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A B S T R A C T

The Ilopango caldera is located in the central part of El Salvador, within the right-lateral El Salvador Fault
System (ESFZ) and adjacent to the capital city of San Salvador. The caldera has a polygonal shape of
17× 13km and hosts an intra-caldera lake. Ilopango caldera had multiple collapse eruptions that formed wide-
spread and voluminous silicic ignimbrites. Volcanic activity of the caldera has been controlled by strike-slip
faults of the ESFZ. In this work we present the geological characteristics of the first three ignimbrite-form-
ing eruptions of Ilopango caldera, providing an interpretation of the origin and initial stages of the volcanic
evolution of this caldera complex. An initial extensional regime of the ESFZ possibly developed a graben at
or near the actual Ilopango caldera, where the graben's master faults worked as fissure vents during the first
caldera collapse. The Olocuilta Ignimbrite was emplaced at 1.785 ± 0.01 Ma BP, with a Dense Rock Equiv-
alent (DRE) volume > 50 km3 (probably ~300 km3). The ESFZ stress gradually changed from extensive to
transtensive, inducing the second collapse associated with a pull-apart caldera, producing the Colima Ign-
imbrite at 1.56± 0.01 Ma BP, with a DRE volume of >11 km3. The transtensive regime increased along the
ESFZ, producing the third collapse in the pull-apart graben caldera apparently affected by the newly formed
strike-slip San Vicente Fault. This phase corresponds to the explosive eruption that formed the Apopa Ign-
imbrite at ~1.34 Ma BP, with >9 km3 DRE volume. The latter ignimbrite marks a change in the eruptive style
producing hydromagmatic pyroclastic flows followed by a dense ignimbrite with coignimbrite lithic breccias.
These features suggest the involvement of water that could come from a paleoIlopango lake within the caldera
depression associated with the second caldera collapse at 1.56 Ma BP. Ilopango is thus a multistage caldera
system associated with the largest explosive events registered in El Salvador so far.

© 2018.

1. Introduction

Collapse calderas are formed by the subsidence of crustal blocks
along bounding faults into a shallow chamber during the fast evac-
uation of magma (Smith and Bailey, 1968; Druitt and Sparks, 1984;
Lipman, 1997, 2000; Gottsmann and Martí, 2008). Caldera eruptions
can be explosive or effusive; but, the most catastrophic and volu-
minous are the explosive ones that can erupt massively large vol-
umes of pyroclastic material within hours to few days (e.g., Newhall
and Dzurisin, 1988; Lipman, 1997; Cole et al., 2005; Gottsmann and
Martí, 2008; Costa et al., 2014; Costa and Marti, 2016). Silicic col-
lapse calderas are associated with infrequent but catastrophic explo-
sive supereruptions and are considered a major geohazard (e.g., Toba
at ca. 74ka, Francis et al., 1983; Rampino and Self, 1993; Self, 2006).

⁎ Corresponding author.
Email address: ivanbatea@gmail.com (I. Suñe-Puchol)

In collapse calderas, the subsidence of the chamber roof is pro-
duced by syn-collapse faults formed during the collapse phase (e.g.,
Sparks et al., 1985; Marti et al., 1994; Smith and Braile, 1994; Bacon
and Lanphere, 2006; Acocella, 2007). In some cases, collapse calderas
used pre-existing tectonic faults as cortical discontinuities to collapse,
such as calderas associated with the Sierra Madre Occidental in Mex-
ico (Aguirre-Díaz and Labarthe-Hernández, 2003; Aguirre-Díaz et al.,
2008; Gottsmann et al., 2009; Sunye-Puchol et al., 2017), the Cañas
Dulces caldera in Costa Rica (Molina et al., 2014), as well as several
calderas within the Ethiopian Rift (Acocella et al., 2002; Robertson et
al., 2015). The Ilopango caldera (IC) apparently corresponds to this
last type, which is known as pull-apart/graben calderas (Aguirre-Díaz,
2008; Aguirre-Díaz et al., 2008) and related to extensional and/or
trans-tensional tectonic regimes. Williams and Meyer-Abich (1955)
first described IC as a volcano-tectonic depression with several erup-
tions. Recently, Saxby et al. (2016) interpreted Ilopango as a
strike-slip caldera, in the same sense as Aguirre-Díaz and Martí
(2015), where the vertical faults of the El Salvador Fault Zone

https://doi.org/10.1016/j.jvolgeores.2018.12.004
0377-0273/ © 2018.



UN
CO

RR
EC

TE
D

PR
OO

F

2 Journal of Volcanology and Geothermal Research xxx (2018) xxx-xxx

(ESFZ) worked as a preferential pathway for magma ascension to the
surface (Tikoff and de Saint Blanquat, 1997). Other examples with re-
ports of association between large calderas and pull-apart basins are
from Las Sierras-Masaya volcanic complex in Nicaragua (Girard and
van Wyk de Vries, 2005; Holohan et al., 2008) and the Toba caldera in
Indonesia, within the Great Sumatran Fault Zone (Bellier and Sébrier,
1994). The aim of this work is to study the origin of IC and the first ig-
nimbrite forming eruptions and clarify the relationships between vol-
canism and the regional transtensive tectonics.

IC is located in the central part of El Salvador, next to the capital
city of San Salvador (Fig. 1, index map) and it has a rectangular-rhom-
bohedral shape with 17× 13km. The caldera hosts the Ilopango Lake,
which is 231m deep, has an area of 70.5km2 and contains ~12 km3

of water (Sánchez-Esquivel, 2016). The last volcanic event of the
caldera is marked by the Islas Quemadas eruption at 1879–1880 (Fig.
2) that formed an intra-lake lava dome (Golombek and Carr, 1978;
Richer et al., 2004). The youngest ignimbrite eruption formed by IC
has been the historic Tierra Blanca Joven (TBJ) eruption (Williams
and Meyer-Abich, 1955; Rose et al., 1999; Hernández, 2004; Kutterolf
et al., 2008; Dull et al., 2001; Saxby et al., 2016; Aguirre-Díaz et al.,
2017; Pedrazzi et al., 2018), approximately 1500years ago and that
apparently devastated the Mayan civilization in the region (Dull et
al., 2010). Prior to TBJ eruption, there were 3 large explosive erup-
tions during the last 57ka: TB4, TB3 and TB2 (Rose et al., 1999;
Hernández, 2004; Hernández et al., 2010; Kutterolf et al., 2008).

In this work, we show that IC had multiple large-volume ign-
imbrite eruptions associated with collapse episodes (similar to the Pla-
toro complex in San Juan Mountains; Lipman et al., 1996), and all
of them were related to pre-existing regional structure faults asso-
ciated with the ESFZ. This paper focuses on the ignimbrites of the
three earliest volcanic eruptions related to IC, which have not been
previously described and interpreted. These are the Olocuilta Ign-
imbrite (OI), Colima Ignimbrite (CoI), and Apopa Ignimbrite (ApI).

For these three newly mapped ignimbrite sheets, we present their
stratigraphic and chemical characteristics as well as a robust
geochronological framework, and their link with the coeval tectonics
of the region.

2. Tectonic and geologic setting of Ilopango caldera (IC)

2.1. Central America tectonic framework

IC is the largest active volcano in El Salvador, a Central Ameri-
can country that lies on the Pacific shore of the Caribbean plate (Fig.
1). About 200km to the north of San Salvador City is the boundary
with the North American plate, represented by the left strike-slip sys-
tem of Polochic-Motagua-Swan Island Fault (PMSIF), which is the
source of the eastward displacement of the Caribbean plate at an av-
erage speed of 8mm/year (Fig. 1; DeMets, 2001; Guzmán-Speziale
et al., 2005; Agostini et al., 2006; Funk et al., 2009). Ilopango is a
caldera of the Central American Volcanic Arc (CAVA), which ex-
tends from Guatemala to Costa Rica (e.g., Simkin and Siebert, 1994;
Carr et al., 2007; Sitemap et al., 2014). The CAVA magmatism is re-
lated to the oblique subduction of Cocos under Caribbean plate, de-
veloped along the Mesoamerican trench since the early Tertiary until
the present day, at an average speed of 73–85mm/year (Fig. 1; Dixon,
1993; Mann, 2007; DeMets, 2001). Oblique subduction (LaFemina et
al., 2009), together with a zipper effect produced at the triple junction
in Guatemala (Authemayou et al., 2011), and the decoupled interface
initiated by the rollback of the Cocos slab (Alonso-Henar et al., 2015,
2017), might be the causes of the forearc sliver displacement of the El
Salvador and Nicaragua to the NW (8–14mm/year; Fig. 1; Corti et al.,
2005; Turner et al., 2007; Alvarado et al., 2011).

The eastward motion of Caribbean plate and the northwestward
displacement of the Central American forearc are responsible for the
transtensional deformation along the CAVA in a series of en-eche-
lon right-stepping, dextral faults connected by pull-apart basins along

Fig. 1. Index map of main volcanoes and faults of El Salvador indicating location of Ilopango caldera and the study area shown in Fig. 2 (inset map). ESFZ: El Salvador Fault Zone,
ESVF: El Salvador Volcanic Front, SS: San Salvador City, SAV: Santa Ana Volcano, CC: Coatepeque Caldera, SSV: San Salvador volcano, IC: Ilopango caldera, SVV: San Vicente
Volcano, BVC: Berlin Volcano Complex, and SMV: San Miguel Volcano. Red arrows indicate the actual kinematic within pull-apart basins along ESFZ (after Staller et al., 2016).
The inset map shows the continental-scale location of El Salvador in Central America and its regional tectonic setting indicating the main fault systems along the Central American
Volcanic Arc - CAVA (after Funk et al., 2009). (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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Fig. 2. Index map of the area covered in this study at central El Salvador, showing the distribution of the first three ignimbrites of Ilopango caldera (IC), Olocuilta Ignimbrite (OI,
red), Colima Ignimbrite (CoI, blue) and Apopa Ignimbrite (ApI, green). Other features mentioned in main text are also indicated, including sampling location sites (blue stars, sample
number with prefix ILO-), Las Pavas Lava (LPL, purple), main tectonic structures and other volcanoes and calderas. IVC: Ilopango Volcanic Complex, JC: Jayaque Caldera, JV:
Jayaque Volcano, PV: Panchinmalco Volcano, PRC: Planes de Renderos Caldera, SJD: San Jacinto Dome, SSV: San Salvador volcano, SVV: San Vicente Volcano, CaC: Carbonera
caldera, GV: Guasapa Volcano, SSPA: San Salvador Pull-Apart, BaMR: Balsamo Mountain Range, BoMR: Border Mountain Range, LRPA: Lempa River Pull-Apart, SVF: San
Vicente Fault, GYF: Guaycume Fault; LRWR: Lempa River Water Reservoir. In yellow is the San Salvador Metropolitan Area (SSMA, ~3 million population). (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

fault step-overs (Montero and Dewey, 1982; DeMets, 2001, LaFemina
et al., 2009; Corti et al., 2005; Agostini et al., 2006, Turner et al.,
2007; Funk et al., 2009; Canora et al., 2014), known as El Salvador
Fault Zone (ESFZ; Martínez-Díaz et al., 2004). The ESFZ crosses
all of El Salvador with a WNW-ESE trend (Figs. 1 and 2), and re-
sults in the opening of the San Salvador Pull-Apart (Garibaldi et al.,
2016), where IC is emplaced (Figs. 1 and 2). Carr (1976) mentions a
pure extensional regime previous to the actual transtensional regime
along the ESFZ, induced by the rollback of the Cocos slab started
during the Pliocene (Canora et al., 2014; Alonso-Henar et al., 2015,
2017). Weinberg (1992) proposed a similar geodynamic evolution for
the Nicaragua graben, where the present-day deformation is controlled
by a right-lateral transtensional regime, localized along the Nicaragua
volcanic front and superimposed to a previous rift.

The last fault-slip offset of ESFZ occurred during a Mw 6.7 earth-
quake on February 13 of 2001, indicating a dominant transcurrent

stress field along the San Vicente Fault (Fig. 2; Martínez-Díaz et al.,
2004; Alvarenga et al., 2001; Canora et al., 2012). This structure,
which is affecting the IC volcanism (Saxby et al., 2016), has totally
displaced an older caldera located 12km to the east: the Carbonera
caldera (Fig. 2; Canora et al., 2014). Since the formation of Carbonera
caldera about 2.1Ma ago (Rotolo and Castorina, 1998), strike-slip tec-
tonics along the San Vicente Fault has been active with dextral sense
and an average slip rate of ~5 ± 0.5mm/yr, (Canora et al., 2014). This
regional tectonic framework including strike-slip faults, shear zones,
pull-apart basins, releasing bends and step-overs, favored the initial
pathways for ascension of magma and the emplacement of magmatic
centers at shallow levels of the crust (Hutton and Reavy, 1992).
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2.2. Geologic setting of Ilopango caldera

El Salvador is predominantly made up of volcanic rocks with ages
ranging from the Eocene to the present (Donnelly et al., 1990; Rose
et al., 1999). The basement is mainly composed of Jurassic-Creta-
ceous limestone, represented by the Metapán Formation (Weber et al.,
1974), which is sporadically exposed in the NW part of the coun-
try. During the Oligocene, volcanism formed the Border Mountain
Range at the northernmost part of the country and corresponds to the
Morazán and Chalatenango formations. This range marks the geo-
graphical border between El Salvador and Honduras (Fig. 2). Since
the Miocene, volcanic activity migrated southward and approached
the Mesoamerican trench. Volcanism from mid-Miocene to Pliocene
formed large basaltic and andesitic stratovolcanoes just south of the
actual El Salvador Volcanic Front, such as Panchinmalco Volcano,
Jayaque Volcano and the oldest sequence of the Ilopango Volcanic
Complex, represented by the Balsamo Formation (Lexa et al., 2011;
Fig. 2). The cores of these eroded volcanoes form the Balsamo Moun-
tain Range (Figs. 1 and 2; Williams and Meyer-Abich, 1955). During
the Pliocene-Pleistocene, several volcanic edifices collapsed gravita-
tionally apparently associated with the ESFZ structures, forming the
calderas of Plan de Renderos and Jayaque both belonging to the Bal-
samo formation (Lexa et al., 2011), and the Carbonera caldera and
early volcanic rocks of the IC that form part of the Cuscatlán Forma-
tion (Fig. 2; Weber et al., 1974).

The currently active volcanic belt forms the El Salvador Vol-
canic Front, which is part of the CAVA (Fig. 1; Carr et al., 2007).
Products associated with these volcanic centers from late Pleistocene
to Holocene comprise the San Salvador Formation (Weber et al.,
1974; Reynolds, 1987; Lexa et al., 2011). The Coatepeque Caldera de-
posits and late Ilopango Tierras Blancas (TB4, TB3, TB2 and TBJ) are
part of this last formation (CEL, 1992; Rose et al., 1999; Hernández,
2004; Hernández et al., 2010; Kutterolf et al., 2008).

3. Methodology

3.1. Field work

Geologic work was based initially on the El Salvador 1: 500,000
geological map of Weber et al. (1974), as well as on previous maps
and stratigraphy reported by other authors (Hernández, 2008; Lexa et
al., 2011; Garibaldi et al., 2016). Through this data and several field-
work campaigns between 2015 and 2017, a new stratigraphic frame-
work and a new geologic map for the Ilopango caldera complex and
its surroundings were built. This new map covers around 3000km2 of
the central part of El Salvador, from Border Mountain Range at north,
to the Pacific coast at the south, and from the Lempa River Pull-Apart
basin at the east, to Jayaque Caldera at the west (Fig. 2).

Prior to, and during fieldwork, outcrops were identified via satel-
lite images to determine the available access. Once identified and
reached, exposures were described geologically, measured for strati-
graphic sections, and samples were collected. Despite the difficulties
of fieldwork in the El Salvador tropical area, we found the necessary
outcrops to fulfill the goals of this study. A Digital Elevation Model
(DEM) with 10m precision was used as a topographic base map.
Nearly 85 stratigraphic sections were measured, and several samples
were collected for 40Ar/39Ar and U-Pb dating, for petrographic analy-
sis in thin sections, and for major and trace element analyses. Geo-
graphic coordinates were recorded with a portable GPS (UTM pro-
jection system, Datum: D_WGS_1984, zone 16P). Samples were or

ganized and classified in the Observatorio Ambiental of the Ministe-
rio de Medio Ambiente y Recursos Naturales (MARN) of El Salvador,
packed and sent to the Centro de Geociencias (CGEO) of the Univer-
sidad Nacional Autónoma de México (UNAM) in Querétaro, Mexico.
Results of the geochronologic, petrographic and geochemical analyses
are described in Section 4. Prior to sample preparation for both chem-
ical and geochronological analysis, samples were inspected for purity
and freshness with the binocular microscope, and then in thin sections
for petrographic analysis.

3.2. Geochronology techniques

Zircon crystals were separated and dated by U-Pb isotopic analy-
sis at the Laboratorio de Estudios Isotópicos (LEI) of CGEO-UNAM,
using a 193nm Resolution M50 laser ablation inductively coupled
plasma mass spectrometer (LA-ICP-MS) Thermo ICAP Qc following
the method described in Solari et al. (2010) and Ortega-Obregón et al.
(2013). Pumice fragments were separated from the different units, re-
moving altered surfaces and then crushed and sieved to fractions of
74–44μm. This fraction was then washed using a plastic pan to con-
centrate the heavy crystals from the lighter glass. Mineral concentrates
were magnetically separated by means of a Frantz Isodynamic Sep-
arator to further concentrate the zircons. Representative zircons were
handpicked under a binocular microscope and checked for purity and
zoning using an ELM-3R luminoscope by cathodoluminescence, be-
fore and after the ICP-MS laser ablation analysis. About 50 zircon
grains per sample were selected in order to obtain a statistically repre-
sentative age.

Samples for 40Ar/39Ar dating were sent directly to the Oregon
State University, Corvallis, U.S.A., for analysis in the OSU Argon
Geochronology Laboratory. As with zircons, clean pumice clasts were
separated and crushed to obtain mineral concentrations. Crushed sam-
ples were sieved to 500–177μm fractions and washed with deionized
water using an ultrasonic bath to remove dust. Feldspars were magnet-
ically separated from amphiboles and pyroxenes, and all phases were
acid-leached following methods of Koppers et al. (2011). Sanidine or
orthoclase is the preferred mineral phase in 40Ar/39Ar dating of young
tephras. Unfortunately, no high-potassium feldspar was found in any
of the IC samples. The only available phases to date were plagio-
clase and hornblende (ultra-pure separates picked clean of melt inclu-
sion-rich crystals) and groundmass concentrations (lava samples). In-
cremental heating technique on bulk samples was employed to exam-
ine each phase analyzed. We used concentrates of the minerals since
individual grains do not yield enough radiogenic argon for accurate
single-crystal total fusion analyses (Rose et al., 1999). To achieve the
highest possible precision in the 40Ar/39Ar age determinations, a large
number of heating steps (22–33 heating steps) were carried out for
each sample (Koppers et al., 2011). Age plateaus were chosen includ-
ing as many contiguous and concordant step ages as possible. Before
analyzing a sample, and after every three heating steps, system blanks
were measured. In this way, after the first 7 to 14 low temperature
steps, an adequate amount of discordant gases was released from al-
terations remaining and atmospheric contamination. To get the appro-
priate eruption timing it was necessary to recalculate the ages using
the Kuiper et al. (2008) age for the Fish Canyon Tuff as flux monitor,
reducing the data with the ArArCALC v2.5.1 software from Koppers
(2002). All 40Ar/39Ar age errors reported here are 2σ. More details of
the techniques employed in the dating process are provided in Appen-
dix B and in Koppers et al. (2011).
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3.3. Geochemistry

Chemical analyses were performed on whole-rock pumices that
were previously dried in an oven at 90°C for 24h and hand-cleaned
by removing the weathered surface under careful clean conditions
to avoid contamination. Samples were crushed and grinded by hand
using an agate ceramic mortar, until a homogenous powder with
−200mesh size was obtained using new plastic mesh for research stan-
dards in each sample. Major, trace, and Rare Earth-Elements (REE)
were obtained. Major and some trace elements were measured by
means of X-Ray Fluorescence (XRF) technique in the laboratory of
Instituto de Geología, UNAM (Mexico), using a X RIGAKU ZSX
Primus II spectrometer. REE and other trace element analyses were
obtained by ICP-MS in the LEI of CGEO. Method of sample handling
and analyses techniques are described in Bernal and Lozano-Santacruz
(2005).

4. Results

4.1. Stratigraphy and distribution of the early Ilopango caldera
ignimbrites

The systematic geologic mapping and volcanic stratigraphy car-
ried out on IC deposits has allowed for the identification and charac-
terization of the three lowermost explosive eruptions from IC. They
comprise broadly distributed Quaternary pyroclastic deposits, from
oldest to youngest: Olocuilta, Colima and Apopa ignimbrites. They

consist of widespread ignimbrite sheets covering the central portion of
El Salvador (Fig. 2).

4.1.1. Olocuilta Ignimbrite (OI)
The first volcanic eruption from IC occurred at

1.785± 0.006Ma BP (Ar/Ar age, Section 4.3 of geochronology re-
sults) and produced the high-K rhyolitic OI (Table 1). This pyroclas-
tic deposit consists mostly of large pumice (40% vesicles), and lithics
(15–25% total volume) in an ash matrix. In general, the pumices con-
tain phenocrysts of plagioclase, quartz, pyroxenes and Fe-Ti oxides
with accessory zircon and apatite. OI overlies a sequence of vol-
cano-clastic sediments deposited over the Zaragoza Ignimbrite (Weyl,
1957), which is an older andesitic-dacitic tuff from Jayaque Caldera
(Fig. 3). OI is light red to pink due to the alteration of the ferromagne-
sian components. At ILO-73, near the town of Olocuilta, the contact
between the top of OI and the base of CoI is exposed (Figs. 2, 3 and
4d).

OI shows a basal thin layer of pumice-lapilli fall between
30 and 25cm overlaid by tens of meters of a massive ignimbrite unit
(Fig. 4a), forming a thick deposit observable at distances of up to
30km from the caldera (e.g., at ILO-184, Fig. 2). Diffuse internal
stratification is marked by lenses of pumice (PlensL, Figs. 3 and 4e).
The ignimbrite shows a 1–3m thick basal pumice breccia (PmBr, Fig.
3), containing pumice up to 20cm in diameter. The middle zone of
the OI is a lithic-rich, massive lapilli tuff (mLTl, Fig. 3), at the me-
dial to proximal facies on the northern flank of IC, with lithics of
15cm (ILO-251, ILO-10 and ILO-219, Fig. 2). At the top of OI and
in particular in the southern outcrops, it is welded 8–10m thick, with
columnar jointing (Fig. 4b). Welding reaches from partially (eutaxitic
texture, with pumice lapilli collapse, ILO-64; Figs. 2, 4f and 6a), to

Table 1
Whole-rock chemistry of OI, CoI and ApI pumices.

Sample ILO-199 ILO-313 ILO-21 ILO 36-A ILO-64 ILO-184 ILO-36-B ILO-82 ILO-73 ILO-134 ILO-78

Unit OI OI OI OI OI OI CoI CoI CoI ApI ApI

SiO2 74.9 76.3 75.0 74.6 75.9 74.8 71.9 72.5 72.2 71.9 71.8
TiO2 0.13 0.11 0.13 0.16 0.13 0.12 0.35 0.35 0.39 0.30 0.29
Al2O3 14.9 13.0 14.1 14.9 13.7 14.8 14.9 14.5 15.3 15.3 14.3
FeO* 1.48 1.27 1.54 1.71 1.42 1.70 2.45 2.36 2.76 3.09 3.19
MnO 0.08 0.06 0.06 0.06 0.06 0.06 0.09 0.10 0.10 0.11 0.10
MgO 0.28 0.30 0.41 0.34 0.28 0.32 0.51 0.55 0.55 0.60 0.83
CaO 1.14 1.12 1.21 1.14 1.11 1.16 1.63 1.54 1.54 2.20 2.85
Na2O 2.38 2.06 2.30 2.43 2.14 2.87 2.64 2.66 2.56 3.53 3.71
K2O 4.69 5.72 5.22 4.60 5.22 4.05 5.30 5.35 4.57 2.87 2.84
P2O5 0.03 0.03 0.03 0.03 0.03 0.03 0.06 0.07 0.07 0.08 0.09
LOI 3.27 2.56 4.58 2.22 3.87 4.24 4.25 3.89 5.34 4.19 5.54
SUM 99.9 99.9 100.1 99.8 99.9 99.8 100.1 99.9 99.9 99.9 99.7
Rb 87 107 106 94 105 85 126 117 125 48 43
Sr 114 111 123 119 114 117 180 160 179 208 190
Ba 1212 1146 1297 1200 1322 1242 1163 1211 1172 1100 956
Y 17 19 17 15 15 18 37 32 36 19 11
Zr 104 89 114 123 106 102 301 273 323 210 92
Nb 5 5 4 3 2 5 7 5 6 5 3
V 5 4 8 11 19 6 17 12 15 15 23
Cr 0 0 <3 4 9 0 0 <3 <3 1 <3
Co 2 2 5 8 3 3 4 7 8 5 8
Ni 7 7 10 10 10 8 7 9 10 7 8
Cu 5 7 20 13 12 12 7 10 10 19 10
Zn 29 13 35 30 34 28 51 54 58 54 43
Th 7 6 8 7 8 7 7 8 10 3 3
Pb 11 7 8 7 9 9 14 12 15 8 5
X (m) 274,665 275,498 272,823 256,099 272,901 316,801 256,099 269,885 270,915 304,297 264,763
Y (m) 1,501,091 1,493,097 1,495,122 1,493,793 1,494,947 1,520,480 1,493,793 1,554,548 1,500,438 1,516,540 1,526,998

OI: Olocuilta Ignimbrite, CoI: Colima Ignimbrite, ApI: Apopa Ignimbrite.
Major elements in wt% and trace elements in ppm.
Samples analyzed by X-Ray Fluorescence in the Insituto de Geología (UNAM) by Patricia Girón.
Coordinates in WGS84 system (zone 16P).
FeO*-total iron; LOI: Lost of ignition.
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Fig. 3. Composite stratigraphic section of the early Ilopango caldera products, showing lithofacies type (following nomenclature of Branney and Kokelaar, 2002 and Brown, 2004),
interpretation and age for each deposit. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

densely welded (with fiammes, ILO-96; Figs. 2 and 6b), being IV–V
of Quane and Russell (2005) rank. The welded top of OI acted as a
resistant caprock that protected the unconsolidated lower zones of this
ignimbrite from erosion and formed an extensive plateau that dom-
inates the geomorphology of the Balsamo Mountain Range (Figs. 2
and 4c). Perennial streams have incised deeply this plateau reaching
the basement rocks (lavas and volcanic breccias of the Balsamo for-
mation). Some of these canyons expose entire stratigraphic sections
of the OI up to 100m thick such as exposures in ILO-192 (Figs. 2
and 4c). Above the welded level, there is an additional 25m of non-

welded ignimbrite that is indurated by vapor-phase silicification
(ILO-180; Fig. 2), indicating a total thickness of ~125 m for OI.

4.1.2. Colima Ignimbrite (CoI)
The second large explosive eruption from IC occurred at

1.57± 0.01Ma BP (Ar/Ar age, see Section 4.3 of geochronology re-
sults) producing the CoI, which is a high-K rhyolitic unit (Table 1)
with plagioclase, hornblende, and accessory minerals of apatite, zir-
con and Fe-Ti oxides. This ignimbrite, like the previous one, starts
with a thin layer of pumice-lapilli fallout overlying the paleosol de-
veloped at the top of OI (e.g. ILO-73 and ILO-36; Figs. 2, 3, 4d and
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Fig. 4. Field and sample photographs of OI. a) Quarry at ILO-64 (Fig. 2) exposing 50m of OI (note geologist for scale). b) Top of OI showing moderate to dense welding with
columnar jointing (ILO-64, Fig. 2). c) View to the south from ILO-92 (Fig. 2), where the Tapalhuaca canyon cuts the plateau formed by the welded OI and exposes at least 100 m of
this ignimbrite. d) Basal pumice fall (mpL) of the CoI above OI at ILO-73 (Fig. 2). e) Pumice massive Breccia (PmBr) indicating PDC pulses within OI. f) Hand specimen of OI with
eutaxitic texture sampled at ILO-64 (Rank IV of welding intensity scale, Quane and Russell, 2005; Fig. 2).

5b). Above this basal layer, there is a sequence of pyroclastic density
currents (PDC) deposits composed mostly of a pale grey ash matrix
with large white and highly vesiculated pumice (50 vol%), and minor
amounts of lithics. This ignimbrite traveled distances of up to 40km
to the north of the caldera, reaching the Lempa River Water Reservoir
(ILO-82; Figs. 2 and 5a). In proximal facies of the caldera it is very
difficult to find outcrops where the CoI stratigraphic section is com-
pletely exposed due to the heavy vegetation and because this unit is
covered by younger Ilopango tuffs. However, in medial facies like at
the ILO-150 (Fig. 2), there are at least 19m of this deposit are observ-
able.

There is no evidence of lithic breccias or welded zones in the
CoI and, in general, it is an unconsolidated tuff easily eroded by the
tropical rains of El Salvador's weather, mainly on the steep slopes
of the southern flank of IC, where the ignimbrite is sporadically ex-
posed. The CoI is relatively massive, with large pumices concentra-
tion zones, generally at the base and middle part of the unit form-
ing pumiceous breccias (pmBr in Fig. 3, pumice of ~20 cm). Within
these breccias there are pieces of intrusive cognate blocks among the
components (e.g., at ILO-101; Figs. 2 and 5c). These are vesiculated
fragments of crystalline igneous rock with 50% total volume in crys-
tals with a non-fragmented vesiculated glass matrix (Fig. 6c). Polished
thin sections of these enclaves show glomeroporphyritic texture with
plagioclase and hornblende (Fig. 6d), and poikilitic texture with small
hornblende within plagioclase large phenocrysts (Fig. 6e). We infer

that these cognate blocks are crystal mush clasts, which correspond to
broken pieces of the subcaldera magma chamber wall.

4.1.3. Apopa Ignimbrite (ApI)
The third large explosive eruption associated with IC produced the

ApI at ~1.34 Ma BP (age of a overlaying lava, see Section 4.3). This
ignimbrite is a medium-K rhyolitic tuff (see Table 1) with plagioclase
and hornblende as principal phases and minor amounts of biotite and
clinopyroxene, with accessory zircon, apatite and Fe-Ti oxides. At the
base of ApI there is a sequence of sub-parallel dilute PDC deposits
(llbsT, surge deposits; Fig. 3) mostly composed of fine, yellow-white
ash and accretionary lapilli, and small fragmented clasts of pumice
(ILO-175; Figs. 2, 5d and e). The matrix is highly fragmented ash tuff,
with sparse complete glass shards, and fine interstitial ash-dust and
tiny fragments of the mineral assemblage (Fig. 6f). These fine-grained
deposits of the ApI eruption resemble soft clay, probably due to the
content of zeolites or other alteration minerals. They reach up to 5m
in thickness, with diffuse cross-lamination and load structures (flames
in ILO-327, Figs. 2 and 5g).

Directly above these laminated deposits there are: 1) a thin layer
of orange pumice-lapilli (mpL), rich in crystals (10–15vol%), with
mostly hornblende and plagioclase, and 2) a sequence of denser
lithic-rich PDCs deposits (mLT, Fig. 5d). These PDCs of the up-
per part of the ApI show a diffuse internal stratification with several
pumice-rich horizons (plensL) and a lithic breccia layer (mlBr). This
breccia can be correlated in several proximal outcrops to the north of
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Fig. 5. Field and samples photographs of CoI and ApI. a) CoI at ILO-82 (Fig. 2) mostly composed of white pumice and pale grey glass shards matrix. b) Contact of CoI and OI
at ILO-36 (Fig. 2). c) Hand-size sample of a piece of crystal mush found in the pumice breccia of CoI at ILO-101 (Fig. 2): this clast is an intrusive cognate lithic from the magma
chamber wall. d) Complete sequence of ApI above a paleosol at ILO-175 (Fig. 2) showing dilute hydromagmatic PDC deposits at the base (llbsT), a pumice fall layer in the middle
(mpL) and denser PDC deposits at the top (mLT). e) Detail of the basal dilute PDCs deposits of ApI showed in the previous photo, where stands out the accretionary lapilli and
internal lamination. f) Proximal facies of ApI along the Ilopango Lake shore (ILO-340, see Fig. 2) showing a coignimbritic lithic lag breccia zone. g) Load and flame structures within
the dilute PDC deposits at the base of ApI at ILO-327 (Fig. 2).

IC and it is also observed also along the shore of the Ilopango Lake,
where angular lithics can be as large as 50cm in diameter (ILO-145,
ILO-225 and ILO-340, Figs. 2 and 5f). The ApI is the first IC ign-
imbrite that contains a heterolithological lithic breccia, with lava and

plutonic lithic clasts, interpreted as a coignimbrite lithic lag breccia
(ILO-89; Figs. 2 and 5g). The ApI reaches as far as the Lempa River
Water Reservoir (ILO-82; Fig. 2), throughout a valley to the north for
~40 km. The accumulation of hot material filling this valley caused
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Fig. 6. Microscopic characteristics of the OI, CoI and ApI. a) Phenocryst of Quartz (Qrtz) within the welded zone of OI, showing resorption embayment and glassy shards matrix
(thin section polished from Fig. 4f). b) Microtexture of the dense welded OI at ILO-96 site (Rank V, Quane and Russell, 2005; Fig. 2) showing collapsed glass shards and fiammes
(in yellow), around rigid plagioclase phenocrysts. c) Interlocking texture of the crystal mush piece from CoI (Fig. 5c), with vesiculated and non-fragmented glass matrix (Gl). The
mineralogy of this cognate includes hornblende (Hbl) and plagioclase (Plag). d) Glomeroporphydic texture presented in the same crystal mush piece (grouped plagioclase and horn-
blende crystals). e) Poikilitic texture in the CoI crystal mush piece (small hornblende in large plagioclase crystals). f) Thin section of the basal surges deposits of ApI with very
fragmented glass shards matrix (Gl), crystals of clinopyroxene (Cpx), biotite (Bi), plagioclase (Plag), hornblende (Hbl) and Fe-Ti oxides (Mgt), and lithics (Li). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

the incipiently welding of the top of ApI, with adhesion between clasts
but remaining undeformed (rank II, Quane and Russell, 2005). At
ILO-102, located about 20km to the NW of IC (Fig. 2), this welded
top level protected the underlying and unconsolidated tuff of ApI from
erosion. At this site the ignimbrite reaches about 14m of thickness. On
the southern facies, as with the CoI, the ApI is sporadically exposed
due to erosion. At some locations, (e.g., ILO-175, Fig. 2), the ApI is
only covered by a consolidated lahar deposit that protected this ign-
imbrite from fluvial erosion (Fig. 5d).

4.2. Geochemistry

Whole-rock chemical analyses were carried out on pumice frag-
ments collected from the three ignimbrites (Table 1) in order to ob-
tain the geochemical characteristics of the earliest volcanic products
of IC. The pyroclastic products of the IC are all subalkaline rhyolites
with high SiO2 content (Fig. 7a), and high-K2O values for the first
two eruptions (OI and CoI), and medium content for the third one

(ApI, Fig. 7b). Harker variation diagrams (Fig. 8) show evolved mag-
mas for the three ignimbrites, with OI as the most evolved, which is
the richest in SiO2 and the poorest in total FeO and MgO. From OI
to CoI to ApI there is a tendency for a slightly less evolved magma.
The three ignimbrites show the typical calcalkaline nature of subduc-
tion type magmas along continental margins, as elsewhere in CAVA
(Arculus and Curran, 1972; Morris and Ryan, 2004; Murphy, 2007).

Abundances of the Rare Earth Elements (REE) and other key trace
elements are displayed in a spider diagram (Fig. 9), in which the el-
ements are arranged from left to right in order of increasing com-
patibility, and values normalized to Mid-Ocean Ridge Basalt values
(MORB, Sun and McDonough, 1989). This diagram confirms the co-
magmatic origin for the three ignimbrites, with some features that can
be used for correlation purposes. For example, the CoI generally has
higher concentrations of REE than the other two ignimbrites and a
notable negative anomaly in the Sr and Eu. OI also has a negative
anomaly in Sr but not in Eu. Finally, ApI has no Eu anomaly, and a
positive Sr anomaly (Fig. 9). Negative Eu anomalies probably reflect
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Fig. 7. Geochemical classification of OI, CoI and ApI. a) Total-Alkali-Silica (TAS) diagram with classification of LeBas et al. (1986) showing that the three ignimbrites are sub-
alkaline rhyolites, but each with a well-defined cluster in the plot. b) SiO2-K2O plot with classification of Peccerillo and Taylor (1976) showing that OI and CoI are in the High-K
calcalkaline suite, and ApI in the Medium-K suite.

Fig. 8. Harker variation plots of OI, CoI and ApI. Note well-defined groups of each ignimbrite. Arrows indicate possible evolving trends (symbols as in Fig. 8).

plagioclase fractionation (Wilson, 1989). Plagioclase is the most abun-
dant phenocryst in calcalkaline magmas, typically dominated over al-
kali feldspar (Murphy, 2007), as occurs in the Ilopango ignimbrites
here described.

4.3. Geochronology

4.3.1. U/Pb dating in zircon
Four samples from the three first IC ignimbrites were collected

for radiogenic U-Pb zircon analyses, with a single sample from OI
(ILO-64, Figs. 2 and 10a), two from CoI (ILO-73 and ILO-82, Figs.
2, 10b and c), and one from ApI (ILO-78 site, Fig. 2). Analytical
data are summarized in Appendix A. The U-Pb zircon ages were ob-
tained from the intersection of the Concordia curve with the normal
isochron (Fig. 10a, b and c) using the Isoplot software (v. 3.7) and

methods of Ludwig (2008). To obtain the best possible results, we dis-
carded the most discordant zircons (largest ellipsoids in the isochron
diagram). U/Pb zircon age for OI yielded 1.64± 0.19Ma
(1.45–1.83Ma range). The large error is caused probably because
most zircons analyzed were too small (<80μm), which have xenocrys-
tic cores with concentric zoning (Fig. 10d and e), and due the limita-
tions of the U-Pb method in such young zircons (all the errors of U/Pb
reported in this study refer to 2σ standard deviation). The most proba-
ble age of the crystallization of this zircon age is close to 1.8Ma.

The two samples of zircon analyzed for the CoI were collected
from the proximal facies to the south of IC (ILO-73, Fig. 2) and
at 40km to the north of IC (ILO-82, Fig. 2). The zircon ages are
1.53± 0.28Ma and 1.55± 0.12Ma, for southern and northern sites re-
spectively, supporting the correlation of this ignimbrite between the
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Fig. 9. Spider diagrams of OI, CoI and ApI normalized to MORB (Sun and McDonough, 1989) showing the REE abundances.

Fig. 10. U-Pb zircon age concordia and isochron diagrams of OI and CoI including images of the analyzed zircons by means of LA-ICPMS. ApI results were discarded (see Section
4.3.1). a) OI (ILO-64). b) CoI (ILO-82). c) CoI sample (ILO-73). d) Cathodoluminescence image of the analyzed zircons from OI's ILO-64 sample. e) Scanning Electron Microscope
(SEM) image of zircons from OI's ILO-64 sample after laser ablation ICP-MS analyses.

proximal and distal facies (Fig. 10b and c). No age for ApI could be
obtained possibly because of the low content in U and Pb for this ig-
nimbrite (see the relative concentrations in the spider diagram of Fig.
9). Most ApI zircons were inherited from an old basement of around
70Ma.

Zircon analyses in such young products as the IC ignimbrites
yield imprecise results, so it was necessary to use another geochrono

logical method trying to better constrain the timing of each ignimbrite.
We thus estimated 40Ar/39Ar ages.

4.3.2. 40Ar/39Ar dating
Five new 40Ar/39Ar ages (Table 2 and Fig. 11) were obtained by

incremental heating methods using the ARGUS-VI mass spectrome-
ter. Five high-purity plagioclase concentrates were analyzed for the
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Table 2
Summary of incremental heating 40Ar/39Ar analyses on early Ilopango caldera products.

Sample information Age spectrum Total fusion Inverse isochron analyses

Unit Sample X (m) Y (m) Material Age ± 2σ (Ma) 39Ar (%) K/Ca MSWD n N Age ± 2σ (Ma) K/Ca Age ± 2σ (Ma) 40/36 intercept MSWD

Olocuilta Ign. ILO-63 271,353 1,497,223 Plagioclase 1.785± 0.006 86.37 0.072 1.10 87 124 1.792 ± 0.06 0.073 1787 ± 0,006 291.80 ± 3.46 1.05
Colima Ign. ILO-73-P 270,915 1,500,438 Plagioclase 1.57± 0.01 100 0.058 2.77 22 22 1.56 ± 0.01 0.058 1,58 ± 0,01 276,71 ± 8,18 1.47
Colima Ign. ILO-73-H 270,915 1,500,438 Hornblende 1.56± 0.01 100 0.058 1.38 22 25 1.55 ± 0.01 0.058 1.57 ± 0.02 294.05 ± 3.21 1.39
Las Pavas Lava ILO-43-P 288,141 1,518,462 Plagioclase 1.34± 0.02 92 0.030 1.39 19 28 1.37 ± 0.01 0.028 1.33 ± 0.04 303.55 ± 21.24 1.42
Las Pavas Lava ILO-43-G 288,141 1,518,462 Groundmass 1.22± 0.03 41 0.345 1.97 11 33 1.27 ± 0.01 0.345 1.22 ± 0.04 295.36 ± 1.40 2.18

K/Ca values are calculated as weighted means for the age spectra or as total fusion K/Ca values by combining the gas analyses. Both the number of steps (n) included in the age plateau and isochron calculations and the total number of incremental
heating steps (N) have been listed. MSWD values for the age plateaus and inverse isochrons are calculated using n− 1 and n− 2 degrees of freedom, respectively. All samples from this study where monitored against FCT-FM sanidine (28.03 ± 0.18 Ma)
as calibrated by Kuiper et al. (1998). Reported errors on the 40Ar/39Ar ages are at the 95% confidence level (2σ) including 0.3–0.4% standard deviation in the J-value.
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Fig. 11. 40Ar/39Ar age spectra showing high-resolution incremental heating steps for OI, CoI and LPL. Results of ApI were discarded and instead LPL was used to constrain the age
of ApI (see Section 4.3.2). The weighted average age or plateau age (±2σ) is indicated. a) 5 stacked runs of plagioclases with different crystal sizes from OI. b) 1 plagioclase run from
CoI. c) 1 hornblende run from the same CoI sample shown in b). d) 1 plagioclase run of LPL. e) 1 groundmass run of the same LPL sample of d).

OI (ILO-64 site; Fig. 2), which were then stacked to produce a new
plateau age of 1.785± 0.006Ma (Fig. 11a). This high-precision age of
OI is within the analytical error of previous reported ages for this unit
(1.77 ± 0.4Ma, 1σ; Lexa et al., 2011) and within the U-Pb zircon age
reported above (1.64 ± 0.19Ma 2σ). The CoI samples were analyzed
by plagioclase and hornblende separates from the same site (ILO-73,
Fig. 2), yielding 1.57 and 1.56± 0.01Ma, respectively (Fig. 11b and
c). This result agrees with the U-Pb zircon ages of this work (Fig. 10b
and c).

No 40Ar/39Ar ages were obtained for the ApI because the horn-
blende and plagioclase yielded too much atmospheric argon to obtain
reliable ages. Since these analyses were unsuccessful, we sampled the
unit overlying ApI: Las Pavas Lava (LPL, Fig. 3), a post-caldera dome
emplaced just after the eruption of ApI (ILO-43 site, Fig. 2). Plagio-
clase and a groundmass separates were analyzed for this lava (Fig.
11d and e), yielding ages of 1.34± 0.02Ma and 1.22± 0.02Ma respec-
tively. The LPL groundmass yielded a slightly younger age than the
plagioclase age due to excess atmospheric argon. There is no well-de-
veloped paleosol at the top of this ignimbrite that contacts directly
with the base of LPL, so the most probably age for the ApI is close
to 1.34Ma. Tables with all the analytical data of these Ar/Ar measure-
ments are given in Appendix C.

4.4. Stratigraphic correlation

Stratigraphic descriptions, geological mapping and analytical re-
sults have allowed us to make a spatial and temporal correlation for
the first 3 ignimbrites of IC (Fig. 12). Four profiles (A, B, C and D)
containing representative measured stratigraphic sections (logs) show
the thickness and distribution of the early IC ignimbrites, as well as the
lithofacies changes from proximal to distal deposits from the caldera.

5. Discussion

5.1. Volcanic phases of early ignimbrite-forming eruptions of
Ilopango caldera

OI represents the first and largest explosive eruption of IC, which
began with a brief eruption column that deposited a thin layer of
pumice-lapilli fall. This column collapsed apparently by depressuriza-
tion due to the sudden opening and widening of the vent, from a cen-
tral vent to a larger fissure vent possibly related to the extensional
tectonics of the area (e.g., Aguirre-Díaz and Labarthe-Hernández,
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Fig. 12. Representative stratigraphic sections of OI, CoI and ApI overlying the Balsamo Formation materials, including lavas, volcanic breccias and dacitic-andesitic ignimbrites (note
inset with index map showing location of each log site). a) Representative logs to the south of IC. b) Representative logs to the north of IC (Tierra Blanca Joven-TBJ is the youngest
explosive event of IC at about 1500BP). c) Representative logs to the northeast of IC (the 1.34Ma LPL is covering ApI in ILO-43 with no paleosol between). d) Representative logs
to the east of IC (note the San Vicente strike-slip Fault affecting the Carbonera caldera rim).

2003; Costa et al., 2011 and Section 5.3). The eruption then changed
to extrusion of dense PDCs from the wider and larger fissure vent
probably with a boiling-over style (e.g., Pacheco-Hoyos et al., 2018),
as indicated by the pumice-rich nature of the OI and the long runout
distances (Roche et al., 2016), which suggest lower explosivity and
fragmentation of magma during eruption. At least 74km3 of pyroclas-
tic material equivalent to 50km3 DRE came out of the vent (Section
5.2), filling the paleotopographic lows and covering a total area of
about 3000km2

, with runouts of at least 40km. These PDCs were de-
posited continuously forming one single cooling unit, the massive OI.

To the south of the caldera this ignimbrite reached a thickness of
>100m (ILO-192, Figs. 2 and 4c), forming a medium to intensely
welded level and building a plateau that stands out in the geomorphol-
ogy: the Balsamo Mountain Range (Figs. 2 and 4c). To the north, this
ignimbrite is only slightly welded (ILO-251; Fig. 2), probably because
OI in this lithofacies (Fig. 12b) is very rich in lava lithics that tend
to cool the PDC deposit more rapidly (Marti et al., 1991). Lithic-rich
proximal facies of the OI can be interpreted as coignimbritic lithic lag
breccias (Branney and Kokelaar, 1997), indicating the proximity to the
assumed fissure vent at or near the actual Ilopango lake.
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Fig. 12. (Continued)

The CoI is the result of the second large explosive eruption of IC.
Similarly to OI, this eruption began with a brief eruptive column that
formed a pumice fallout deposit of about ~50 cm thick. The initial col-
umn was followed by PDCs erupted from the caldera as boiling-over,
produced during the second collapse phase of IC. These PDCs

moved over the surface filling the lower parts of the paleotopography
at San Salvador Pull-Apart (Fig. 2). PDCs traveled in all directions
from the caldera with high mobility. The CoI spread north as far as the
Lempa River Water Reservoir, with a runout of about 40km (ILO-82,
Fig. 2). To the southwest CoI's PDCs reached La Libertad Port, at
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26km from the caldera (ILO-36, Fig. 2). This unit consists of a
lithics-poor, non-welded ignimbrite, with zones of large-pumice brec-
cia lenses and intrusive cognate blocks (Fig. 5c) that we interpret as
pieces of the subcaldera magma chamber, which suggests changes in
the magmatic mass rate and the break apart of the magma chamber
wall during caldera collapse. Both high-particle concentrations in the
PDCs and the long runout distances were maintained because of the
continuous supply of dense currents at the vent (Roche et al., 2016).

The third eruption of the IC that formed the ApI started differently
than the two previous ones. Instead of pumice fallout deposits, there is
a sequence of dilute fine-ash PDC deposits with accretionary lapilli at
the base of this ignimbrite, suggesting that the eruption started with a
hydromagmatic phase. Magma-water interaction increases the explo-
sivity (i.e., fragmentation), and the PDCs become more turbulent leav-
ing local cross-bedded deposits (Brown et al., 2010). As the eruption
continued, and once the ratio of water-magma in the system decreased,
the eruption switched to magmatic style where a brief eruptive column
was generated producing a layer of 40–50cm of pumice fall deposit.
This was followed by the eruption of sustained large-volume denser
PDCs, which thickened the overall volume of the ApI. Throughout
this quasi-steady sequence of dense PDCs, there is a horizon of coign-
imbritic lithic lag breccias observable in the proximity of IC, which
includes lava lithics up to 50cm in diameter probably indicating the
third caldera collapse episode (Aguirre-Díaz and Labarthe-Hernández,
2003; ILO-145 and ILO-43, Figs. 2 and 12c). The top of ApI is locally
slightly welded, due to the accumulation of hot pyroclastics along the
valley where is located ILO-78/102 (Rank II-III, Quane and Russell,
2005; Fig. 12b).

Water driving the hydromagmatic eruptions of the ApI was prob-
ably derived from a paleolake that filled the Ilopango depression
formed after the second caldera collapse at 1.56–1.34Ma (during the
CoI eruption), similarly to the Taal caldera lake eruption in Philip-
pines at 1965 (Moore et al., 1966). In some cases, dilute PDCs gener-
ated by hydromagmatism can travel farther than denser PDCs, like in
ApI, where the basal dilute surges are observable at the Lempa River
Water Reservation shore and the denser PDC's did not (ILO-81 and
82; Figs. 2 and 12b). A similar scenario occurred at the NE of the
caldera (ILO-327; Figs. 2 and 3), where dilute PDCs deposited ~1 m
of cross-stratified surges with no presence of massive and denser fa-
cies of ApI.

5.2. Volumes and magnitudes of early explosive eruptions of the
Ilopango caldera

As the widespread distribution of the pyroclastic products of OI,
Col and ApI indicates (Fig. 2), the first volcanic phases of IC were
large-volume explosive eruptions, with OI being the largest reported
so far, even larger than the TBJ (the last explosive eruption of IC with
39km3 DRE; Dull et al., 2010). In order to characterize the magni-
tude and assess the minimum Volcanic Explosivity Index (VEI) of the
three early IC eruptions, we estimated the deposit volumes of OI, CoI
and ApI. The volumes were calculated employing the Delaunay tri-
angulation method (Macedonio and Pareschi, 1991), particularly suit-
able for the reconstruction of volume between geological horizons
and about the interpolation of bivariate data, when function values
are available at irregularly-spaced data points, like in our case. This
method uses the area occupied by the tuff, the local thickness of sev-
eral sites (sampling and data sites ILOs, Fig. 2), and the zero-thick-
ness boundary points. All data were processed in an attribute table
with ArcGIS 10.2 by ESRI©, following the method described in
Pitcher et al. (2017). The estimated deposits volumes were then trans

formed into DRE volume using the density ranks table of Quane and
Russell (2005).

The welding of OI favored better preservation of this deposit that
allowed several data collection sites for OI volume estimation. In
some sites either the base or the roof of the unit is missing (see table
in Appendix D), so conservative estimations for the OI volume range
from 78 to 64km3 of PDC deposit and ~50 km3 of DRE, indicating an
eruption magnitude of 7.2 (Pyle, 2000) and a VEI ~ 7 (Newhall and
Self, 1982). These estimates do not include tephra fall deposits and the
graben-caldera fill, which may be significant. If we assume a ratio of
1:1:1 of intracaldera ignimbrite, outflow ignimbrite and distal ash fall
deposits, as proposed by Mason et al. (2004), the total volume would
increase to ~150 km3 DRE, reaching a VEI > 7. In addition, the out-
flow sheets of OI probably reached the Pacific Ocean to the south as
the smaller TBJ eruption did, and thus, an unknown amount of mate-
rial, not-included in the volume estimates, may have gone out to sea.
To the north, OI should have reached the Lempa River Water Reser-
voir area as CoI and ApI did (ILO-82; Fig. 2), since OI is much larger
than the earlier eruptions deposit. The OI is presumably beneath these
two younger ignimbrites and/or the recent lacustrine deposits in the
distal zone. To the west, the PDCs of OI apparently traveled within an
originally flat San Salvador Pull-Apart topography (Fig. 2), because
at that period the San Salvador volcano did not exist as a topographic
barrier (this volcano is ~70 ka; Sofield, 2004). Therefore, we interpret
that PDCs of this first explosive eruption traveled radially from the
vent. Assuming the possible original distribution of OI (Fig. 13), this
ignimbrite volume might increase to of ~300 km3 DRE. This order of
magnitude corresponds to a VEI ~ 8, similar to the lower range of the
supereruptions (Sparks et al., 2005; Self, 2006).

CoI and ApI outcrops showing complete thicknesses are scarce
(table in Appendix D), and thus it was difficult to calculate an accu-
rate volume of the second and third eruptions. Very conservative min-
imum volumes for these ignimbrites result in 16km3 and 13km3 of
tephra respectively, and >11 km3 and 9> km3 as DRE. More realistic
volume estimates would give volumes between the OI minimum vol-
ume (~50 km3 DRE) and the TBJ volume (39 km3 DRE, Dull et al.,
2010), because the deposit distributions of CoI and ApI are generally
thicker and widespread than TBJ. For these reasons, the volume of
these two eruptions should be higher than 40km3 DRE (VEI≥6).

5.3. Origin and geologic evolution of IC in relation with the regional
tectonics

The geodynamic evolution of the Ilopango area since 2 to 1Ma in-
cludes the initial major volcanic explosive eruptions of IC (Fig. 13).
These events began with the caldera collapse episodes associated with
OI (1.785 ± 0.006Ma), CoI (1.56± 0.01Ma) and ApI (~1.34 Ma). A
key factor to be considered in the origin of these eruptions is the re-
gional and local tectonics in Ilopango area. A schematic model of the
volcano-tectonic evolution during the early explosive eruptions of IC
is explained below and illustrated in Fig. 13:

1) The first major eruption, represented by the OI, lacks pre-ign-
imbrite thick pumice fallouts (Plinian) deposits, which is a charac-
teristic of fissure ignimbrite-forming eruptions related to regional
faults (e.g., Aguirre-Díaz and Labarthe-Hernández, 2003;
Aguirre-Díaz et al., 2008) and corresponds to overpressure type
caldera eruptions (Geyer and Martí, 2008). Close to the timing of
the OI eruption (1.785 Ma) there was an extensional setting within
the ESFZ (Carr, 1976; Canora et al., 2014; Alonso-Henar et al.,
2015, 2017). This extension could have produced a graben at or
near the site of the actual IC (Fig. 13a). At the same time, the
extension favored the continued ascension of an elongate magma
chamber to
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Fig. 13. Schematic geological model of the IC origin and its evolution through OI, CoI and ApI caldera collapse eruptions. a) First IC collapse related to a graben type caldera during
an extensional phase along ESFZ and eruption of OI at about 1.78Ma. b) Second IC collapse related to a pull-apart graben during the transition from extensional to transtensional
tectonic regime along ESFZ and eruption of CoI at about 1.56Ma. Note the initial offset of CaC associated to the strike-slip San Vicente Fault (SVF) to the east of IC. c) Third
collapse of IC related to the already formed pull-apart graben and ApI eruption at about 1.34Ma. The San Vicente Fault continues the offset of CaC. d) Actual features in IC showing
main faults and distribution of OI, CoI and ApI.

shallower levels (e.g., Aguirre-Díaz and Labarthe-Hernández,
2003; Costa and Marti, 2016) until the magmatic system suddenly
opened along the graben's faults and the OI eruption occurred as
fissure vents and producing the first IC collapse. This graben was
capable of erupting massively the pumiceous pyroclastic currents
that formed OI (the largest of the three ignimbrites reported here).
Analogue models of Holohan et al. (2008) revealed a “graben
localized above magma chamber” during an initial stage of ex-
tensional deformation in strike-slip calderas, the type of tectonic
caldera that suggested Saxby et al. (2016) for the current IC.

2) During the timing among the first and the second explosive erup-
tion of IC (a time span of 1.78 to 1.56Ma BP), the tectonic regime
along the ESFZ changed gradually from extensional to transten-
sional, provoking the development of strike-slip faults and
pull-apart structures along the El Salvador Volcanic Front
(Correa-Mora et al., 2009; LaFemina et al., 2009; Alonso-Henar et
al., 2015, 2017; Garibaldi et al., 2016). At the moment of CoI (the
second eruption of IC at ~1.56 Ma BP), the San Vicente Fault al-
ready existed and it had displaced the Carbonera caldera rim with

a dextral offset of >1km (CaC, Fig. 13b). Offset started at
~1.70 Ma BP with an average slip rate of ~5 ± 0.5mm/yr (Canora et
al., 2014; Rotolo and Castorina, 1998). This new input of laterally
component in ESFZ could have changed the IC dynamics between
the OI and CoI eruptions, evolving from a graben-caldera type to
a pull-apart caldera type (Fig. 13a and b). Similar processes from
extensional to transtensional settings in areas with calderas are the
cases of the Suwoh, Ranau and Toba calderas along the Great
Sumatran Fault Zone, in Indonesia (Bellier and Sébrier, 1994)
and the calderas in the Sierra Madre Occidental, in Mexico
(Aguirre-Díaz et al., 2008).

3) During the third explosive eruption of IC (ApI, at ~1.34 Ma BP)
the resulting caldera was apparently affected by the strike-slip ac-
tivity along the San Vicente Fault, which by then had already dis-
placed the Carbonera caldera rim by >2.3km (Fig. 13c). Region-
ally, between the second and third caldera eruptions (time span of
1.56–1.34Ma), the lateral component of the ESZF increases in de-
triment of the extensional (Canora et al., 2014; Alonso-Henar et
al., 2015, 2017). The IC framework of a pull-apart caldera contin
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ued during this eruption, but with a higher lateral component due
to the effect of the San Vicente Fault prolongation westward (Fig.
13b and c). The presence of a coignimbritic lithic lag breccia within
the ApI indicates that the third caldera collapse onset could have
been in a setting of higher compression between blocks, caused
probably by lateral stretching (Holohan et al., 2008). Calderas in
strike-slip zones are often elongated by the regional faulting con-
trol, and apparently formed from noncircular but rather elongated
magmatic reservoirs, for example the Rannoch Moor granite in
Scotland (Jacques and Reavy, 1994), or the Ardara pluton, Ireland
(Molyneux and Hutton, 2000). These complexes were deformed
and elongated by transtensive regional faults prior to full crystal-
lization. This kind of stretching that increase compression locally
is currently occurring in IC area (Garibaldi et al., 2016), where re-
cent gravimetric studies classified it as a strike-slip caldera (Saxby
et al., 2016; Fig. 13d).
As with the possible proto-graben related to the OI eruption, there

is no clear geomorphologic evidence that IC was a pull-apart caldera
type during the CoI and ApI eruptions. However, it is possible that this
old pull-apart basin is being cut by the strike-slip San Vicente Fault.
In general, the obliteration of a pull-apart/graben appears to be the
consequence of the new strike-slip faulting that develops and propa-
gates across the pre-basin through its center (e.g., Bellier and Sébrier,
1994). An important consequence of this type of tectonic evolution is
that pull-apart grabens could be ephemeral structures within strike-slip
faults (Holohan et al., 2008).

The potential volumes reported here for the three early caldera col-
lapse eruptions make IC the largest active eruptive center of the El
Salvador Volcanic Front since about 1.75Ma. A high magma produc-
tion was necessary to generate these amounts of pyroclastic products
of the early IC's stages. The primary control for the production of great
amounts of silicic magma at continental-margin systems is the flux
of basaltic magma from the mantle (Smith, 1979; Hildreth, 1981; de
Silva and Gosnold, 2007). This high flux of magma in the CAVA was
apparently possible during the rollback of the subducted plate of Co-
cos beneath Central America since the late Miocene (Alonso-Henar
et al., 2015, 2017), which may have caused the opening of a man-
tle wedge and the consequent process of flare-up (Aguirre-Díaz et al.,
2008). Continued rise of magma to shallow levels was favored by the
extensional and transtensional tectonics, where the regional strike-slip
faults and local pull-apart basins worked out as the principal magma
pathways.

6. Conclusions

The Ilopango caldera (IC) had multiple caldera collapse erup-
tions during its eruptive history. The first three caldera-forming erup-
tions from Ilopango produced the OI at 1.785± 0.006Ma, the CoI at
1.56± 0.01Ma, and the ApI at ~1.34 Ma. They all are rhyolitic and
calcalkaline tuffs, which is common for magmas at continental mar-
gins subduction zones, such as the Central American Volcanic Arc. OI
was the largest eruption of Ilopango caldera complex, probably gener-
ated from a graben-type caldera related to the extensional tectonics at
central El Salvador. This deposit covered an area of ~3000 km2 with
a minimum DRE volume of 50km3, likely up to 300km3 DRE con-
sidering the coignimbritic ash cloud, the intracaldera fill and eroded
deposits, corresponding to a VEI≥7. Both the CoI and ApI have
smaller volumes than OI, but similar or even larger than TBJ de-
posit, which is more than ~40 km3 DRE. We suggest that the caldera
structure changed from pure extensional graben during the OI erup-
tion to a pull-apart during the CoI and ApI eruptions, with higher lat-
eral component for the last one. All three caldera-forming episodes

are related to the evolution of the ESFZ, which actually involves large
strike-slip faults and pull-apart basins. Ilopango caldera complex rep-
resents the largest, highly explosive, and active long-lived caldera
structure in El Salvador. Activity related to ignimbrite-forming erup-
tions at Ilopango started at 1.785Ma BP and it is still producing large
ignimbrites sheets like the TBJ, emplaced ~1500 years ago.
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