeo 
granite xenolith.
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the recurrence of calderic felsic systems over the Early to Middle 
Miocene in central Mexico, further petrological and chronological 
studies are required.

SUPPLEMENTARY MATERIAL

Table S1. Mineral chemistry of Cuitzeo granite xenolith, and 
Table S2. Trace elements in dated zircons crystals, can be found in the 
webpage of this journal: www.rmcg.unam.mx; “in press/draft” section.
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