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A B S T R A C T   

El Astillero and El Pedregal monogenetic volcanoes formed ~500–700 CE in the Tancítaro region in the southern 
part of the Michoacán-Guanajuato volcanic field, only 25 km to the SW of the historic Paricutin volcano. The ~6- 
year-long eruption was characterized by a change from explosive to effusive activity, accompanied by a shift in 
the location of the active vents. Initial activity was Strombolian-explosive and first formed the El Astillero cone 
before turning effusive with the emission of several lava flows. Then, a new vent located 2 km to the ENE opened 
and produced the purely effusive (non-explosive) El Pedregal lava flow field. As the eruption progressed, the bulk 
magma composition (major and trace elements) changed from basaltic andesite to andesite (SiO2 = 52–59 wt%), 
which is also reflected in a successive change in the petrography of the erupted tephras and lavas. However, the 
El Pedregal lava sequence shows small Mg# reversals followed by a marked final reversal to more mafic com
positions. Likewise, 87Sr/86Sr (0.70388–0.70403), 143Nd/144Nd (0.512836–0.512742), 206Pb/204Pb 
(18.632–18.671), 207Pb/204Pb (15.583–15.598), 208Pb/204Pb (38.376–38.450), 176Hf/177Hf (0.28301–0.28290), 
and 187Os/188Os (0.1258–0.1865) isotope ratios changed systematically as the eruption progressed, and record a 
final shift to a distinct isotopic signature. The spatio-temporal proximity of both vents and the petrographic and 
geochemical characteristics of their magmas suggest a comagmatic evolution that can be explained by a com
bination of variable degrees of magma recharge, magma mixing, and fractional crystallization of subduction- 
modified mantle melts. A similar combination of magmatic processes for the genesis and evolution of these 
magmas has also been proposed for other young monogenetic volcanoes in the Michoacán-Guanajuato volcanic 
field (e.g., Paricutin, Jorullo, and the Tacámbaro cluster). Accordingly, primitive magmas in the Trans-Mexican 
Volcanic Belt are subduction-modified mantle melts that evolve largely by crystal fractionation and pass through 
the crust without significant assimilation.   

1. Introduction 

The Michoacán-Guanajuato Volcanic Field (MGVF) in the west- 
central part of the Trans-Mexican Volcanic Belt (TMVB; Fig. 1), is one 
of the largest volcanic fields in the world, characterized by a variety of 
volcanic styles and magma compositions (Hasenaka and Carmichael, 
1985a, 1985b; Sosa-Ceballos et al., 2021; Torres-Sánchez et al., 2022; 
Valentine and Connor, 2015). The volcanic field covers an area of 

~40,000 km2 and hosts >1200 monogenetic vents formed since the 
Pliocene, including scoria cones, small-to-medium sized shields, phrea
tomagmatic craters, felsic domes, and fissural lava flows, as well as two 
extinct stratovolcanoes, Tancítaro and Patambán (e.g., Chevrel et al., 
2016; Guilbaud et al., 2012; Kshirsagar et al., 2015; Mahgoub et al., 
2017a, 2017b, 2018; Osorio-Ocampo et al., 2018; Ownby et al., 2011; 
Pola et al., 2014; Torres-Sánchez et al., 2022). Volcanic activity in the 
MGVF started in the Pliocene with a magmatic flux of ~800 km3/Ma 
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(Hasenaka and Carmichael, 1985b). Moreover, according to available 
information, its activity increased from the Pleistocene through the 
Holocene, with an eruptive recurrence interval in the past 40 ka of ~2 ×
10−3 eruptions per year, which is significantly higher than the long-term 
Quaternary average of ~4 × 10−4 eruptions per year (Hasenaka and 
Carmichael, 1985b; Valentine and Connor, 2015). Remarkably, at least 
30 volcanoes are younger than 25,000 y BP, including the historic Jor
ullo (1759–1774) and Paricutin (1943–1952) volcanoes (e.g., Guilbaud 
et al., 2011; Larrea et al., 2017; Luhr and Simkin, 1993; Rasoaza
namparany et al., 2016). The repeated seismic swarms that have been 
registered in the Paricutin area in recent decades (e.g., Legrand et al., 
2023) further underscore that the MGVF remains potentially active and 
that a new eruption should be expected in the future. 

The large extent of magmatism over the wide MGVF area beneath a 
~ 40-km-thick continental crust seems to be controlled by its tectonic 
configuration (Carmichael, 2002; Gómez-Vasconcelos et al., 2020; Kim 
et al., 2012); the MGFV occurs in an extensional tectonic setting related 
to the oblique convergence and near-horizontal position of the sub
ducting Cocos plate relative to the North America plate. In addition, the 
recent identification of Holocene and Pleistocene clusters, consisting of 
several monogenetic volcanoes grouped both in space and time within 
the MGVF, suggests a close petrogenetic relationship. The volcanoes 
forming each cluster erupted in a geologically short sequence (separated 
by time intervals of hundreds to a few thousands of years) within small 
areas of few tens of square kilometers. Clusters identified so far include 
Queréndaro (Gómez-Vasconcelos et al., 2020), Tacámbaro (Guilbaud 

Fig. 1. Geological map of the El Astillero and El Pedregal volcanoes showing the emplacement sequence of lava flows as defined by Larrea et al. (2019a). Sampling 
locations of rocks analyzed in this study: lavas (circles) and tephras (squares). Note that sample numbers have been shortened to the last two identification digits (e. 
g., TANC-1801 is referred as 01); see Appendix B - Table B.1 for sample coordinates and chemical compositions. This map was created using ArcGIS® software by Esri 
ArcGIS® and ArcMap™. Inset map shows the main tectonic features of SW Mexico with the location of the Trans-Mexican Volcanic Belt (reddish polygon), and the 
Michoacán-Guanajuato Volcanic Field (MGVF). Major fracture zones: Tamayo Fracture Zone (TFZ), Rivera Fracture Zone (RFZ), and Orozco Fracture Zone (OFZ). 
Volcanoes (yellow stars): EA = El Astillero, EP = El Pedregal, J = Jorullo, P=Paricutin. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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et al., 2012, 2019; Mahgoub et al., 2017a), and Zacapu (Mahgoub et al., 
2018; Reyes-Guzmán et al., 2018). In this context, Larrea et al. (2019a) 
proposed that the El Astillero and El Pedregal volcanoes might poten
tially represent the initial eruptions of an incipient cluster, i.e. a cluster 
that is still in the making. 

Recent petrogenetic studies of the historic Paricutin and Jorullo 
eruptions have demonstrated that the magmatic processes controlling 
the formation and evolution of monogenetic volcanoes are far from 
simple (e.g., Larrea et al., 2019b, 2021; Rasoazanamparany et al., 2016). 
In addition, the occurrence of clustered monogenetic volcanism within 
the MGFV leads to several questions in regard to the processes that 
govern the formation and emplacement of magmas in close spatio- 
temporal proximity: What is the main mechanism of magma genera
tion? What magmatic processes control the evolution of these clusters? 
Does crustal assimilation play a role? Are the volcanic vents that form a 
cluster related to the same magma batch or different independent 
magma batches? 

In this work we aim to decipher some of the questions posed above 
based on the case of the ~500–700 CE El Astillero and El Pedregal 
monogenetic volcanoes, located near the towns of Tancítaro and Zir
imbo, and only 25 km to the SW of Paricutin volcano (Fig. 1). We 
investigate the whole-rock geochemical variation of the eruptive 
sequence with time for major, trace, and Sr-Nd-Pb-Hf-Os isotopes 
(Fig. 2), and compare them with the Paricutin and Jorullo historic 
eruptions. Furthermore, we evaluate the magmatic processes that 
allowed these magmas to be emplaced in close temporal and spatial 
proximity, and discuss the roles of crustal assimilation, mantle source 
heterogeneity, and open-system processes in the evolution of these 
monogenetic centers. 

2. Geological background and previous studies 

El Astillero (N 19◦18′34.34″ N, 102◦22′57.24″ W, 2230 m.a.s.l.) and 
El Pedregal (N 19◦19′07.08″ N, 102◦21′04.56″ W, 2137 m.a.s.l.) volcanic 
centers formed in the southern part of the MGVF during the Late Ho
locene, approximately between 500–700 CE, as determined by paleo
magnetic and radiocarbon dating (Larrea et al., 2019a; Fig. 1). This area 
comprises the ~4400 km2 Tancítaro-Nueva Italia volcanic region 
(Ownby et al., 2011), which is constituted by >300 volcanoes (mostly 
monogenetic scoria cones and a few small shields) but also includes the 
polygenetic Tancítaro volcano, which all sum up to a total of ~326 ± 57 
km3 of emitted magma (Morelli et al., 2010). Apart from the well- 

studied Paricutin (e.g., Larrea et al., 2021 and references therein) and 
Tancítaro volcanoes (Di Traglia et al., 2014; Ownby et al., 2011), little is 
known of the other volcanoes in this region. Previous works reported 
whole-rock major-and-trace element analyses, isotopic ratios (Sr, Nd, 
Pb), and radiometric dates (40Ar/39Ar, K–Ar) for some of the volcanoes 
(e.g., Ban et al., 1992; Chesley et al., 2002; Hasenaka, 1992; Hasenaka 
and Carmichael, 1987; Johnson et al., 2009, 2010; Larrea et al., 2019a; 
Verma and Hasenaka, 2004), including a few samples from El Astillero 
and El Pedregal. 

Larrea et al. (2019a) established the emplacement sequence of 
tephras and lava flows of both volcanoes, estimated the erupted vol
umes, and reported major element compositional ranges of their prod
ucts. The eruption was characterized by a change from explosive to 
effusive activity, accompanied by a shift of the active vents which are 
located 3.5 km apart (Fig. 1). The eruption first formed El Astillero 
scoria cone and its associated tephra and lava field (EA LF1 to EA LF3) 
and continued with the emplacement of the El Pedregal lava flows (EP 
LF1 to EP LF5). The lava flows together occupy an area of 14.7 km2 with 
an estimated volume of ~0.5 km3 (dense rock equivalent). The 
composition of the emitted products progressively changed from 
basaltic andesite to andesite (SiO2: 52–59 wt%), followed by a final 
reversal to more mafic compositions (Fig. 2). Their mineral assemblage 
comprises a variable amount of olivine, orthopyroxene, clinopyroxene, 
and plagioclase phenocrysts embedded in a holocrystalline to hypo
crystalline groundmass (Larrea et al., 2019a). In accordance with the 
geochemical variation, the abundance of olivine decreased while that of 
pyroxene increased as the eruption progressed, with a final reversal to 
olivine-rich magmas. Based on the approach proposed by Pinkerton and 
Wilson (1994), effusion rates and viscosities that yielded lava flow ad
vances of a few meters per day were calculated by Larrea et al. (2019a), 
who then estimated a total time for the emplacement of both volcanoes 
of ~6 years, assuming uninterrupted lava emission. 

3. Material and methods 

Fresh lava and tephra samples were collected spanning the entire 
eruptive sequence of El Astillero and El Pedregal volcanoes in space and 
time. These samples were studied macro- and microscopically, and 21 
lavas and 8 tephra samples were selected for whole-rock analyses (see 
detailed sample preparation and analytical procedures in Appendix A). 
The lava sample selection covered all the eruptive stages from both 
eruptive centers (Fig. 1). The tephra selection includes three samples 

Fig. 2. Compositional variations of El Astillero and El Pedregal products (tephras and lavas) with time. Mg# = 100•Mg/(Mg + FeT) where FeT includes total iron as 
Fe2+. Symbol designations and colors as in Fig. 1; small gray circles are El Astillero and El Pedregal data reported by Hasenaka (1992), Johnson et al. (2009), and 
Ownby et al. (2011). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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directly collected in contact with the underlying paleosol (i.e., samples 
TANC-1806A, TANC-1828A, and TANC-1830A), which encompass the 
early explosive activity of El Astillero. Furthermore, two sites to the west 
of El Astillero cone were excavated and stratigraphically sampled to 
capture the full extent of Strombolian explosive activity in proximal 
areas (sites TANC-1808 and TANC-1826; Fig. 1); from these sites, four 
samples were selected spanning the vertical sequence. 

The samples were analyzed at the Geoanalytical Laboratory at 
Washington State University by X-ray fluorescence spectrometry (XRF) 
for major and minor elements and inductively coupled plasma mass 

spectrometry (ICP-MS) for trace elements. Major element data from 
these samples were published in Larrea et al. (2019a). A subset of these 
samples, including 5 tephra and 16 lava samples, were analyzed for Sr, 
Nd, and Pb isotopes, and additionally, two tephra and twelve lava 
samples were prepared for Os and Hf isotope measurements. Sample 
preparation for Sr, Nd, Pb, Hf, and Os isotopes were performed at Miami 
University (Ohio, USA); Sr, Nd, and Os were measured by a Thermo- 
Finnigan Triton thermal ionization mass spectrometer (TIMS), 
whereas Pb and Hf were measured by a Nu Instruments Plasma 3D multi- 
collector ICP-MS. El Astillero and El Pedregal whole-rock geochemical 

Fig. 3. Selected whole-rock major and trace element abun
dances, and trace element ratios vs. SiO2 (wt%) for El Astillero 
(EA) and El Pedregal (EP) tephras and lavas analyzed in this 
study. Symbol designations and colors as in Fig. 1; small gray 
circles are EA and EP data reported by Hasenaka (1992), 
Johnson et al. (2009), and Ownby et al. (2011). Data for Jor
ullo (diamonds) and Paricutin (crosses) historic eruptions are 
from Rasoazanamparany et al. (2016) and Larrea et al. (2017, 
2019b), respectively. Bulk continental crust trace element ra
tios (from Rudnick and Gao, 2003; not correlated with SiO2 wt 
%) are shown in panels g) and h) as a dashed line. (For inter
pretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   
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results are listed in Appendix B - Table B.1. 

4. Results 

4.1. Whole-rock chemistry 

4.1.1. Major and trace elements 
The composition of sampled tephra deposits and lava flows ranges 

from basaltic andesite to andesite (Larrea et al., 2019a) following the 
total alkalis vs. silica (TAS) classification by Le Bas et al. (1986); all the 
volcanic products erupted from El Astillero classify as basaltic andesites, 
while El Pedregal lavas are mostly andesites, except for the last lava flow 
emplaced (LF-5c), which classifies as a basaltic andesite (Fig. 6 in Larrea 
et al., 2019a). In accordance, as previously described by Larrea et al. 
(2019a), the volcanic products show a progressive evolution in 
composition throughout the eruptive sequence for most major and trace 
elements, although a compositional shift to a more primitive composi
tion at the end of the eruption is particularly notable in LF-5b (i.e., K2O 
and Rb, see Fig. 2) and in LF-5c (i.e., SiO2, #Mg and Cr, see Fig. 2). 
Moreover, minor reversals in Mg# are observable in the lava sequence of 
El Pedregal (LF-1 to LF-5; Fig. 2). 

Bivariate plots of selected major elements versus SiO2 (wt%) are 
presented in Fig. 3a-d. Most volcanic products from El Astillero and El 
Pedregal (EA-tephra to EP–LF5a; Fig. 3) display a continuous liquid line 
of descent, apart from the last lava flows (LF-5b and LF-5c) emitted from 
El Pedregal. MgO, CaO, and FeOT decrease with increasing SiO2, Al2O3, 
Na2O, K2O, while P2O5 increases with increasing SiO2, and TiO2 shows 
variable behavior with a kink at 55.5 wt% SiO2. Whole-rock trace 
element abundances also correlate with SiO2 (see selected trace ele
ments in Fig. 3e-f). Incompatible elements such as La and Ba show 
positive correlations with increasing SiO2, whereas compatible trace 
elements such as Ni, Cr, and Sc show negative correlations with 
increasing SiO2. As observed for major elements, there is also a shift to a 
more primitive composition at the end of the eruption (see LF-5b and LF- 
5c in Fig. 2 and Fig. 3e-f). Remarkably, the composition of LF-5b and LF- 
5c is unique and certain elements (e.g., MgO, TiO2, CaO, Al2O3, and Ni) 
deviate strongly from the main compositional trends of the eruptive 
sequence. 

All tephra and lava samples from El Astillero and El Pedregal have 
lower Ce/Pb and Nb/U relative to MORB and OIB (Ce/Pb > 25; Nb/U >
47; e.g., Hofmann (1988), Sun and McDonough (1989), and Workman 
and Hart (2005)), but show a slight decrease in Ce/Pb and Nb/U with 
increasing SiO2, pointing towards bulk continental crust compositions 
(Rudnick and Gao, 2003; Fig. 3g-h). 

In the N-MORB-normalized multi-element diagram (Sun and 
McDonough, 1989; Fig. 4), El Astillero and El Pedregal volcanic prod
ucts show typical arc trace-element patterns with enrichments in fluid- 
mobile large-ion lithophile elements (LILE) such as Rb, Ba, K, Pb, and 
Sr, and depletions in high-field strength elements (HFSE) such as Nb and 
Ta. In addition, the patterns exhibit an enrichment in light rare earth 
elements (LREE) and a depletion in heavy rare earth elements (HREE) 
relative to normal mid-oceanic basalts (N-MORB). 

4.1.2. Isotopic data 
The Sr-Nd-Pb-Hf-Os isotope data obtained for the studied tephras 

and lavas are plotted in Figs. 2 and 5. The 87Sr/86Sr isotopic ratios range 
from 0.70388 to 0.70403, 143Nd/144Nd from 0.512836 to 0.512742, 
206Pb/204Pb from 18.632 to 18.671, 207Pb/204Pb from 15.583 to 15.598, 
208Pb/204Pb from 38.376 to 38.450, and 176Hf/177Hf from 0.28301 to 
0.28290. The tephra and lava 187Os/188Os ratios range from 0.1258 to 
0.1865 over a range in Os concentrations from 3 to 116 ppt. All samples, 
except El Astillero TANC-1830A (tephra) and TANC-1807 (lava), show 
more radiogenic 187Os/188Os ratios than primitive upper mantle values 
(~0.1296; Meisel et al., 1996). Overall, as the eruption progressed with 
time, lava and tephra samples from El Astillero display more radiogenic 
87Sr/86Sr, 206Pb/204Pb, 207Pb/204Pb, 208Pb/204Pb, and 187Os/188Os and 
less radiogenic 143Nd/144Nd and 176Hf/177Hf ratios; however, the iso
topic variation is smaller in El Pedregal lavas, and as identified for major 
and trace elements, there is a shift to distinct isotopic signatures in El 
Pedregal LF-5b and LF-5c samples, which deviate from the eruptive 
sequence trend for 87Sr/86Sr vs 143Nd/144Nd (Fig. 5). 

5. Discussion 

In the following sections the composition of the magmas erupted by 
El Astillero and El Pedregal volcanoes are compared to those from the 
Paricutin and Jorullo historic eruptions, with the aim to decipher their 
main sources of magma generation, and the mechanisms controlling 
subsequent geochemical evolution, including open-system processes. 

5.1. Comparison to Jorullo and Paricutin: Eruption progression and 
magma evolution 

The 1759 to 1774 eruption of Jorullo produced an alignment of five 
cones and issued a total bulk volume of ~2 km3 of eruptive products, 
including pyroclastic deposits (0.36–0.5 km3) and lava flows (0.54–1.5 
km3) forming a lava field of ~9 km2 (Guilbaud et al., 2009; Luhr and 
Carmichael, 1985; Rowland et al., 2009). According to the historical 
records, the first years of the eruption (from 1759 to 1764) were char
acterized by frequent Strombolian activity that built the five cones along 
a fissure. This explosive activity continued intermittently almost until 
the end of the eruption, blanketing with tephra all but one of the lava 
flows, which were mostly emitted from 1760 to 1766 (Luhr and Car
michael, 1985); the volcano was reported inactive in 1774, but ac
cording to Gadow (1930) its activity may have ended earlier. Paricutin 
volcano, located 75 km to the NW of Jorullo (Fig. 1), erupted from 
February 20, 1943 until March 04, 1952 (Luhr and Simkin, 1993). 
During the first months of the eruption, violent Strombolian explosive 
activity (sensu Valentine and Connor, 2015) related to the vent opening 
stage quickly built a cone, followed by a steady-state effusive stage 
(Larrea et al., 2021). The first volume estimates suggested that during 
the nine-year period of eruption, ~1.38 km3 of total bulk magma was 
emitted, including lavas and tephras (McBirney et al., 1987); however, 
more recently Larrea et al. (2017), with the aid of topographic re
constructions, calculated the lava field to be 25 km2 constituted by 1.6 
km3 of dense rock equivalent. In comparison to these historic eruptions, 
the ~500–700 CE El Astillero and El Pedregal volcanoes were formed in 
a shorter time (<6 years), and emitted a lava field of ~14.7 km2, an area 
intermediate in size between Jorullo (~9 km2) and Paricutin (25 km2). 
The estimated total lava volume of ~0.5 km3 (DRE) for El Astillero and 

Fig. 4. N-MORB-normalized (Sun and McDonough, 1989) multi-element dia
grams for El Astillero and El Pedregal tephras and lavas. Symbol designations 
and colors as in Fig. 1. Data from Jorullo (blue and pink polygons) and Par
icutin (gray polygon) eruptions are from Rasoazanamparany et al. (2016), and 
Larrea et al. (2017, 2019b), respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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El Pedregal is similar to Jorullo’s minimum volume estimate, but much 
smaller than Paricutin’s. Regarding the eruptive style, El Astillero and El 
Pedregal followed a similar pattern to that of Jorullo and Paricutin, with 
intense initial explosive activity that then turned mostly effusive; how
ever, Jorullo returned several times briefly to an explosive style as the 
eruption progressed, while El Pedregal was entirely effusive. 

Jorullo and Paricutin products gradually became more differentiated 
in composition with time (Larrea et al., 2019b; Rasoazanamparany 
et al., 2016), ranging from basalts to basaltic andesites in Jorullo, and 
from basaltic andesites to andesites in Paricutin (Luhr and Carmichael, 
1985; Wilcox, 1954). This trend is also observable at El Astillero and El 
Pedregal, where the volcanic products range in composition from 
basaltic andesites to andesites, but followed by a final reversal to more 
mafic compositions (i.e., basaltic andesites from El Pedregal LF-5b and 
LF-5c; Fig. 2). For most major and trace elements El Astillero tephras 
show a compositional range similar to Jorullo’s high-MgO products 

(Fig. 3; Larrea et al., 2019b; Rasoazanamparany et al., 2016), and the 
lava flows from El Astillero and El Pedregal show a compositional range 
broadly similar to that of Jorullo’s low-MgO and Paricutin’s products 
taken together, although they show distinct lower/higher contents in 
certain elements (e.g., TiO2 and La; Fig. 3) and do not reach a SiO2 
content quite as high as that of Paricutin volcano. The N-MORB- 
normalized (Sun and McDonough, 1989) multi-element patterns of El 
Astillero and El Pedregal are also similar to those of Paricutin and Jor
ullo volcanoes (Fig. 4; Larrea et al., 2019b; Rasoazanamparany et al., 
2016), and the isotopic compositions display coinciding trends (Fig. 5; 
Larrea et al., 2019b; Rasoazanamparany et al., 2016), although Par
icutin magmas show a broader isotopic variation. 

Despite these geochemical similarities, products of the Jorullo and 
Paricutin historic eruptions were previously considered to represent 
opposite endmembers in a petrogenetic model that postulated that their 
compositional variations resulted from different degrees of crustal 

Fig. 5. Isotope variation diagrams for El Astillero and 
El Pedregal tephras and lavas. Isotope error bars when 
not indicated are smaller than the symbol size. Sym
bol designations and colors as in Fig. 1. Paricutin and 
Jorullo samples are shown for comparison. In panel f) 
Os data from the MGVF from Chesley et al. (2002) 
and the Primitive Upper Mantle (PUM) composition 
(not correlated with MgO wt% content) from Meisel 
et al. (2001) are also shown. (For interpretation of the 
references to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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contamination. Accordingly, Paricutin magmas show significant 
contamination while Jorullo’s magmas had traversed the crust with 
limited crustal interaction (e.g., Cebriá et al., 2011; Erlund et al., 2010; 
Luhr, 2001; McBirney et al., 1987; Rowe et al., 2011; Wilcox, 1954). 
Recent studies have re-evaluated the chemical signatures of both vol
canoes and their compositional variations were alternatively explained 
by a combination of variable degrees of mafic magma recharge, magma 
mixing, and fractional crystallization of magmas derived from a het
erogeneous subduction-modified mantle (Rasoazanamparany et al., 
2016 and Larrea et al., 2019b, 2021, respectively). In these new models, 
crustal assimilation is insignificant. 

The continuous compositional trend in major and trace elements 
defined by the El Astillero tephras to El Pedregal LF-5a lava sequence is 
compatible with fractional crystallization. The marked decreases in 

MgO, FeOT, CaO, Ni, and Cr with increasing SiO2, together with the 
increase in Na2O, K2O, P2O5, and La with increasing SiO2 (Fig. 3), are 
consistent with progressive fractionation of olivine, orthopyroxene, and 
clinopyroxene. In addition, the change from increasing to decreasing 
TiO2 at SiO2 ~ 55.5 wt% indicates that Fe–Ti oxides join the frac
tionating mineral assemblage at that point. The slight increase in Al2O3 
(Fig. 3) and Sr with increasing SiO2 together with the lack of negative Eu 
anomalies (Fig. 4) suggest that plagioclase was not an important frac
tionating mineral phase. This proposed fractionating mineral assem
blage is in accordance with the petrographic descriptions carried out by 
Larrea et al. (2019a). The increase in highly incompatible element 
abundances such as Rb, Ba, Nb, La, and Zr with increasing SiO2 (Figs. 2 
and 3) is also consistent with fractional crystallization. However, the 
composition of some samples from El Astillero and El Pedregal point 

Fig. 6. Plots (a) 187Os/188Os vs Ni and (b) 
187Os/188Os vs 87Sr/86Sr for El Astillero 
and El Pedregal samples with assimilation- 
fractional crystallization (AFC) models of 
upper crust represented by the mean 
composition of Paricutin basement rocks. 
AFC curves were calculated using bulk DOs 
of 10 and 20 with a fixed R = 0.3 (see text 
for further explanation, and Appendix B - 
Table B.2 for modelling parameters). (c-e) 
Sr, Nd, Pb, and Hf isotopic variations of El 
Astillero and El Pedregal tephra and lava 
samples (symbol designations and colors as 
in Fig. 1) plotted together with TMVB data 
from Gómez-Tuena et al. (2007a, 2007b), 
Luhr et al. (2006), Cai et al. (2014), and 
MGVF data from Blatter and Hammersley 
(2010), the slab components (terrigenous 
sediments, pelagic sediments and the 
average altered oceanic crust from DSDP 
site 487; LaGatta, 2003; Verma, 2000), and 
potential contaminants, including Paricutin 
basement granitoids (Larrea et al., 2019b) 
and lower crust xenoliths (Lawlor et al., 
1999; Schaaf et al., 1994; Vervoort et al., 
2000). Green arrow shows the geochemical 
trend described by the lower crust xeno
liths (L.C.). (For interpretation of the ref
erences to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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towards open-system processes such as magma recharge (see discussion 
section 5.4 below). Additionally, the occurrence of a quartz xenocryst in 
sample TANC-1815 (EP- LF3) surrounded by a reaction rim of pyroxenes 
(Larrea et al., 2019a) suggests minor crustal contamination, although 
the whole-rock composition of this sample does not differ from others 
among the studied rocks. 

In the following sections, we evaluate the potential contributions of 
crustal assimilation and mantle source heterogeneity in the genesis of El 
Astillero and El Pedregal magmas. 

5.2. The role of crustal assimilation 

The effect of crustal contamination can be evaluated by the rela
tionship of highly incompatible trace element ratios against indices of 
differentiation (e.g., SiO2) and isotopic signatures, as assimilation will 
imprint enriched signatures on the magmas. El Astillero and El Pedregal 
magmas show low Ce/Pb and Nb/U ratios close to the bulk continental 
crust (Fig. 3g-h), a negative correlation of 87Sr/86Sr vs. 143Nd/144Nd 
(Fig. 5a), supra-chondritic 187Os/188Os (Fig. 5f), and a slight correlation 
of Sr-Nd-Pb-Os-Hf isotope ratios with SiO2. This progressive change is 
observable from the initiation of the eruption to El Pedregal LF-5a lava 
and could be explained by AFC (assimilation + fractional crystalliza
tion). However, the occurrence of the compositional reversal at the end 
of the eruption, affecting El Pedregal LF-5b and LF-5c lavas (observable 
in petrography, major and trace elements, and isotopes), is opposite to 
the pattern typically expected for AFC processes. 

We conducted AFC modelling to check the potential influence of 
crustal contamination, and to further evaluate if the radiogenic Os iso
topic signatures observed in some samples from El Astillero and El 
Pedregal reflect crustal assimilation by subduction related magmas. The 
tephra TANC-1830A was selected as a starting point because it is closest 
in composition to a primary magma (see modelling parameters in Ap
pendix B - Table B.2). The mean basement composition from Larrea et al. 
(2019b) was used to represent the potentially assimilated material, 
because the tephra and lava samples from El Astillero and El Pedregal 
exhibit Sr-Nd-Pb isotopic trends that extend towards the composition of 
the local granitic basement, but opposite to that of the Mexican lower 
crustal xenoliths (Fig. 6c-e). The AFC trends were calculated assuming 
bulk distribution coefficients of DOs = 10 and 20 and reasonable rates of 
assimilation to fractional crystallization (i.e., R < 1). As observed in 
Fig. 6d, the Ni contents and low 187Os/188Os ratios displayed by El 
Astillero and El Pedregal samples could be reproduced with <20–25% 
AFC and R = 0.3, implying that the Os isotopic signatures could be 
influenced by variable degrees of AFC. Nonetheless, the lack of corre
lation between Os and Sr–Nd–Pb isotopes (e.g., Fig. 6b), and the absence 
of petrographic evidence for crustal assimilation argue against AFC as 
the main process responsible for the Sr–Nd–Pb-Hf isotopic variations in 
the samples. The Os isotopes are more prone to be affected by assimi
lation than the Sr-Nd-Pb isotopes, due to the low Os contents in El 
Astillero and El Pedregal samples (<120 ppt), a feature also observed in 
the Tacámbaro monogenetic cluster (Guilbaud et al., 2019). Similarly, 
Paricutin and Jorullo samples have relatively low and constant 
187Os/188Os ratios compared to other MGVF magmas (Fig. 5f), which 
has been interpreted to be inconsistent with significant crustal assimi
lation (Larrea et al., 2019b; Rasoazanamparany et al., 2016). 

5.3. Mantle source heterogeneity 

Several studies of TMVB arc magmas have concluded that near- 
primary melts that originate in the subduction-modified mantle wedge 
pass through the crust almost unaffected (e.g., Gómez-Tuena et al., 
2007a, 2008, 2018; Guilbaud et al., 2019; Larrea et al., 2019b; Rasoa
zanamparany et al., 2016; Siebe et al., 2004; Straub et al., 2008, 2013). 
As discussed above, given the limited role of crustal assimilation in 
controlling the Sr-Nd-Pb-Hf isotope ratios of El Astillero and El Pedregal 
magmas, mantle source heterogeneity is considered to better explain 

their chemical characteristics; this heterogeneity could result from 
compositional differences in the fluids or mantle domains that contrib
uted to the melts, or in differing proportions of slab fluids involved in the 
partial melting of the mantle source materials. 

The Sr-Nd-Pb-Hf isotopic compositions of El Astillero and El Pedregal 
magmas fall within the range of the TMVB (Cai et al., 2014; Gómez- 
Tuena et al., 2007a, 2007b; Luhr et al., 2006) and the MGVF products 
(Blatter and Hammersley, 2010), and are well bracketed by the slab 
components including the altered oceanic crust (AOC) and the trench 
sediments (Fig. 6c-e). Similar to Paricutin and Jorullo, El Astillero and El 
Pedregal samples show strong correlations in 87Sr/86Sr vs.143Nd/144Nd, 
207Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb, and 143Nd/144Nd vs. 
176Hf/177Hf (Fig. 5a-e), indicating that at least two components were 
involved in their petrogenesis. In addition, the LILE enrichments and 
HFSE depletions in the samples (Fig. 4) strongly suggest the involvement 
of subduction-related hydrous fluids in their petrogenesis, and the low 
Ce/Pb and Nb/U ratios (Fig. 3g-h) seem to reflect crustal recycling into 
the mantle. Consequently, we investigate the possibility that El Astillero 
and El Pedregal magmas could originate by addition of subduction 
components (AOC + trench sediments) to a pre-subduction mantle 
wedge. 

We modeled El Astillero and El Pedregal trace element and isotope 
data using the composition of the Mexican pre-subduction mantle 
wedge, and the Cocos Plate products being subducted beneath the TMVB 
sampled at the DSDP site 487 (e.g., Cai et al., 2014; Gómez-Tuena et al., 
2003, 2007a, 2007b; Verma, 2000). The mantle wedge was interpreted 
to be similar to the Northern Mexican Extensional Province mantle 
source (Luhr et al., 2006; Fig. 7) with a depleted mantle (DMM) trace 
element composition (Salters and Stracke, 2004), and the Sr-Nd-Pb-Hf 
isotopic composition of magma with the least slab signature in central 
Mexico (the Old Texcal Flow from Straub et al., 2015). The trace element 
and isotopic composition of the subducted AOC was recalculated by 
Straub et al. (2015) according to its inferred age of ~5–6 million years, 
and the pelagic and terrigenous sediments were analyzed for trace 
element abundances and Sr-Nd-Pb-Hf isotopes by LaGatta (2003) and 
Cai et al. (2014). The trace element composition of the subducting Cocos 
plate-derived fluid was calculated by using the mobility data of Kessel 
et al. (2005) at 900–800 ◦C and 4 GPa, and for sediment-derived fluid 
the D values at 700 ◦C from Johnson and Plank (1999) were used. The 
total extraction of hydrous fluid during dehydration was assumed to be 
1.5 wt% in both oceanic crust and sediment. All parameters used in the 
model in Fig. 7a–c are given in Appendix B – Table B.3. 

El Astillero and El Pedregal samples have higher 87Sr/86Sr and lower 
143Nd/144Nd ratios than most of the NMEP samples (Luhr et al., 2006; 
Fig. 7a), consistent with derivation from a subduction-enriched mantle 
wedge. In order to reproduce the 87Sr/86Sr vs. 206Pb/204Pb isotopic trend 
(Fig. 7b) the existence of two subduction components is required, as 
previously proposed for Paricutin and Jorullo magmas (Fig. 7; Larrea 
et al., 2019b; Rasoazanamparany et al., 2016). The isotopic mixing 
models presented in Fig. 7a-c show that in order to reproduce the trend 
of the El Astillero and El Pedregal products in Sr-Nd-Pb-Hf isotope space, 
mixing between the mantle wedge and a slab component (SC1) 
composed of ~70% sediment-derived fluid (70:30 terrigenous to 
pelagic) and ~ 30% AOC-derived fluid is needed to produce a meta
somatized mantle (~2% subduction component) that is subsequently 
metasomatized again (<8%, including Paricutin and Jorullo magmas; 
zoomed-in inset in Fig. 7a-c) by a second slab component (SC2) con
sisting of ~90% sediment-derived fluid (99:1 terrigenous to pelagic) 
and ~ 10% AOC-derived fluid. The observed differences in the pro
portions of sediment types (SC1 versus SC2) may be attributed to either 
the heterogeneity of the sediment pile itself and/or the incomplete ho
mogenization of a heterogeneous sediment-derived fluid, as highlighted 
by Rasoazanamparany et al. (2016) in the case of Jorullo volcano. 
Alternatively, as proposed by Patino et al. (2000), these variations could 
be linked to the presence of horst and graben structures within the 
subducting plate. Such structural features may result in variable 
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sediment proportions, with a higher abundance of terrigenous sediment 
in the graben structure due to scraping off from the adjacent horst. 

This mixing scenario, based on Sr-Nd-Pb-Hf isotope systematics and 
involving the Mexican pre-subduction depleted mantle wedge and the 
described subduction components SC1 and SC2, was also used for trace 
element modelling (Fig. 8). The depleted mantle was assumed to have a 
typical upper mantle mineralogy of 55% olivine, 32% orthopyroxene, 
10% clinopyroxene, and 3% garnet (e.g., Carter, 1970), and the mineral- 
melt partition coefficients were taken from Salters and Stracke (2004) 
and Stracke and Bourdon (2009); see Appendix B –Table B.4 for all 

model parameters. The presence of garnet in the source region is indi
cated by the high Dy/Yb (1.9 to 2.2) values of El Astillero and El 
Pedregal samples in comparison to N-MORB (Dy/Yb ~1.5). The trace 
element abundances of the most primitive magmas (i.e., El Astillero 
tephras) can be generated by ~10% batch melting of the SC1 + SC2- 
metasomatised mantle (Fig. 8). However, this model predicts higher 
concentrations for some of the highly fluid-mobile elements such as Cs, 
Rb, Ba, and Pb, which could be attributed to their significant loss during 
dewatering in the forearc (e.g., Schmidt and Poli, 1998) as previously 
inferred in other studies of the TMVB (e.g., Gómez-Tuena et al., 2007a; 
Guilbaud et al., 2019; Johnson et al., 2009; Rasoazanamparany et al., 
2016). It is important to note that slight variations in the compositions 
and/or relative contributions of the subduction components (AOC +

sediments) to the Mexican pre-subduction mantle, the percentage of 
fluid added, and/or the degree of partial melting could also explain the 
existing isotopic variability in Sr-Nd-Pb-Hf-Os of most of the mafic 
TMVB magmas, including the ones from El Astillero and El Pedregal 
(Fig. 7; Appendix B – Table B.3). 

5.4. Evidence for mafic magma recharge 

As discussed in the previous sections, our results show that El 
Astillero and El Pedregal melts were extracted from a subduction- 
modified mantle, without significant influence from crustal assimila
tion; in contrast, fractional crystallization is the main magmatic process 
governing the differentiation of these magmas through time. This 
combination of processes is reflected in the petrographic and 
geochemical progression of the El Astillero and El Pedregal products 
throughout their stratigraphic sequence (i.e., the evolutionary path 
observed in major elements, trace elements, and isotope ratios; Figs. 2-4) 
from the initiation of the eruption until the emission of El Pedregal LF- 
5a. Nevertheless, the occurrence of slight reversals in Mg# within the 
lava sequence of El Pedregal (LF-1 to LF-5; Fig. 2) is likely indicative of 
small mafic recharge events by one or more similar parental magmas, 
although the relative volume of these recharge events has not been 
quantified. A similar scenario was described for the eruptive sequence of 
Paricutin volcano where the identified Mg# reversals were successfully 
modeled using the Magma Chamber Simulator (Bohrson et al., 2014; 
https://mcs.geol.ucsb.edu/) considering open-system magma evolution 
with primitive magma replenishments during cooling and crystallization 
(Larrea et al., 2019b, 2021). 

In addition, the final shift in composition observed towards the end 
of the El Pedregal eruption (i.e., LF-5b and 5c; Figs. 2-4) indicates the 
introduction of a new and distinct magma batch. These lava flows, 5b 
and 5c, exhibit compositions that deviate from the previous geochemical (caption on next column) 

Fig. 7. Isotopic modelling of El Astillero and El Pedregal (EA & EP) tephras and 
lavas: a) 87Sr/86Sr vs. 143Nd/144Nd, b) 87Sr/86Sr vs. 206Pb/204Pb, and c) 
143Nd/144Nd vs. 176Hf/177Hf showing mixing between the mantle wedge and 
potential subduction components with variable mixtures of altered oceanic 
crust (AOC) and pelagic and terrigenous sediment derived fluids. The black 
dashed curves indicate mixing between sediment-derived fluid (with 100% of 
terrigenous and 100% pelagic sediment) and AOC-derived fluids. The red solid 
curves represent the mixing between the mantle wedge and two calculated slab 
components SC1 and SC2 (blue triangles; zoomed in within the insets). Tick 
marks (gray and red dots throughout the curves) show the relative proportions 
of these mixing components. The studied samples are reproduced by a mixing 
model of the mantle wedge plus 2% subduction fluid SC1 derived from 70% 
sediment (70:30 terrigenous:pelagic) and 30% AOC, and a subsequent addition 
of up to 8% of subduction fluid SC2 derived from 90% sediment (99:1 terrig
enous:pelagic) and 10% AOC. Mafic alkaline Northern Mexican Extensional 
Province (NMEP) type mantle data from Luhr et al. (2006) and TMVB data from 
Gómez-Tuena et al. (2007a, 2007b), Luhr et al. (2006), and Cai et al. (2014) are 
also plotted. See text for detailed explanation of the isotopic model, and Ap
pendix B – Table B.3 for all the used model parameters. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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trend, as evidenced by variations in the abundances of several major and 
trace elements (e.g., MgO, TiO2, CaO, Al2O3, and Ni vs. SiO2; Fig. 3). 
Moreover, their 87Sr/86Sr vs. 143Nd/144Nd isotope ratios do not follow 
the main trend, but rather align with the array observed in the MGVF 
(see Fig. 6c). These abrupt compositional changes suggest that after the 
eruption of LF-5a the residual magma mixed with a new and distinct 
magma batch. This new magma batch was slightly different in compo
sition from the initial El Astillero parental magma, and after mixing 
yielded unique compositions for LF-5b and LF-5c, which became pro
gressively more primitive with time (Fig. 3). 

Our model indicates that the chemical signatures and compositional 
variations of El Astillero and El Pedregal eruptive products can be 
explained by a combination of variable degrees of magma recharge, 
magma mixing, and fractional crystallization of mantle-derived signa
tures. This combination of processes involved in the genesis and evo
lution of the magmas has been proposed before for other monogenetic 
volcanoes in the MGVF and elsewhere, and is in agreement with previ
ous works proposing that primitive magmas in the central part of the 
TMVB are melts from a subduction-modified mantle that pass through 
the crust without major interaction (Gómez-Tuena et al., 2007a, 2008, 
2018; Larrea et al., 2019b; Rasoazanamparany et al., 2016; Siebe et al., 
2004; Straub et al., 2008, 2013). 

6. Conclusion 

The multi-isotopic study presented in this work on El Astillero and El 
Pedregal magmas shows that these are subduction-modified mantle 
extracts. This implies a direct connection of these monogenetic vol
canoes with their deep source, which is in accordance with the general 
models of Németh and Kereszturi (2015) for monogenetic volcanism. In 
addition, the relatively rapid ascent of these melts towards the surface 
minimizes the possible influence of crustal assimilation. Despite this, the 
magmatic processes that govern the evolution of these magmas are 
complex; we have identified within the El Pedregal eruptive sequence 
repeated recharge by similar small mafic batches of magma. Towards 
the end of the eruption, the arrival of a distinct magma batch (different 
from the prior recharge events) at El Pedregal produced two lava flows 
that differ significantly in composition from the previously established 
main geochemical trend. Thus, the magmatic evolution of the El Astil
lero and El Pedregal eruption was controlled by repeated magma 
recharge events, followed by cycles of mixing and crystal fractionation. 
Similar scenarios have been postulated not only for the two historic 
eruptions in the MGVF, Jorullo and Paricutin (Larrea et al., 2019b, 2021; 
Rasoazanamparany et al., 2016), but also for the young Tacámbaro 
cluster (Guilbaud et al., 2019). These comprehensive geochemical in
vestigations of well-constrained monogenetic eruption sequences have 

presented compelling evidence that these seemingly straightforward 
small-scale volcanic systems, commonly known as monogenetic, exhibit 
a level of complexity that challenges the traditional perception. This 
finding has led to a paradigm shift in our understanding of the impor
tance of open-system processes relative to closed-system processes 
during the course of monogenetic volcanic eruptions. It is therefore 
important to combine and contrast whole-rock studies with finer-scale 
analyses of mineral phases to further constrain open-system processes, 
as successfully demonstrated recently in the case of Paricutin volcano 
(Albert et al., 2020; Larrea et al., 2021). The combination of these 
geochemical tools to evaluate the origin and evolution of the magmas 
feeding short-lived eruptions in the MGVF is becoming more relevant 
since repeated seismic swarms have been registered during the last 25 
years within a small region beneath the NE lower flank of Tancítaro 
stratovolcano (Legrand et al., 2023). These swarms may represent 
repeated attempts of magma trying to migrate towards the surface and 
hence, precursors to the birth of a new monogenetic volcano in this 
region. 
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Fig. 8. Trace element modelling results showing the 
calculated mantle source composition for the mantle 
wedge (MW) plus 2% subduction fluid SC1 (dark blue 
line), and addition of 8% of subduction fluid SC2 
(light blue line), using the mixture described in Fig. 7, 
and the magma derived by batch melting of the SC1 
+ SC2-metasomatized mantle wedge. Note that the 
trace element pattern of El Astillero tephras, which 
are the most primitive samples from the cluster, can 
be closely reproduced by 10% batch melting of the 
metasomatized source. See text and Appendix B – 
Table B.3 and Table B.4 for all model parameters. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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Volcano region, Michoacán, México. J. Volcanol. Geotherm. Res. 201 (1–4), 97–112. 

Guilbaud, M.N., Siebe, C., Layer, P., Salinas, S., 2012. Reconstruction of the volcanic 
history of the Tacámbaro-Puruarán area (Michoacán, México) reveals high frequency 
of Holocene monogenetic eruptions. Bull. Volcanol. 74 (5), 1187–1211. 

Guilbaud, M.N., Siebe, C., Rasoazanamparany, C., Widom, E., Salinas, S., Castro 
Govea, R., 2019. Petrographic, geochemical and isotopic (Sr–Nd–Pb–Os) study of 
Plio-Quaternary volcanics and the Tertiary basement in the Jorullo-Tacámbaro area, 
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