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Abstract

The recent identification of Holocene volcanic clusters in small areas within the Michoacan Guanajuato Volcanic Field
(MGVF) opens several questions regarding future volcanic hazard assessments in this region. Documenting vent align-
ments and eruption recurrence intervals within clusters will provide parameters necessary for making temporal and spatial
hazard evaluations. Here, we present a possible new case of a small cluster consisting of only two monogenetic volcanoes,
El Astillero and El Pedregal located in the ~4400-km?® Tancitaro-Nueva Italia region in the southwestern part of the
MGVE, only 25 km to the south of Paricutin volcano. We determined from paleomagnetic and radiocarbon dating that
El Astillero and El Pedregal most likely erupted one after the other between AD 500 and 700 (within the Late Classic
period of Mesoamerican archeology). While the eruptions were likely separated by a short period of time, the exact length
is difficult to ascertain. After the ~6 years of total estimated eruption duration of the two volcanoes, both together
occupied an area of 14.7 km? and emitted a dense rock equivalent (DRE) volume of magma of ~0.5 km’. Notable
characteristics of the eruptions include a switch from the explosive activity exclusive of El Astillero (Strombolian) to
effusive activity early after the initiation of the El Astillero eruption, a shift in the active vents, and a progressive change in
the bulk magma composition from basaltic andesite to andesite throughout the duration of the eruption. This activity first
formed the El Astillero scoria cone and tephra deposits followed by its lava field and ended with the emplacement of the El
Pedregal viscous lavas. The discovery of pre-Hispanic pottery sherds and obsidian artifacts underneath the El Astillero
tephra fallout unambiguously attests to human activities in the area before the eruption. Judging by their eruptive style, the
eruptions probably had a limited impact on the small area affected and the surrounding human activities, but the hazard for
this area remains since El Astillero and El Pedregal could represent the initial stages of a new cluster that is still in the
making. If so, another eruption should be expected in this area again.
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Introduction

Most volcanic fields, regardless of their tectonic setting, ex-
hibit spatial monogenetic vent clustering, likely reflecting
structural trends (e.g., faults, joints, and fractures) (Connor
1990; Conway et al. 1998; Connor et al. 2012; Le Corvec
et al. 2013; Deligne et al. 2016). Aspects of vent clustering,
such as spacing between clusters and spacing between scoria
cones within a cluster, have been proposed to correlate with
magma reservoir depth and crustal thickness (e.g., Connor
1990; Pérez-Lopez et al. 2011; Le Corvec et al. 2013; Di
Traglia et al. 2014). Moreover, spatial clustering of scoria
cones has long been recognized (Hasenaka and Carmichael
1985b; Connor 1990); however, the recent (e.g., Guilbaud
et al. 2012; Mahgoub et al. 2017a; Mahgoub et al. 2018;
Reyes-Guzman et al. 2018) discovery of temporal clustering
opens new and promising avenues of inquiry. The hazard of
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Fig. 1 Digital elevation model of the Michoacan-Guanajuato Volcanic
Field (MGVF; outlined in red) showing the location of the El Astillero
and El Pedregal volcanoes (EAEP), the Zacapu (ZC) and Tacambaro
clusters (TcC), the historic Paricutin and Jorullo volcanoes, the
Tancitaro and Patamban stratovolcanoes, the San Juanico-Buenavista
(SJBF) and Cuitzeo (CFS) fault systems, and the Tancitaro-Nueva Italia
region (TNIR). The small-sized and medium-sized volcano database
modified after Chevrel et al. (2016b) is also plotted (small triangles).
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future activity in monogenetic fields has not yet been
adequately evaluated. Smith and Németh (2017) noted the
increasing interest in the study of the volcanology, geochem-
istry, age, structural, and tectonic controls of monogenetic
fields in the last decade, due to the need to understand the
hazards associated with such monogenetic eruptions and de-
velop well-aimed monitoring strategies, mostly because of the
close proximity to population centers.

The Trans-Mexican Volcanic Belt (TMVB) is one of the
most complex and active subduction-related volcanic arcs
worldwide with ~ 8000 volcanic edifices, and it includes sev-
eral volcanic fields dominated by monogenetic volcanoes
(Fig. 1). Among these fields, the ~40,000-km? Plio-
Quaternary Michoacan-Guanajuato Volcanic Field (MGVF),
situated in the west-central part of the TMVB (Fig. 1), is
certainly the largest in Mexico, and maybe also in the world
(Hasenaka and Carmichael 1985a; Valentine and Connor
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The DEM was retrieved from the online 1:50,000 Relieve Continental
tool, courtesy of INEGI (http://www.beta.inegi.org.mx/temas/mapas/
relieve/continental). Inset map shows the general geotectonic map of
Mexico with the location of the Trans-Mexican Volcanic Belt (reddish
color) and the MGVEF. Major fractures zones are TFZ Tamayo Fracture
Zone, RFZ Rivera Fracture Zone, OFZ Orozco Fracture Zone. Inferred
depth of the subducted Rivera and Cocos plates is also shown
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2015). It has a magmatic flux of ~ 800 km>/Ma (Hasenaka and
Carmichael 1985b) and hosts > 1100 scoria cones and associ-
ated lava flows (Guilbaud et al. 2012; Mahgoub et al. 2017a),
~400 small-to-medium-sized shield volcanoes (Pola et al.
2014; Chevrel et al. 2016a, b; Mahgoub et al. 2017b), ~22
phreatomagmatic vents (maars and tuff rings; Kshirsagar et al.
2015, 2016), two extinct stratovolcanoes Tancitaro and
Patamban (Ownby et al. 2007; Siebe et al. 2014), as well as
~43 domes and isolated lava flows (Mahgoub et al. 2018).
Among these eruptive centers within the MGVF are at least 30
that are younger than 25,000 years BP, including the historic
eruptions of Jorullo and Paricutin (Luhr and Simkin 1993;
Guilbaud et al. 2011; Rasoazanamparany et al. 2016; Larrea
et al. 2017, 2019). The eruptive recurrence interval in the
MGVF over the past 40 ka has been estimated at ~2 x 107
events per year, which is significantly higher than the long-
term Quaternary average of ~4 x 10™* events per year
(Hasenaka and Carmichael 1985b; Valentine and Connor
2015), suggesting that the present time may represent a par-
ticularly active phase of this volcanic field. The cause for the
concentration of such a large number of monogenetic volca-
noes in the MGVF is still poorly understood. Recent studies
point to the near-horizontal position of the subducting Cocos
plate at a depth of 90—120 km, as the most likely control of the
location and areal extent of magmatism over this wide area
beneath a ~40-km-thick continental crust (Carmichael 2002;
Kim et al. 2012; Chevrel et al. 2016a).

Multidisciplinary approaches in the MGVF combining de-
tailed radiocarbon and paleomagnetic dating have revealed
that some spatial clusters also represent clusters in time since
the different volcanoes comprising each cluster erupted within
a brief period of less than 4000 years. The two recently doc-
umented clusters occur near the cities of Tacambaro (Guilbaud
et al. 2012; Mahgoub et al. 2017a) and Zacapu (Reyes-
Guzman et al. 2018; Mahgoub et al. 2018), respectively, both
along major normal fault zones (Fig. 1). Each of them com-
prises four monogenetic vents that erupted in a sequence of
geologically short time intervals (hundreds to few thousands
of years) within a small area (few tens of km?). The identifi-
cation of these Holocene clusters in small areas within the
MGVF opens several questions in regard to future volcanic
hazard assessments in this region. These include the follow-
ing: Are the magma reservoirs feeding the Holocene clusters
still “active” and is a new eruption likely to occur within their
surroundings? How long are such clusters active? Will the
next monogenetic eruption in the MGVF be a single short-
lived isolated eruption, or will it be part of an already existing
cluster, or the beginning of a new cluster?

The MGVF region not only presents potential natural hazards,
but also has provided an environment conducive to human set-
tlement through pre-historical times. Considering the abundance
of Holocene volcanoes, past eruptions must have played an im-
portant role influencing pre-Hispanic human development and

triggering population migrations in the area (Chevrel et al.
2016b; Siebe et al. 2018). Nomadic prehistoric humans have
inhabited the territory of the present State of Michoacan probably
since at least 12,000 years BP (Punzo-Diaz and Martinez-
Vazquez 2018; Faugere 2006). They started growing corn (Zea
mays) since at least 3500 years BP (Watts and Bradbury 1982),
but the earliest sedentary populations in Michoacén are docu-
mented in the Early and Middle Formative periods (2000-300
BC) of Mesoamerican archeology (Beekman 2010). Later, dur-
ing the Late Formative and Classic periods (300 BC-AD 500/
600), small village societies and ceremonial centers appeared
across the entire region, a pattern that continued through the
Late Classic (AD 500/600-900) and Early/Middle Postclassic
(AD 900-1350) with increased population growth. In the Late
Postclassic (from AD 1350 onward), the Patzcuaro lake basin
(Fig. 1) became the political core of the Tarascan Empire (Pollard
1993) with urbanization of major settlements, coming to an end
in the early 1530s with the Spanish conquest and succeeding
decimation of the indigenous population. The impact of volcanic
eruptions on the pre-Hispanic populations of Michoacan has
never been evaluated due to insufficient archeological and vol-
canological records. However, the historical eruptions of Jorullo
(1759-1774) and Paricutin (1943—1952) revealed the notewor-
thy social and environmental changes that even small
Strombolian eruptions can produce (Luhr and Simkin 1993;
Guilbaud et al. 2009). In particular, during the 9 years of the
Paricutin eruption, two villages were destroyed, more than
4500 people were mobilized (Nolan 1979; Rees 1979), and
24.8 km? of land was buried under lava, and 300 km? was cov-
ered by > 15 cm of ash fallout (Luhr and Simkin 1993).

In the present multidisciplinary work, we address some of
the questions outlined above and present a possible new case
of a small cluster consisting of only two monogenetic volca-
noes, El Astillero and El Pedregal, near the town of Tancitaro,
located 25 km to the south of Paricutin volcano (Figs. 1 and 2).
We investigate their age, erupted volumes, and geochemical
evolution and report the existence of abundant ancient pottery
sherds and obsidian artifacts buried underneath the volcanic
products. Furthermore, we establish the sequence of eruption
of the two vents, try to shed some light on the conditions that
allowed two magmas to be emplaced in close temporal and
spatial proximity, and discuss whether another eruption could
be expected in this area again in the future.

Geological background and previous works

The Late Holocene El Astillero and El Pedregal monogenetic
volcanoes are located in the ~4400-km? Tancitaro-Nueva
Italia region in the southwestern part of the MGVF (Ownby
et al. 2011; Fig. 1). This volcanic region is located where the
NW-SE trending San Juanico-Buenavista (SJBV) strike-slip
fault (Johnson and Harrison 1990; Pacheco et al. 1999)
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Fig. 2 Digital elevation model 102240
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and geologic map of El Astillero
and El Pedregal volcanoes
showing the emplacement
sequence of the different lava
flows. The locations of the
samples collected for radiocarbon
(paleosols) and paleomagnetic
dating, and geochemical analyses
(lavas and tephras) are indicated.
Note that sample names have
been shortened in the figure to the
last two identification digits (e.g.,
TANC-1801 is referred as 01) for
clarity. Digital elevation model
(DEM) and topographic map
(contour interval 100 m) are from
INEGI. **Ar/*°Ar ages of older
volcanic products dated by
Ownby et al. (2011) are also
indicated
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separates the Michoacan from the Guerrero tectonic block
(Fig. 1). The SJVB passes between the Tancitaro and
Paricutin volcanoes, being an extension towards the SE of
the Cotija half-graben along which numerous volcanic vents
are aligned (Hasenaka and Carmichael 1985b; Connor 1987).

The Tancitaro-Nueva Italia volcanic region is constituted
by ~326+57 km® of emitted magma from more than 300
vents, including monogenetic scoria cones and small shields
(Morelli et al. 2010), many of which are built on the lower
slopes of the extinct andesitic Tancitaro stratovolcano (Fig. 1),
the highest mountain (3860 m above sea level) in Michoacan.
Volcanic activity in the region dates back to ~6 Ma and inten-
sified ~ 1.2 Ma (Ownby et al. 2011). The last volcanic episode
is represented by the 1943—1952 historical eruption of
Paricutin volcano (Luhr and Simkin 1993; Larrea et al.
2017). Based on *°Ar/*?Ar dating of clean groundmass sepa-
rates by Ownby et al. (2007), Tancitaro volcano started
forming > 793 £22 ka, its last effusive activity occurred at
237+ 34 ka, and its products represent almost one third of
the total magma volume (103 + 5 km®) erupted in this region.

Apart from Paricutin and Tancitaro (Ownby et al. 2011; Di
Traglia et al. 2014), little is known of the other volcanoes in
the Tancitaro-Nueva Italia region. Previous works on selected
lavas from the MGVF (Hasenaka and Carmichael 1985a, b,
1987; Ban et al. 1992; Hasenaka 1992; Chesley et al. 2002;
Verma and Hasenaka 2004; Johnson et al. 2009, 2010) report-
ed a few whole-rock and isotopic analyses, and K-Ar and
OArAr ages, from the Tancitaro-Nueva Italia volcanic re-
gion. From the El Astillero and El Pedregal volcanoes studied

@ Springer

Yo °Ar/ 3Ar - Ownby et al. (2011)
% Radiocarbon - this study
$& Paleomagnetic sample
O TANC Lava sample
[J TANC Tephra sample
[ ] epirse
[] epirsn
©
[ epirsa| ©
o
- EPLF4 |
o
B e | —
L
) - EP-LF-2
@
EP-LF-1
g |
<)
T | [ ] eatrs
[ e :
EALF2c|
[ entrn| 5
. <
EALF2a| [
- EA-LF-1
- EA-Cone
) I:I
c Late
3
% [ widde
@
e e

here, a total of six major-and-trace element analyses have been
previously reported (Hasenaka 1992; Johnson et al. 2009;
Ownby et al. 2011).

Methodology and analytical procedures

During three field campaigns (April-October, 2018) in the
study area, we mapped the lava field, measured flow and
tephra bed thicknesses, determined stratigraphic relations, col-
lected representative tephra and lava as well as paleosol sam-
ples, and cored the interior of lavas exposed at quarries for
paleomagnetic studies (Fig. 2). Field mapping was supported
by an exploration overflight of the study area by C. Siebe and
S. Salinas on the 7-February 2010. Targeted volcanoes were
circumnavigated in a CESSNA aircraft at different altitudes
and distances on days when atmospheric conditions were op-
timal in terms of visibility. The resulting geological map of the
studied area (Fig. 2), including the limits of the two monoge-
netic volcanoes and their individual lava flows (LF), was
drawn with the aid of a 1:50,000 digital elevation model
(DEM), topographic maps, and orthorectified aerial photo-
graphs from the Instituto Nacional de Estadistica Geografia
e Informatica (INEGI). The basal area of each volcano and the
volumes of the emitted individual lava flows were estimated
with the aid of ArcGIS® software (see full explanation on
Online Resource 1). The estimated DEM-aided volumes for
each individual lava flow are reported in Table 1. The Fisher
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and Schmincke (1984) nomenclature for types of volcanic
activity is used throughout the text for consistency.

Fresh lava and tephra samples were collected spanning the
entire eruptive sequence of both volcanoes (see Table I,
Online Resource 2). All of the samples were studied macro-
scopically, and a subset (21 lava and eight tephras) was select-
ed for thin-section preparation and whole-rock geochemical
analysis (see details on Online Resource 1). Additionally, four
paleosol samples were collected for radiocarbon dating
(Figs. 2 and 3; Table 2) from the first 2 cm underlying directly
ash fallout deposits (Fig. 3; see sampling details and

Paleosol

Fig. 3 Photographs showing the outcrops where paleosol samples dated
in this study were obtained. a Locality TANC-1803 exposing well-
bedded ash and scoria-lapilli fallout from El Astillero volcano above
paleosol dated at 1630+ 30 years BP (for size reference shovel is 1 m
long). b Locality TANC-1806 exposing well-bedded ash and scoria-
lapilli fallout from El Astillero volcano above paleosol dated at 3300 +
30 years BP (for size reference, person is 1.6 m tall). ¢ Locality TANC-
1828A exposing well-bedded ash and scoria-lapilli fallout from El
Astillero volcano above paleosol dated at 1370+ 30 years BP (zoom in
meter for size reference). d Locality TANC-1830 exposing well-bedded

@ Springer

laboratory methods on Online Resource 1). Moreover, multi-
ple fragments of pre-Hispanic pottery (informally called
tepalcates by the peasants in central Mexico) and obsidian
blades were found within the paleosol underneath the El
Astillero ash fallout sampled at location TANC-1830 (Figs.
2 and 3d-f).

Paleomagnetic samples were taken at two active quarries
(EA and EP in Fig. 2), one located within El Astillero lava
flow 2¢ (EA-LF-2c) and the second one within El Pedregal
lava flow 3 (EP-LF-3). These places were selected because
they are the only locations found in the entire lava field where

ash and scoria-lapilli fallout from EI Astillero volcano above paleosol
dated at 3280 + 30 years BP (for size reference, shovel is | m long as in
Fig. 2a). Note that paleosols in b and d were collected at the same quarry
but at different altitudes and stratigraphic positions. Localities are shown
in Fig. 2 and radiocarbon dates listed in Table 2. e, f show photographs of
pre-Hispanic pottery sherds found within the paleosol sample TANC-
1830 shown in d (for size reference, hand is 17 cm long and hand lens
is 5.5 x 3.5 cm). Note that the sherds in d are parts of a vessel whose floor
was grooved or punched with dots
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Table 2  Radiocarbon dates of paleosol samples underneath El Astillero ash fallout deposits

Reference

Locality

Calibrated age Deposit dated
range (20)

013C

Conventional
age (year BP)

Laboratory
code

Altitude

(a.s.l)

Coordinates

Sample
name

This study

2 km to the SW of Tancitaro,

Upper 2 cm of a> 1-m

19°19'02.9” 2063 495,736 1370 +30 —-21.8  608-688 cal AD

TANC-1828

road to Santa Catarina

well-developed paleosol under a

102°22'33.3"

95-cm ash fallout sequence from

El Astillero
Upper 2 cm of a >3-m

This study

Santa Catarina village

1820 492,702 1630 +30 —20.8 376474 cal AD

19°17"29.0”

TANC-1803

well-developed paleosol under a

102°23'22.0"

95-cm ash fallout sequence from

El Astillero
Upper 2 cm of a > 1-m

This study

El Astillero cone quarry

1630-1497 cal

3280+30 - 184

2054 506,219

19°18'49.1"

TANC-1830

well-developed paleosol under a

BC

102°22'36.5"

> 1-m ash fallout sequence from

El Astillero
Upper 2 cm of a > 6-m

This study

El Astillero cone quarry

3300+30 —19.8  1643-1504 cal

492,703

2042

19°18'52.0”

TANC-1806

well-developed paleosol under a

BC

102°2'241.9"

1.5-m ash fallout sequence from

El Astillero

the interiors of lava flows are well exposed and not affected by
post-emplacement movement. Paleomagnetic analyses were
also completed to define rock magnetic properties (O’Reilly
1984; Yu etal. 2001), flow-mean directions and paleointensity
determinations, and paleomagnetic dating (e.g., Bohnel et al.
2016; Mahgoub et al. 2017a, b, 2018; Juarez-Arriaga et al.
2018). See Online Resource 3 for details on paleomagnetic
sampling details and laboratory methods.

Results

Morphology, eruptive style, stratigraphy,
and radiocarbon ages

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.) vents are located ~ 3.5 km from each
other (Figs. 2 and 4). The morphology of their lava flows is
remarkably well preserved and mostly devoid of vegetation, in
contrast to older volcanic structures in the surrounding area,
which are heavily overgrown by pine forests and avocado
orchards (Fig. 4). Both volcanoes were emplaced on an in-
clined topography sloping 3-9° (GIS-aided) to the SW corre-
sponding to the southwestern flank of Tancitaro volcano (Fig.
1; Table 1). As aresult, the longest lava flows from both vents
were emplaced downslope in this same direction (Fig. 2). El
Astillero was characterized by an initial Strombolian explo-
sive cone-building phase followed by the effusive emission of
lava flows, while El Pedregal lacks a cone (i.e., it is a fissure
vent) and was purely effusive since neither ash nor spatter
deposits were found in its vicinity. If explosive activity had
occurred at El Pedregal, El Astillero cone and lava flows
would also have been covered by its tephra, which is not the
case. The lava flows include aa and blocky surface textures (as
defined by Harris et al. 2017) that display lobes, marginal
scarps, lateral levees, pressure ridges, and cross-flow ridges
(cf. Lipman and Banks 1987, Polacci and Papale 1997,
Chevrel et al. 2016b) that can easily be recognized on aerial
images allowing the inference of flow trajectories (Fig. 2).
Field mapping and relations allow us to establish the rela-
tive chronology of the two vents and their products.
Accordingly, El Pedregal is stratigraphically younger than El
Astillero as evidenced by the superposition of some of its lava
flows (LF-2, LF-4, and LF-5a) over the older El Astillero lava
flows (LF-1 and LF-2b). This is apparent on the geologic map
(Fig. 2). In this context, it is important to note that paleosols
are absent between the different flow units. Paleosol samples
were collected within the first two centimeters directly under-
lying ash fallout deposits from El Astillero volcano at four
different locations (Table 2; Figs. 2 and 3a—d). Radiocarbon
dating (AMS method) of the bulk organic matter in the
paleosols yielded two groups of ages. A younger group of

@ Springer
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Fig. 4 Features of El Astillero
(EA) and El Pedregal (EP)
volcanoes (numbers denote lava
flows from each volcano as
defined in Fig. 2). a Aerial view
of El Pedregal and El Astillero
volcanoes from the south.
Tancitaro village (T) is also
shown. b Aerial view of El
Astillero cone and its lava flows
from the NE. ¢ Aerial view of El
Pedregal volcano and its lava field
from the SE. d Locality of sample
TANC-1813 corresponding to El
Pedregal lava flow 2 (for size
reference, person is 1.65 m tall). e
Locality TANC-1808 exposing
well-bedded ash-and-scoria lapilli
fallout from El Astillero cone. f
Quarry at El Pedregal lava flow 3,
where sample TANC-1515 was
collected and the paleomagnetic
cores from El Pedregal drilled (EP
site in Fig. 2). Aerial photos taken
by Sergio Salinas on February 07,
2010 (for size reference, person in
front is 1.75 m tall)

6m tephra {
fallout;
from-

Tancitaro volcano
3480 m)

El Astillero

‘/ cone

1

3

1370+ 30 years BP (cal AD 608—688, sample TANC-1828A)
and 1630430 years BP (cal AD 376-474, sample TANC-
1803) and an older group of 3300+ 30 years BP (cal 1643—
1504 BC, sample TANC-1806) and 3280 + 30 years BP (cal
1630-1497 BC, sample TANC-1830).

El Astillero cone has a basal diameter of ~ 1.2 km, a height
of 280 m, and a crater diameter of ~300 m with a depth of
60 m. It is only slightly eroded and sparsely vegetated.
However, it is currently mined for sand and gravel (i.e., ash,
lapilli and block) and an abandoned quarry sector is being
used as a garbage dump, all of which increases exposure
(Fig. 4b). Tephra from El Astillero is best exposed in proximal
locations (<2 km from the vent) to the N, W, and S of the
cone, since tephra to the E was buried by its own younger lava
flows as well as by flows from the subsequent El Pedregal
eruption (Fig. 2). Proximal scoriaceous dark-gray tephra de-
posits are typically well bedded and comprise millimeter-to-
decimeter thick lapilli-and-ash layers with a maximum ob-
served thickness for the entire fallout sequence of ~11.5 m
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at site TANC-1808 (Figs. 2 and 4e). Farther from the cone,
widespread surficial erosion and reworking is observed (i.e.,
lack of original fall-out deposit structure), and the original
stratigraphy is only preserved in the lower part of the tephra
sequence. El Astillero lavas flowed first towards the E and SE,
and after surrounding the preexisting small Paraguitiro edifice
(Fig. 2) sharply turned towards the SW, following a ravine
which they filled. El Astillero lavas present surface textures
that range from rounded clinkery aa to blocky. We identified
three distinct flow units formed by five lava flows (Fig. 2);
their relative chronology of emplacement was assessed by the
contact characteristics between the flows and later confirmed
by their compositional differences (Figs. 2 and 4). Lava flow
length, measured along the flow axis from the vent to the
front, ranges between 1.2 and 8 km and their thickness varies
between 15 and 50 m (Table 1). The longest lava flow (8 km
long, up to 0.68 km wide, and 20 m thick) was emitted from El
Astillero and was also the first to be emplaced. It initially
flowed to the SE, but after reaching 1.5 km from the vent
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turned towards the SW, following a valley. Subsequent lava
flows (EA-LF-2a, 2b, 2c, and EA-LF-3, see Fig. 2) reached
shorter distances (< 2.6 km). The thickest lava (EA-LF-3) is
also the shortest (1.2 km) with a thickness of 50 m and a lobate
form. This was the last emplaced lava from EI Astillero.

El Pedregal presents a roughly symmetrical dome-shaped
vent (diameter of 420 m with a height of 60 m), open towards
the SW marking the outlet of the last lava discharge (EP-LF-
5c; Fig. 2). The lava flows are distributed around the summit
dome, although most of them flowed towards the SW. They
typically display blocky surfaces with single blocks ranging
between a few decimeters to several meters in size. Five dis-
tinct flow units composed of seven lava flows were identified
at El Pedregal from their stratigraphic relations (Fig. 2) and
their relative chronology could be determined from their mor-
phologies and contact characteristics, which was later also
corroborated by their geochemical composition. Flow lengths
range from 1.5 to 5.1 km (measured from vent to front) and
their thickness varies between 30 and 100 m (Fig. 4d;
Table 1). The youngest lava flow (EP-LF-5c) can be traced
from vent to front and, together with EP-LF-5a and 5b,
reached longer distances than the other flows due to higher
topographical gradients combined with narrow channelized
flow close to the vent that broadens downslope forming lobate
fronts and butting-up against the earlier formed El Astillero
flow (LF-1).

Area, volume estimates, and emplacement duration

With the aid of the GIS-based map, we established the edifice
and lava field boundaries, and the basal areas of the volcanoes
were estimated at 6.5 km? for El Astillero and 8.2 km? for El
Pedregal, respectively. The estimated total lava volume emit-
ted during the eruption of both volcanoes was 0.58 km®
(0.123 km? for El Astillero and 0.457 km® for El Pedregal),
and the DEM-aided volume calculated for the small El
Astillero cone yielded 0.085 km®. Volumes of the different
lava flows are quite variable (Table 1), and El Pedregal LF-4
(0.11 km?) is the most voluminous. The above values are not
DRE-volumes because empty spaces were not considered.
Assuming that 5 vol.% represents void space between the
brecciated blocks of lava flow carapaces and basal breccias
(cf. Chevrel et al. 2016b), and an additional 5-10 vol.% rep-
resents mean volume of vesicles within the lava blocks, the
total minimum volume erupted in the form of lava flows
(0.58 km®) from both volcanoes would be ~0.5 km®> DRE.
The well-preserved lava flow surface-morphology of El
Astillero and El Pedregal volcanoes allows estimation of
their emplacement duration by applying the method of
Pinkerton and Wilson (1994) and by following the procedure
delineated in Chevrel et al. (2016a). The latter assumes that
the different lava flows were not emplaced simultaneously but
one after the other. The method of Pinkerton and Wilson

(1994) is based on the relationship that exists between the
amount of cooling of the lava channel and the final maximum
flow-length (assuming a constant lava advance rate).
Accordingly, the emplacement time of a lava flow can be
estimated by dividing its total volume (DEM-aided
calculated volume) by the average volumetric effusion rate
(see Table I, Online Resource 4). The effusion rates of the lava
flows estimated from the Pinkerton and Wilson (1994) ap-
proach range between 1.3 and 35 m?/s, which if assumed
constant, when divided by volume, will give emplacement
duration (see Table I, Online Resource 4). Accordingly, the
El Astillero lava flow field was emplaced during the course of
~200 days, while the El Pedregal field took ~ 1590 days to
form, which sums up to a little less than 5 years as the total
time for the emplacement of both volcanoes (assuming unin-
terrupted lava emission).

Petrography and chemical composition

El Astillero and El Pedregal samples are porphyritic with 15—
45 vol.% of large crystals (200 um—3.5 mm) embedded in a
holocrystalline to hypocrystalline groundmass (Fig. 5). From
here onward, we use the term macrocryst to refer to crystals
larger than 200 pm, whereas those smaller than 200 um are
referred to as microcrysts, without petrogenetical significance
(cf. Jerram and Martin 2008, and references therein). The
macrocryst assemblage, occasionally forming together
glomeroporphyritic clusters (Fig. 5c, d), comprises olivine
(2-18 vol.%), orthopyroxene (1-3 vol.%), clinopyroxene
(1-7 vol.%), and plagioclase (1-20 vol.%). The groundmass
(55-85 vol.%) is composed of microcrysts of olivine, feld-
spars, orthopyroxene, clinopyroxene, and spinel and glass.
Most of the lavas are poorly vesiculated, but when present,
they show irregular to elongated vesicles (<30 vol.%) up to
2.5 mm in size. Olivine macrocrysts with orthopyroxene
peritectic reaction rims (up to 20 um; Fig. 5a) and plagioclase
macrocrysts are ubiquitous in all samples; however, as the
eruption progressed, the lavas became characterized by de-
creasing olivine and increasing pyroxene contents (Fig. Sa—
d). Chromite microcrysts are present as inclusions in most
olivine, orthopyroxene, and clinopyroxene macrocrysts in all
the lava samples (Fig. 5).

In accordance with the petrographic observations, the erup-
tive products also show a progressive change in chemical com-
position throughout the eruptive sequence. The composition of
sampled lavas and tephras from El Astillero and El Pedregal
ranges from basaltic andesite to andesitic following the TAS
classification of Le Bas et al. (1986), in agreement with previ-
ously published data (Fig. 6). All volcanic products erupted
from El Astillero volcano are exclusively basaltic andesite in
composition while El Pedregal is mostly andesitic in composi-
tion. The last lava flow erupted by El Pedregal (EP-LF-5c¢
comprising samples TANC-1816 and TANC-1831; Figs. 6
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Fig. 5 Representative
photomicrographs of El Astillero
and El Pedregal volcanic products
in plain (upper left) and cross-
polarized (lower right)
transmitted light. a Ol- and Opx-
bearing tephra sample from the El
Astillero volcano (TANC-
1808E); note peritectic rims
surrounding Opx. b Ol-rich lava
sample from El Astillero flow 1
(TANC-1823); note abundance of
spinel inclusions in the olivine
macrocrysts. ¢ Lava sample from
El Astillero flow 2¢ (TANC-
1807) with abundant Ol-Cpx-P1
glomerocrysts. d Lava sample
from El Astillero flow 3 (TANC-
1820) with OI-Opx-Cpx-P1
glomerocrysts. e Lava sample
from EI Pedregal flow 1 (TANC-
1810) characterized by large
isolated crystals and
glomerocrysts. f Pyroxene-rich
lava sample from El Pedregal
flow Sa (TANC-1805)

Fig. 6 Total alkalis vs. SiO,
(TAS) diagram (after Le Bas et al.
1986) for El Astillero and El
Pedregal volcanic products.
Previously published analyses for
El Astillero and El Pedregal
(small gray circles) are from
Hasenaka (1992), Johnson et al.
(2009), and Ownby et al. (2011).
*Data normalized to 100% on
anhydrous basis
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Fig. 7 Major element contents
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and 7) shows a compositional shift to a more mafic composi-
tion, being the only basaltic andesite erupted by this volcano.
Taking into account the calculated emitted lava flow volumes
(non-DRE) for both volcanoes, andesite is the most volumi-
nous product with 0.435 km> (75 vol.%) followed by
0.145 km® of basaltic andesite (25 vol.%). Bivariate plots of
selected major elements versus MgO (wt.%) are presented in

Fig. 7 for El Astillero and El Pedregal volcanic products. Both
present a very clear and continuous liquid line of descent,
where SiO,, Al,O3, Na,0, K,0, and P,Os increase with de-
creasing MgO, whereas FeO" and CaO decrease with decreas-
ing MgO, apart from the behavior of the last lava flow emitted
as mentioned above. In contrast, TiO, shows variable behavior
with a clear kink at ~ 6 wt.% MgO; El Astillero tephras have
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Table 3
coercivity, and Curie temperature is Tc.

Rock-magnetic parameters, where M,¢/M; is remanent saturation magnetization/saturation magnetization, H./H, is remanent coercivity/

Flow Site location Code Hysteresis analysis Thermomagnetic analysis
Latitude (19° N) Longitude (102° W) M,/Mg H./H. T,
(§®)
El Astillero 18.688' 22.416 EA6 0.21 1.19 553
EA13 0.08 1.78 550
EA17 0.26 1.18 562
El Pedregal 18.035 20.839 EP1 0.11 2.20 512
EP2 0.11 2.14 572
EP3 0.08 2.85 525

slight but variable TiO, contents (0.82—0.87 wt.%), whereas
TiO, contents of El Astillero lavas increase until up to ~6%
MgO. For samples with MgO < 6% and all El Pedregal lavas,
the TiO, content decreases with decreasing MgO.

Rock-magnetics, paleomagnetic directions,
paleointensities, and paleomagnetic dating

Magnetic hysteresis curves are similar for both lava flows, clos-
ing in fields ~ 300 mT as typical for magnetite or titanomagnetite
minerals (Fig. S1 in Online Resource 3). Coercive forces and
coercivity and remanence ratios suggest the presence of a mix-
ture of wide grain sizes (Table 3; Online Resource 3). Curie
temperature estimates (T,) yielded values 510 °C < T, <580 °C
(Fig. S2 in Online Resource 3), indicating the presence of low-Ti
titanomagnetite or magnetite (O’Reilly 1984). Chromite inclu-
sions are interpreted to contribute to a very small degree to the
magnetism, if at all. A large quantity of chromite, comparable to
iron, would be required to produce a measurable effect (Yu et al.
2001). In any case, chromite would record a thermal remanent
magnetization (TRM) similar to that of (titano-) magnetite. Rock
magnetic properties thus show that the magnetic minerals present
in these lava flows are suitable recorders of the paleomagnetic
field directions and intensities.

Most alternating field (AF) demagnetization curves are char-
acterized by linear trends towards the origin of the diagram

El N

30° 3.,

°@]
60° =

El Astillero

EA-LF-2c

| |

D-=10.2°; 1.=35.8°
0,,=3.6°; k=149.61
N=17; n=12
1 |

Fig. 8 Equal area projection of paleomagnetic ChRM directions (black
dots) and flow-mean directions (red dots) with 95% confidence angles, k
precision parameter, N total number of samples measured, » number of
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(Zijderveld plots, Fig. S3 in Online Resource 3), indicating the
presence of a single magnetization component interpreted to be
the primary TRM. Therefore, all demagnetized samples provid-
ed stable end-directions. For flow-mean directions, ten cores
were drilled distributed over a ~50-m distance in a large and
continuous outcrop of EP-LF-3. In the larger quarry of flow EA-
LF-2c, the continuity of the massive interior was not as good,
but six blocks larger than 3 m and distributed over a distance of
~200 m were sampled for a total of 17 cores. One block with
five cores was discarded as it was probably not in situ; one core
of EP-LF-3 was similarly rejected. For calculation of mean di-
rections, an outlier test at the 95% confidence level was carried
out. Flow average paleomagnetic directions are well defined
with small confidence limits ows, providing mean directions
for El Astillero at declination (D)= 10.2°, inclination (I) =
35.8°, xg5=3.6° n=12 and for El Pedregal at D=2.6°, [=
35.6°, a5 =2.1°, n=9 (Fig. 8). While these directions are sim-
ilar, the F-test indicates that they do indeed not belong to a
common distribution. El Pedregal should therefore have erupted
at least 50 years after El Astillero to record a statistically differ-
ent direction, based on the typical secular variation rate around
0.1%/year, as obtained by Mahgoub et al. (2019) from the
Mexican volcanic belt.

Paleointensity experiments were carried out on 16 samples
(10 of El Astillero and 6 of El Pedregal; Table 4). Figure 9
shows representative Arai plots of two accepted samples,

[b] N

60° =
El Pedregal
EP-LF-3
1 |

D.=2.6°; 1.=35.6°
a,,=2.1%; k=594.18
N=10; n=9
| |

samples used in the calculation of the flow-mean direction for a El
Astillero lava flow 2¢ and b El Pedregal lava flow 3
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Table 4 The IZZI-Thellier and IZZI-Microwave paleointensity, results
and associated statistics. N — number of points included in the linear best-
fit; 7 minimum and maximum temperature used to determine the
paleointensity, P minimum and maximum power used to determine the
paleointensity, 3 the ratio of standard error of the slope of the selected
segment in the Arai plot to absolute value of the slope, f fraction of the
NRM used for best-fit, ¢ quality factor, MADanc anchored maximum

angular deviation, « angular difference between anchored and non-
anchored best solution, 6CK relative check error, dpal cumulative check
difference, P/ paleointensity, s.d. standard deviation, Quality the quality
of the obtained paleointensity data with the two default criteria: classes A
and B. The analysis was done using ThellierTool4.22 software
(Leonhardt et al. 2004)

Sample Number T (°C) 8] f q MAD,,. (®) «(°) O8CK (%) opal (100%) PI s.d. (uUT)  Class
El Astillero
EA6 13 0-550 0.03 081 11.8 2.1 1.3 3.0 6.5 4576  1.54 B
EA13 13 0-550 0.02 072 295 1.3 1.7 2.6 38 47.01 093 A
EA14 12 0-530 0.03 056 159 1.4 2.1 4.0 37 49.13 1.32 A
EA17 13 0-550 0.03 076 18.1 1.4 0.5 1.9 42 47.54  1.54 A
P (W)
EAI0-1 9 0-60 0.02 0.69 2047 0.85 0.5 3.6 9.46 3898  0.87 B
EAI0-2 6 0-60 0.05 047 622 1.01 22 29 9.99 4524 234 B
EA10-3 7 0-60 0.05 049 5.6l 2.17 4.5 2.16 6.50 43.17  2.16 B
EA10-5 5 0-50 0.01 0.89 1477 038 0.3 6.38 7.05 3644  0.59 B
EA13-2 5 0-60 001 0.64 478 0.60 1.0 2.41 4.94 50.69 034 A
Mean 4488  4.65
El Pedregal
T (°C)
EP1 10 0-500 0.07 038 39 1.1 0.6 3.1 8.9 3847 276 B
EP2 8 0-400 0.08 038 3.6 1.7 24 6.8 4.7 6442  5.64 B
EP3 5 400-500 0.02 055 145 1.3 1.5 54 54 49.18  1.00 B
P (W)
EP1-2 0-60 0.06 0.64 7.02 2.69 43 1.99 4.52 3551 225 A
EP3-3 0-80 0.04 088 1088 0.84 0.6 4.92 6.64 46.28 1.94 B
Mean 4236 643

together with their orthogonal vector plots. Fourteen samples
passed the acceptance criteria (Table S4 in Online Resource
3), resulting in an average for El Astillero of 44.88 +£4.65 uT
and for El Pedregal 0f42.36 +6.43 uT. One El Pedregal sam-
ple with a high PI of 64 puT was excluded as an outlier.
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Fig. 9 Examples of paleointensity (Arai) plots for the a El Astillero and b
El Pedregal lava flows, obtained by the IZZI-Thellier protocol (Tauxe and
Staudigel 2004). Paleointensity results and orthogonal vector plots
(insets). NRM and pTRM data are normalized. NRM vs. pTRM data

Flow mean directions and intensities were used as input
data for paleomagnetic dating (Pavon-Carrasco et al. 2014),
within a time interval from AD 0-1550 for both lava flows.
This interval is defined by the oldest possible '*C age of El
Astillero and the Spanish conquest. Resulting probability
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are shown as circles, with best-fit lines. pTRM checks are shown as
triangles and some labels temperatures steps are also indicated. The
analyses were carried out using ThellierTool4.22 software (Leonhardt
et al. 2004)
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density curves are shown in Fig. 10 (further details in Fig. S5
in Online Resource 3) and defines for El Astillero two possible
age intervals of AD 40-200 and AD 600—680, with the second
one correlating well with the youngest C'* age (Fig. 10a). This
good agreement validates the paleomagnetic dating method,
as already proven recently by Bohnel et al. (2016), Mahgoub
et al. (2017a, b, 2018), and Juarez-Arriaga et al. (2018) for
other Mexican volcanoes. The older age of AD 40-200 is
excluded because of the archeological context (see
“Discussion” below). The El Pedregal lava flow provides as
well two paleomagnetic age ranges of AD 50-290 and AD
500-700 (Fig. 10b), and here, we exclude the older age as
well, as this flow is stratigraphically younger than El
Astillero. The age of AD 500-700 is very similar to that of
El Astillero lava flow and thus supports a (near-) coeval em-
placement of these lava flows. Paleomagnetic dating thus re-
stricts the '*C age range of El Astillero towards younger ages,
reducing the uncertainty to 60 years, and allows for a maxi-
mum time lag of El Pedregal flow emplacement of 90 years, if
the paleomagnetic ages are used for calculation.

Discussion
Are El Astillero and El Pedregal “twins” or “siblings”?
According to the C'* ages obtained in the four dated paleosols

located below the fallout tephras from El Astillero volcano
(Fig. 2; Table 2), two possible paleosol age ranges can be
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Fig. 10 Paleomagnetic dating of El Astillero and El Pedregal lava flows.
Probability density curves are shown with shaded areas below them
where surpassing the 95% threshold levels (Pavon-Carrasco et al. 2014)
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recognized: a younger (AD 376—688) and an older (1630 to
1530 BC) range. However, thanks to the assortment of
tepalcates found within the paleosol sampled at locality
TAN-1830, which includes a few pottery sherds from vessels
characterized by a floor grooved or punched with dots (Fig.
3e, f), we can shed light on this age discrepancy. According to
Arnauld et al. (1993) this type of ornamentation has been
identified in the archeological complex of Las Lomas in the
western part of the Zacapu lacustrine basin (located 80 km to
the NE, see Fig. 1), where it has been radiocarbon dated and
found to be diagnostic (Gregory Pereyra, pers. comm.,
November 11, 2018) for the Early Classic period of
Michoacan archeology spanning from AD 0 to AD 550.
Although the appearance of this ornamentation in the
Tancitaro area could have started some years before and/or
after its appearance at the Las Lomas archeological site, its
occurrence underneath the El Astillero ash is inconsistent with
the older age range (1630—-1530 BC). In contrast, the younger
range (AD 376-688) overlaps partly with the time range of
occurrence (AD 0-550) of the diagnostic floor-punched
tepalcates covered by the El Astillero tephra. Hence, the
younger range (AD 376-688) is proposed here as the most
likely age for the eruption of El Astillero volcano.

Furthermore, the paleomagnetic dating method yielded
most likely age ranges of AD 620-680 for El Astillero and
of AD 470-710 for El Pedregal, respectively.

As outlined above, we have no doubt that El Astillero
erupted before El Pedregal and that both are petrogenetically
closely related. A question that needs to be answered is thus
whether they were born during the same fissure eruption, one
immediately after the other, and should hence be regarded as
contemporaneous twins, or whether sufficient time (decades
to a few centuries) elapsed between both eruptions, to rather
consider them as separate siblings. In this respect, the paleo-
magnetic study sheds some light, since it revealed the near-
contemporariness of El Astillero and El Pedregal eruptions
based on the measured paleomagnetic directions and intensi-
ties. Moreover, the paleomagnetic dating has also confirmed
the relative chronology established previously for both volca-
noes by stratigraphic means. El Pedregal being younger than
El Astillero is also in accordance with the progressive geo-
chemical variation of the erupted products, starting with the
more primitive basaltic andesite El Astillero tephra and lavas
and gradually evolving in time towards the high silica andesite
compositions of El Pedregal’s succession of lavas. An excep-
tion to this general trend is the very last erupted lava flow from
El Pedregal (EP-LF-5c¢) that shows an intermediate composi-
tion similar to the most evolved El Astillero magmas. This
behavior was also observed in a recent study of Paricutin
volcano, where the last erupted lava flow similarly showed a
more primitive composition (Larrea et al. 2019).

From all of the above, it seems safe to say that El Astillero
and El Pedregal probably erupted between AD 500 and AD
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700 (within the Late Classic period of the Mesoamerican
archeological time scale), one after the other, and that both
eruptions were likely separated by a short period of time, the
exact length of which is difficult to ascertain (the pause might
have taken a few months, but definitely not more than a few
decades). Although it is difficult to conclude beyond doubts
whether these two volcanoes should be either regarded as
twins or rather as siblings, we are more inclined to favor the
second analogy, since our paleomagnetic dating efforts sug-
gest a short pause in activity between the two eruptions.

In summary, the eruption of El Astillero probably started
along an ENE-WSW-oriented fissure with Strombolian activ-
ity and accompanying intense ash fallout from a pulsating
eruptive column, forming rapidly a scoria cone during the
first weeks, as also described from other scoria cones of the
MGVF (e.g., Paricutin historic eruption; Foshag and
Gonzalez-Reyna 1956, Luhr and Simkin 1993). These initial
tephra fallout deposits are best exposed at proximal locations
(<2 km from the cone) to the N, W, and SW of the vent (Fig.
2); at farther distances, fallout deposits quickly become small-
er in grain size (mostly fine ash), thin out, and display cross-
bedding due to erosional reworking. The explosive activity
largely came to an end when the first lava flow emanated
from El Astillero, since late fallout deposits were not found,
neither covering nor inter-bedded within the lava sequence.
The discharge of the first lava flow from El Astillero initiated
at the SE base of the scoria cone (Fig. 2). From there, it first
flowed 2 km towards the SE until it abruptly changed its
direction by 90°, when it became channelized towards the
SW along a major ravine draining the upper slopes of
Tancitaro stratovolcano. This lava flow reached a distance
of ~ 8 km and is not only the longest, but also the most mafic.
Afterwards, a new effusive vent opened at the eastern base of
the cone, producing subsequently El Astillero lava flows EA-
LF-2a, 2b, and 2c. The last lava emitted from El Astillero
(EA-LF-3) was produced by the reactivation of the SW vent.
After the cessation of El Astillero activity, and presumably
after a geologically negligible pause (months to few decades),
volcanic activity resumed with the opening of a new effusive
vent (El Pedregal dome) located ~3.5 km to the ENE of El
Astillero scoria cone. Although the cause of this shift is un-
known, one potential explanation could be the existence of a
structural lineament (e.g., a normal fault) that favored this
magma shift and the formation of this younger El Pedregal
vent. After its initial opening, abundant and continuous lava
flows were emitted and distributed around the dome-shaped
vent forming the El Pedregal lava flows EP-LF-1, 2, 3, 4, 5a,
5b, and Sc, until lava emission ceased abruptly bringing the
formation of El Pedregal volcano to its end. These viscous
lavas flowed mostly to the south (Fig. 2), and their total
volume (~0.5 km®) is almost three times larger than the total
volume (~0.2 km®) emitted from El Astillero, including the
volume of its cone.

The eruptive sequence described above records a relatively
abrupt change from an explosive Strombolian to an effusive
eruptive style accompanied by a progressive change in the
bulk magma composition, evolving from basaltic andesite
with a SiO, content of ~52 wt.% to andesitic with slightly
less than 60 wt.% SiO, (Fig. 6). As previously noted at
Paricutin (Larrea et al. 2017), the case of the El Astillero and
El Pedregal eruptions display a somewhat unexpected behav-
ior, since the most primitive magmas (initial tephras from EIl
Astillero) are also the ones related to the most explosive ac-
tivity. However, Smith and Németh (2017) suggested that the
eruptive style in small-volume monogenetic volcanoes strong-
ly depends on parameters such as magmatic volatile content,
magma composition and viscosity, and other environmental
factors (e.g., basement structures, presence and proportion of
external water, and host sediment physical conditions).
Therefore, the magma pre-eruptive volatile content and the
degassing mechanism, which depends on magma ascent rates
and the relative permeabilities of magma and wall rock, were
key factors (e.g., Parfitt and Wilson 1995; Cashman 2004;
Larrea et al. 2017) controlling the explosive activity of the
El Astillero and El Pedregal eruptions. In this case, the change
from explosive activity to effusive activity probably took
place when slow magma ascent rates and stagnation accom-
panied by crystallization (Cashman 2004; Cervantes and
Wallace 2003) allowed extensive degassing of the remaining
El Astillero magma. As a result, the subsequent El Pedregal
eruption was purely effusive producing largely degassed lavas
allowing the emplacement of more viscous, thicker, and
shorter lavas compared to those of the El Astillero lava field.

El Astillero and El Pedregal volcanoes: a monogenetic
cluster in the making?

Recent volcanological studies near the small cities of
Tacambaro (Mahgoub et al. 2017a) and Zacapu (Reyes-
Guzman et al. 2018; Mahgoub et al. 2018), both within the
MGVF, have led to the discovery of two Late Holocene enig-
matic monogenetic volcano clusters. Each consists of four
vents that erupted in close proximity to each other within a
time period encompassing less than 4000 years. Both initiated
with Strombolian activity building first a basaltic andesite
scoria cone and associated lava flows (Mahgoub et al.
2017a; Reyes-Guzman et al. 2018). Subsequently, after pe-
riods of repose, each lasting several hundred years, nearby
vents erupted producing additional silicic andesite lava flows
in an effusive fashion (Mahgoub et al. 2017a, Reyes-Guzman
etal. 2018). In this context, and given the similarities between
our case and those of Tacambaro and Zacapu (cf. Mahgoub
et al. 2017a; Reyes-Guzman et al. 2018) in regard to compo-
sitional trends (basaltic to andesitic), erupted volumes, and
eruptive styles (Strombolian, followed by effusive activity),
we wonder whether El Astillero and El Pedregal could
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together represent the initial stages of a new cluster that is still
in the making. If so, a remnant batch of degassed crystal-rich
magma might still be residing in the upper crust underneath
the area waiting to become remobilized by a new injection of
mafic magma rising from the mantle. If true, and given the
pattern displayed by the Tacambaro and Zacapu clusters, a
new high-silica andesite effusive eruption should be expected
in the southern Tancitaro area in the future. Although such a
scenario is highly speculative, it represents a line of investiga-
tion worth being pursued by geophysical and geochemical
means in the future.

Impact of the eruption and archeological implications

Considering the small volume emitted (~0.5 km®) and area
covered (14.7 km?) by its products, as well as the predomi-
nance of effusive relative to explosive style of activity of the
El Astillero and El Pedregal volcanoes, it seems that their
eruptions probably had a relatively localized impact on their
surroundings. Before the eruption, this zone was likely cov-
ered by a mixed pine and oak forest, similar to the woods
currently encountered in the nearby protected areas of the
Tancitaro National Park, which has so far been spared from
the otherwise extensive replacement by avocado orchards.
The existence of pre-Hispanic pottery sherds and obsidian
artifacts underneath the tephra fallout deposits from El
Astillero unambiguously attest to human activities in the area
before the eruption. Future archeological excavations should
reveal more about the exact nature and extent of the human
occupation. If small hamlets existed, these were probably
abandoned as a consequence of the eruption, and those lying
in flow paths buried. Unlike other archeological sites in
Michoacéan such as Malpais Prieto in the western Zacapu la-
custrine basin (Michelet 1993, 1998, Reyes-Guzman et al.
2018, Pereira and Padilla-Gutiérrez 2018) and Angamuco in
the eastern Patzcuaro basin (Fisher and Leisz 2013; Fisher
et al. 2017; Ramirez-Uribe 2017), the young El Astillero and
El Pedregal lava flows do not show obvious evidence of re-
occupation and settlement on the lavas. However,
archeological information in Michoacan is still sparse
(Pollard 2011) and more intensive excavations in the future
should reveal additional information that will shed light on the
role that these eruptions played in the development of ancient
societies and their migrations in this region.

Comparison with other volcanoes in the MGVF
and future hazards

The monogenetic eruptions of El Astillero and El Pedregal
have differences and similarities when compared to other
monogenetic eruptions in the MGVF, which includes a large
variety of landforms and sizes (e.g., scoria cones, maars,
domes, shields, etc.; Hasenaka and Carmichael 1985b).

@ Springer

Notable characteristics of the El Astillero and El Pedregal
eruptions include a variation in the importance of effusive
relative to explosive activity early after the initiation of the
El Astillero eruption, a shift in the location of active vents,
and a progressive change in the bulk magma composition
throughout the duration of the eruption.

After the course of probably not more than 6 years, the new
volcanoes occupied an area of 14.7 km? and emitted ~ 0.5 km®
(DRE) of magma. If compared with other known monogenetic
volcanoes in the MGVF, El Astillero and El Pedregal together
covered only half of the area and emitted one third of the
volume of the 9-year long Paricutin eruption; however, it is
comparable in size and volume to the 15-year long Jorullo
eruption, which covered a much smaller area (~ 11 km?) with
only ~0.35 km® (DRE) of magma (Rowland et al. 2003,
Guilbaud et al. 2011, Rasoazanamparany et al. 2016).
However, most of the 114 Quaternary volcanoes (Early
Pleistocene to Holocene) identified in the 690-km?
Tacambaro-Puruaran area involved small volumes (<
0.5 km® DRE) and areas (Guilbaud et al. 2012), being similar
to the volcanoes described here. Similarly, in the 395-km?
western Zacapu lacustrine basin, 47 Quaternary volcanoes
were emplaced in the last 2.1 Ma, most of them erupting
volumes < 0.5 km> DRE. Thus, the systems considered here
could be considered typical in terms of size, covered area,
erupted volumes, and eruptive styles for monogenetic activity
of the region.

Conclusion

The recent identification of Holocene clusters in small areas
within the MGVF (Reyes-Guzman et al. 2018; Mahgoub et al.
2017a, 2018) opens several questions regarding future volca-
nic hazard assessments in this region. Documenting the erup-
tive recurrence intervals within clusters, as well as the preva-
lence of vent alignments, thus provides input parameters nec-
essary for both the temporal and spatial aspects of volcanic
hazard assessment. The occurrence and longevity of clusters is
ultimately related to magma supply and regional and local
stress fields that control magma ascent (Valentine and
Connor 2015; Marti et al. 2016); thus, the location of active
clusters can migrate with time in response to changes in tec-
tonics and, potentially, melt production and magma flux.
Nevertheless, for clusters with eruptive recurrence intervals
that are short with respect to the timescale for significant stress
field changes, new vents may be expected to occur within
currently active clusters (Deligne et al. 2016). We here provide
a multidisciplinary approach involving field mapping, physi-
cal volcanology, geochemistry, paleomagnetism, and archeol-
ogy to place the timing and duration of activity at nascent
monogenetic systems. Therefore, detailed studies of a wide
variety of monogenetic volcanoes occurring in the MGVF,
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similar to that presented here, could allow constraints to be
placed on a range of possible future scenarios, including po-
tential relationships between eruption magnitude, size, and
severity of affected areas.
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