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Resumen

La caldera de Ilopango es una estructura vulcano-tectonica con actividad en el
Cuaternario, que causo grandes erupciones explosivas y afectando la parte central de El
Salvador. Se origind hace 1.78 Ma, cuando el primer evento de colapso formd una
caldera tipo graben, que dispersé una ignimbrita ~350 km® con un estilo eruptivo
“boiling-over”. [Esta primera erupcion formé la Ignimbrita Olocuilta, y cubre
aproximadamente 2,000 km® de territorio con espesores de hasta 120 m. La cartografia
geologica y levantamiento estratigrafico realizada en este estudio, complementada con
correlacion geoquimica y petrografica, indican que la caldera de Ilopango produjo como
minimo 13 erupciones explosivas hasta la actualidad. La de mayor volumen fue la
Ignimbrita Olocuilta. Las ignimbritas posteriores fueron de menor magnitud, pero todas
con volumenes superiores a 1 km® y VEI > 6. Cuatro de estas erupciones han ocurrido tan
solo en los ultimos 57 ka, siendo la ultima de todas la mas conocida y mejor estudiada
hasta el momento, la Tierra Blanca Joven (TBJ). Con esta investigacion se ha definido
por primera vez la historia volcanica explosiva de la caldera de Ilopango y la distribucion
de los depositos piroclasticos asociados, asi como un modelo sobre el posible origen

vulcano-tectonico de la caldera y su evolucion geologica.

La caldera de Ilopango es parte del Arco Volcanico de Centroamérica, el cual esta
asociado al magmatismo generado por la subduccion de la placa de Cocos por debajo de
la placa del Caribe. La caldera mide 17 x 13 km, esté parcialmente ocupada por el lago de
Ilopango y se localiza a lo largo de la Zona de Falla de El Salvador (ZFES), una franja
estrecha y alargada de fallas laterales derechas, conectadas por cuencas “pull- apart”.
Concretamente, [lopango se encuentra dentro de una de estas cuencas: el Pull- Apart de
San Salvador. El origen y la evolucion de la caldera estd estrechamente ligado al
desarrollo de éste pull-apart. Una prueba de esta posible relacion vulcano-tectonica entre
el llopango y las fallas regionales es la tltima erupcion de la caldera, cuando se emplazo
un domo intracratérico en el centro del lago (las Islas Quemadas) justo después de un

terremoto tectonico ocurrido a finales del 1879.

El estudio geocronolégico realizado en las 13 tobas identificadas, utilizando los
métodos U/Pb, **U/*°Th y Ar’’/Ar*’, ha aportado nueva informacion para reconstruir la
historia volcanica de la caldera de Ilopango. Acorde a la nomenclatura moderna en
estratigrafia volcéanica, se subdividi6 el Grupo Ilopango en tres formaciones: la Fm.

Comalapa (tres erupciones, 1.78 — 1.34 Ma), la Fm. Altavista (6 erupciones, 918 — 257



ka), y la Fm. Tierras Blancas (4 erupciones, <57ka). Los depositos producidos durante
estas erupciones caldéricas son el producto de magmas calcoalcalinos ricos en Si y K
(riodacitas), con plagioclasa, hornblenda y piroxeno. Los periodos de recurrencia son
muy variables, desde mas de 220 ka para las primeras erupciones, a ~100 ka en las
erupciones intermedias, y ~20 ka para las ultimas erupciones de la caldera. Destacan los
largos tiempos de quietud entre las tres formaciones de hasta 400 ka, los cuales pueden

estar relacionados a cambios en la tectonica regional de la ZFES.

El trabajo de vulcanologia fisica realizado sobre el deposito de la TBJ, la tltima
erupcion explosiva de la caldera de Ilopango ocurrida hace tan solo unos 1500 afios,
detalla el tipo de procesos eruptivos que se originan en este volcan. El hidrovolcanismo
producido por la interaccion del magma con el agua del lago de Ilopango, determind la
intensa explosividad y la alta fragmentacién durante la erupcion de la TBJ, hasta tal
punto que formo6 una nuve coignimbritica que envid ceniza hasta los 45 km de altitud.
Los mas de 30 km’ DRE eyectados a la atmosfera durante esta erupcion fueron

catastroficos para las comunidades Mayas que vivian en la region.

Estudios geoldgicos completos en calderas volcano-tectonicas y multiepisodicas
como la de Ilopango, son indispensables para evaluaciones futuras del peligro volcanico.
Esta investigacion describe la historia volcdnica de la caldera y da una idea del potencial
destructivo de la misma en caso de una nueva erupcion. Los mapas de distribucion
obtenidos, asi como la recurrencia estimada para las erupciones explosivas del Ilopango,
brindan una primera aproximacion a la amenaza que representa esta caldera, sobre todo
para el area metropolitana de San Salvador y en general para Centroamérica y el sur de

México.



Abstract

The Ilopango caldera is an active volcano-tectonic structure, which caused large
explosive eruptions during the Quaternary affecting the central part of El Salvador. The
first caldera collapse was at 1.78 Ma, and formed a graben-type caldera, producing a
large ignimbrite-forming eruption of ~ 350 km’. This first eruption formed the Olocuilta
Ignimbrite, and covers approximately 2,000 km® with thicknesses up to 120 m. The
geological cartography carried out in this study, complemented with geochemical and
petrographic correlation, indicate that the Ilopango caldera produced at least 13 explosive
eruptions until present day. The largest volume was that of the Olocuilta Ignimbrite. The
later ignimbrites were of smaller magnitude, but all with volumes larger than to 1 km’
and VEI> 6. Four of these eruptions have occurred in the last 57 ka, being the best known
and most studied so far, as the last Tierra Blanca Joven (TBJ). This research has defined
for the first time the explosive volcanic history of the Ilopango caldera and the
distribution of the associated pyroclastic deposits, as well as a model on the possible
vulcano-tectonic origin of the caldera and its geological evolution.

Ilopango caldera is part of the Central America Volcanic Arc, which is associated
to the magmatism generated by the subduction of the Cocos plate beneath the Caribbean
plate. The caldera’s size is 17 x 13 km, and is partially occupied by the Ilopango Lake. It
is located along the El Salvador Fault Zone (ESFZ), a narrow and elongated strip of right
lateral-faults, connected by pull-apart basins. Specifically, llopango is located within one
of these basins: the Pull-Apart of San Salvador. The origin and evolution of the caldera is
closely linked to the development of this pull- apart. A proof of this possible volcano-
tectonic relationship with Ilopango and the regional faults is the last eruption of the
caldera, when an intra-crateric dome was emplaced in the centre of the lake just after a
tectonic earthquake occurred at the end of 1879 (the eruption of the Islas Quemadas,

which means Burned Islands).

The geochronological study conducted on the 13 identified tuffs, using the U-Pb,
28U/°Th and Ar’/Ar*® methods, has provided new information to reconstruct the
volcanic history of the Ilopango caldera. According to the modern nomenclature in
volcanic stratigraphy, the Ilopango Group was subdivided into three formations: the
Comalapa Fm. (three eruptions, 1.78 - 1.34 Ma), the Altavista Fm. (6 eruptions, 918 - 257
ka), and the Tierras Blancas Fm. (4 eruptions, <57ka). The deposits formed during these
calderic eruptions are the product of calc-alkaline magmas rich in Si and K (riodacites),
with plagioclase, hornblende and pyroxene. The periods of recurrence are variable, from
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more than 220 ka for the first eruptions, to ~ 100 ka in the intermediate eruptions, and ~
20 ka for the last eruptions of the caldera. The long periods of quiescence between the
three formations of up to 400 ka stand out, which may be related to changes in the
regional tectonics of the ESFZ.

The physical volcanology work carried out on the TBJ deposit, the last explosive
eruption of the Ilopango caldera that occurred only about 1500 years ago, describe the
details of the eruptive processes originate in this volcano. The hidrovolcanism produced
by the interaction of the magma with the water of the Ilopango Lake, determined the
intense explosiveness and the high fragmentation during the eruption of the TBJ, to such
an extent that the coignimbritic cloud reached more than 45 km of altitude. The more
than 30 km® DRE ejected into the atmosphere during this eruption were catastrophic for
the Mayan communities that lived in the region.

Complete geological studies in these multi-episodic volcano-tectonic calderas,
such as Ilopango, are indispensable for future assessments of volcanic hazards. This
research work describes the volcanic history of the caldera and provides an idea of the
destructive potential of Ilopango in a probable future eruption. The distribution maps
obtained, as well as the estimated recurrence for the explosive eruptions of Ilopango,
provide a first approximation to the threat represented by this caldera, especially for the
metropolitan area of San Salvador and in general for Central America and the south of

Mexico.
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1 Introduccion

La caldera de Ilopango (CI) se localiza en la parte central de El Salvador, a
menos de 10 km de la capital San Salvador, que con mas de dos millones de habitantes,
es la ciudad mas poblada de Centroamérica (Fig. 1). La CI tiene una forma
romboédrica, de 17 km de largo por 13 km de ancho, la cual esta parcialmente rellenada
por el lago de Ilopango, de casi 300 metros de profundidad. Esta caldera esta activa y su
ultimo evento volcanico fue una erupcion efusiva de un domo dacitico emplazado en el
centro del lago, que form¢ las Islas Quemadas en 1879-1880 (Golombek y Carr, 1978;
Richer et al., 2004). La ultima erupcién explosiva de la CI ocurrié hace tan solo unos
1500 afios y se conoce como la Tierra Blanca Joven (TBJ), la cual produjo un extenso
deposito piroclastico blanco rio-dacitico (Williams y Meyer-Abich, 1955; Rose et al.,
1999; Hernandez, 2004; Kutterolf et al., 2008; Dull et al., 2001; Saxby et al., 2016;
Aguirre- Diaz et al., 2017; Pedrazzi et al., 2018). La TBJ, con espesores de hasta 60 m
de potencia y un volumen de emision estimado de ~ 84 km’ de material piroclastico
(Dull et al., 2010), fue una de las erupciones mas catastréficas del Holoceno en
Centroamérica, cuyos efectos fueron devastadores para los asentamientos del imperio
Maya ubicados en las cercanias de la caldera de Ilopango (Sheets, 1979; Dull et al.,
2001). Aparte de la TBJ, la CI ha provocado otras tres grandes erupciones explosivas en
los ultimos 57,000 afios (57 ka): la TB4, TB3 y TB2 (TB’s; Rose et al., 1999;
Hernadndez, 2004; Kutterolf et al.,, 2008). Otras ignimbritas mdas antiguas,
estratigraficamente inferiores a las TB’s, fueron reportadas en la zona por Hernandez et

al., (2004).

Las calderas de colapso, como la de Ilopango, se forman por el hundimiento de
bloques corticales dentro de una cdmara magmatica somera (Smith y Bailey, 1968;
Lipman, 1997, 2000; Gottsmann y Marti, 2008). La subsidencia se produce a lo largo de
fallas co-eruptivas, pero en algunos casos, las calderas utilizan fallas regionales
preexistentes como discontinuidades corticales para colapsar, como sucedi6 durante el
Oligoceno en la graben-caldera de Bolafios, en la Sierra Madre Occidental, México
(Aguirre-Diaz y Labarthe- Hernandez, 2003; Aguirre-Diaz et al., 2008). Algo asi
sucedid en el pasado, y sucede actualmente en la caldera de Ilopango, la cual fue

formada en la Zona de Falla de El Salvador (ZFES, Martinez-Diaz, 2004), una franja
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estrecha que cruza todo el pais paralelamente al Arco Volcénico de El Salvador
(AVES). Williams y Meyer-Abich (1955) describieron por primera vez la CI como una
estructura vulcano-tectonica, la cual habria generado varias erupciones a lo largo de su
actividad. Trabajos gravimétricos recientes de Saxby et al. (2016) confirman que la
caldera de Ilopango tiene un control tecténico, donde las fallas verticales de la ZFES
funcionan como una via preferencial de extrusion de magma hasta la superficie (Tikoff

y St. Blanquat, 1997).

Fig. 1: Localizacién de la caldera de Ilopango (CI) junto al Area Metropolitana de San
Salvador (AMSS), la cual se ubica entre ésta caldera y el volcan activo de San Salvador
(VSS). Destaca la ultima colada de lava emitida por el VSS en 1917 (de color negro al nor-
noreste del volcan). El punto amarillo en el centro del lago Ilopango representa la ubicaciéon
de las Islas Quemadas, producto de la ultima erupcién de la caldera de Ilopango (1879-

1880).

En este trabajo proponemos que Ilopango ha tenido grandes erupciones
formadoras de extensas ignimbritas, asociadas a diferentes episodios de colapso
caldérico (similar al complejo de Platoro en las montafas de San Juan, EUA, Lipman et
al., 1996), y todas estas fases estarian relacionadas con la actividad y evolucion de las
fallas preexistentes de la ZFEZ (Soefield, 2004). La geomorfologia del borde
topografico de la caldera de Ilopango, con varias bahias semicirculares, podria ser una
evidencia de los multiples eventos del colapso caldérico (Lexa et al., 2011). Durante

esta investigacion, se identificaron y caracterizaron todas estas erupciones y sus
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respectivos depositos generadas por la CI desde su formacion, hace ~1.78 Ma, hasta la

actualidad.

1.1. Marco tedrico: calderas y supererupciones explosivas asociadas

Las calderas de colapso son las estructuras geoldgicas mas peligrosas y las que
han provocado las erupciones mas voluminosas y catastréficas que se conocen en la
Tierra, como por ejemplo la erupcion de la caldera de Toba (Sumatra, Indonesia), cuya
supererupcion ocurrida hace 74 ka estuvo a punto de extinguir a los Homo Sapiens
(Francis 1983; Rampino y Self, 1992). Estas superestructuras volcdnicas se forman
como consecuencia del colapso o subsidencia de grandes bloques corticales dentro de
una cdmara magmatica somera, los cuales provocan la eyeccion explosiva y rapida de
grandes volimenes de material piroclastico a la atmosfera (Smith y Bailey, 1968; Druitt
y Sparks, 1984; Cas y Wright, 1987; Lipman, 1997; Marti et al., 1994; Cole et al., 2005;
Gottsmann y Marti, 2008). El resultado morfologico de este colapso caldérico es una
depresion en el terreno de grandes dimensiones, rodeada por fallas sin-eruptivas que la
bordean por donde se produce el hundimiento de los bloques, dejando a la vista la pared
interna de la caldera y sobresaliendo el borde caldérico (Fig. 2). Los productos
generados en este tipo de erupciones son mayormente depositos de caida de pomez y
ceniza, flujos piroclasticos formadores de ignimbritas, gases y emplazamientos de

domos y coladas de lava post-colapso (Lipman 1984, 2000).

B l&———Structural boundary ———j Tapeoraphiic
boundary

Pre-caldera volcano Lake il crahan Cinder cone
Landslide scarp N \ ‘/7 - 4 |_Qutflow
F” \g! o ignimbrite
: Resurgent dome Peripheral fract
Lake sp 3 o eripheral fracture
: (Intra-caldera ignimb Yava dome: |(defines the limit

Cardalida of deformation)

breccia

Fig. 2: Diagrama de una caldera de colapso tipo Pistén en 3D (Cole et al., 2005), donde se

Pre-caldera rocks

muestra esquematicamente la estructura de estos complejos volcanicos.
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Estas estructuras se encuentran en practicamente todos los ambientes volcanicos
de la tierra (Geyer y Marti, 2008; Fig. 3), como zonas de subduccioén (Toba; Francis
1983; Ilopango; Simkin y Siebert, 1994; Carr et al., 2007), rifft (Etiopia; Acocella et al.,
2002) y hot — spots, tanto oceédnicos (Las Canadas, Islas Canarias, Espafia; Schmincke,
1967; Marti y Gudmundsson, 2000), como continentales (Yellowstone, USA; Hildreth
et al., 1984). La forma, génesis y el tamafio de una caldera es variable: algunas son
circulares y con una sola fase de colapso (por ejemplo Reporoa, en Nueva Zelanda;
Nairn et al., 1994; Beresford and Cole, 2000), mientras que otras son mas alargadas, con
tamafos que van de los pocos kilometros hasta decenas de kilometros (como Toba o La
Garita, Colorado, USA; Lipmann 2000) y algunas forman parte de complejos caldéricos
con varias fases de colapso (como el complejo Platoro, en San Juan Mountains; Lipman
et al., 1996). Otras calderas estan estrechamente ligadas a la tectonica, donde las fallas
regionales condicionan desde la formacion hasta el tipo de actividad volcéanica de estas
calderas (como la graben caldera de Bolafios, en la Sierra Madre Occidental de México,

Jalisco; Aguirre- Diaz and Labarthe-Herndndez, 2003; Aguirre-Diaz et al., 2008).

0 10°km -~

Fig. 3: Mapa mundial con la localizacion (circulo negro) de las calderas de colapso

conocidas (modificado de Geyer y Marti, 2008).

Las erupciones en calderas pueden ser explosivas o efusivas; sin embargo, las
mas voluminosas y violentas son las explosivas, que pueden emitir grandes cantidades
de material piroclastico a la atmosfera en cuestion de horas a pocos dias (por ejemplo,

Newhall y Dzurisin, 1988; Lipman, 1997; Cole et al., 2005; Gottsmann y Marti, 2008;
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Costa et al., 2014). Las calderas se pueden clasificar por su composicion (basalticas,

peralcalinas, andesitico-daciticas o rioliticas; Cole et al., 2005) o también por su estilo y

grado de subsidencia (Lipman 1995, 1997, 2000; Acocella 2007, 2008; Fig. 4): 1)

Downsag es el primer paso en el colapso gravitacional de una caldera, con una

subsidencia limitada donde las fallas anulares del borde no se han formado todavia o no

han atravesado por completo el techo de la caldera, plegando y fracturando los

materiales de la corteza litosférica (calderas basalticas no-explosivas como las de

Hawaii o las Galapagos, Walker 1988); 2) Trap-door es el
siguiente paso de madurez en el proceso de colapso
caldérico, en donde solamente se ha hundido un sector del
techo de la cadmara mediante la formacion de parte de las
fallas inversas que conformaran el anillo del borde (p. e;j.
Valles caldera, Nuevo México, USA; Heiken et al., 1986);
3) Se conoce como Plate/piston cuando el colapso
caldérico es producido por la subsidencia de un tnico
bloque dentro de la cdmara magmatica, hundido
gravitacionalmente una vez desarrolladas por completo las
fallas periféricas del borde caldérico (Crater Lake, Oregon,
USA; Bacon 1983); 4) Una caldera con avanzado grado de
subsidencia también puede colapsar en estilo Piecemeal, en
donde el techo de la camara magmadtica se rompe en
diferentes bloques (p. ej. Glencoe Caldera; Moore and
Kokelaar, 1997, 1998); 5) las calderas tipo Funnel
mayormente se relacionan a calderas pequenas (< 2 — 4 km)
que al colapsar adquieren una geometria de embudo por
medio de un conducto central, con fallas internas empinadas
y de fallas de borde ausentes (Guayabo caldera, Costa Rica;

Hallinan 1993).

PLATE ("Piston")
Single, large volume eruption

PIECEMEAL
multicyclic? i~

TRAP-DOOR
_asymmetrical pluton?
TG —

DOWNSAG
small volume/deep pluton?

o émall/ deep pluton? .
Fig. 4: Modelos de
los cinco estilos de

colapso propuestos
por Lipman (1997)

Las calderas de colapso también se pueden clasificar dependiendo de su ubicacion

y relacion con el contexto geoldgico regional donde se emplaz6. La clasificacion de

Aguirre-Diaz (2008), define como caldera Somital, aquellas que se formaron en la parte

alta de grandes estratovolcanes y asociadas a pequefios volimenes emitidos de material
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piroclastico (por ejemplo, Crater Lake en USA, el Somma — Vesubio en Italia o la caldera

de San Pedro en volcan Temascalcingo, Estado de México; Roldan — Quintana y Aguirre

— Diaz, 2006). Esta misma clasificacion define como calderas Clésicas las que se forman

A.
<= g
batholith-size
\ S — magma chamber
pyroclastic flow eruption
B. B =5 \ ;

prroclastic dike

0-ignimbrite lithic-lag breccia

ignimbrite

. rhyolitic lava dike
< ~~ > pyroclastic dike
\ /. rhyolitic lava dome

AAAAAAA

Fig. 5: Modelo esquematico que muestra el
mecanismo de erupcion fisural en las
calderas del tipo Graben, en que los flujos
piroclasticos salen a través de las fallas
(Aguirre-Diaz  y

normales  regionales
Labarthe-Hernandez, 2003).

Basin and Range fault

pyroclastic dike

en terrenos llanos, sin necesidad de la
existencia de algin tipo de edificio
volcanico anterior o estructuras tectonicas
regionales (como por ejemplo Long
Valley en USA o Los Humeros en el
Estado de Puebla, México). El ultimo tipo
de caldera en la clasificacion de Aguirre
(2008), son las calderas tipo Graben, que
son aquellas donde el techo de la camara
magmatica colapsa a lo largo de fallas
tectonicas regionales preexistentes en el
terreno por donde se producen grandes
erupciones fisurales (Fig. 5). Ejemplos de
este tipo son varias calderas de Sierra
Madre Occidental de México, como por
ejemplo, el graben caldera de Bolafios
(Aguirre-Diaz y  Labarthe-Hernandez,
2003), o la misma caldera de Ilopango (El

Salvador) como se define en este trabajo.

Las calderas de colapso de

composicion silicica son las Unicas
estructuras  volcanicas  capaces de
provocar  supererupciones  explosivas,

catalogadas como eventos que superan
volimenes emitidos de 450 km’ DRE
(Dense Rock Equivalent; Sparks et al.,
2005; Self 2006), las cuales pueden llegar
a VEI = 8 (el maximo Indice de

Explosividad Volcanico; Newhal y Self,
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1982). Este tipo de erupciones, aunque infrecuentes (una cada ~ 50,000 afios), tienen un
efecto catastrofico en las regiones circundantes a la caldera debido a lo destructivo que
son sus productos (espesas caidas de pdmez y enormes flujos piroclésticos), pudiendo
incluso afectar a la estabilidad y el desarrollo de sociedades como ocurri6 en la erupcion
de Santorini (Grecia, 1639-1530 a.C), la cual provoco el declive de la civilizacion
Minoica (Nincovich y Hezzen, 1965; Sparks, 1979; Sigurdsson et al., 2006). Las
supererupciones llegan a tener afectaciones globales, generando inviernos volcanicos
que enfrian el clima terrestre. Inviernos volcanicos como el que ocurrié en la ultima
gran erupcion del Pinatubo en 1991 (Hansen et al. 1996), que sin llegar a niveles de
supererupcion, la ceniza fina y aerosoles dispersados en la estratosfera, provocaron
absorcion de la radiacion solar y la consecuente bajada de temperatura (Self y Blake,
2008). Mucho mas drésticos fueron los efectos de la supererupcion de Toba, cuyas
afectaciones climaticas pudieron acelerar y detonar el inicio de la ultima gran glaciacion

que ha sufrido el planeta Tierra (Rampino y Self, 1993).

Pero no todo son desventajas con las calderas volcanicas: son estructuras de alto
interés econdmico, ya que la alta actividad geotérmica que producen las convierte en
potenciales fuentes de energia renovable (p.ej. la Zona Volcanica de Taupo, Nueva
Zelanda; Bibby et al., 1995). Ademads, son lugares favorables para la formacion de
depositos minerales (Guillou — Frottier et al., 2000; Stix et al., 2003). En los tltimos 25
afios y gracias a la combinacion entre el mapeo en calderas erosionadas (Lipman 1984,
1995, 2000a; Branney and Kokelaar, 1994; Aguirre — Diaz et al., 2003; 2007), al trabajo
geodésico (Dvorak and Dzurisin, 1997) y al modelado analdgico experimental (Marti et
al., 1994; Acocella 2007, 2008), se ha adelantado mucho en el conocimiento y
entendimiento de los procesos de formacion y dinamica del colapso de las calderas

volcanicas.

1.2. Marco geologico: tectonica, geodinamica y volcanismo en El Salvador

La caldera de Ilopango se ubica en la Republica de El Salvador y es uno de los
volcanes mas activos del Arco Volcanico Centroamericano (AVC), el cual se extiende
desde la frontera México-Guatemala hasta Costa Rica y forma parte del Anillo de Fuego
del Pacifico (Simkin y Siebert, 1994; Carr et al., 2007; Smithsonian Global Volcanism
Program, 2013). El territorio salvadorefio se encuentra en la costa Pacifica de la placa del

Caribe. A unos 200 km al norte de San Salvador, se encuentra el limite con la placa de
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Norteamérica, donde las fallas laterales izquierdas del sistema Polochic-Motagua-Swan
Islands estan desplazando la placa del Caribe hacia el Este a una velocidad promedio de
8 mm/afio (Fig. 6a; Agostini et al., 2006; DeMets, 2001; Funk et al., 2009; Guzman-
Speziale et al., 2005).

BI‘O;O’W

‘ Vectores GPS (mm/afo)
ZFESy DN

Volcanes del AVC
Cufa Antearco

Fig. 6: A) Contexto geodindmico de El Salvador con las diferentes placas tectonicas que
conforman Centroamérica. La Zona de Falla de El Salvador (ZFES) y la Depresion de
Nicaragua (DN), asociadas a la subducciéon de la placa de Cocos por debajo de la placa
Caribe, transcurren paralelamente al Arco Volcanico de Centroamérica (AVC). FPMSI:
Fallas Polochic-Motagua-Swan Islands. B) Esquema 3D donde se muestra el
desplazamiento lateral de la cufia trasarco entre la Trinchera Mesoamericana y el AVC,
formando a su vez el pull-apart del golfo de Fonseca que separa El Salvador de Nicaragua

(modificado de Alvarado et al., 2011).

El magmatismo de la caldera de Ilopango y del AVC en general, est4 relacionado
con la subduccion oblicua de Cocos por debajo de la placa del Caribe (LaFemina et al.,
2009), desarrollada a lo largo de la trinchera mesoamericana a una velocidad promedio de
73 - 85 mm / afo (Dixon, 1993; Mann, 2007). Esta subduccion oblicua, junto con el
efecto cremallera producido en el punto triple de Guatemala (Authemayou et al., 2011)

y el desacople de la interfaz provocada
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por el roll-back del slab de Cocos por debajo de la placa Caribe (Alonso-Henar, et al.,
2015; 2017) habrian provocado el inicio del deslizamiento de la cufia forearc (o antearco)
hacia el NW, paralela a la trinchera mesoamericana y con una velocidad actual de 8-14

mm/afio con respecto a la placa Caribe (Fig. 6; Turner et al., 2007).

La combinacion de estos dos movimientos relativos: 1) el movimiento hacia el
Este de la placa del Caribe que provoca una extension de trasarco, y 2) el
desplazamiento hacia el Noroeste del antearco centroamericano, son aparentemente los
responsables de la deformacion trans-tensional a lo largo del AVC por medio de una
serie de fallas laterales derechas emn-echelon y conectadas por cuencas pull-apart
(Montero y Dewey 1982; DeMets 2001, La Femina et al., 2002, Corti et al., 2005;
Agostini et al.,, 2006, Turner et al., 2007; Funk et al., 2009; Canora et al., 2014),
conocido como la Zona de Falla de El Salvador (ZFES, Martinez-Diaz, 2004). Uno de
estos pull-apart es el del Golfo de Fonseca, que transfiere la deformacion desde la
ZFES hacia la Depresion de Nicaragua (Alvarado et al., 2011, Fig. 6b). La CI se
encuentra dentro de una de estas cuencas tectonicas desarrollada en la parte central del
pais y conocida como el Pull-Apart de San Salvador (Garibaldi, et al., 2016), el cual se
delimita al norte por la falla de Guaycume, la falla de la Cordillera del Balsamo al sur,
la falla de Zapotitan al Oeste y la de San Vicente al Este (Fig. 7). Esta ultima falla, con
fuerte componente lateral derecho, esta afectando la CI en su flanco oriental y es la
causante del ultimo gran terremoto de Mw 6.7 producido en la ESFZ en febrero de 2001
(Alvarenga et al. , 2001; Martinez Diaz et al., 2004; Canora et al., 2012; Fig. 7).
Contextos tectonicos regionales como el que aporta el ZFES, el cual incluye fallas de
desgarre, zonas de cizalla y cuencas pull-apart, favorecen el emplazamiento de centros
magmaticos en niveles superficiales de la corteza y sirven como vias iniciales para el

ascenso de magma (Hutton y Reavy, 1992).

Litolégicamente, El Salvador estd compuesto principalmente por rocas
volcanicas de edades que van desde el Paledgeno superior hasta el presente (Donelly et
al., 1990, Rose et al., 1999). Segin el mapa geologico escala 1: 500,000 de El Salvador
(Weber et al., 1974), el basamento estd compuesto principalmente de calizas Jurdsico-
Cretacicas de la Formacion Metapan, expuestas esporadicamente en la parte Noroeste
del pais y cubriendo menos del 5% de la superficie total de El Salvador. En el

Oligoceno empezd el volcanismo, el cual se concentr6 en la parte mas

19



septentrional del pais formando la Montafa Fronteriza: una cordillera formada por los
remanentes de los volcanes més antiguos de El Salvador y que delimita de forma natural,
la frontera politica del este pais con Honduras (Fig. 7). Los productos de estos primeros
volcanes que se emplazaron hace ~30 Ma, van desde ignimbritas silicicas hasta efusivas
basicas a intermedias-acidas que constituyen las formaciones geologicas de Morazan y

Chalatenango.
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Fig. 7: Modelo Digital de Elevacion (DEM) de El Salvador donde se indican las fallas de la
Zona de Falla de El Salvador (ZFES) y los principales volcanes del Arco Volcanico de El
Salvador (AVES): Caldera de Coatepeque: CC, Volcan Santa Ana: VSA, Volcan San
Salvador: VSS, Volcan San Vicente: VSV, Caldera Carboneras: CCa, Complejo Volcanico
Berlin: CVB y Volcan San Miguel: VSM. El cuadrado negro nos indica la zona de estudio
de esta investigacion alrededor de la caldera de Ilopango (CI), la cual se localiza dentro del
Pull-Apart de San Salvador, rodeado por la Falla San Vicente (FSV), la Falla Gaycume
(FGy), la Falla de la Cordillera del Balsamo (FCB) y la Falla del Zapotitan (FZp).

Desde el Mioceno, la actividad volcanica migré hacia el sur y se acerco a la
Trinchera Mesoamericana, como consecuencia del roll-back de la placa subducida de
Cocos (Carr 1976; Weinberg 1992, Alvarado et al, 2011, Alonso-Henar et al., 2015;
2017). El vulcanismo desde mediados del Mioceno hasta el Plioceno formé grandes

estratovolcanes basalticos y andesiticos justo al sur del actual Arco Volcanico de El
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Salvador (AVES); como el volcan Panchinmalco, el Jayaque o el mismo antiguo volcan
de Ilopango, los cuales pertenecen a la Formacion Balsamo (Weber et al., 1974; Lexa et
al., 2011). Durante el Plioceno-Pleistoceno, estos edificios volcanicos colapsaron
gravitacionalmente asociados a la formacion y evolucion de la ZFES, formando las
calderas de Plan de Renderos, Jayaque, la Carboneras y la CI (Fig. 8), cuyos productos
piroclésticos fueron rellenando las depresiones tectonicas desarrolladas a lo largo de la
ZFES y corresponden a la Formacion Cuscatlan (Weber et al., 1974). Los relictos de
estos grandes estratovolcanes antiguos forman la Cordillera de Balsamo (Fig. 8,

Williams y Meyer-Abich, 1955).

300000 320000
~— Fallas “so.  Fallasinfedd % Campo de esfuerzos
‘ Lago llopango 3 as as Nl PASS
3 " 5 ; Area Metropolitana de
Y Bodecadéico ., v Borde caldérico inferido Abie Mol

Fig. 8: Area de estudio con la caldera de Ilopango (CI) ubicada dentro del Pull-Apart de
San Salvador (PASS) y rodeada por la mayor zona urbana del pais. Volcan Panchinmalco:
VP, volcan Jayaque: VJ, volcan de Ilopango: VI, volcan San Vicente: VSV, volcan
Guasapa: VG, caldera de Plan de Renderos: CPR, caldera Jayaque: CJ, caldera la
Carboneras: CCa, Cordillera de Balsamo: CdB, falla San Vicente: FSV, falla Guaycume:
FGy, Pull-Apart rio Lempa: PARL y ERL: embalse Rio Lempa.
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Actualmente el AVES comprende 21 volcanes activos, tres de los cuales han
hecho erupcion en el ltimo siglo, el Santa Ana, el San Salvador y el San Miguel (Fig.
7; Siebert and Simkin, 2002). Los productos de estos volcanes, asi como los de la
caldera de Coatepeque y los materiales mas recientes de la CI (TB4, TB3, TB2, TBJ y
domos efusivos), abarcan desde el Pleistoceno superior hasta el Holoceno y forman
parte de la Formacion San Salvador (Weber et al., 1974; Reynolds, 1987; CEL, 1992;
Rose et al., 1999; Mann, 2007; Hernandez, 2004, 2010; Kutterolf et al., 2008; Lexa et
al., 2011).

El marco tecténico de El Salvador es una pieza clave para la descripcion de los
procesos magmaticos y geoquimicos en la region. La mayoria de los volcanes basaltico-
andesiticos activos de la zona se concentran dentro de las cuencas pull-apart, mientras
que las calderas, de composiciones mas silicicas, se localizan mayormente en la traza de
las principales fallas laterales derechas del ESFS (Garibaldi et al., 2016), como es el
caso de la caldera de Ilopango (Martinez-Diaz et al., 2004; Mann, 2007; Lexa et al.,
2011; Saxby et al., 2016). Tal como ocurre en el AVC, en el AVES los volcanes se
agrupan en diferentes centros eruptivos compuestos por varios conductos por donde se
emplazaron volcanes, domos, conos y calderas. Los productos volcanicos emitidos a lo
largo del AVES constituyen una asociacion tipicamente calcoalcalina de subduccion,

con composiciones que van desde basalticas a rioliticas (Carr et al., 2007).

1.3. Motivacion, hipotesis y objetivos

El principal motivo para investigar la CI es que se trata de una estructura
vulcano-tectonica activa y peligrosa para la poblacion salvadorefia, de la cual no se
habian estudiado con detalle las diferentes fases eruptivas. Practicamente todos los
estudios geoldgicos previos realizados sobre la caldera de Ilopango, se habian centrado
en la ultima erupcion explosiva TBJ. Por ahora existen pocas publicaciones que
reporten detalles sobre las erupciones previas (como la TB4, TB3 y TB2), y no hay
ningun trabajo vulcanoldgico que caracterice las ignimbritas relacionadas a las etapas de
formacion de la caldera. Con esta falta de informacién se desconocia el origen y la
evolucion de la caldera, asi como la relacion entre la actividad volcanica de la caldera y
la actividad tectonica de las estructuras regionales de la ZFES, las cuales propongo son
el mecanismo disparador de las erupciones de una caldera tipo pull-apart/graben.

La hipotesis de este trabajo es que la caldera de Ilopango pudo haber provocado
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mas de una docena de grandes erupciones explosivas por colapso en los ultimos 2 Ma,
muchas de ellas siendo incluso mayores en magnitud que la ultima erupciéon TBJ, a
juzgar por los depositos que afloran en sus alrededores. Es por eso que definir las
multiples fases volcénicas generadas desde su inicio, cuantificar la extension y el
volumen de los productos asociados, fecharlos para poder establecer los tiempos de
recurrencia y determinar sus caracteristicas fisico-quimicas, aportarian los datos
geoldgicos necesarios para conocer mejor la naturaleza de la caldera de Ilopango y
evaluar el riesgo que supondrian futuras erupciones paroxismales similares a la reciente

TBJ.

Cabe senalar que, a pesar de que la TBJ es la unidad mejor estudiada de la
caldera, antes de este estudio no se habian realizado mapas de isopacas e isopletas con
suficientes puntos de medicion y secciones estratigraficas, para asi poder determinar de
manera mas confiable la distribucion espacial, espesores y volumen de los productos
piroclésticos asociados. Es por eso que en esta investigacion se realizd un trabajo
sistematico de la TBJ, para asi poder definir su alcance mas all4 de las fronteras de El
Salvador. Sin duda alguna, la caldera de Ilopango es uno de los volcanes mas complejos
y peligrosos del AVES, siendo la erupcion TBJ uno de los eventos mas grandes del
Holoceno y finales del Pleistoceno en la zona de Centroamérica. Si ocurriera una nueva
erupcion tipo TB’s hoy en dia, afectaria de manera fatal a la sociedad salvadoreia,

pudiendo perturbar en gran medida a la poblacion de Centroamérica y México.

Objetivos especificos:

* Identificar el nliimero de erupciones volcanicas explosivas de la caldera de
Ilopango, para completar la historia volcanica junto con las Gltimas 4 erupciones
piroclésticas conocidas como las Tierras Blancas (TB’s < 57 ka).

* (Caracterizar cada erupcion explosiva identificada y sus depdsitos asociados,
determinar la distribucion de los flujos piroclasticos, la composicion quimica y
mineralogica, sus edades, los estilos eruptivos y mecanismos de emplazamiento,
etc.

e Calcular volimenes de material eyectado de todas las unidades posibles y
determinar la dispersion de la pémez /ceniza de caida de la TBJ mediante
modelado numérico.

e Estimar el periodo de recurrencia y una evaluacion preliminar de la peligrosidad

volcanica que representa la caldera.
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* Determinar el origen y la evolucion vulcano-tectonica de la caldera.
* Publicar los resultados en revistas cientificas, asi como presentarlos en foros

nacionales e internacionales.

1.4. Contenido de la tesis

En el Capitulo 1 se presenta una introduccion de la tesis y el estado del arte de la
caldera de Ilopango, ademas de los objetivos y motivos de la investigacion. El Capitulo
2 describe la metodologia utilizada, tanto para la recoleccion de datos de campo,
incluyendo mapeo geologico, levantamiento estratigrafico y muestreo, como en el
procesamiento, analisis e interpretacion de datos de laboratorio, incluyendo los andlisis
geoquimicos, geocronoldgicos, petrograficos, y modelado numérico. En el ultimo

apartado de este capitulo se explica como se presentaron los resultados de estos analisis.

En el Capitulo 3 se presenta el trabajo geologico realizado para caracterizar las
tres primeras grandes erupciones explosivas de la caldera de Ilopango. El andlisis
detallado y desde una perspectiva multidisciplinaria de las extensas ignimbritas
formadas por estas tres primeras erupciones de la CI nos permite proponer un modelo
conceptual sobre la formacion y evolucion de esta caldera desde un punto de vista
vulcano-tectonico. En este capitulo se presentan datos (geocronoldgicos, petroldgicos,
estratigraficos, estructurales, etc.) que soportan las primeras interpretaciones de otros
autores en que se sugiere que la actividad de caldera de Ilopango esta estrechamente
ligada a la actividad tectonica regional ZFES. El primer colapso de la CI fue del tipo
graben caldera en un contexto extensional a lo largo del trasarco salvadoreio, y
posteriormente, a medida que la ZFES evolucionaba hacia la provincia transtensiva que
es hoy en dia, fue colapsando como una pull-apart caldera vinculada al sistema de fallas
laterales derechas (strike-slip) de la ZFES. Las primeras erupciones fueron las de mayor
volumen de toda la historia volcanica de esta caldera poligenética, pudiendo llegar hasta
los valores de las supererupciones (~350 km®’ DRE, Sufie-Puchol et al., 2019).
Quimicamente estos depodsitos provienen de magmas calcoalcalinos muy evolucionados
tipicos de zonas de subduccion, riolitas con alto contenido en potasio, con periodos de

recurrencia largos de hasta 220 ka entre erupciones.
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En el Capitulo 4 se presenta una revision completa de la estratigrafia volcénica
de la caldera Ilopango. Se propone una nueva nomenclatura de las unidades siguiendo
las recomendaciones de Marti et al. (2018). Se define el Grupo Ilopango, subdividido en
tres formaciones: 1) la Formacion Comalapa (1.785 — 1.34 Ma), que incluye las tres
primeras ignimbritas, presentadas en el capitulo anterior; 2) la Formacion Altavista (918
— 257 ka), que incluye seis depdsitos piroclasticos recién identificados y caracterizados,
los cuales se presentan en este capitulo; y 3) la Formacion Tierras Blancas (ultimos 57
ka), que incluye a las ultimas 4 erupciones explosivas, y las unicas que se habian
documentado antes de esta tesis. Ademas, en el Capitulo 4 se presentan los datos
detallados sobre las 6 erupciones de la Fm. Altavista, incluyendo datos estratigraficos,
quimicos, fisicos, y geocronoldgicos, que nos permiten estimar la magnitud de cada
erupcion, los estilos eruptivos y procesos volcanicos, asi como elaborar una historia
volcénica detallada de la CI, asi como los periodos de recurrencia de las grandes

erupciones explosivas.

En el Capitulo 5 se presenta un trabajo centrado en la ultima erupcion explosiva
de la CI, la unidad conocida como Tierra Blanca Joven (TBJ), la cual cubre la parte
central de El Salvador con gruesas capas de ceniza. En este capitulo se presenta los
datos estratigraficos y vulcanoldgicos de los depdsitos asociados a la TBJ, utilizados
para describir las fases y los procesos eruptivos ocurridos a lo largo de esta gran
erupciodn, asi como para estimar el volumen aproximado (> 30 km® DRE) y modelar la
dispersion de las cenizas y la distribucion de los flujos piroclasticos. Durante este
trabajo se encontraron las cenizas de la TBJ a distancias mayores de 120 km, tanto hacia
el sureste (Golfo de Fonseca, frontera con Nicaragua y Honduras), como hacia el

noroeste (en las pirdmides de Tazumal, en la localidad de Chalchuapa).

Para cerrar la tesis, en el capitulo 6 se presenta una discusion integrando los
resultados obtenidos y planteando futuros trabajos para, una vez establecida la geologia
general de caldera, se pueda abordar el tema del peligro volcanico bajo el que vive la

poblacion salvadoreiia.

El Capitulo 7 presenta las conclusiones de este estudio involucrando el trabajo

geologico, volcanico y estructural realizado en la CIL.
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2 o Metodologia

Para la realizacion del estudio geoldgico, vulcanologico y estructural llevado a
cabo durante esta tesis sobre la caldera de Ilopango y sus productos eruptivos, la
metodologia utilizada se basé en trabajo de campo, analisis de laboratorio y posterior
interpretacion de resultados. Para ello, y antes de ir campo, se recopild toda la
bibliografia disponible de la zona. Los datos obtenidos, tanto de campo como de
laboratorio se integraron en mapas y manuscritos, productos elaborados en una fase de
gabinete para posterior publicacion. En este capitulo se presentan todas las técnicas
usadas y el procedimiento del trabajo subdivididos en 4 apartados donde se abarcan las

metodologias en teledeteccion, campo, laboratorio y gabinete.

2.1. Recopilacion bibliografica y analisis del terreno por teledeteccion

En primer lugar, se realizé un trabajo exhaustivo para recopilar todos los datos
geologicos, geoquimicos, geocronoldgicos, estructurales y de vulcanologia en general
publicados previamente sobre la CI. Se leyeron los primeros reportes sobre geologia
hechos en El Salvador como los de Williams y Meyer — Abich (1955) o Weyl (1957),
para posteriormente centrarnos en los depdsitos del Ilopango como es la TBJ (Hart y
Steen — MclIntyre, 1983; Vallance y Houghton, 1988; Dull et al., 2010), el resto de las
TB’s (Rose et al., 1999; Kutterolf et al., 2008;) y de las ignimbritas mas antiguas
emitidas por esta caldera (Hernandez, 2004; Lexa et al., 2011). Se examinaron otros
trabajos mas enfocados en la estructura de la caldera de Ilopango, como la gravimetria
de Saxby et al. (2016), los modelos analogicos de las strike-slip caldera de Holohan et
al. (2008) y el estudio estructural en el Pull-Apart de San Salvador de Garibaldi et al.
(2016). Ademas, se inspecciond la extensa literatura existente que trata sobre el
contexto geodinamico y tectonico de Centroamérica y El Salvador en general (De Mets,
2001; Martinez — Diaz et al., 2004; Corti et al., 2005; Funk et al., 2006; Carr et al.,
2007; Alvarado et al., 2011; Alonso-Henar et al., 2015, 2017), para comprender mejor
lo que estd sucediendo actualmente en la zona de Ilopango y poder plantear hipdtesis

sobre el origen de esta caldera desde una perspectiva vulcano-tectonica.
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Una vez familiarizados con la caldera de Ilopango y considerando todos los
trabajos existentes hasta la fecha, delimitamos la zona de estudio en base al mapa
geologico 1:500,000, realizado por la Mision alemana en los afios 70 (Weber et al.,
1974). Gracias a ese documento, pudimos acotar preliminarmente la extension de los
productos piroclasticos antiguos de la caldera de Ilopango. Es importante mencionar
que en ese trabajo pionero de cartografia que abarc6 todo el territorio salvadorefio, no se
identificaron el nimero de erupciones explosivas que tuvo la CI previamente a las 4
TB’s. Los productos pirocldsticos mas antiguos de la caldera de Ilopango se clasificaron
en un mismo miembro, el “c1”, dentro de la Formacion Cuscatlan (colores beige en el
mapa de la Fig. 9). Esta formacion incluye todos los depdsitos desde la formacion de la
CI hasta la erupcion TB4, emitida hace ~57 ka por Ilopango y que sirve de marcador

para el inicio de la formacién San Salvador “S3” (en amarillo, Fig. 9).
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Fig. 9: Mapa geoldgico de la zona de estudio sobre el Modelo de Elevacion Digital de 10 m
(modificado de Weber et al., 1974).

El mapa geoldgico de Weber et al., (1974), originalmente analdgico, se rasterizd
y se georeferencio en un Sistema de Informacion Geografica libre como es el QGis v.
Las Palmas. Posteriormente se sobrepuso al Modelo de Elevacion Digital terrestre de El

Salvador, de 10 metros de precision (DEM, Fig. 9), para asi poder observar
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conjuntamente la geomorfologia de la zona y las formaciones litoestratigraficas. De esta
manera elaboramos un primer mapa base donde poder organizar las salidas de campo y
clasificar los datos ordenadamente. Concretamente el area de estudio delimitada ocupa
unos 3,000 km® de territorio, localizada en la parte central de El Salvador. Por otro lado,
utilizamos imagenes de satélite para determinar afloramientos potencialmente utiles, asi
como para identificar las principales vias de acceso y comunicacion. Esto se hizo antes y
durante el trabajo de campo, por medio de una Tablet con GPS para estar localizados en

todo momento y hacer més efectivo el tiempo en el campo.

2.2. Trabajo de campo: levantamiento estratigrafico, mapeo y muestreo

Una vez establecida la zona de estudio y la posible distribucion de los productos
piroclésticos de la CI (Fig. 9), se procedi6 a organizar el trabajo de campo. El objetivo
principal de esta fase del trabajo era realizar el mapeo geoldgico de la zona de estudio al
completo y el levantamiento estratigrafico de todos los productos de interés de la
caldera, para que una vez determinado el numero de depositos/erupciones y su
distribucion espacial mediante correlacion, se pudiese proceder al muestreo ordenado de
todas las unidades reconocidas y su posterior caracterizacion en laboratorio
(geocronologia, geoquimica, petrografia, etc.). Para ello se programaron hasta 8
campaias de trabajo de campo, que duraron entre 2 a 5 semanas cada una, y se
extendieron desde 2015 a 2017. Atn con las dificultades que representa hacer campo en
una zona tropical y muy cubierta por vegetacion como es El Salvador, encontramos los
suficientes afloramientos utiles para completar los propositos de esta investigacion. En
total se realizaron alrededor de 350 puntos de observacion, de los cuales se levantaron
unas 200 secciones estratigraficas y se muestrearon todas las unidades litoestratigraficas
necesarias para completar el estudio: desde las 13 ignimbritas emitidas por el Ilopango,
hasta algunas de sus lavas y otras unidades procedentes de otros centros eruptivos
(como el Volcan San Salvador, la caldera Carboneras o otras lavas viejas de la
cordillera del Balsamo). Cabe destacar que para realizar el trabajo de campo fue
necesaria la colaboracion logistica por parte del Ministerio de Medio Ambiente y
Recursos Naturales — MARN de El Salvador (vehiculos y gente conocedora de la zona)
y de la Policia Nacional Civil - PNC, quien nos aport6 seguridad a la hora de trabajar en

lugares conflictivos.

Parte de estas campafias de campo se dedicaron también para trabajar otros
aspectos del proyecto de investigacion dirigido por el Dr. Gerardo Aguirre, titulado

“Peligrosidad para México de super-erupciones originadas en Centroamérica: El caso de
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la caldera de Ilopango, El Salvador, y su influencia en el declive del Imperio Maya”.
Por ejemplo, conjuntamente con el Dr. Dario Pedrazzi y otros miembros del equipo, se
realiz6 un trabajo sistematico de vulcanologia fisica sobre la TBJ, con el objetivo de
describir a detalle los procesos volcanicos de ésta ultima erupcidon explosiva ocurrida
hace unos 1500 afios (ver capitulo 5 para mdas detalles). Ademas, se visitaron
excavaciones en sitios arqueologicos como las piramides de Tazumal o la de San
Andrés (Fig. 10a), donde se pudo observar directamente la relacion entre las cenizas de

la TBJ y estas construcciones Mayas.

A

Trinchera

Dakid Alfare
Felografio

Fig. 10: a) Excavacion al pie de la pirdmide principal del sitio arqueologico de San Andrés,
y b) muestreo de fluidos hidrotermales en el fondo del lago Ilopango (foto de David

Alfaro).
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En la ultima campafia de campo, y gracias a la disponibilidad de José Bairés y
David Alfaro (buzos profesionales y expertos conocedores del Lago de Ilopango), nos
sumergirnos a muestrear fluidos hidrotermales que emanan de forma continuada desde
el fondo del lago de Ilopango (Fig. 10d). Todos estos datos de campo se recopilaron en
varios formatos digitales: desde reportes de campo en documentos Word, tablas Excel,
soporte en el Google Earth, etc. Las coordenadas geograficas se grabaron con un GPS
portatil tipo Garmin, en sistema de proyeccion UTM (Datum: D WGS 1984, zona
16P).

2.3. Envio de muestras y analisis en laboratorio

Las muestras recolectadas en campo se organizaron y clasificaron en las
instalaciones del Observatorio Ambiental de El Salvador. Des de alli se enviaron las
muestras mas importantes y urgentes por paqueteria hasta Querétaro (UPS y Correos de
El Salvador), y asi poder empezar los primeros andlisis en los laboratorios del Centro de
Geociencias (CGEO). El resto de muestras se fueron acumulando en un almacén del
MARN hasta que nosotros mismos las fuimos a buscar por via terrestre. Con una
camioneta de la UNAM-CGEOQ, atravesamos las fronteras de Guatemala hasta llegar a
San Salvador, donde cargamos unas 30 cajas de muestras de rocas y cenizas para
llevarnoslas de regreso con nosotros hasta el campus Juriquilla. Una vez en Querétaro,
la mayoria de muestras fueron analizadas en los laboratorios del CGEO (geocronologia
por circones, geoquimica de roca total, laminacion para observacion petrografica, etc.),
pero otras muestras fueron enviadas por DHL al campus de la Oregon State University
(OSU) de Corvallis (EUA), en donde se analizaron para conseguir fechamientos por el
método de *’Ar/*Ar. Otras muestras de carbén se enviaron al laboratorio comercial
Beta Analitic de Texas (EUA), para el fechamiento por el método del '*C. También se
enviaron muestras de vidrio de la TBJ a la Universidad de Oxford (UK) para realizar
analisis por microsonda electronica. A continuacion se explican todos los métodos del

trabajo de laboratorio utilizados en este estudio.

Geocronologia: U/Pb, 222U/*°Th y Ar¥’/Ar*®

Un aporte destacable de esta tesis de doctorado es el estudio geocronologico
realizado sobre los productos piroclésticos de la CI. Gracias a los fechamientos llevados
a cabo usando métodos radiométricos como son el U/Pb, *U/*’Th y Ar?/ArY) se ha

podido descifrar, por primera vez, una historia volcanica méas completa de la que se
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2¥U/50Th, el mineral

conocia para esta caldera activa. En cuanto a la técnica del U/Pb y
utilizado para medir esta relacion isotopica es el Circon (ZrSiO4). Los circones son
cristales muy resistentes a la intemperizacion, y por ello conforman un sistema
cristalino practicamente cerrado desde su formacion. Es por eso que resultan muy utiles
para medir la edad de las rocas que los contienen por medio del conteo isotopico U/Pb,

238 230
o U/

Th para rocas mas jovenes de 350 ka.

En este caso, los circones se separaron a partir de fragmentos juveniles de pémez
de cada ignimbrita o depdsito de caida asociado a las diferentes erupciones de la
caldera. Este trabajo se realizd en los laboratorios de Molienda y Separacion de
Minerales del CGEO, en donde se removieron los liticos pegados a los clastos de pémez
para evitar fechar circones heredados. Luego se trituraron las pomez y se tamizaron
hasta la fraccion 74-44 um (las dimensiones de la mayoria de circones de origen
volcanico se encuentran en ese rango). Esa fraccion pulverizada se lavo y se bate6 para
concentrar los minerales pesados (Fig. 11a). Después de secar ese concentrado a 70° C
en el horno, se pas6 la muestra por el Electroiman Frantz para separar los minerales
magnéticos (Fig. 11b). La porcion de minerales no magnéticos, reducida notablemente

después de todo el proceso de separado, se introduce en una placa de Petri y se pican los

circones uno a uno con la ayuda de una lupa binocular.

Una vez montados los suficientes circones en una probeta con resina endurecida
(unos 50 para rocas volcanicas), se comprobo su pureza por catodoluminiscencia en el
ELM-3R (Marshall, 1988) y luego fueron analizados por el técnico del Laboratorio de
Estudios Isotopicos-LEI del CGEO, el Dr. Carlos Ortega Obregén, quien me supervisd
y asesord en todo el proceso de separacion de circones. Para los fechamientos U/Pb se
utilizo el espectrometro Thermo ICAP Qc (LA-ICP-MS), con una resolucion de 193 nm
(Solari et al., 2010), y para los analisis U-Th el Thermo Neptune plus (Bernal et al.
(2014). Una vez analizados los circones, se redujeron los datos usando el Isoplot
software (v. 3. 7) para los analisis U-Pb (Ludwig, 2008) y el IntCal09 software para
calibrar las edades U- Th (Reimer et al., 2009). Ver capitulos 3 y 4 para més detalles y

ejemplos de edades obtenidas en circones.
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Fig. 11: a) Batea de plastico en espiral para lavar y concentrar mineral pesado, y b)

Electroiman Frantz para separar minerales magnéticos.

Con la intenciéon de complementar el estudio geocronologico y reforzar las
edades obtenidas por el método U-Th-Pb, se realiz6 una estancia académica de 5 meses
en el Laboratorio de Geocronologia de la Oregon State University - OSU (Corvallis,
EUA) para obtener edades *’Ar/*Ar de toda la secuencia piroclastica de la CI. En esta
técnica, al igual que en el caso de los circones, se trituraron clastos de pémez juvenil
para poder separar cristales apropiados en este tipo de fechamientos. Aunque los
sanidinos son la fase mineral preferencial para este tipo de andlisis en rocas jovenes
debido a su alto contenido en K y Ar, lamentablemente no se encontraron este tipo de
cristales en ninguna unidad del Ilopango, asi que basicamente se usaron plagioclasas y
hornblendas.

La pomez triturada se tamizd y se lavo la fraccion de 500-177 pum. Usando un
ultrasonido se removid todo el polvo pegado al concentrado mineral. Los feldespatos
fueron separados magnéticamente de los anfiboles y piroxenos usando un Frantz (como
el de la Fig. 11), y luego fueron bafiados en acidos (HF, HNOs; y HCL) para eliminar
restos de vidrio pegados a los cristales (Koppers et al., 2011). Una vez secos se
seleccionaron los mejores cristales (por tamafio, forma y pureza) y se empaquetaron
para ser irradiados en el reactor nuclear TRIGA CLICIT de la Oregon State University
conjuntamente con los sanidinos Fish Canyon Tuff de edad conocida (28.201 £+ 0.023
Ma, 1o; Kuiper et al. 2008), que sirvieron como estandares. Los concentrados minerales
fueron analizados con la técnica “Incremental Heating” debido a que en cristales
individuales de plagioclasa o de hornblenda no hay suficiente argén radiogénico para
obtener resultados confiables (Rose et al., 1999). Los analisis se efectuaron con el
espectrometro de masas ARGUS-VI (Fig. 12), que con su laser de CO; y su

multicolector de gases es capaz de medir los cinco isotopos de Ar simultineamente (el
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36, 37, 38, 39 y 40). Para conseguir la mayor precision posible en cada fechamiento, se
efectuaron un gran numero de pasos o “heating steps” (hasta 22-23 por muestra), en
donde se median cada vez los 5 gases del argén subliminados durante el calentamiento
del concentrado mineral por laser. Las edades se obtuvieron al reducir los datos con el
software ArArCALC v2.5.1 (Koppers, 2002). Todo el proceso fue supervisado por el
Dr. Dan Miggins, gerente del laboratorio del OSU. Para mas detalles de esta técnica y

ejemplos de edades *’Ar/*Ar, ver capitulos 3 y 4 de esta tesis.

Fig. 12: Espectrometro ARGUS VI con laser de CO2 y linea de extracciéon con
multicolector (isétopos 36, 37, 38, 39 y 40 de Ar).

Geoquimica y Petrografia

Con el proposito de caracterizar quimicamente y soportar la correlacion
estratigrafica de los productos piroclasticos de la CI, se llevaron a cabo analisis de roca
total utilizando clastos de pémez juvenil, previamente secada en el horno a 80° C y
limpiada cuidadosamente a mano para evitar contaminacion. Las muestras se
pulverizaron manualmente en un mortero de Agata hasta homogenizar todo a 74 um,
usando una malla plastica del 200 nueva para cada muestra. Los elementos mayores
fueron medidos por la Dr. Patricia Girén mediante el método de Fluorescencia de Rayos
X en el Departamento de Geoquimica del Instituto de Geologia de la UNAM (Ciudad

de México), usando el espectrometro X RIGAKU ZSX Primus II. Las Tierras Raras
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(REE) y los elementos traza los midi6 la M. en C. Ofelia Pérez Arvizu en el Laboratorio
de Estudios Isotdpicos y utilizando el cuarto ultralimpio del CGEO. Los métodos y
manejo de las muestras se describen en Bernal y Lozano-Santacruz (2005). Todos estos
datos se ilustran en graficas tipo TAS (Total-Alkali-Silica, LeBas et al., 1986), Spider-
multielements (tierras raras normalizadas al MORB, Sun and McDonough, 1989) y
Harker (donde se plotea la concentracion de varios elementos quimicos en frente del
Si0,, como es el K; Pecerillo and Taylor, 1976). Para mas detalles sobre estos analisis
ver capitulos 3 y 4.

En cuanto a los analisis quimicos en la TBJ, ademas de hacer los de roca total, se
efectuaron otros estudios para conocer la composicion del vidrio y asi poder cuantificar
la abundancia en elementos como el S, el F"y el Cl" emitidos durante esa erupcion y
asi evaluar su impacto ambiental. Estos nuevos andlisis los realiz6 la Dra. Victoria
Smith en el laboratorio de Arqueologia e Historia del Arte de la Universidad de Oxford
con el método de microsonda EPMA (wavelength-dispersive electron probe
microanalysis). La sonda de electrones utilizada fue calibrada para cada elemento
utilizando un mineral bien conocido como estandar, y se verificod este calibrado
analizando el vidrio de referencia MPI-DING (Jochum et al., 2006). Para mas detalles

de este método ver capitulo 5.

En el taller de laminacion del CGEO y bajo la supervision del técnico Juan
Viézquez, se prepararon laminas delgadas para observacion petrografica de los
productos de la CI, y asi poder caracterizar las texturas y la mineralogia de los depositos
volcanicos del Ilopango. Con una cdmara incorporada a un microscopio del Laboratorio
de Petrografia del CGEO, y con la colaboracién del Dr. Alexander Iriondo, se sacaron

microfotografias de todas las unidades de interés.

Otros analisis de laboratorio: Granulometria, 14C y dendrocronologia

Como parte del estudio de vulcanologia fisica sobre la TBJ, se realizaron
andlisis granulométricos en las muestras de pomez y ceniza recolectadas en campo con
Dario Pedrazzi. Parte de estos analisis se efectuaron en los laboratorios del Observatorio
Ambiental del MARN-EI Salvador, donde se tamizaron en seco mas de 141 muestras
proximales, medias y distales, para asi obtener la distribucion del tamafo de grano y el

porcentaje de componentes (rango de apertura de tamices desde —6 ® a 3 @, donde @ =

—log2 [0; d es el didmetro en mm). En el Laboratorio de Vulcanologia Fisica del CGEO
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se realizd la otra parte del andlisis granulométrico. Con la ayuda de un MicroTec
Analisette22 Fritsch, se hizo el tamizado himedo, separando las fracciones de ceniza
mas fina (4 ® a >10 ®). El porcentaje de peso de cada fraccion tamizada se calculd y se
ploted en curvas acumulativas (ver detalles en capitulo 5). Se hizo el conteo de los
juveniles entre -5 a 0 @ con la ayuda de una microscopio binocular, se fotografiaron y
se identificaron los diferentes componentes. De esta manera, gracias al mapeo, al
levantamiento estratigrafico, a estos resultados granulométricos y a los modelos
numéricos posteriores que se presentan en la siguiente seccion y en el capitulo 5, se
pudieron determinar pardmetros fisicos de la erupcion de la TBJ como son la altura de
la columna eruptiva, la tasa de emision, duracién y dispersion de cenizas.

En el Laboratorio de Vulcanologia Fisica del CGEO también se prepararon
muestras de carbono que se encontraron incluidos en el depésito de la TBJ. Estas se
enviaron al laboratorio comercial de Beta Analitic (calidad ISO 17025) en Texas
(EUA), para el fechamiento de esa erupcion mediante el método de '*C y AMS

(Accelerator Mass Spectrometry).

2.4. Trabajo de gabinete: elaboracion de mapas, digitalizacion de series

estratigraficas, modelado numérico y estimacion de parametros fisicos

En una etapa posterior al campo y los andlisis de laboratorio, e integrando todos
los datos obtenidos previamente, se generaron productos relevantes que se aportan en
esta investigacion y que forman parte de publicaciones en congresos y revistas
indexadas. Estos son, por ejemplo, nuevos mapas georeferenciados en Qgis v. Las
Palmas, donde se despliega la distribucion espacial de todas las unidades piroclésticas
identificadas de la CI, o series estratigraficas digitalizadas con el programa Adobe
Ilustrator CS6, que ademas incluyen datos geocronoldgicos, estructurales y
granulométricos (ver ejemplos en los capitulos 3, 4 y 5). En esta etapa de gabinete
también se calcularon los voliumenes de los flujos piroclésticos del Ilopango por medio
del método de Triangulacién Deleuriana de Macedonio and Pareschi (1991), el cual
utiliza el area ocupada por las ignimbritas, el espesor de la capa medida en diferentes
puntos bien distribuidos espacialmente y el nivel 0 en los bordes del flujo, para asi
estimar un volumen de piroclastos por interpolacion (ver capitulo 3). Estos volumenes,
los cuales se obtuvieron con la ayuda del Dr. Antonio Costa (miembro del proyecto
Ilopango), después fueron transformados a Dense Rock Equivalent (DRE) siguiendo la

metodologia de Quane and Russell (2005). Para estimar el volumen de las caidas de
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tefra de la erupcion TBJ, el Dr. Dario Pedrazzi (miembro del proyecto Ilopango)
reconstruy6 los mapas de isopacas a partir de los datos recolectados en campo y los
resultados de analisis granulométricos. Posteriormente se utilizaron métodos basados en
adelgazamiento logaritmico de los depositos (Bonadonna y Costa, 2012; 2013). Para
modelar la dispersion de las cenizas de esta erupcion TBJ el Dr. Antonio Costa utilizo el
software HAZMAP (Macedonio et al., 2005). A partir de la inversa del volumen se
pudo estimar la altura de la columna (Costa et al., 2009) y la tasa eruptiva (Mastin et al.,

2009). Ver capitulo 5 para mas detalles.
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3. Descripcion de las primeras erupciones formadoras
de extensas ignimbritas por la caldera de Ilopango, una

estructura vulcano-tectonica tipo graben/pull-apart en
El Salvador.

Articulo: Sufe-Puchol, I., Aguirre-Diaz, G.J., Davila-Harris, P., Miggins, D.P.,
Pedrazzi, D., Costa, A., Ortega-Obregén, C., Lacan, P., Hernandez, W., Gutiérrez, E.,
2019. The Ilopango caldera complex , El Salvador : Origin and early ignimbrite-forming
eruptions of a graben / pull-apart caldera structure. J. Volcanol. Geotherm. Res. 371, 1—
19. doi:10.1016/j.jvolgeores.2018.12.004

Contribuciones individuales de los autores:

»» Ivan Suiié Puchol: disefo y organizacion del estudio, trabajo de campo y de
laboratorio, procesamiento, andlisis e interpretacion de datos, redaccion del articulo.

»» Gerardo Aguirre Diaz: financiamiento, concepcion y plan de trabajo, supervision,
trabajo de campo, interpretacion de los datos, revision del articulo.

»» Pablo Davila Harris: disefio y supervision del estudio, trabajo de campo,
interpretacion de datos y correccion del articulo.

»» Dan Miggins: supervision en laboratorio y en procesamiento e interpretacion de
fechamientos Ar/Ar, correccion del articulo.

»» Dario Pedrazzi: trabajo de campo, interpretacion de datos y correccion del articulo.

»» Antonio Costa: trabajo de campo y célculo de volumen de la ignimbritas mediante
modelos numéricos.

»» Carlos Ortega Obregon: supervision en laboratorio y fechamientos U-Pb,
procesamiento e interpretacion de datos geocronoldgicos.

»» Pierre Lacan: trabajo de campo e interpretacion de datos vulcano-tectonicos.

»» Walter Hernandez: trabajo de campo e interpretacion de la geologia de la zona.
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TheIlopango calderais Iocated in the central part of EI Salvador, within the right-lateral EISalvador Fault System
(ESFZ) and adjacent to the capital city of San Salvador. The caldera has a polygonal shape of 17 x 13 km and hosts
anintra-calderalake. Ilopango caldera had multiple collapse eruptions that formed widespread and voluminous
silicicignimbrites. 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-forming eruptions of Ilopango caldera, pro-
viding 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
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Central America Volcanic Arc 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 Equivalent (DRE) volume N 50 km3 (probably ~300 kms3).

Tectono-volcanism

El Salvador Fault Z
Fissir\;aer‘:pt;oi one The ESFZ stress gradually changed from extensive to transtensive, inducing the second collapse associated
Hydromagmatism with a pull-apart caldera, producing the Colima Ignimbrite at 1.56 = 0.01 Ma BP, with a DRE volume of

N11km3. 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 ex-
plosive eruption that formed the Apopa Ignimbrite at ~1.34 Ma BP, with N9 km? DRE volume. The latter ignim-
brite 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 paleollopango 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 Elsevier B.V. All rights reserved.

1. Intfroduction

Collapse calderas are formed by the subsidence of crustal blocks
along bounding faults into a shallow chamber during the fast evacuation
of magma (Smith and Bailey, 1968; Druitt and Sparks, 1984; Lipman,
1997, 2000; Gottsmann and Marti, 2008). Caldera eruptions can be ex-
plosive or effusive; but, the most catastrophic and voluminous are the
explosive ones that can erupt massively large volumes of pyroclastic
material within hours to few days (e.g., Newhall and Dzurisin, 1988;
Lipman, 1997; Cole et al., 2005; Gottsmann and Marti, 2008; Costa
et al., 2014; Costa and Marti, 2016). Silicic collapse calderas are

[ Corresponding author.
E-mail address: ivansp@geociencias.unam.mx (1. Sufie-Puchol).

https://doi.org/10.1016/j.jvolgeores.2018.12.004
0377-0273/© 2018 Elsevier B.V. All rights reserved.

associated with infrequent but catastrophic explosive supereruptions
and are considered a major geohazard (e.g., Toba at ca. 74 ka, Francis
etal., 1983; Rampino and Self, 1993; Self, 2006).

In collapse calderas, the subsidence of the chamber roof is produced
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 Mexico
(Aguirre-Diaz and Labarthe-Herndndez, 2003; Aguirre-Diaz et al.,
2008; Gottsmann et al., 2009; Sunye-Puchol et al., 2017), the Cafias
Dulces caldera in Costa Rica (Molina et al., 2014), as well as several cal-
deras within the Ethiopian Rift (Acocella et al., 2002; Robertson et al.,
2015). The Ilopango caldera (IC) apparently corresponds to this last
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type, which is known as pull-apart/graben calderas (Aguirre-Diaz,
2008; Aguirre-Diaz 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 Illopango as a strike-slip
caldera, in the same sense as Aguirre-Diaz and Marti (2015), where
the vertical faults of the El Salvador Fault Zone (ESFZ) worked as a pref-
erential pathway for magma ascension to the surface (Tikoff and de
Saint Blanquat, 1997). Other examples with reports of association be-
tween 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 ignimbrite forming
eruptions and clarify the relationships between volcanism and the re-
gional 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-
rhombohedral shape with 17 x 13 km. The caldera hosts the llopango
Lake, which is 231 m deep, has an area of 70.5 km? and contains
~12 km? of water (Sanchez-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; Hernédndez, 2004;
Kutterolf et al., 2008; Dull et al., 2001; Saxby et al., 2016; Aguirre-Diaz
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et al., 2017; Pedrazzi et al., 2018), approximately 1500 years ago and
that apparently devastated the Mayan civilization in the region (Dull
etal., 2010). Prior to TBJ eruption, there were 3 large explosive erup-
tions during the last 57 ka: TB4, TB3 and TB2 (Rose et al., 1999;
Hernandez, 2004; Herndndez et al., 2010; Kutterolf et al., 2008).

In this work, we show that IC had multiple large-volume ignimbrite
eruptions associated with collapse episodes (similar to the Platoro com-
plex in San Juan Mountains; Lipman et al., 1996), and all of them were
related to pre-existing regional structure faults associated 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 Ignimbrite (OI), Colima Ignimbrite
(Col), and Apopa Ignimbrite (Apl). For these three newly mapped ig-
nimbrite sheets, we present their stratigraphic and chemical character-
istics as well as a robust geochronological framework, and their link
with the coeval tectonics of the region.

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

2.1. Central America tectonic framework

IC is the largest active volcano in El Salvador, a Central American
country that lies on the Pacific shore of the Caribbean plate (Fig. 1).
About 200 km to the north of San Salvador City is the boundary with
the North American plate, represented by the left strike-slip system of
Polochic-Motagua-Swan Island Fault (PMSIF), which is the source of
the eastward displacement of the Caribbean plate at an average speed

wW  GPS directions (mm/yr)
ESFZ and ND
CAVA volcanoes
Forearc sliver

-88.0

Fig. 1.Index map of main volcanoes and faults of E1Salvador indicating location of llopango 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: llopango 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 etal., 2016). The inset map shows the conti-
nental-scalelocationof ElSalvadorin Central Americaand itsregional tectonic setting indicating the main faultsystems along the Central American Volcanic Arc- CAVA (after Funketal.,
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 theareacovered in thisstudy atcentral EISalvador, showing the distribution of the first three ignimbrites of lopango caldera (IC), Olocuilta Ignimbrite (OI, red), Colima
Ignimbrite (Col, blue) and Apopa Ignimbrite (Apl, green). Other features mentioned in main textare alsoindicated, including sampling location sites (blue stars, sample number with pre-
fix ILO-), Las Pavas Lava (LPL, purple), main tectonic structures and other volcanoes and calderas. IVC: llopango 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:SanSalvador Pull-Apart, BaMR: Balsamo Mountain Range, BOMR: Border Mountain Range, LRPA: Lempa River Pull-Apart, SVF:San Vicente Fault, GYF: Guaycume Fault; LRWR:
LempaRiver Water Reservoir.Inyellow istheSanSalvador Metropolitan Area (SSMA, ~3million population). (Forinterpretationof thereferencestocolourinthisfigurelegend, thereader

is referred to the web version of thisarticle.)

of 8 mm/year (Fig. 1; DeMets, 2001; Guzman-Speziale et al., 2005;
Agostini etal., 2006; Funk et al., 2009). Ilopango is a caldera of the Cen-
tral American Volcanic Arc (CAVA), which extends from Guatemala to
CostaRica (e.g., Simkin and Siebert, 1994; Carr et al., 2007; Sitemap
etal.,2014). The CAVA magmatismisrelated to the oblique subduction
of Cocos under Caribbean plate, developed along the Mesoamerican
trench since the early Tertiary until the present day, at an average
speed of 73-85 mm/ year (Fig. 1; Dixon, 1993; Mann, 2007; DeMets,
2001). Oblique subduction (LaFemina et al., 2009), together with a zip-
per effect produced at the triple junction in Guatemala (Authemayou
etal., 2011), and the decoupled interface initiated by the rollback of
the Cocosslab (Alonso-Henaretal., 2015,2017), might be the causes
of the forearc sliver displacement of the El Salvador and Nicaragua to
the NW (8-14 mm/ year; Fig. 1; Corti etal., 2005; Turner et al., 2007;
Alvarado et al., 2011).

Theeastward motionof Caribbean plateand thenorthwestward dis-
placement of the Central American forearc are responsible for the
transtensional deformation along the CAVA in a series of en-echelon
right-stepping, dextral faults connected by pull-apart basins along

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;
Funketal., 2009; Canora etal., 2014), known as El Salvador Fault Zone
(ESFZ; Martinez-Diaz et al., 2004). The ESFZ crosses all of El Salvador
with a WNW-ESE trend (Figs. 1 and 2), and results 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 re-
gime previous to the actual transtensional regime along the ESFZ, in-
duced 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 gra-
ben, where the present-day deformation is controlled by a right-lateral
transtensional regime, localized along the Nicaragua volcanic frontand
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; Martinez-Diaz et al., 2004;
Alvarenga et al., 2001; Canora et al., 2012). This structure, which is af-
fecting the IC volcanism (Saxby et al., 2016), has totally displaced an
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older caldera located 12 km to the east: the Carbonera caldera (Fig. 2;
Canora et al., 2014). Since the formation of Carbonera caldera about
2.1 Ma ago (Rotolo and Castorina, 1998), strike-slip tectonics along
the San Vicente Fault has been active with dextral sense and an average
slip rate of ~5 + 0.5 mm/yr, (Canora et al., 2014). This regional tectonic
framework including strike-slip faults, shear zones, pull-apart basins,
releasing bends and step-overs, favored theinitial pathways forascen-
sion of magma and the emplacement of magmatic centers at shallow
levels of the crust (Hutton and Reavy, 1992).

2.2. Geologic setting of llopango 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-Cretaceous
limestone, represented by the Metapan Formation (Weber et al.,
1974), which is sporadically exposed in the NW part of the country.
During the Oligocene, volcanism formed the Border Mountain Range
at the northernmost part of the country and corresponds to the
Morazén and Chalatenango formations. This range marks the geograph-
ical border between El Salvador and Honduras (Fig. 2). Since the Mio-
cene, 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 ac-
tual El Salvador Volcanic Front, such as Panchinmalco Volcano, Jayaque
Volcano and the oldest sequence of the Ilopango Volcanic Complex, rep-
resented by the Balsamo Formation (Lexa et al., 2011; Fig. 2). The cores
of these eroded volcanoes form the Balsamo Mountain Range (Figs. 1
and 2; Williams and Meyer-Abich, 1955). During the Pliocene-
Pleistocene, several volcanic edifices collapsed gravitationally appar-
ently associated with the ESFZ structures, forming the calderas of Plan
de Renderos and Jayaque both belonging to the Balsamo formation
(Lexa et al., 2011), and the Carbonera caldera and early volcanic rocks
of the IC that form part of the Cuscatlan Formation (Fig. 2; Weber
etal., 1974).

The currently active volcanic belt forms the El Salvador Volcanic
Front, whichispartofthe CAVA (Fig.1; Carretal.,2007). Productsasso-
ciated 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 deposits and late
Ilopango Tierras Blancas (TB4, TB3, TB2 and TBJ) are partof thislastfor-
mation (CEL,1992; Rose etal., 1999; Hernandez, 2004; Hernandezetal.,
2010; Kutterolf et al., 2008).

3. Methodology
3.1. Field work

Geologic work was based initially on the El Salvador 1: 500,000 geo-
logical map of Weber et al. (1974), as well as on previous maps and stra-
tigraphy reported by other authors (Hernandez, 2008; Lexa et al., 2011;
Garibaldi et al., 2016). Through this data and several fieldwork cam-
paigns between 2015 and 2017, a new stratigraphic framework and a
new geologic map for the llopango caldera complex and its surround-
ings were built. This new map covers around 3000 km? 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 satellite
images to determine the available access. Onceidentified and reached,
exposures were described geologically, measured for stratigraphic sec-
tions, and samples were collected. Despite the difficulties of fieldwork
in the El Salvador tropical area, we found the necessary outcrops to ful-
fill the goals of this study. A Digital Elevation Model (DEM) with10m
precision was used as a topographic base map. Nearly 85 stratigraphic
sections were measured, and several samples were collected for

“Ar/¥Ar and U-Pb dating, for petrographic analysis in thin sections,
and for major and trace element analyses. Geographic coordinates
were recorded with a portable GPS (UTM projection system, Datum:
D_WGS_1984, zone 16P). Samples were organized and classified in
the Observatorio Ambiental of the Ministerio de Medio Ambiente y
Recursos Naturales (MARN) of El Salvador, packed and sent to the
Centro de Geociencias (CGEO) of the Universidad Nacional Auténoma
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 chemical and geochronological analysis,
samples were inspected for purity and freshness with the binocular mi-
croscope, and then in thin sections for petrographic analysis.

3.2. Geochronology techniques

Zirconcrystalswereseparated and dated by U-Pbisotopicanalysisat
the Laboratorio de Estudios Isot6picos (LEI) of CGEO-UNAM, usinga
193 nm 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-Obregoén et al. (2013). Pum-
icefragments were separated from the different units, removingaltered
surfaces and then crushed and sieved to fractions of 74-44 ym. This frac-
tion was then washed using a plastic pan to concentrate the heavy crys-
tals from the lighter glass. Mineral concentrates were magnetically
separated by means of a FrantzIsodynamicSeparator to further concen-
trate the zircons. Representative zircons were handpicked under a bin-
ocularmicroscopeand checked for purity and zoning usingan ELM-3R
luminoscope by cathodoluminescence, before and after the ICP-MS
laser ablation analysis. About 50 zircon grains per sample were selected
in order to obtain a statistically representativeage.

Samples for 40Ar/3°Ar dating were sent directly to the Oregon State
University, Corvallis, U.S.A., for analysis in the OSU Argon Geochronol-
ogy Laboratory. As with zircons, clean pumice clasts were separated
and crushed to obtain mineral concentrations. Crushed samples were
sieved to 500-177 um fractions and washed with deionized water
using an ultrasonic bath to remove dust. Feldspars were magnetically
separated from amphiboles and pyroxenes, and all phases were acid-
leached following methods of Koppers et al. (2011). Sanidine or ortho-
clase is the preferred mineral phase in 40Ar/3°Ar dating of young
tephras. Unfortunately, no high-potassium feldspar was found in any
of the IC samples. The only available phases to date were plagioclase
and hornblende (ultra-pure separates picked clean of melt inclusion-
rich crystals) and groundmass concentrations (lava samples). Incre-
mental heating technique on bulk samples was employed to examine
each phase analyzed. We used concentrates of the minerals since indi-
vidual grains donot yield enough radiogenic argon for accurate single-
crystal total fusion analyses (Rose et al., 1999). To achieve the highest
possible precision in the 40Ar/3°Ar age determinations, a large number
of heating steps (22-33 heating steps) were carried out for each sample
(Koppersetal.,2011). Age plateaus were chosenincluding as many con-
tiguousand concordantstepagesaspossible. Beforeanalyzingasample,
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 alterations remaining
and atmospheric contamination. To get the appropriate eruption timing
itwasnecessary torecalculate the ages using the Kuiper etal. (2008)
agefor the Fish Canyon Tuff as flux monitor, reducing the data with
the ArArCALC v2.5.1 software from Koppers (2002). All ©°Ar/¥Ar age er-
rors reported here are 20. More details of the techniques employed in
the dating process are provided in Appendix Band in Koppers etal.
(2011).

3.3. Geochemistry

Chemical analyses were performed on whole-rock pumices that
were previously dried in an oven at 90 °C for 24 h and hand-cleaned
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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
—200 mesh 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
Geologia, UNAM (Mexico), using a X RIGAKU ZSX Primus II spectrome-
ter. 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 carried
outon IC deposits has allowed for the identification and characteriza-
tion 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 + 0.006 Ma BP
(Ar/ Ar age, Section 4.3 of geochronology results) and produced the
high-K rhyolitic OI (Table 1). This pyroclastic deposit consists mostly
of large pumice (40% vesicles), and lithics (15-25% total volume) in an
ashmatrix. In general, the pumices contain phenocrysts of plagioclase,
quartz, pyroxenes and Fe-Ti oxides with accessory zircon and apatite.

Table 1
Whole-rock chemistry of OI, Col and Apl pumices.

Ol overlies a sequence of volcano-clastic sediments deposited over the
Zaragoza Ignimbrite (Weyl, 1957), which is an older andesitic-dacitic
tufffrom Jayaque Caldera (Fig.3). Olislightred to pink due to the alter-
ation of the ferromagnesian components. At ILO-73, near the town of
Olocuilta, the contact between the top of Ol and the base of Col is ex-
posed (Figs. 2, 3 and 4d).

OI shows a basal thin layer of pumice-lapilli fall between 30 and
25 cm overlaid by tens of meters of a massive ignimbrite unit
(Fig. 4a), forming a thick deposit observable at distances of up to
30 km from the caldera (e.g., at ILO-184, Fig. 2). Diffuse internal stratifi-
cation is marked by lenses of pumice (PlensL, Figs. 3 and 4e). The ignim-
brite shows a 1-3 m thick basal pumice breccia (PmBr, Fig. 3),
containing pumice up to 20 cm in diameter. The middle zone of the Ol
is a lithic-rich, massive lapilli tuff (mLTl, Fig. 3), at the medial to proxi-
mal facies on the northern flank of IC, with lithics of 15 cm (ILO-251,
ILO-10 and ILO-219, Fig. 2). At the top of Ol and in particular in the
southern outcrops, it is welded 8-10 m thick, with columnar jointing
(Fig. 4b). Welding reaches from partially (eutaxitic texture, with pumice
lapilli collapse, ILO-64; Figs. 2, 4f and 6a), to 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 ero-
sion and formed an extensive plateau that dominates the geomorphol-
ogy 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 formation). Some of these canyons ex-
pose entire stratigraphic sections of the OI up to 100 m thick such as ex-
posures in ILO-192 (Figs. 2 and 4c). Above the welded level, there is an
additional 25 m of non-welded ignimbrite that is indurated by vapor-
phase silicification (ILO-180; Fig. 2), indicating a total thickness of
~125 m for OL

Sample ILO-199 ILO-313 1ILO-21 ILO 36-A 1ILO-64 ILO-184 1ILO-36-B 1ILO-82 1ILO-73 1LO-134 1ILO-78
Unit (@)1 (@)1 @)} @)} @)} OI Col Col Col Apl Apl
SiO> 74.9 76.3 75.0 74.6 75.9 74.8 71.9 72.5 72.2 71.9 71.8
TiOx 0.13 0.11 0.13 0.16 0.13 0.12 0.35 0.35 0.39 0.30 0.29
AlLOs 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 1.14 112 1.21 1.14 111 1.16 1.63 1.54 1.54 2.20 2.85
NaO 2.38 2.06 2.30 2.43 2.14 2.87 2.64 2.66 2.56 3.53 3.71
K0 4.69 5.72 5.22 4.60 5.22 4.05 5.30 5.35 4.57 2.87 2.84
P20s 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 4.58 222 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 b3 4 9 0 0 b3 b3 1 b3
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, Col: Colima Ignimbrite, Apl: Apopa Ignimbrite.
Major elements in wt% and trace elements in ppm.

Samples analyzed by X-Ray Fluorescence in the Insituto de Geologia (UNAM) by Patricia Girén.

Coordinates in WGS84 system (zone 16P).
FeO*-total iron; LOI: Lost of ignition.

42



6 I. Suiie-Puchol et al. / Journal of Volcanology and Geothermal Research 371 (2019) 1-19

Formation/ Units/Thickness (m)  Lithofacies Lithology and Volcanic phase Age (Ma)
g
3
8
§ [w itic lava flow (effusive 1.34 £ 0.02
% & Lavaf BSQ%'??'W voleens:rflf'n'f Ma (Ar/Ar)
(=" Paleosol solidated massive lapilli
i% emLTl o (|nc|p|ent welding, ra%ik )}
Q
cl|5 L ss "E}S%a é S.%' (not available
O |E & mLT oollapse) due to
- ¥ unsuccessful
*g = i massive lapilli (pumice fall) dating results)
o
o
B lIbsT (accL)  Rarawia b%‘ggé’onary i
|.|o_ =] | (hydnomagmabc
= Paleosol
,_% S sy massive lapilli tuff (PDCs) ——
g7 =4 S pumice massive breccia with Ma (U/Pb)
O | =5|s pmBr crystal mush (possible collapse)
U1 8 mLT 1.56 + 0.01
3 S - massive lapilli (pumice fall) Ma (NI
Paleosol
_ massive lapilli tuff (PDCs)
= mLT
Q, eutaxitic texture and columnar
P Eutx jomt:ng (moderately to high
= welding, rank IV-
a mLTl I tufflith 164+0.19
E (Grosene BDC S e'n°*mlg'°" Ma (U/Pb)
= mLT uit and possible collapse)
FE ce rich ense Iapl (marker 1.7852 0.006
= plensL ggtwee nts FD DCs) Ma (Ar/Ar)
g LT massive lapilli tuff (PDCs)
ice massive breccia
pmBr fbeginning of PDC's sruption)
L __L | mpL massive lapilli (pumice fall)
8
@ V.clast Volcanoclastic reworked
5 |2 material (epiclastic d
E during volcanic hiatus’

. |8 Paleosol massive lapilli tuff (PDCs from T
uE_ ¢ o mLT jayaque Caldert?, grk andesitic- (KIAr, Lexa
=) citic pyrociasti its ]

s (=15 ackic pyrociastic deposis) etal., 2010)
N
% % BNE Base not exposed
(%]
= | &
o M m ]
Ide oo
S8~ F3
(=R~} A

Fig. 3. Composite stratigraphic section of the early Ilopango caldera products, showing lithofacies ty pe (following nomenclature of Branney and Kokelaar, 2002 and Brown and Branney,
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.)

4.1.2. Colima Ignimbrite (Col)

The second large explosive eruption from IC occurred at1.57 =
0.01 MaBP(Ar/ Arage,seeSection4.3 of geochronologyresults) produc-
ing the Col, which is a high-K rhyolitic unit (Table 1) with plagioclase,
hornblende, and accessory minerals of apatite, zirconand Fe-Tioxides.
This ignimbrite, like the previous one, starts with a thin layer of
pumice-lapillifallout overlying the paleosol developed at the top of OI
(e.g. ILO-73 and ILO-36; Figs. 2, 3, 4d and 5b). Above this basal layer,
there is a sequence of pyroclastic density currents (PDC) deposits com-
posed mostly of a pale grey ash matrix with large white and highly ve-
siculated pumice (50 vol%), and minor amounts of lithics. This
ignimbrite traveled distances of up to 40 km to the north of the caldera,
reaching the Lempa River Water Reservoir (ILO-82; Figs. 2 and 5a). In
proximalfacies of the calderaitis very difficult to find outcrops where

the Col stratigraphic section is completely 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
19 m of this deposit are observable.

Thereisnoevidence of lithicbreccias or welded zones in the Coland,
in general, itis 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 exposed. The Col is rel-
atively massive, with large pumices concentration zones, generally at
the base and middle part of the unit forming 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 5¢). These are vesiculated fragments of crystalline igne-
ous rock with 50% total volume in crystals with a non-fragmented
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[2]

AT e L1903,

ILO-192

Fig. 4. Field and sample photographs of OI. a) Quarry at ILO-64 (Fig. 2) exposing 50 m 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 Col above Ol at ILO-73 (Fig. 2). e) Pumice massive Breccia (PmBr) indicating PDC pulses within OL f) Hand specimen of OI with eutaxitic
texture sampled at ILO-64 (Rank IV of welding intensity scale, Quane and Russell, 2005; Fig. 2).

vesiculated glass matrix (Fig. 6c). Polished thin sections of these en-
claves show glomeroporphyritic texture with plagioclase and horn-
blende (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 (Apl)

The third large explosive eruption associated with IC produced the
Aplat~1.34 Ma BP (age of a overlaying lava, see Section 4.3). This ignim-
brite 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 Apl there is a sequence of sub-parallel dilute PDC deposits
(IIbsT, 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
depositsof the Apleruptionresemblesoftclay, probably due to the con-
tent of zeolites or other alteration minerals. They reach up to 5 m in
thickness, with diffuse cross-lamination and load structures (flamesin
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 (10-15 vol%), with mostly
hornblende and plagioclase, and 2) a sequence of denser lithic-rich
PDCs deposits (mLT, Fig. 5d). These PDCs of the upper part of the Apl
show a diffuse internal stratification with several pumice-rich horizons
(plensL) and a lithic breccia layer (mlBr). This breccia can be correlated
inseveral proximal outcropstothenorthof ICanditisalsoobserved
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Fig.5.Field and samples photographs of Coland Apl.a) Colat ILO-82 (Fig.2) mostly composed of white pumiceand pale grey glass shards matrix. b) Contactof Coland Ol atILO-36 (Fig. 2).
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mLT (Ol)

c) Hand-size sample of a piece of crystal mush found in the pumice breccia of Col at ILO-101 (Fig. 2): this clast is an intrusive cognate lithic from the magma chamber wall. d) Complete
sequence of Aplabovea paleosolatILO-175 (Fig.2) showing dilutehydromagmaticPDC deposits atthe base (1lbsT), a pumice fall layerin the middle (mpL) and denser PDC deposits at the
top (mLT). e) Detail of the basal dilute PDCs deposits of Aplshowed in the previous photo, where stands out theaccretionary lapilli and internal lamination. f) Proximal facies of Aplalong
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 Apl at ILO-327

(Fig. 2).

alsoalongtheshoreof thellopango Lake, whereangularlithicscanbe as
large as 50 cm in diameter (ILO-145, ILO-225 and ILO-340, Figs. 2 and
5f). The Aplis the first IC ignimbrite 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 Aplreaches
as far as the Lempa River Water Reservoir (ILO-82; Fig. 2), throughout
avalley to thenorth for ~40 km. The accumulation of hot material filling

this valley caused the incipiently welding of the top of Apl, with adhe-
sion between clasts but remaining undeformed (rank II, Quane and
Russell, 2005). At ILO-102, located about 20 km to the NW of IC
(Fig. 2), this welded top level protected the underlying and unconsoli-
dated tuff of Apl from erosion. At this site the ignimbrite reaches
about 14 m of thickness. On the southern facies, as with the Col, the
Apl is sporadically exposed due to erosion. At some locations,
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Fig. 6. Microscopiccharacteristics of the OI, Coland Apl. a) Phenocrystof Quartz (Qrtz) within the welded zone of OI, showing resorptionembaymentand glassy shards matrix (thinsection
polished from Fig. 4f). b) Microtexture of the dense welded Ol 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 Col (Fig. 5¢), with vesiculated and non-fragmented glass matrix (Gl). The mineralogy of thiscognateincludes
hornblende (Hbl) and plagioclase (Plag). d) Glomeroporphydic texture presented in the same crystal mush piece (grouped plagioclase and hornblende crystals). e) Poikilitic texture in the
Col crystal mush piece (small hornblende in large plagioclase crystals). f) Thin section of the basal surges deposits of Apl 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 thisarticle.)
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Fig. 7. Geochemical classification of OI, Col and Apl. a) Total-Alkali-Silica (TAS) diagram with classification of LeBas et al. (1986) showing that the three ignimbrites are subalkaline
rhyolites, but each with a well-defined cluster in the plot. b) SiO,-K>O plot with classification of Peccerillo and Taylor (1976) showing that Ol and Col are in the High-K calcalkaline

suite, and Apl in the Medium-K suite.
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(e.g., ILO-175, Fig. 2), the Aplis only covered by a consolidated lahar de-
posit that protected this ignimbrite 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 obtain
the geochemical characteristics of the earliest volcanic products of IC.
The pyroclastic products of the IC are all subalkaline rhyolites with
high SiO; content (Fig. 7a), and high-K>O values for the first two erup-
tions (OI and Col), and medium content for the third one (Apl,
Fig.7b). Harker variation diagrams (Fig. 8) show evolved magmas for
the three ignimbrites, with Ol as the most evolved, which is the richest
inSiOzand thepoorestintotal FeOand MgO.From Ol to Colto Aplthere
is a tendency for a slightly less evolved magma. The three ignimbrites
show the typical calcalkaline nature of subduction type magmasalong
continentalmargins,aselsewherein CAVA (Arculusand Curran,1972;
Morris and Ryan, 2004; Murphy, 2007).

Abundances of the Rare Earth Elements (REE) and other key trace el-
ements are displayed in a spider diagram (Fig. 9), in which the elements
are arranged from left to right in order of increasing compatibility, and
values normalized to Mid-Ocean Ridge Basalt values (MORB, Sun and
McDonough, 1989). This diagram confirms the comagmatic origin for
the three ignimbrites, with some features that can be used for correla-
tion purposes. For example, the Col generally has higher concentrations
of REE than the other two ignimbrites and a notable negative anomaly
in the Sr and Eu. Ol also has a negative anomaly in Sr but not in Eu. Fi-
nally, ApI has no Eu anomaly, and a positive Sr anomaly (Fig. 9). Nega-
tive Eu anomalies probably reflect plagioclase fractionation (Wilson,
1989). Plagioclase is the most abundant phenocryst in calcalkaline
magmas, typically dominated over alkali 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-Pbzirconanalyses, withasinglesamplefrom OI (ILO-64,

Figs. 2 and 10a), two from Col (ILO-73 and ILO-82, Figs. 2, 10b and c),
and one from Apl (ILO-78 site, Fig. 2). Analytical data are summarized
in Appendix A. The U-Pb zircon ages were obtained from the intersec-
tion of the Concordia curve with the normal isochron (Fig. 10a, b and
¢) using the Isoplot software (v. 3.7) and methods of Ludwig (2008).
To obtain the best possible results, we discarded the most discordant
zircons (largest ellipsoids in the isochron diagram). U/Pb zircon age
for Ol yielded 1.64 % 0.19 Ma (1.45-1.83 Ma range). The large error is
caused probably because most zircons analyzed were too small (b80
um), which have xenocrystic cores with concentric zoning (Fig. 10d
and e), and due the limitations of the U-Pb method in such young zir-
cons (all the errors of U/Pb reported in this study refer to 20 standard
deviation). The most probable age of the crystallization of this zircon
age is close to 1.8 Ma.

The two samples of zircon analyzed for the Col were collected from
the proximal facies to the south of IC (ILO-73, Fig. 2) and at 40 km to
the north of IC (ILO-82, Fig. 2). The zircon ages are 1.53 = 0.28 Ma
and 1.55 = 0.12 Ma, for southern and northern sites respectively,
supporting the correlation of this ignimbrite between the proximal
and distal facies (Fig. 10b and c). No age for Apl could be obtained pos-
sibly because of the low contentin U and Pb for this ignimbrite (see the
relativeconcentrationsinthespider diagram of Fig.9). Most Apl zircons
were inherited from an old basement of around 70 Ma.

Zircon analyses in such young products as the IC ignimbrites yield
imprecise results, so it was necessary to use another geochronological
method trying to better constrain the timing of each ignimbrite. We
thus estimated 40Ar/3°Ar ages.

4.3.2. " Ar/3Ar dating

Five new 40Ar/3%Ar ages (Table 2 and Fig. 11) were obtained by in-
cremental heating methods using the ARGUS-VI mass spectrometer.
Five high-purity plagioclase concentrates were analyzed for the Ol
(ILO-64 site; Fig. 2), which were then stacked to produce a new pla-
teau age of 1.785 = 0.006 Ma (Fig. 11a). This high-precision age of OI
is within the analytical error of previous reported ages for this unit
(1.77 £ 0.4 Ma, 1o; Lexa et al., 2011) and within the U-Pb zircon
age reported above (1.64 = 0.19 Ma 20). The Col samples were ana-
lyzed by plagioclase and hornblende separates from the samesite
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Fig. 8. Harker variation plots of OI, Col and Apl. Note well-defined groups of each ignimbrite. Arrows indicate possible evolving trends (symbols as in Fig. 8).
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(ILO-73, Fig. 2), yielding 1.57 and 1.56 £ 0.01 Ma, 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 Apl because the hornblende
and plagioclase yielded too much atmospheric argon to obtain reliable
ages. Since these analyses were unsuccessful, we sampled the unit
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overlying Apl: Las Pavas Lava (LPL, Fig. 3), a post-caldera dome
emplacedjustafter the eruption of Apl (ILO-43site, Fig. 2). Plagioclase
and a groundmass separates were analyzed for this lava (Fig. 11d and
e), yielding ages of 1.34 + 0.02 Ma and 1.22 + 0.02 Ma respectively.
The LPL groundmass yielded a slightly younger age than the plagioclase
age due to excess atmospheric argon. There is no well-developed

data-point eror eliipses are 20

0,0012
e
0,0010 //_ /; \\\) Pis
@5
0,0008 NN\ S/
: 7+
/ ‘2,/

0,0006

Intercepts at
1.55640.12 & 5108+150 Ma
MSWD =15

0,06 0,08 0,10 0,12

207pp 235y

/- ™ A
- A
& . ’
| —————— -

10 pm

10 um

"
10 pm

Fig.10.U-Pbzirconageconcordiaandisochrondiagramsof Oland Colincludingimagesof theanalyzed zirconsby means of LA-ICPMS. Aplresultswerediscarded (seeSection4.3.1).a) Ol
(ILO-64).b) CoI (ILO-82).c) Colsample (ILO-73). d) Cathodoluminescenceimage 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-MSanalyses.
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Table 2
Summary of incremental heating *°Ar/3°Ar analyses on early Ilopango caldera products.
Sarmpte-imformatior Agespectrom Fotatfrsior frverseisochrorramatyse
Unit Sample X (m) Y (m) Material Age + 20 ¥ArK/Ca MSWD n N Age = 20 K/Ca Age=*2c 40/36 MSWD
(Ma) (%) (Ma) (Ma) intercept

Olocuiltalgn. ILO-63 271,353 1,497,223 Plagioclase 1.785 + 86.37 0.072 1.10 87 124 1.792 = 0.073 1787 = 291.80+3.46 1.05
0.006 0.06 0,006

Colimalgn. ILO-73-P 270,915 1,500,438 Plagioclase 1.57 = 0.01 100 0.058 277 22 22 1.56=+0.01 0.058 1,58+ 0,01 276,71 +8,18 1.47

Colimalgn. 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 ILO-43-P 288,141 1,518,462 Plagioclase 1.34 £ 0.02 92 0.030 139 19 28 1.37+0.01 0.028 1.33 +0.04 303.55 + 1.42
Lava 21.24

Las Pavas ILO-43-G 288,141 1,518,462 Groundmass 1.22+0.03 41 0.345 197 11 33 1.27+0.01 0.345 1.22+ 0.04 29536 +1.40 218
Lava

K/Cavaluesarecalculated asweighted means for theage spectra oras total fusion K/ Ca values by combining the gasanalyses. Both thenumber of steps (n) included in theage 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 usingn — Tandn — 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. (2008). Reported errors on the
*OAr/39Ar ages are at the 95% confidence level (20) including 0.3-0.4% standard deviation in the J-value.

paleosol at the top of this ignimbrite that contacts directly with the base 4.4. Stratigraphic correlation
of LPL, so the most probably age for the Apl is close to 1.34 Ma.

Tables with all the analytical data of these Ar/ Ar measurements are Stratigraphicdescriptions, geologicalmappingand analyticalresults
given in Appendix C. haveallowed ustomakeaspatialand temporal correlation for thefirst3
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Fig.11.490Ar /3 Aragespectrashowinghigh-resolutionincremental heatingstepsfor OI, Coland LPL. Results of ApI werediscarded and instead LPL wasused toconstraintheage of Apl (see
Section 4.3.2). The weighted average age or plateau age (+20) is indicated. a) 5 stacked runs of plagioclases with different crystal sizes from OL b) 1 plagioclase run from Col. c) 1
hornblende run from the same Col sample shown in b). d) 1 plagioclase run of LPL. e) 1 groundmass run of the same LPL sample of d).
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ignimbrites of IC (Fig. 12). Four profiles (A, B, C and D) containing repre-
sentative 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

Ol 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

depressurization due to the sudden opening and widening of the vent,
from a central vent to a larger fissure vent possibly related to the exten-
sional tectonics of the area (e.g., Aguirre-Diaz and Labarthe-Herndndez,
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 74 km? of pyroclastic material equiv-
alent to 50 km® DRE came out of the vent (Section 5.2), filling the
paleotopographic lows and covering a total area of about 3000 km?
with runouts of at least 40 km. These PDCs were deposited continuously
forming one single cooling unit, the massive OI. To the south of the
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caldera this ignimbrite reached a thickness of N100 m (ILO-192, Figs. 2
and4c),formingamediumtointensely weldedleveland buildinga pla-
teau that stands out in the geomorphology: 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
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Kokelaar, 1997), indicating the proximity to the assumed fissure vent at
or near the actual Ilopango lake.

The Col is the result of the second large explosive eruption of IC. Sim-
ilarly to O], this eruption began with a brief eruptive column that formed
a pumice fallout deposit of about ~50 cm thick. The initial column was
followed by PDCs erupted from the caldera as boiling-over, produced
during the second collapse phase of IC. These PDCs moved over the sur-
face 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 Col spread north as far as the Lempa River Water Reser-
voir, with a runout of about 40 km (ILO-82, Fig. 2). To the southwest
Col's PDCs reached La Libertad Port, at 26 km from the caldera (ILO-
36, Fig. 2). This unit consists of a lithics-poor, non-welded ignimbrite,
with zones of large-pumice breccia lenses and intrusive cognate blocks
(Fig. 5¢) 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 main-
tained because of the continuous supply of dense currents at the vent
(Roche et al., 2016).

The third eruption of the IC that formed the Apl 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
explosivity (i.e., fragmentation), and the PDCs become more turbulent
leaving 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 40-50 cm of pumice fall deposit.
This was followed by the eruption of sustained large-volume denser
PDCs, which thickened the overall volume of the Apl. Throughout this
quasi-steady sequence of dense PDCs, there is a horizon of coignimbritic
lithic lag breccias observable in the proximity of IC, which includes lava
lithics up to 50 cm in diameter probably indicating the third caldera col-
lapse episode (Aguirre-Diaz and Labarthe-Hernandez, 2003; ILO-145
and ILO-43, Figs. 2 and 12c). The top of Apl is locally slightly welded,
due to the accumulation of hot pyroclastics along the valley where is lo-
cated ILO-78/102 (Rank II-1II, Quane and Russell, 2005; Fig. 12b).

Water driving the hydromagmatic eruptions of the Apl was probably
derived from a paleolake that filled the Ilopango depression formed
after the second caldera collapse at 1.56—1.34 Ma (during the Col erup-
tion), similarly to the Taal caldera lake eruption in Philippines at 1965
(Moore et al., 1966). In some cases, dilute PDCs generated by
hydromagmatism can travel farther than denser PDCs, like in Apl,
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 facies of Apl.

5.2. Volumes and magnitudes of early explosive eruptions of the [lopango
caldera

As the widespread distribution of the pyroclastic products of OI, Col
and Apl 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 39 km3
DRE; Dull et al., 2010). In order to characterize the magnitude and assess
the minimum Volcanic Explosivity Index (VEI) of the three early IC
eruptions, we estimated the deposit volumes of OI, Col and Apl. The vol-
umes were calculated employing the Delaunay triangulation method
(Macedonio and Pareschi, 1991), particularly suitable for the recon-
struction of volume between geological horizons and about the interpo-
lation 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 several sites (sampling
and datasitesILOs, Fig.2),and the zero-thickness boundary points. All
datawere processed inanattribute table with ArcGIS10.2 by ESRI©, fol-
lowing the method described in Pitcher et al. (2017). The estimated de-
posits volumes were then transformed into DRE volume using the
density ranks table of Quane and Russell (2005).

The welding of Ol favored better preservation of this deposit that
allowed several data collectionsites for Ol volume estimation. Insome
sites either the base or the roof of the unit is missing (see table in Ap-
pendix D), so conservative estimations for the OI volume range from
78 to 64 km? of PDC depositand ~50 km? 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
intracalderaignimbrite, 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 VEIN 7. In addition, the outflow sheets of
OI probably reached the Pacific Ocean to the south as the smaller TBJ
eruptiondid, and thus, an unknown amount of material, not-included
in the volume estimates, may have gone out to sea. To the north, OI
should havereached the Lempa River Water Reservoirareaas Coland
Apldid (ILO-82;Fig.2),sinceOlismuchlargerthantheearliereruptions
deposit. The Ol is presumably beneath these two younger ignimbrites
and/or the recent lacustrine deposits in the distal zone. To the west,
thePDCs of Olapparently traveled withinan originally flatSan Salvador
Pull-Aparttopography (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
eruptiontraveled radially from the vent. Assuming the possible original
distribution of OI (Fig. 13), this ignimbrite volume might increase to of

~300km?DRE. Thisorder of magnitudecorrespondstoa VEI~8,similar
to thelower range of the supereruptions (Sparks etal., 2005; Self, 2006).
Col and Apl outcrops showing complete thicknesses are scarce (table

in Appendix D), and thusitwasdifficultto calculateanaccurate volume
of the second and third eruptions. Very conservative minimum volumes
for these ignimbrites resultin 16 km? and 13 km? of tephra respectively,
and N11 km® and 9 N km? as DRE. More realistic volume estimates
would give volumes between the Ol minimum volume (~50 km? DRE)
and the TBJ volume (39 km3DRE, Dull etal., 2010), because the deposit
distributions of Col and Apl are generally thicker and widespread than
TBJ. For these reasons, the volume of these two eruptions should be

higher than 40 km? DRE (VEI > 6).

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

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

1) The first major eruption, represented by the OI, lacks pre-ignimbrite
thick pumice fallouts (Plinian) deposits, which is a characteristic of
fissure ignimbrite-forming eruptions related to regional faults
(e.g., Aguirre-Diaz and Labarthe-Hernandez, 2003; Aguirre-Diaz
et al., 2008) and corresponds to overpressure type caldera eruptions
(Geyer and Marti, 2008). Close to the timing of the Ol 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 ex-
tension 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 shallower levels
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Fig. 13.Schematic geological model of the IC origin and its evolution through OI, Col and Apl caldera collapse eruptions. a) First IC collapse related to a graben type caldera during an
extensional phase along ESFZ and eruption of Ol at about 1.78 Ma. b) Second IC collapse related to a pull-apart graben during the transition from extensional to transtensional tectonic
regime along ESFZ and eruption of Col at about 1.56 Ma. 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 Apl eruption at about 1.34 Ma. The San Vicente Fault continues the offset of CaC. d) Actual features in IC showing main faults and
distribution of OI, Col and Apl.

2)

(e.g., Aguirre-Diaz and Labarthe-Hernandez, 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 pro-
ducing the first IC collapse. This graben was capable of erupting mas-
sively 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 extensional deformation in strike-slip cal-
deras, the type of tectonic caldera that suggested Saxby et al.
(2016) for the current IC.

During the timingamong the firstand the second explosive eruption
of IC (a time span of 1.78 to 1.56 Ma BP), the tectonic regime along

the ESFZ changed gradually from extensional to transtensional, pro-
voking the development of strike-slip faults and pull-apart struc-
tures 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 Col (the second eruption
of IC at ~1.56 Ma BP), the San Vicente Fault already existed and it
had displaced the Carbonera caldera rim with a dextral offset of
N1km (CaC, Fig.13b). Offset started at ~1.70 Ma BP with an average
slip rate of ~5 = 0.5 mm/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 Oland Col erup-
tions, evolving from a graben-caldera type to a pull-apart caldera
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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-Diaz et al., 2008).

3) During the third explosive eruption of IC (Apl, at ~1.34 Ma BP) the
resulting caldera was apparently affected by the strike-slip activity
along the San Vicente Fault, which by then had already displaced
the Carbonera caldera rim by N2.3 km (Fig. 13c). Regionally, between
the second and third caldera eruptions (time span of 1.56-1.34 Ma),
the lateral component of the ESZF increases in detriment of the ex-
tensional (Canora et al., 2014; Alonso-Henar et al.,, 2015, 2017).
The IC framework of a pull-apart caldera continued during this erup-
tion, 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 Apl 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 elon-
gated by the regional faulting control, 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 crystallization. This kind of stretching that increase
compression locally is currently occurring in IC area (Garibaldi et al.,
2016), where recent 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 Col and Apl eruptions. However, it is possible that this old
pull-apart basin is being cut by the strike-slip San Vicente Fault. In gen-
eral, the obliteration of a pull-apart/graben appears to be the conse-
quence of the new strike-slip faulting that develops and propagates
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 VolcanicFrontsinceabout1.75Ma. A highmagma production
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
Silvaand Gosnold,2007). Thishigh flux of magmainthe CAVA wasap-
parently possible during therollback of the subducted plate of Cocos be-
neath Central America since the late Miocene (Alonso-Henar et al.,
2015, 2017), which may have caused the opening of a mantle wedge
and the consequent process of flare-up (Aguirre-Diaz et al., 2008). Con-
tinued 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 eruptions
during its eruptive history. The first three caldera-forming eruptions
fromIlopango produced the Olat1.785+0.006 Ma, the Colat1.56 +
0.01 Ma, and the AplI at ~1.34 Ma. They all are rhyolitic and calcalkaline
tuffs, which is common for magmas at continental margins subduction
zones, such as the Central American Volcanic Arc. Ol was the largest
eruption of Ilopango caldera complex, probably generated from a
graben-type caldera related to the extensional tectonics at central El
Salvador. This deposit covered an area of ~3000 km? with a minimum

DRE volume of 50 km?, likely up to 300 km3 DRE considering the
coignimbritic ash cloud, the intracaldera fill and eroded deposits, corre-
sponding to a VEI = 7. Both the Col and Apl have smaller volumes than
Ol but similar or even larger than TB] deposit, which is more than
~40 km?3 DRE. We suggest that the caldera structure changed from
pure extensional graben during the Ol eruption to a pull-apart during
the Col and Apl eruptions, with higher lateral 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. llopango caldera complex represents the largest, highly explo-
sive,and activelong-lived calderastructurein ElSalvador. Activity re-
lated to ignimbrite-forming eruptions at Ilopango started at
1.785 Ma BP and it is still producing large ignimbrites sheets like the
TBJ, emplaced ~1500 years ago.
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article 1n fo abstract

Tlopango caldera erupted episodically at Ieast 13 tuff-forming eruptions with a minimum estimate volume of
1-5 km3 DRE per eruption, reaching up to 150 km3 DRE for the first caldera-forming eruption. All tuffs are of
dacitic-rhyolitic composition. The complete pyroclastic sequence spans a range in time from 1.785 to
0.0015 Ma, and based on stratigraphy and geochronology constraints can be divided into three formations: the
Comalapa, Altavista and Tierras Blancas formations. In this work, we focus on the members of the newly de-
scribed Altavista Formation (middle part of Ilopango caldera volcanic sequence), which consist of six consoli-
dated pyroclastic deposits or tuffs. Each tuff corresponds to a specific eruption followed by a period of
quiescence during which soil beds were developed on the deposits. The ages of the Altavista Formation ranges
from 918 to 257 ka, based on new 40Ar/39Ar, U/Pb-zircon, and U/Th-zircon analyses. The tuffs of this formation
show similar characteristics in mineralogy and composition. They are calcalkaline, rhyodacitic tuffs, with plagio-
clase, clinopyroxene, and hornblende. From field mapping and descriptions of the deposits, we have inferred the
eruptivestyles thatinclude pumice fallouts, pyroclastic density currents and also hydromagmatic explosions. The
common ventin all tuffs was the Ilopango caldera and each member of the Altavista Formation could correspond
to a caldera collapse event, except for one of the six eruptions. The volume of each member was estimated to be
N30 km3 DRE, which is the same order of magnitude than that estimated for the Tierra Blanca Joven (TBJ)
eruption at about 1,500 B. P, and smaller than those of the ignimbrites of the Comalapa Formation, the first
three members of the Ilopango caldera reported previously. The tuffs of the Altavista Formation are visible up
to 15-20 km away from the caldera's topographic margin. The recurrence interval of large explosive events at
the Tlopango caldera was established by integrating the stratigraphic and geochronologic data of all 13 ignim-
brites and pumice fallouts erupted from Ilopango caldera since the first one at 1.78 Ma to the last explosive
event (TB]).
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1. Introduction 1.78 -1.34 Ma (Sufie-Puchol et al., 2019). These early eruptions of the IC
sequence were linked with the regional tectonics of El Salvador Fault
Zone at that time (Sufie-Puchol et al., 2019), confirming the interpretation

by previous authors thatICis a volcano-tectonic depression (Williams

llopango Caldera (IC), located at El Salvador Volcanic Front (Fig. 1), is
one of the largestactive volcanoes of the Central America Volcanic Arc

(CAVA).ICis17 km x 13 km in size and it is filled by an intra-caldera
lake (Fig. 1). Caldera's history includes several collapses associated to
large explosive ignimbrite-forming eruptions; the initial volcanic phases
of this caldera includes the Olocuilta, Colima, and Apopa ignimbrites at

[ Corresponding author.
E-mail address: ivanbatea@gmail.com (1. Sufie-Puchol).

https://doi.org/10.1016/j.jvolgeores.2019.02.011
0377-0273/© 2019 Elsevier B.V. All rights reserved.

and Meyer-Abich, 1955; Golombek and Carr, 1978; Hutton and Reavy,
1992; Sofield, 2004; Saxby et al., 2016; Aguirre-Diaz and Marti, 2015;
Aguirre-Diaz et al., 2016, 2017). The early ignimbrites of the IC were volu-
minous, for example, the Olocuiltaignimbrite, witha minimum Dense
Rock Equivalent (DRE) volume of 60 km? that could reach at least
150 km? involving inferred covered or eroded deposits (Sufie-Puchol
etal., 2019), representing so far the largest recorded from the IC.
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Fig. 1.Indexmap of E1Salvador showing the ElSalvador Fault Zone (ESFZ), towns, lakes and main volcanoes of ElSalvador Volcanic Front. Santa Ana Volcano (SAV), Coatepeque Caldera
(CQC), San Salvador Volcano (SSV), Ilopango Caldera (IC), San Vicente Volcano (SVV), Carboneras caldera (CaC), Berlin Volcano Complex (BVC), and San Miguel Volcano (SMV). Inset map
shows theregional location of ElSalvador in Central America. The study area is outlined within the black box that represents the area of Fig. 3, which includes the San Salvador Pull-Apart

(SSPA).

The most recent explosive episodes occurred during the last 57 ka
and corresponded to the Tierras Blancas tuffs (or TB's), defined as TB4,
TB3, TB2 and TBJ (CEL, 1992; Rose et al., 1999; Hernandez, 2004;
Kutterolf et al., 2008; Lexa et al., 2011; Pedrazzi et al., 2018). The youn-
gest Tierra Blanca Joven (TBJ) occurred only ~1,500 yr ago (Dull et al.,
2010) and affected significantly the Mayan population of the central
part of El Salvador with ~80 km? of erupted magma (Sheets, 1979;
Dull et al., 2001, 2010; Pedrazzi et al., 2018).

The aim of this work was to identify and characterize the tuff-
forming eruptions occurred between the early ignimbrites of IC (Sufie-
Puchol et al., 2019), and the last Tierras Blancas tuffs (Rose et al.,
1999; Kutterolf et al., 2008), that is, the eruptions occurred between
1.34 Ma to 57 ka. In addition, we provide a formal volcano-
stratigraphic nomenclature to the llopango Group according to Marti
etal. (2018). A recurrence timing of all the major explosive eruptions
from IC was established by integrating the data of, 1) the Comalapa For-
mation (the three early ignimbrites of IC, Sufie-Puchol et al., 2019);
2) the Altavista Formation (the six tuffs presented in this work), and;
3) the Tierras Blancas Formation from published data (Weber and
Wiesemann, 1974; Rose et al., 1999; Kutterolf et al., 2008).

2. Geologic and volcano-stratigraphic context of llopango caldera

The geology of El Salvador consists of a Jurassic - Cretaceous lime-
stone basement mostly covered by Eocene to Holocene volcanic

rocks (Appendix A; Weber and Wiesemann, 1974). Oligocene volca-
nism was located along the northernmost part of the country and
formed the Border Mountain Range, a natural boundary between El
Salvador and Honduras that includes Morazan and Chalatenango
Formations (Fig. 1; Donnelly et al., 1990). Since the Miocene, volca-
nic activity migrated southward approaching to the Mesoamerican
trench, where the active volcanoes are located forming the El
Salvador Volcanic Front (Reynolds, 1987; Alonso-Henar et al.,
2017; Fig. 1).

Theactual magmatism of ElSalvador Volcanic Frontisrelated to
the subduction of Cocos plate underneath the Caribbean plate atan
average speed of 73-85 mm/year (Dixon, 1993; Mann, 2007;
DeMets, 2001). The high movement rates of these plates are also
responsible for the elevated regional seismic activity along the El
Salvador Fault Zone (ESFZ, Martinez-Diaz etal., 2004), whichis a
narrow zone of en-echelon right-stepping dextral faults connected
by transtensional pull-apart basins that crosses the country
WNW-ESE (DeMets, 2001, Agostini et al., 2006; Funk et al., 2009;
Canoraetal., 2012; Fig. 1). ICis located along the ESZF, specifically
within one of its tectonic basins: the San Salvador Pull-Apart
(Fig. 1; Garibaldi et al., 2016). The active faults of the San Salvador
Pull-Apartarecontrolling volcanismand arelikely used as the pref-
erential pathways for magma rising to the surface (Hutton and
Reavy, 1992; Sofield, 2004; Saxby et al., 2016; Sunie-Puchol et al.,
2019).
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2.1. Volcanic stratigraphy of llopango caldera (IC) products

In previous studies on the IC and surroundings areas, Weber and
Wiesemann (1974) grouped the oldest deposits of this caldera within
the Cuscatlan Formation together with lahars and deposits from other
volcanoes. The IC tuffs studied in this work (time span of 917-257 ka)
and the early ignimbrites of the same caldera (1.78-1.34 Ma, Sufie-
Puchol et al., 2019), belongs to this formation. The upper limit of this
Cuscatlan Formation is marked by the 57 ka Congo tephra deposit
(Rose et al., 1999), a Plinian fall from the Coatepeque caldera (Fig. 1).
Thelastfour tuffs of IC (TB's) areincluded into the San Salvador Forma-
tion (Weber and Wiesemann, 1974), together with the Upper Pliocene-
Holocene eruptions from other young Salvadorian volcanoes (f. ex. from
Coatepeque caldera, San Salvador volcano, Santa Ana volcano, San
Miguel volcano).

Inthis study, anew classification for the IC products was established
with the aim of a standardization, which accounts for modern volcano-
stratigraphy criteria (Fig. 2). Following the formal nomenclature
established by Marti et al. (2018), we grouped the IC deposits in the
Ilopango Group (new name) to distinguish it from previous lithological
groups not directly related to the activity of llopango. This Ilopango
Groupis subdivided into three new formations based on stratigraphy
and geochronology constraints, as eruption magnitudes, quiescence pe-
riods, unconformities, volcanic processes and tectonic settings. These
new formations are: 1) Comalapa Formation, which comprise the first
three ignimbrites of IC (Sufie-Puchol et al., 2019); 2) Altavista Forma-
tion that includes the six tuffs studied in this work; and 3) Tierras
Blancas Formation, encompassing the last four tuffs erupted by IC
(Rose etal., 1999; Kutterolf et al., 2008). Fig. 2 illustrates the equivalence
between the older formations classification of Weber and Wiesemann
(1974) and the new classification described in this study, establishing
a comparison by isochrones. As with the Comalapa Formation of IC
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Fig. 2. Equivalence between older and the new volcano-stratigraphic classification of the
Ilopango Group proposed in this study. a) Formations of El Salvador (Weber and
Wiesemann, 1974). b) The new volcano-stratigraphic nomenclature that includes the
Comalapa, Altavistaand Tierras Blancas formations of the llopango Group (following the
nomenclature proposed by Marti et al., 2018).
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(Sufie-Puchol et al., 2019), we define and describe here the ignimbrites
and fallout deposits of the Altavista Formation.

3. Methodology

A preliminary remote sensing analysis of the area was done based on
satellite images and a Digital Elevation Model (DEM) of 10 m resolution.
Geological fieldwork was initially based on El Salvador geological map
of 1: 500,000 (Weber and Wiesemann, 1974), and also on previous
maps and stratigraphy reported by other authors (Herndndez, 2008;
Garibaldi et al., 2016). Four fieldwork campaigns around IC between
2015 and 2017 of about 2 weeks of duration and at least 2 geologists
working per campaign, allowed us to elaborate a new geologic map fo-
cused on the distribution of the Altavista Formation tuffs. This map
covers about 2000 km? of the central part of El Salvador Country, from
Guazapa Volcano at the north, to the Balsamo mountain range at the
south; and from the San Salvador volcano at the west, and Carbonera
caldera to the east (Fig. 3).

Each tuff within the Altavista Formation was sampled for laboratory
analysis. Major, trace and Rare Earth-Elements (REE) were measured as
whole-rock for chemical analyses. Trace and REE were carried out by
means of a Thermo ICAP-Q quadruple mass spectrometer (ICP-MS), at
the Laboratory of Isotopic studies (LEI), Center for Geosciences (CGEO)
of the National Autonomous University of Mexico (UNAM). Analysis of
major and trace elements were carried out at Institute of Geology,
UNAM, with an X RIGAKU ZSX Primus Il spectrometer, following stan-
dard sample preparation and analytical techniques of Bernal and
Lozano-Santacruz (2005).

U/Pb, U/Th and 40Ar/3°Ar geochronological analyses on each member
of Altavista Formation were performed in order to support the strati-
graphic correlation and constrain accuracy the IC explosive eruption
ages. For deposits younger than 350 ka we used U/ Th technique instead
of U/Pb in zircons, because of the lack of secular equilibrium (Bernal
et al., 2014). Zircon samples were separated and dated at the Laboratory
of Isotopic Studies-LEI of CGEO-UNAM, using a 193 nm Resolution M50
laser ablation inductively coupled to a plasma mass spectrometer (LA-
ICP-MS) Thermo ICAP Qc for U/Pb following the method described in
Ortega-Obregon et al. (2013) and to a Thermo Neptune plus for UN\\Th
ages following methodology described by Bernal et al. (2014). To obtain
juvenile zircon crystals, pumice fragments wereisolated, removingal-
tered surfaces and then crushed and sieved to fractions of 74-44 um.
This fraction was then washed using a plastic pan to concentrate the
heavy crystals from the lighter glass. Mineral concentrates were magnet-
ically separated by means of a FrantzIsodynamic Separator to further con-
centrate the zircons. Representative zircons were handpicked under a
binocular microscope and checked for purity and zoning using an ELM-
3R luminoscope by cathodoluminescence (Marshall, 1988), before and
after the ICP-MS]laserablation analysis. About50 zircon grains per sample
were selected in order to obtain a statistically representativeage.

Samples for °Ar/39Ar dating were prepared, irradiated and analyzed
at the Argon Geochronology Laboratory of the Oregon State University
(OSU), using an Argus-VI multi-collector mass spectrometer. As with
zircons, clean pumice clasts were separated and crushed to obtain min-
eral concentrations. Crushed samplesweresieved to 500-177 um frac-
tions and washed with deionized water using an ultrasonic bath to
remove dust. Feldspars were magnetically separated from amphiboles
and pyroxenes, and all phases were acid-leached following the methods
of Koppersetal. (2011). The only available phases to date the members
of the Altavista Formation were plagioclase and hornblende (ultra-pure
separates picked clean of meltinclusion-rich crystals). Incremental
heating was performed on bulk samples for each mineral phase. Mineral
concentrations were used sinceindividual grains did notyield enough
radiogenic argon for accurate single-crystal total fusion analyses. To
achieve the highest possible precision in the 40Ar/3°Ar age determina-
tions, alargenumber of heating steps (22-33 heatingsteps) werecar-
ried out for each sample. Plateau age chosen included as many
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Fig.3.Simplified geologic map of the central portion of El Salvador showing the distribution of the Altavista Formation members of llopango caldera. These members are stratigraphically
located betweenthe ComalapaFormation (red)and the Tierras Blancas Formation (white-palegrey). Fromoldesttoyoungest, Cojl, Del, Manl,SJF, Corland Sol. Planes de Renderos Caldera
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zone 16P. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

contiguous and concordant step ages as possible to obtain an acceptable
mean square weighted deviates (MSWD). System blanks were mea-
sured throughout the analysis. To get the appropriate eruption age it
was necessary to recalculate them using the Kuiper et al. (2008) age
by the Fish Canyon Tuff as flux monitor, reducing the data with the
ArArCALC v2.5.1 software from Koppers (2002). All the 40Ar/3°Ar age er-
rors reported here are 20. More details of the techniques employed in
the dating process are provided in Appendix B.

4. Results

4.1. The Altavista Formation tuffs of lopango Caldera: description and
distribution

Six pyroclastic deposits separated by paleosols were identified in
the field for the Altavista Formation. They overly the older ignimbrites

of IC (Comalapa Formation) and are covered by the Tierras Blancas
Formation. From oldest to youngest, these six members that conform
the Altavista Formation are: the Cojutepeque Ignimbrite (Cojl),
Delgado Ignimbrite (Del), Manigua Ignimbrite (Manl), San Juan pum-
ice Fall (SJF), Cortez Ignimbrite (Corl) and Soyapango Ignimbrite
(Sol). They are poorly-consolidated and unwelded deposits, and thus,
are soft and easily eroded away. Their poor preservation results in
thelack of lateral continuity of the Altavista Formation tuffs and scarce
sites with preserved total thicknesses (Fig. 3). However, useful expo-
sures were identified along the Panamerican Highway that crosses
the San Salvador Pull-Apart along the northern sector of IC (Figs. 5, 6
and 7). In addition, several quarries and other good outcrops allowed
us elaborating a composite stratigraphic section of the Altavista For-
mation tuffs (Fig. 4) by stratigraphic correlation (profiles A and B of
Fig. 8) and supported by petrochemical and geochronological analyses
(Figs. 9,10, 11 and 12).
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Fig. 4. Composite stratigraphic section of the Altavista Formation members, from the Comalapa Formation's youngest unit (1.32 Ma Las Pavas Lava) to the Tierras Blancas Formation (TB4,

b57 ka) of IC. Figure includes the isotopic age of each unit obtained in this study. Lithofacies codes are based on nomenclature from Branney and Kokelaar (2002).

The index map (Fig. 3) shows the morphology of the study area and
the spatial distribution of the six tuffs of Altavista Formation. Broadly,
thesemembershavenotageneralized orradial distributionaround
theICasintheolderignimbrites of the Comalapa Formation (Sufie-
Pucholetal.,2019), oras the youngest TB] (from the Tierras Blancas For-
mation; Fig. 3). Some deposits of the Altavista Formation have a very
local distribution, such as Manl or Corl. Other deposits have an average
distributionarea of ~100 km?, such as SJF or Cojl. The Del is the most
widespread tuff and with the bestexposures asfaras10-15km from

the caldera border (ILO-220, -234, and -218; Fig. 3). The tuffs of Altavista
Formation were not found on the southern flank of IC mainly because of
erosion.

4.1.1. Cojutepeque Ignimbrite (Cojl)

Cojlisnot distributed radially around IC and it only crops out along
the northeast border of the caldera (Fig. 3). At ILO-43 (Figs. 3 and 5)
this oldest tuff of Altavista Formation overlaysa thick paleosol of ~1 m
thick developed at the top of the 1.32 + 0.02 Ma Las Pavas Lava (LPL,
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f) Pumice fallout at the base of the Cojl (ILO-144 site).

Sufie-Puchol et al., 2019), which corresponds to a post-collapse dome layer, which reaches a thickness of 2 m at ILO-132 and ILO-144 (mpL;
that represents the youngest unit of the Comalapa Formation of IC. Figs.3and5f). Pumicesare1-3 cmindiameterwith plagioclase, horn-
The base of Cojl consists of an orange-brown well-classified pumice blende, and clinopyroxene (Table 1), and smaller amounts of FeN\Ti
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Table 1

Mineral percentages (%) of the Altavista Formation tuff of the llopango Group.

Unit Plagioclase Hornblende Clinopyroxene Quartz Biotite Fe-Ti oxides
Soyapango Ign. 93 0 0 0 0 7
Cortés Ign. 84 0 0 3 4 9

San Juan Fall 67 17 4 0 0 12
Manigua Ign. 72 12 0 5 0 11
Delgado Ign. 61 18 11 4 0

Cojutepeque Ign. 70 13 9 0 0 8

oxides and zircon (Fig. 9a and b). Above the basal pumice layer, there
are ~1 m of cross-stratified layers (xsLT; Fig. 5c), composed of fine ash
and abundantaccretionary lapilli, with thin oxidized zones that remark
the lamination of the layers. The top of this tuff ismade of 4-5m of an
ash-supported massive pyroclastic deposit with pumice lenses and
lithics of dacitic lava (1-2cm).

4.1.2. Delgado Ignimbrite (Del)

Del corresponds to the second member of the Altavista Formation,
and it is the most widespread ignimbrite of this formation (Fig. 3). Itis
found about 20 km N'W of the caldera border, next to the western
flank of Guasapa Volcano and outside of the San Salvador Pull-Apart
(ILO-220, Fig. 3). Del shows a parallel-stratified base layer that ranges
inthickness fromafew cmto~1m, and consists, in the lower part, of
an accretionary lapilli-rich fine ash bearing pumice deposit with lithic
fragments smaller that 1 cm (lIsLT; Fig. 6e). The middle part of this de-
posit consists of 5-6 m of cross-stratified ash-rich tuff (xsLT; Fig. 6f),
with small pumice fragments and accretionary lapilli, but poorerin
lithics than the basal zone. At the top, this member changes to a semi-
consolidated massive lapilli tuff, about 5 m thick, with the presence, in
somesites, of alithic breccialevel with diffuse parallel stratification
(dslLT; Fig. 5e; ILO-43). Mineralogy includes plagioclase, hornblende,
clinopyroxene and rare primary quartz (Table 1).

4.1.3. Manigua Ignimbrite (Manl)

This ignimbrite is only exposed on the western sector of IC (Fig. 3),
mostly along the roadcuts of the Panamerican Highway, such as ILO-
20 (Figs. 3 and 7), called as Staircase site by Garibaldi et al. (2016). At
this locality, 7-8 km far away from the WNW topographic margin of
the caldera, each member of Altavista Formation is affected by normal
faults of the San Salvador Pull-Apart system (Fig. 3). The base of Manl
consists of alayer of 0.3 m thick, well-classified, clast-supported pumice
layer (mpL). The fresh pumice is white-brown, but it shows a dark pa-
tina due to oxidation (Fig. 7f). This pumice is crystal-poor, with plagio-
clase, hornblende and quartz, with accessory minerals of FeN\Ti oxides,
zircons and few clinopyroxene phenocrysts (Table 1). Directly above of
thisbasal pumicefalllayer, thereisa8-9m offine-ashand accretionary
lapilli rich cross-stratified tuff (xsLT, Fig. 7f and g), with few, interca-
lated, thin, levels rich in pumice fragments-rich levels (pLens).

4.1.4. San Juan Pumice Fall (SJF)

The SJF is a well-classified, clast-supported pumice deposit
(mpL), moderately rich in lava lithics (~10-15 vol%). This member
reaches 4-5 m thick in ILO-316, 5 km away from the NE margin of
the caldera (Fig. 3). The pumices are 1-3 cm in diameter and contain
abundant plagioclase, clinopyroxene and hornblende phenocrysts
(Table 1 and Figs. 9¢, d, g and h), with smaller amounts of FeN\Ti ox-
ides and zircons. The first 10 cm of the SJF show inverse grading, from
coarse-ash to pumice lapilli. This pumice deposit overlays the
paleosol formed at the top of the Del (f. ex. in ILO-43; Fig. 5b). At
ILO-89 (NE sector of the IC; Fig. 3), SJF is deposited above an angular
unconformity (Figs. 6b and c). This member is not present in the NW
sector of the caldera.

4.1.5. Cortez Ignimbrite (Corl)

The Corl covers the SJF at ILO-89 (Fig. 3) with a series of fine ash-
rich cross-stratified tuff with accretionary lapilli (xsLT; Fig. 6). How-
ever, in the NW sector of the caldera (e.g. at ILO-20; Fig. 3), where
Corl is deposited above the paleosol on Manl's top, its base consists
of ~1 m of well-classified clast-supported pumice fall deposit
(mpL), with two thin levels of fine-ash rich deposits intercalated
(b10 cm thick, Fig. 7e). The Corl pumice clasts are very poor in crys-
tals with sparse plagioclases, biotite and quartz phenocrysts, and
FeNXTi oxides and zircons (Table 1). Above this pumice deposit,
there is a sequence of cross-stratified fine-ash and accretionary
lapilli-rich tuff (xsLT) that is very poor in lithics.

4.1.6. Soyapango Ignimbrite (Sol)

The base of Sol consists of ~2 m of well-classified, clast-supported
pumice layer (mpL), deposited over an eroded surface at the top of
Corl (Figs. 6 and 7). Pumice clasts of this member are crystal-poor,
with few plagioclase and minor amounts of FeN\Ti oxides and zircon
(Table 1). Above the basal pumice layer there are 3-4 m of a pumice-
rich tuff with heterolithological lithics (lava and plutonic fragments).
The top of the Sol is represented by 4-5 m of a cross-stratified tuff
with accretionary lapilli (xsLT) and pumice-rich fragments forming
pumice lenses. Sol is the last member of the Altavista Formation,
which s still affected by regional faults. Differently from the Altavista
formation, the following Tierras Blancas Formation were not deformed
by faults of the San Salvador Pull-Apart as shown for example at ILO-
20 outcrop, where the TB4 pumice fall rests on an eroded surface at
the top of Sol (Figs. 7a, b and c¢) without any evidence of tectonic
deformation.

4.2. Geochemistry and petrography

Petrographic and whole-rock chemical analyses were carried out in
thesix pyroclastic deposits of the Altavista Formation (Table 2). All anal-
yses were performed in pumice clasts, choosing the biggest and fresh-
ness clasts available, and discarding the small and the altered pieces.
Results indicate that Altavista Formation ignimbrites are evolved felsic
calcalkaline rocks from continental-margin subduction zones,
confirming the tectonic setting proposed by several authors (Arculus
and Curran, 1972; Morris and Ryan, 2004; Murphy, 2007). Petrography
indicates a predominant presence of plagioclase, hornblende and
clinopyroxene, with small presence of biotite and quartz in some de-
posits (Table 1 and Fig. 9). Chemical analyses indicate a rhyodacitic
composition in all members, with medium to high K:O contents
(Fig. 10). The multi-element diagram (Fig. 11), which includes the REE
concentrations, shows a common magmatic source for the six deposits,
withmarked anomalies in strontium (Sr) and europium (Eu). Evolved
magmas exhibit Eu negative anomalies mainly because of plagioclase
fractionation. Plagioclase is the most abundant phenocryst in
calcoalkaline magmas, typically dominating over alkali feldspar
(Murphy, 2007), as occurs in the IC products. The most silicic ignim-
brites of the Altavista Formation are Manl and Del, which contain pri-
mary bipyramidal quartz. Secondary quartz is common in all members
of IC, and was formed during vapour phasesilicificationin pumice ves-
icles and open spaces within ash matrix.
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Fig. 6.Stratigraphy and representative outcrops at ILO-89 (Fig. 2). a) Schematic stratigraphic section of this site. For symbols refer to Fig. 4. b) Several members of the Altavista Formation
overlying Apopaignimbrite (ApI)atroadcutsalongthe Panamerican Highway onthe NEflank of IC. c) Sketch of ILO-89 outcropincluding paleosols betweenignimbrites. d) Detail photo of
the well-classified SJF pumice fall. e) Parallel-stratified base of Delgado Ignimbrite (lIsLT). f) Cross-stratified lapilli tuff rich in accretionary lapilli and fine ash of Del (xsLT).
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Fig. 9. Micro-photographs of polished thin sections of pumice clasts from the Altavista Formation tuffs of Ilopango caldera. a) Image in crossed Nichols of pumices from Cojutepeque
Ignimbrite, with phenocrysts of plagioclase (plag) and hornblende (hbl) in a vesicular texture. b) The same micro-photograph that in a) but in parallel light. c) Pyramidal section of a
hornblende phenocryst from San Juan Fall showing glomeroporphydic texture together with plagioclase crystals. d) Same image than c) in crossed Nichols. e) Tabular clinopyroxene
(cpx) of egirine from San Juan Fall (image in crossed Nichols). f) The same egirine of e) in parallel light.

4.3. Geochronology of the Altavista Formation

A complete set of new isotopic ages of the Altavista Formation is pro-
vided in this study in order to have, for the first time, a more detailed
volcanic history of IC.

4.3.1. Results of U/Pb and U/Th analysis

Six samples of zircon-separates that encompass the entire strati-
graphic section of Altavista Formation were prepared to determine the
ageofeachtuff-formingeruption. Thefirstfivemembersofthe Altavista

Formation were analyzed by U/Pb methods and only the last member
was done by U/Th. Ages of the first five deposits were calculated with
the intersection of the Concordia curve and the normal isochron
(Figs. 12a, b, d and e), using the Isoplot software v. 3. 7, and following
methods of Ludwig (2008). For Manl, the age was obtained as the aver-
age of the non-inherited zircons ages (Fig. 11c). Sol age (Figs. 12f) was
calculated using IntCal09 software (Reimer et al., 2009), to calibrate U/
Th ages (Bernal et al., 2014).

The first member of the Altavista Formation, Cojl, is dated at 960 +
750 ka (Fig. 12a). The large error is caused probably because most

Fig. 8. Representative stratigraphic sections of the six members of Altavista Formation. a) S\N profile along the Panamerican Highway at NW of IC and b) W-E profile along the same road

on the NE flank of the caldera. ILO localities and stratigraphic sections are shown in Fig. 2.
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Table 2
Whole-rock chemistry of the Altavista Formation tuffs of llopango caldera.

Sample ILO-20-P  ILO-20-E ILO-89-C  ILO-20-F ILO-132-A  ILO-144-A
Unit Sol(TB5) Corl SJF (TB7) Manl Del (TB9) Cojl
(TB6) (TB8) (TB10)
SiO» 70.4 72.2 69.0 75.0 74.6 70.8
TiOz 0.28 0.23 0.40 0.25 0.21 0.33
AlLOs 18.5 17.5 17.8 14.8 13.9 16.2
FeO* 3.63 2.83 4.42 2.09 2.31 3.18
MnO 0.11 0.09 0.13 0.09 0.09 0.09
MgO 0.58 0.61 0.77 0.69 0.65 0.74
CaO 1.50 1.52 2.52 1.58 2.00 1.98
NaO 1.27 1.02 2.52 1.54 2.89 242
K0 3.48 3.99 2.51 3.94 3.29 4.31
P20s 0.04 0.04 0.05 0.03 0.04 0.03
LOI 7.29 8.62 5.29 6.80 3.81 5.08
SUM 99.8 100.1 100.0 100.2 99.9 100.1
Rb 69 115 47 74 66 132
Sr 139 242 245 152 216 202
Ba 1009 864 1121 1147 1171 1091
Y 20 34 15 13 15 17
Zr 151 301 137 159 110 193
Nb 4 14 4 3 4 4
v 27 31 32 21 14 29
Cr b3 12 b3 b3 b3 b3
Co 5 8 7 6 b4 8
Ni 7 13 8 8 7 10
Cu 23 11 15 13 8 20
Zn 48 58 44 41 31 45
Th 6 19 4 6 6 10
Pb 9 22 9 8 8 11
X (m) 266,586 266,586 292,473 266,586 287,416 289,231
Y (m) 1,518,661 1,518,661 1,517,803 1,518,661 1,518,785 1,518,825

OI: Olocuilta Ignimbrite, Col: Colima Ignimbrite, Apl: Apopa Ignimbrite.

Major elements in wt% and trace elements in ppm.

Samplesanalyzed by X-Ray Fluorescence in the Instituto de Geologia (UNAM) by Patricia
Giroén.

Coordinates in WGS84 system (zone 16P).

FeO*-total iron; LOI: lost of ignition.

analyzed zircons were too small (b80 um), with xenocrystic cores and
concentric zoning, and also due to the limitations of the UN\Pb method
insuchyoung zircons (all theerrorsof U/ Pbreported in thisstudy refer
to 20 standard deviation). To obtain the best possible results, we
discarded the mostdiscordantzircons (largestellipsoidsin theisochron
diagram, Fig.12). Thesecond member of this formation, the widespread

12
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Del, is dated at 830 + 140 ka (Fig. 12b). The third member, Manl, is
dated at 750 = 96 ka (Fig. 12c). The fourth member of this formation,
SJF, yielded an U/Pb age of 590 & 330 ka (Fig. 12d). The fifth member,
Corl, yielded anage of 499 = 73 ka (Fig. 12d). Sol, the youngest member
of AltavistaFormation, yieldedanU/Thageof 257 &+ 33 ka (Fig. 12f). All
zircons age data are compiled in Appendix C.

4.3.2. Results of #°Ar/3°Ar analyses

Five new 40Ar/39Ar ages were performed to obtain a second set of re-
sults for comparison and to get more precise age constraints (Table 3
and Fig.13). Four high-purity plagioclase and one hornblende separates
wereanalyzed. Plagioclase of Cojl (sampled atILO-144, Fig. 3) yielded a
flat plateau withan age of 918.8 & 17.4 ka (Fig. 13a). This “°Ar/*Ar age
for Cojl improves the UNNPb results presented above showing a smaller
error. Plagioclase and hornblende separates of Del did notyield mean-
ingful 40Ar/3°Ar ages due to the large abundance of atmospheric
argon; thus, the UNNPb age is the best one we have for this member, al-
though with a large analytical error (Fig. 12b). The plagioclase concen-
trate analyzed for Manl pumice yielded a 40Ar/3°Ar age of 768.3 %
49.4 ka. The age spectrum was discordant whose shape is classic
“shaddle-shaped” type (Fig. 13c), which probably represents a mix of
excess and atmospheric argon. This 40Ar/39Ar age agrees with the
UN\Pb results obtained with zircons (Fig. 11c). SJF's age was calculated
onhornblende phenocrysts because the plagioclase contained numer-
ous meltinclusions throughout99% of the grains, yielding a *°Ar/3Ar
plateau age of 626.0 = 75.1 ka (Fig. 13d). Col's age was obtained
from the analysis of a plagioclase separate, yielding a plateau age of
553.0 == 16.6 ka (Fig. 13e). The 40Ar/39Ar analyses of this fifth member
constrain better the age obtained by UN\Pb (Fig. 12e). Sol's age includes
only few small plagioclase crystals, which resulted in low quantities of
gas and higher uncertainties for many of the heating steps. We chose
the upper heating steps that were the most concordant that yielded a
weighted mean age of 335 = 302.1 ka (Fig. 13f). A list of all 40Ar/3°Ar
age (plateau, mini-plateau, total fusion, normal and inverse isochron
ages), as well as MSWD's and K/ Ca ratios are given in Table 3.

5. Discussion
5.1. Volcanic phases and eruptive styles of the Altavista Formation tuffs

The style and eruption dynamics within the Altavista Formation are
very diversified. Eruption processes for each one of the six members of

K,0 wt.%

Tholeiitic series

0 - . . : . ,
48 53 58 63 68 73 78

Si0, wt.%

Fig. 10. Major element chemical classification plots for the Altavista Formation tuffs. a) Total Alkali Silica (TAS) diagram (after Le Bas etal., 1986). b) K20 vs SiO» diagram (after Peccerillo
and Taylor, 1976), where is remarkable the High-K content of the Altavista Formation. See Table 2 for chemical data.
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Fig. 11. N-MORB normalized multi-element diagram including of REE abundances of the Altavista Formation tuffs (normalizing values of Sun and McDonough, 1989).

this formation wereinterpreted from their deposits (Fig. 15) and are de-
scribed below.

1. Cojutepeque Ignimbrite (Cojl; ~918 ka). The vent of the first erup-
tion of the Altavista Formation that produced the Cojl was local-
ized in the NE sector of the caldera, inferred by the distribution
of the associated ignimbrite (Fig. 3). The Cojl eruption started
with a Plinian or Sub-Plinian column (Fig. 14a) that deposited a
2 m thick pumice fall layer up to 2 km to the NE of the caldera
rim (Fig. 5f). Later, as the sharp contact between this pumice-
fallout and the overlying cross-bedded PDC deposit indicates
(Fig. 5c), a drastic change in the eruptive style occurred
(Fig. 14b). The initial eruptive column collapsed, probably due to
the widening of the conduit or by an increase of the mass eruption
rate (MER; Costa et al.,, 2018). This MER increasing could be
produced by the beginning of a caldera collapse, which would
start the rapid evacuation of magma from the subcaldera
magma chamber. The presence of accretionary lapilli (Fisher and
Schmincke, 1984), suggests a water-rich environment, likely
resulting for the interaction of magma with water from the
Ilopango caldera lake. But later, the eruption returned to a mag-
matic style (Fig. 14c), as inferred by the presence of a massive
tuff deposited at the top of Cojl, formed by a series of lithic-rich
PDCs deposits without accretionary lapilli. In fact, the caldera col-
lapse onset likely coincides with the appearance of a lithic-rich
PDC. This shift from hydromagmatic to magmatic style could be
caused by a high magma/water ratio due to an increase of the
magma eruption rate (Wohletz, 1986, Wohletz et al., 2013), prob-
ably caused by the caldera collapse. This collapse may have been
as trap-door type (Aguirre-Diaz, 2008), due the limited distribu-
tion of the associated ignimbrite only present in the NE sector of
the caldera (Fig. 3). This interpretation matches with the models
of Aguirre-Diaz and Marti (2015); Aguirre-Diaz et al. (2016) and
Saxby et al. (2016), who suggest this kind of collapse mechanism
in the past and current IC.

. DelgadolIgnimbrite (Del;~830ka). The second eruptionof Altavista
Formation apparently started with hydromagmatic explosions. This
early activity was inferred from the parallel-stratified, fine-rich de-
posit with accretionary lapilli at the base of Del (Fig. 6e), probably
produced by very dilute PDC's (Fig. 14d). Later on, the
hydromagmatic eruption produced highly turbulent PDCs distrib-
uted in all directions (Fig. 14e), depositing a widespread cross-

stratified tuff, which is richer in solid components and thus appar-
ently derived from denser PDCs than those that formed during the
initial blasts (Figs. 3 and 6f). The last phase of this eruption appar-
ently marks a possible change to a magmatic eruptive style, indicated
by a lithic-rich level within a massive ignimbrite deposited on the top
of this member (Fig. 5e). This kind of lithic-rich zones can be
interpreted as a coignimbritic lag breccia suggesting the moment of
a caldera collapse (Fig. 14f). Roof collapse of the magma chamber
causes a massive and rapid evacuation of magma (Folch and Marti,
2009) that makes less effective the magma-water interactions neces-
sary to carry out hydromagmatic explosions. The caldera collapse
could have been the cause of the generation of dry magmatic PDCs
at the end of the Del eruption. The result is a massive and widely dis-
tributed ignimbrite sheet (Del).

. Manigua Ignimbrite (Manl; ~768 ka). The eruption associated to
Manl began as purely magmatic, producing likely an eruptive col-
umn (Fig. 14g) that deposited a 30 cm thick layer of pumice fallout
in the NW sector of IC (Fig. 7f). Later, the eruption became
hydromagmatic, probably due to the input of water from the paleo-
Ilopango lake into the vent, drastically increasing the explosivity of
the eruption. The resulting product is a sequence of dilute and
cross-bedded PDCs deposits, ~8 m thick, composed of ash matrix
and accretionary lapilli, with some thin lens-shape layers rich in
pumice fragments (pLens, Fig. 7), which serve as cross-
stratification markers. This eruption apparently was laterally di-
rected towards the W-NW flank of the caldera, since the ignimbrite
is only observable in this sector of IC (Fig. 3). Manl eruption could
be also linked to a partial collapse event, probably with a trap-door
collapse style (Fig. 14h) due to the limited distribution of Manl in
the eastern sector of the caldera (Fig. 3).

. San Juan Fall (SJF; ~625 ka). This member was produced completely
by a single eruptive column, probably Plinian or Sub-Plinian type
(e.g., Bonadonna and Costa, 2013; Fig. 14i), which formed a thick
pumice fallout of 5-6 m (Figs. 6d). This eruption was most likely
purely magmatic, as no evidence of hydromagmatic processes were
found in field exposures. This observation suggests that the vent of
the SJF eruption was located outside the paleo-llopango lake, and
probably in the northeast sector of IC because SJF is only observable
in this direction, near Cojutepeque City (ILO-43, 89 and 316; Fig. 3).
This eruption may not have produced a caldera collapse, because
there is no associated widespread ignimbrite or other evidence of
caldera roof subsidence. As in Las Pavas Lava and other IC products,
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SJF may have erupted from the outer margin of the caldera, probably
from vents controlled by the faults of the pull-apartsystem thathave
been linked to previous caldera eruptions of the Comalapa
and Altavista Formations (Saxby et al., 2016; Sufie-Puchol et al.,
2019).

. Cortez Ignimbrite (Corl; ~553 ka). The eruptive processes associated
to Corl are very similar to those of the previous Manl member. This
eruption started with an eruptive column that deposited a thin
layer of pumice fallout (b1 m; Fig. 7e). The vent of this eruption
may be localized at the northwest sector of the caldera (Fig. 14j), in-
ferred by the distribution of the associated pumice deposit, which is
absent at the base of Corl on the northeast flank of IC. The initial erup-
tive column was suddenly interrupted by hydromagmatic

explosions, which deposited a fine-ash tuff with accretionary lapilli
derived probably from dilute PDCs (Fig. 14k). We suggest that this
eruption was linked to a caldera collapse event based on the rela-
tively large distribution of Corl, which it is still preserved at both
flanks of IC (ILO-87, ILO-221 and ILO-20 in the NW sector, and in
ILO-89 in the NE sector; Fig. 3).

. Soyapango Ignimbrite (Sol; ~257 ka). The last eruption of the

Altavista Formation also started with a sustained eruptive column
in the NW sector of IC (Fig. 141), which deposited N2 m of pumice fall-
out as far as 5 km from the caldera's topographic margin (Figs. 7 and
141). This phase depressurized the subcaldera magma chamber and
could have caused another caldera collapse. In this case, the possible
collapse may have been complete along the caldera structure. The
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Summary of Incremental Heating 40Ar/39Ar Analyses on Altavista Formation tuffs of Ilopango Caldera.

L .
Samptemformation

ZrgespectrunT

S .
Totatfustorr

I . 1 1
nversetsochromanatyse:

Unit Sample X(m) Y (m) Material Age+2c 39Ar K/Ca MSWD n N Age=*2c K/Ca Age+2c 40/36 MSWD

(Ka) (%) (Ka) (Ka) intercept

Soyapango ILO-20-P 266,586 1,518,661 Plagioclase  335.4+ 33.74 0.0232 081 5 18 2858.0%x 0.0234 509.9 + 294.53 + 0.86
Ign. 302.1 512.3 341.8 1.44

Cortez Ign. ILO-20-E 266,586 1,518,661 Plagioclase = 553.0 £ 9240 0.0428 092 15 20 538.0£20.2 0.0445 559.5* 295.06 + 1.11
16.6 23.3 1.21

San Juan Fall ILO-89-C 292,473 1,517,803 Hornblende  626.0+ 99.94 0.0246 033 24 25 599.8+88.6 0.0247 679.0 = 291.83 = 0.18
75.1 89.4 3.49

Manigua Ign. ILO-20-F 266,586 1,518,661 Plagioclase 7683+ 5576 0.0327 132 9 24 691.2 + 0.0340 768.2 £ 297.93 x 2.14
49.4 190.7 87.6 2.16

Cojutepeque  ILO-144-A 289,231 1,518,825 Plagioclase 9188 £ 7610 0.0261 046 13 24 907.2+15.7 0.0264 910.2 % 316.77 = 0.46
Ign. 17.4 32.7 69.32

K/Cavaluesarecalculated asweighted means for theage spectra oras 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. (2008). Reported errors on the
40Ar/39Ar ages are at the 95% confidence level (20) including 0.3-0.4% standard deviation in the J-value.
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Fig. 13. High-resolutionincremental heating *0Ar/3%Ar age spectra for the members of Altavista Formation. The weighted average age (+ 20) isshown above a black bar that indicates the
heating steps used in the calculation of a) Cojl, b) Manl, c) SJF, d) Corl, and e) Sol ages.

72



I Suiie-Puchol et al. / Journal of Volcanology and Geothermal Research 374 (2019) 100-119 115

eruption style changed from vertical column to low pyroclastic
fountaining and radial ejection of dense PDCs (Fig. 14m),
overflowing the crater rim and forming a widespread ignimbrite,
~5 m thick, and observed up to 10 km from the caldera margin.
This ignimbrite is rich in pumice lenses and lithics (heterolitologic).
At the final stage, this eruption became slightly hydromagmatic as
suggested by the presence of fine-ash particles (higher magma

fragmentation) and accretionary lapilliin detriment of larger compo-
nents, such as pumices and coarser ash matrix, as well as the change
from a massive deposit to cross-stratified laminated deposit, al-
though still with pumice-rich lenses. This member crops out on
both northern sectors of the caldera (NW and NE), but as in Corl,
the pumice-fall layer at the base of the Sol is not evident around
the northeast of IC.

W-E

®

W-E

Del ~830 kaBP

© we

Cojl ~918 ka BP

@ W-E Del ~830 ka BP

Manl ~768 ka BP Manl ~768 ka BP

Fig. 14.Sketch (not to scale) illustrating the eruptive processes that formed the deposits of the Altavista Formation, since ~918 to ~257 ka BP. a) Eruptive column and associated pumice
fallout at the beginning of Cojutepeque Ignimbrite (Cojl), followed by b) dilute PDCs generated from hydromagmatic explosions, and c) denser PDCs formed during a possible partial
collapse with trap-door style. d) “Blast-type” explosions at the beginning of Delgado Ignimbrite (Del), followed by e) dilute and turbulent hydromagmatic PDCs and by f) total caldera
collapse that generated a lithic-rich ignimbrite. g) Brief eruptive column at the beginning of the Manigua Ignimbrite (Manl) followed by h) hydromagmatic and dilute PDCs erupted
fromapartialcollapseattheeast.i) Eruptive columnthatdeposited thefalloutunitofSanJuanFall (SJF).j) Initial phase of eruptive columnwithintercalated blast-typeexplosions at
theinitialstage of CortezIgnimbrite (Corl) eruption, followed by k) caldera collapseand massive generation of dilute PDCs. 1) Eruptive column during the first phase of Soyapango
Ignimbrite (Sol)’s eruption followed by m) lithic-rich PDCs produced by caldera collapse.

73



116

I Suiie-Puchol et al. / Journal of Volcanology and Geothermal Research 374 (2019) 100-119

O we

SJF ~625 ka BP

W-E

Corl ~553 ka BP

W-E

Sol ~257 ka BP

LEGEND
:l llopango lavas and
i@} PDCs and = basement
"U;’é“*\» fallout
N Cosignimbrite — Magma chamber
and cloud
direction Caldera faults
% - { and magma
- Ballistics | conduit-vent
»’3’ Explosion locus . llopango Lake

Fig. 14 (continued).

5.2. Volume and eruption magnitude of the Altavista Formation tuffs

Deposit volumes were calculated applying the Delaunay triangu-
lation method (Macedonio and Pareschi, 1991), by using the thick-
nesses measured in the field. All data was imported, managed and
processed into an attribute table within ArcGIS 10.2 by ESRI ©, fol-
lowing methods described in Pitcher et al. (2017). Because of the
poor preservation of the Altavista Formation deposits, mainly due
to erosion, the corresponding volumes are underestimated. The
Delgado Ignimbrite (Del) was the best member for volume estima-
tion due to its widespread distribution and preservation (Fig. 3). A
minimum volume of 5 km? DRE was estimated for the Del. This
value corresponds to a magnitude of 6 (Pyle, 2000). This estimation
ignores distal ash-fall facies, caldera fill and eroded material over
the Balsamo Mountain Range (BMR, southern flank of IC, Fig. 3). Con-
sidering that Del deposits are thicker and more widespread than the
TBJ ignimbrite (see Fig. 3), Del may have had a volume similar to TB]
or even N40 km? DRE, reaching a magnitude of 7.

For the other five members of the Altavista Formation, we have
established a minimum and conservative estimate, using the thick-
nesses and distribution of sparse incomplete outcrops, resulting in
the order of 1 to 5 km?® DRE volume for each, which could reach
around 30 km?, as those reported for the recent Tierras Blancas

tuff-eruptions (CEL, 1992), if the eroded parts are also considered
in the estimate.

5.3. Recurrence period of the llopango Caldera explosive eruptions

The IC has generated at least thirteen explosive eruptions during
the Quaternary, most of them ignimbrite-forming events. According
to Sufie-Puchol et al. (2019), the first three explosive phases,
grouped as the Comalapa Formation, occurred in a time span of
440 ka, from 1.78 Ma (1st eruption) to 1.34 Ma (3rd eruption).
Those three ignimbrite-forming eruptions had a similar recurrence
period of around 220 ka (blue dashed square in Fig. 15). The
*OAr/39Ar ages presented in this study indicate a long quiescence pe-
riod between the Comalapa Formation and the first eruption of the
Altavista Formation (the Cojl eruption, at ~918 ka). This volcanic hi-
atus was as large as ~ 420 ka (Fig. 15). Furthermore, the recurrence
period of explosive eruptions within the Altavista Formation is
quite shorter than the return time of the first eruptions. This lasted
about 100 ka (Fig. 15), which is practically half the time of the fre-
quency of the Comalapa Formation eruptions.

The chronogram of Fig. 15 shows all the IC major explosive erup-
tions recorded from the stratigraphy and geochronology, by inte-
grating the data of Sufie-Puchol et al. (2019) for the Comalapa
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15. Chronogram of llopango caldera ignimbrite-forming eruptions during its activity, from the firstignimbrite at 1.785 Ma, to the last one, Tierra Blanca Jovenignimbrite atabout1.5ka. The chronogram
ilights the long period of quiescence between Comalapa and Altavista Formations, and also the long hiatus in volcanic activity between Altavista and Tierras Blancas Formations. The recurrence period
1in the Comalapa Formation eruptions (~220 ka, blue dashed rectangle) are twice longer than the Altavista Formation eruptions (~100 ka, green dashed rectangle), and much higher than the Tierras
«cas Formation eruptions (~20 ka, red dashed rectangle). The fuchsia dashed ellipsoid highlights an anomalous long volcanic hiatus (~300 ka) within the Altavista Formation, which may indicate that
e eruptions could have happened between Cortez and Soyapango eruptions (Corl and, Sol). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
ion of this article.)
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Formation, the data of the present work for the Altavista Formation
tuffs, and published data elsewhere for the Tierras Blancas Formation
(Rose et al., 1999; Kutterolf et al., 2008). Eruption ages of UNNPb,
UN\Th and 40Ar/39Ar from our database are positioned along a time-
scale bar with the corresponding analytical error bars. This chrono-
gram shows a regular periodicity along the Altavista Formation
eruptions, except for the time span between Corl (~553 ka) and Sol
(~257 ka), which had a hiatus in the activity of ~300 ka (Fig. 15). In
addition, it is evident another relatively long period of volcanic inac-
tivity of ~200 ka between the Altavista and Tierras Blancas forma-
tions of IC (Fig. 15).

The most notorious observation from this chronologic chart is the
relatively large quiescence periods between each formation, in the
order of 200-400 ka each. The meaning of these quiet periods is
still not clear, but we assume that the tectonic factor and the
magma input rate are the two principal reasons. During the whole
IC activity, from 1.78 to present, there was also intense tectonic ac-
tivity in the area, and a seismogenically active period related to the
ESFZ (Garibaldi et al., 2016). As previously reported in Aguirre-Diaz
et al. (2016), Saxby et al. (2016), and Sufie-Puchol et al. (2019), the
IC volcanic activity was in close relationship with the transtensive
tectonic regime of the region, and IC is the result of several episodes
of pull-apart-related caldera collapses that were linked to the strike-
slip faults of the ESFZ.

ICvolcanism, since theinitial eruptions to thelast one of TBJ (1.5 ka),
was, and is tied to the Neogene activity of the regional faults of the cen-
tral El Salvador region. The recurrence of large explosive eruptions could
be linked to tectonic slips and the corresponding displacements be-
tween blocks, and probably, these tectonic events were the triggers
forlargeexplosiveeruptionsatlC, if the magma of the subcalderacham-
ber was close to eruptive conditions.

6. Conclusions

Ilopango Caldera (IC) has had atleast 13 large Quaternary explosive
eruptions, mostly ignimbrite-forming events, which were grouped into
three formations, Comalapa Formation (1.78-1.32 Ma), Altavista For-
mation (918257 ka) and Tierras Blancas Formation (b57 ka).

The Altavista Formation, presented in this study for the first time,
consists of ryhodacitic pyroclastic deposits that are the product of six
explosive eruptions, including eruptive columns and dense and dilute
PDCs of magmatic and hydromagmatic type. The largest member of
the Altavista Formation is the Delgado Ignimbrite (Del), with a mini-
mum DRE volume N 30 km? if eroded deposits are considered. The re-
currence period of the Altavista Formation eruptions is ~100 ka,
except between the two last events (553 ka Corl and 257 ka Sol). This
is half the time of the Comalapa Formation explosive eruptions recur-
rence period (~220 ka).

A chronostratigraphic chart of all IC eruptions since the initial large
Olocuilta ignimbrite (1.78 Ma; N150 km3 DRE) to the latest TBJ
(~1.5 ka; 30 km?® DRE) shows large quiescence gaps of nearly 200 to
400 ka between major eruptive members. These long quiet gaps and in-
tense activity within each formation are apparently linked with the
transtensive tectonic activity of the ESFZ. IC is the result of several cal-
dera collapse episodes, each for a major ignimbrite eruption, which
were probably triggered by tectonic events, although this complex rela-
tion needs to be investigate further.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2019.02.011.
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article in fo abstract

TheIlopango caldera is the source of the Iarge Tierra Blanca Joven (TBJ) eruption that occurred about I.5 ka years
ago, between ca. AD270 and AD535. The eruption dispersed volcanic ash over much of the present territory of E1
Salvador, and pyroclastic density currents (PDCs) extended 40 km from the volcano. In this study, we document
the physical characteristics of the deposits from all over El Salvador to further constrain the eruption processes
and the intensity and magnitude of the different phases of the eruption. The succession of deposits generated
by the TBJ eruption is made of 8 units. The eruption started with PDCs of hydromagmatic origin (Unit Ao),
followed by fallout deposits (Units A and B) that are b15 cm thick and exposed in sections close to the Ilopango
caldera (within 10-15 km). The eruption, then, transitioned into a regime that generated further PDCs (Units C—
F), these range from dilute to dense and they filled the depressions near the Ilopango caldera with thicknesses up
to 70 m. Deposits from the co-ignimbrite plume (Unit G) are the most widespread, the deposits are found in
Guatemala, Honduras, Nicaragua, Costa Rica and the Pacific Ocean and cm-thick across El Salvador. Modelling
of the deposits suggests that column heights were 29 km and 7 km for the first two fallout phases, and that
the co-ignimbrite phoenix plume rose up to 49 km. Volumes estimated for the fallout units are 0.15, 0.8 and
16 km? dense rock equivalent (DRE) for Unit A, Band G respectively. The PDCs deposits volumes were estimated
tobe~0.5,~3.3,~0.3and ~9.1km3DREfor Units C,D, Eand F, respectively. The combined volume of TB] depositsis
~30km3 DRE (~58 km3 bulk rock), indicating that it was one of largest Holocene eruptions from Central America.
This eruption occurred while Mayan populations wereliving in the region and it would have had a significantim-
pact on the areas within tens of kilometres of the vent for many years to decades after the eruption.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Large caldera volcanoes pose a significant hazard to populations that
surround them. In order to understand the likelihood and type of fur-
ther activity it is key that the deposits of previous eruptions are well
studied. This study focuses on the thick deposits of the Tierra Blanca
Joven (TBJ) eruption from Ilopango Caldera, El Salvador.

Ilopango Caldera (IC; Fig. 1), is a 13 by 17 km volcano-tectonic struc-
ture filled by an intra-caldera lake (Mann et al., 2004), recently

[ Corresponding author.
E-mail address: dpedrazzi@ictja.csic.es (D. Pedrazzi).

https:/ /doi.org/10.1016/j.jvolgeores.2019.03.006
0377-0273/© 2019 Elsevier B.V. All rights reserved.

interpreted as a strike-slip caldera by Saxby etal. (2016). The IC belongs
to the San Salvador Extensional Step-over in the central part of the
country (SSES; Fig. 1b; Garibaldi et al., 2016), which is in turn part of
the El Salvador Fault Zone-ESFZ (Montero and Dewey, 1982; Siebert
and Simkin, 2002; LaFemina et al., 2009; Corti et al., 2005; Turner
Henry et al., 2007). The IC was formed and shaped by various erup-
tions, and older (pre-57 ka) pyroclastic deposits are related to previ-
ous caldera collapse episodes (Lexa et al., 2011; Aguirre-Diaz et al.,
2017; Sufie-Puchol et al., 2019a, 2019b). There are only a few publi-
cations that detail the eruptions in the last 57 ka, i.e. the TB4, TB3 and
TB2 eruptions (Rose et al., 1999; Kutterolf et al., 2008a, 2008b;
Hernéndez, 2004; Hernandez et al., 2012; Mann et al., 2004) and
some recent studies have been carried out on the pre-57 ka

79



82 D. Pedrazziet al. / Journal of Volcanology and Geothermal Research 377 (2019) 81-102

93°0°0"W 90°0°0"W 87°00"W
- ~ s —

=z
=)
o
§

o
0

12°0'0"N

¥® Focal Mechanism
’ GPS directions
(mm/ yr)
ZZ2ESFZand ND
| %¢ CAVAvolcanoes
Forearc sliver

400000 500000 Easting (m, UTM 16N-WGS_1984)
@ 0 Km 40
| ©
=]
o
Guatemala
Honduras
4 SS SSPA
SSES
)
[
| ©
S | LEGEND
[[] Flood deposits
[l Active Volcanoes Plio-Pleistocene
I Volcanic Rocks Mic-Piovss SSES-San Salvador Extensional Step Over
‘ Volca.mc R‘_)CKS C_)hgocene SSPA-San Salvador Pull Apart
[ Intrusive Oligo-Miocene ESFZ-El Salvador Fault Zone b)
[ Sedimentary Rocks Mesozoic VAES-Volcanic Arc of El Salvadora 7

SAN SALVADOR
VOLCANO

4 Vi
L Wason-
A B

SAN VICENTE * %
VOLCANO

c)

Fig.1.a)Geologicalsetting of northern Central America; ESFZ: ElSalvadorFault Zone; GF: Gulf of Fonseca; IG:IpalaGraben;JF:Jalpatagua Fault; ND: Nicaraguan Depression; PF: Polochic
fault; b) simplified geological mapshowingall the major geological formations of E1Salvador (Hernandez, 2004). CC: Coatepeque Caldera; CG: Cerron Grande dump; I: 1zalco Volcano; IC:
IlopangoCaldera; LO:LagunaOlomega;SA:Santa AnaVolcano;SM:SanMiguel Volcano;SS:SanSalvador Volcano;SV:San Vicente Volcano;c) Google Earthimageof llopangocaldera (IC)
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ignimbrites of Ilopango (Hernandez, 2004; Hernandez et al., 2010; of a dacitic dome that formed the Islas Quemadas in Ilopango Lake
Lexa et al., 2011; Aguirre-Diaz et al., 2017; Sufie-Puchol et al., 2019a, (IQ; Fig. 1c) in 1879 (Richer et al., 2004), and a subaquatic eruption
2019b). More studies focused respectively on the eruption in this lake (Mann et al., 2004).
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The last large explosive eruption of Ilopango volcano was the TBJ
(Tierra Blanca Joven — white young earth), which is estimated to have
erupted ~30 km3 DRE of magma about 1.5 ka years ago, between
AD270 and AD535 (Dull et al., 2001, 2010). The TBJ was a cataclysmic
eruption (Rolo etal., 2004) and is considered to be the largestin Central
America since the ca. 84 ka Los Chocoyos-Guatemala eruption (Dull
et al., 2010). Outside of the zone of devastation by the TBJ eruption,
there was a much larger area of prolonged depopulation (10-
150 years) following the TBJ eruption (Dull et al., 2001).

Presently, the area around IC is densely populated with about
3,000,000 people living within 30 km of the caldera. The population den-
sity during most of the late Holocene in El Salvador has been the greatest
of any mainland country in the Americas (Daugherty, 1969; Denevan,
1992; Lovell and Lutz, 1995; Wilkie and Guadalupe Ortega, 1997). Since
the last eruption was in AD1879, IC is still considered active and, it poses
a major risk for El Salvador and neighbouring countries. In order to con-
tribute to the hazard assessment at IC, we conducted a detailed field map-
ping to further investigate the TB] deposits with the aim of building on the
previous work and accurately reconstructing theeruption sequence.

There have been several publications about the TBJ eruption de-
posits. They were first documented by Williams and Meyer-Abich
(1955) and called “white earth” due to their peculiar white colour, al-
though they were thought to originate from San Salvador Volcano. Fur-
ther studies of IC deposits were carried out by the German Geological
Mission (MGA) whilst they completed the 1:500,000 scale El Salvador
Geological Map (Weber et al., 1974). They defined IC and divided the
proximal deposits into Units s4 (TBJ deposits) and s3'a (TB4, TB3 and
TB2 eruptions) as part of the San Salvador Formation. Later, Hart
(1981) worked on the detailed stratigraphy of the TB] deposits and
identified two important eruptive stages; T1 and T2, whose products
are subdivided into six units and associated with different eruptive
phases. Subsequently, Hart and Steen-McIntyre (1983) described the
stratigraphy and distribution of the TBJ tephra and Vallance and
Houghton (1998) revised the stratigraphy of Hart and Steen-McIntyre
(1983) and labelled the stratigraphic units, characterizing them litho-
logically and refining associated eruptive processes. Recent works on
TBJ by Hernandez (2004) identified new ignimbrites (Alpha, Beta, and
Grey) and detailed the characteristics of each unit in more detail.

Despite all this studies, a detailed stratigraphic survey including
mapping and reconstruction of eruptive dynamics was still lacking.
This study presents new field descriptions, petrographic observations,
major element glass geochemistry, granulometric data for the TB] de-
posits, and uses these data to further understand transport/ depositional
mechanisms and the corresponding eruption dynamics of the TBJ erup-
tion. Moreover, the physical parameters of the eruption were deter-
mined, including the total erupted mass, the height of the eruptive
columns, the emission rate and, above all, reconstruct the distribution
of the TBJ deposit using models and field observations. In particular,
the stratigraphic and granulometric data obtained in the field were
used to model the distribution of the TB]J tephra, including the disper-
sion of the finest ash that covered vast areas (thousands of km?).

2. Geological setting
2.1. Central America and El Salvador geodynamic and geology

ElSalvadoris located in North Central America, on the Pacific margin
of the Caribbean Plate (Fig. 1a). To the north, this plate interacts with
the North American plate with a relative velocity between plates of
19 mm/year (DeMets et al., 2000; Guzman-Speziale et al., 2005; Funk
and Mann, 2009). Towards the west of El Salvador, the relatively young
Cocos Plate (b25 Ma; Protti et al., 1995; Barckhausen et al., 2001) subducts
towards the NE under the Caribbean plate along the Middle America
Trench, at a speed of 73-85 mm/ year (Dixon, 1993; DeMets, 2001).

The highest rate of continental tectonic deformation in El Salvador oc-
curs in the El Salvador Fault Zone (ESFZ), a narrow E-W zone of right

lateral faulting connected by pull-aparts, that extends for N150 km
(Martinez-Diaz et al., 2004; Fig. 1a) from Guatemala, where it is known
astheJalpataguaFault (JF), to the Nicaragua Depression (ND) (Canora
et al., 2012). These faults are sub-parallel and affect volcanic products of
Pleistocene-Holocene age (Corti et al., 2005). Geological and seismological
analyses suggest that ESFZ is not laterally continuous and it has been
subdivided into different sections (Martinez-Diaz et al., 2004; Corti
et al.,, 2005).

The chain of volcanoes along the Central American Volcanic Arc
(CAVA;Fig. 1a) has been developing since the Tertiary (DeMets, 2001;
Mann, 2007; Carr et al., 2007) and is part of the Pacific Ring of Fire
(Simkin and Siebert, 1994; Carr et al., 2007; Saxby et al., 2016). The
CAVA extends for N1000 km from the southeast of Mexico to the central
valley of Costa Rica and defines an abrupt continental volcanic frontlo-
cated between 165 and 190 km from the Middle America Trench
(Fig. 1a). Volcanoes of Panama are excluded from the CAVA as they
are associated with the subduction of the Nazca Plate below the Carib-
bean, which makes them distinct in composition and activity relative
to those in the CAVA (Carr et al., 2007).

Volcanism of the Volcanic Arc of El Salvador (VAES) constitutes one
of the most active segments of the CAVA. VAES includes 21 active volca-
noes, three of which have erupted in the last century: Santa Ana-SA,
Izalco-l, San Salvador-SS and San Miguel-SM (Fig. 1b; Siebert and
Simkin, 2002). Deposits from these volcanoes, together with volcanic
rocks of ages ranging from the Cenozoic to the present, constitute most
of the geology of El Salvador (Fig. 1b)

2.2. llopango caldera

ThelC (Fig.1c)islocated b10 km fromSanSalvador City and itforms
partof the same eruptive lineamentas the San Salvador and San Vicente
volcanoes (Fig. 1b).ICislocated directly above faults in the San Salvador
and San Vicente ESFZ segments within the San Salvador Pull-Apart
(SSPA; Garibaldi et al., 2016), which is a tectonic structure-oriented
NW-SE, withright trans-tensive dynamics, parallel to the Mesoameri-
can trench. The transforming faults of the graben/pull-apart seem to
control the morphology of IC, its formation and its volcanic eruptions
(Sofield, 2004; Sunie-Puchol et al., 2019a), as described for other Graben
Calderas (Aguirre-Diaz, 2008). Several authors, in their study of volca-
nism in southern El Salvador, noticed that the IC was a volcanic-
tectonic depression controlled by the faults of an ancient graben
(Williams and Meyer-Abich, 1955; Golombek and Carr, 1978; Hutton
and Reavy, 1992; Sofield, 2004; Aguirre-Diaz and Marti, 2015;
Aguirre-Diaz et al, 2016, 2017). Recently, Saxby et al. (2016)
interpreted IC as a strike-slip caldera. IC was the result of several col-
lapses associated to large explosive ignimbrite-forming eruptions
(Sufie-Puchol et al., 2019a, 2019b) as previously suggested by
Williams and Meyer-Abich (1955). The topographic edge of IC has sev-
eral semicircularbays (Fig. 1c), which are evidence for multiple collapse
events (Lexa et al., 2011).

3. Methods

Field mapping was carried out over an area of about 20,000 km?
across El Salvador to reconstruct the stratigraphy of the TB] deposits
and the stratigraphic relationships with other eruptive deposits. The
characteristics of the deposits were recorded including grading, colour,
sorting, apparent component content (juvenile and lithic fragments),
and primary sedimentary structures. The nomenclature used in this
study for the bed thickness, grain size and sorting of the pyroclastic de-
posits follows that proposed by Sohn and Chough (1989). The classifica-
tion of the primary volcaniclastic deposits follows White and Houghton
(2006) and the nomenclature for volcanic stratigraphy is based on Marti
et al. (2018), adopting the same criteria as Sufie-Puchol et al. (2019a,
2019b) for the previous Ilopango eruptions. A total of 82 stratigraphic
sections were measured, but we focus here on 21 outcrops that we
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consider representative of the whole succession, and its spatial varia-
tions and preservation of deposits.

The geographical coordinates of the locations, stratigraphic sections
and sampling points were recorded using a portable Garmin Dakota-20
GPS (precision of ~3 m) and quoted on the UTM projection Datum:
D_WGS_1984, zone 16 N. All this local information is reported in Sup-
plementary Material 1. All the georeferenced data were managed and
processed using the open source software Quantum GIS (Las Palmas;
https:/ /www.qgis.org/en/site/).

Thicknesses of the deposits and specific units were measured to cre-
ate a database (see Supplementary Material 1) for tephra dispersal sim-
ulations (Macedonio et al., 2005). Tephra dispersal from virtual sources
in an eruption column was simulated using the HAZMAP model, which
solves equations for advection, diffusion and sedimentation of tephra
particles in two dimensions (Macedonio et al., 2005). We followed an
approach similar to Matthews et al. (2012) but used the Total Grain
Size Distributions (TGSDs) (Bonadonna and Houghton, 2005) phases
determined through the Voronoi Tessellation method, that we esti-
mated for the different phases using data collected in this study. The
granulometry data used to generate the TGSDs are available in Supple-
mentary Material 2. Isopach maps were generated by modelling the
ash deposition in terms of mass loading (kg/m?) and these were con-
verted into thicknesses using a bulk density of 1000 kg/m3. In addition
to the volumes, the solution of the inverse problem (Costa et al., 2009;
Matthews et al., 2012) allowed us to estimate column heights, from
which, by using the results of Mastin et al. (2009) and Bonadonna and
Costa (2013), we assessed the corresponding Mass Eruption Rates
(MER) for each unit. The volume estimations of the PDCs units were de-
termined using the Delaunay triangulation method (Macedonio and
Pareschi, 1991) that is particularly suitable for the reconstruction of vol-
ume between geological horizons and the interpolation of bivariate
data, when function values are available at irregularly-spaced data
points, as in the case of geological outcrops.

A binocular microscope was used to determine the main petro-
graphicand textural characteristics of thejuvenilecomponents. Inaddi-
tion, petrographic analyses were carried out in order to identify the
mineralogy and general composition of the studied deposits. Thin sec-
tionswere produced at Wagner Petrographic LLC, a professional com-
pany of Lindon, Utah (USA).

Granulometric analyses were performed at the MARN (Ministerio de
Medio Ambiente y Recursos Naturales) facilities of El Salvador Govern-
mentand the Physical Volcanology Laboratory of Centro de Geociencias,
Universidad Nacional Autonoma de Mexico (UNAM) in Juriquilla-
Querétaro (Mexico). Representative levels of each stratigraphic unit
were sampled and analysed (141 samples in total; Fig. 2 and Supplemen-
tary material 2) for grain-size distribution and componentry. Grain-size
analysis were performed by dry sieving at 1 phi (®) intervals through
sieves with aperture sizes ranging from 64 to 0.25 mm (-6 ® to 3 @,
where ® = — log.d with d is the diameter in mm) and by wet sieving
through a MicroTec Analisette22 Fritsch from 0.125 mm to b0.01 mm
(4 ®© to N10 @). The weight percentages of the sieved fractions were cal-
culated and then plotted as cumulative curves to give grain-size distribu-
tion. All data from grain-size analysis are reported in Supplementary
Materials 2, 3 and 4. The proportion of juveniles from —5 ® to 0 ® was
defined by hand picking and from 0 @ to 2 ® using a binocular micro-
scope and image analysis techniques (e.g. Image] software; https://
imagej.nih.gov/ij/). This point-counting method allows identifying the
different components of each particle-size class using binocular micro-
scope pictures. Modal proportions of juvenile pumice and accidental lithic
fragments are reported in Supplementary Material 5.

Whole rock pumice geochemical analyses for major elements, trace
and rare earth-elements (REE) (Table 2) were measured at the CGEO LEI
laboratory (trace and REE, with an ICP-MS) and at Instituto de Geologia
of UNAM (major and trace elements, X RIGAKU ZSX Primus Il spectrom-
eter), following standard sample preparation and analytical techniques
(Bernal and Lozano-Santacruz, 2005).

Electron probe X-ray microanalysis for mineralogy was performed
usingaJEOLJXA-8230electronmicroprobeattheScientificand Techno-
logical Centers (Universitat de Barcelona). Wavelength-dispersive anal-
yses of silicates were conducted using a 20 kV accelerating voltage and
15nA currentand with a focused beam. Glasses were analysed usinga
6 nA current with a defocused 5-10 um spot. Counting times were
10 s peak and 10 s background. A range of natural and synthetic stan-
dards was used for calibration. The correction model XPP was used to
convert X-ray intensity ratios into concentrations. Data are included in
Supplementary Material 6.

The major element compositions of the matrix glass of the TBJ] were
determined using wavelength-dispersive electron probe microanalysis
(EPMA)intheResearch Laboratory for Archaeology and the History of
Art(RLAHA)atthe University of Oxford. Analyseswerecarried outon
samples from all units, A to G, and distal deposits located up to
130 km from the caldera. The EPMA of the TBJ glasses were acquired
using an accelerating voltage of 15 kV, beam current of 6 nA, and 10-
um-diameter beam. The count times on peak were: 30 s for Si, Al, Fe,
Ca, K and Ti; 50 s for Cl and Mn; 60 s for P; and 12 s for Na, and back-
ground counts were collected for the same amount of time but split to
positionseithersideof the peak. ThePAPabsorptioncorrectionmethod
was used for quantification and the oxide compositions quoted assume
stoichiometry. The electron probe was calibrated for each element using
well-characterized mineral standards, which was verified by analysing
MPI-DING reference glasses (Jochum Klaus et al., 2006). These MPI-
DING glasses were used as secondary standards during each analytical
run, and this data is included in the Supplementary Material 7 as they
demonstrate the accuracy and precision of the TBJ datasets. All the
glass analyses presented have been normalized to 100% to account for
variable hydration and allow different samples to be compared, and
all the raw compositional data can be accessed in Table 3.

4. Characteristics of the pyroclastic succession

Proximal TB] member products (0-10 km from the caldera) are ex-
posed inside and close to the caldera with a maximum observed thick-
ness of ~60 m (Supplementary Material 1). The TB] member can be
divided in 8 units that were labelled alphabetically from base to top
(Ao-G; Fig. 2). Due to differences in dispersal patterns, lateral facies var-
iations and surface erosion, the complete stratigraphy was recon-
structed from a large number of individual outcrops. Simplified
stratigraphic logs of 21 localities are shown in Fig. 2. The TB] member
consists of initial pumice lapilli-supported grain deposits and later of
several units made of a coarse and fine ash, matrix-supported massive
deposits with pumice lapilli and lithics interbedded with laminated
levelsoflapilli (i.e. ILO18 and ILO22; Fig. 2). All these deposits were
mapped across several dozens of km from the caldera rim. The medial
succession can be observed up to 30-40 km from the caldera rim,
where the bestexposures are found on the southernslopes of IC (i.e.
ILO8and ILO130; Fig. 2). Thelast unit, which comprises massive fine-
grained deposits, is observed in medial exposures and distal ones that
are N100 km from the caldera (i.e. ILO289 and ILO302; Fig. 2). Deposits
from the TBJ eruption are characterized as being white soft and easily
erodible, generating “badlands” type scarps (Sebesta, 2007). Most of
the San Salvador Metropolitan Area (Fig. 1c) has been built on the TB]
tephra deposits.

4.1. Unit Ao

Ay is the first unit in the TB]J succession of deposits (stratigraphic log
22inFig.2),whichisobservedinmedial (10-40kmfromthevent)out-
crops mainly to the south of the caldera. Thickness ranges from 2 to
4cm (Supplementary Material 1) and the deposits are characterized
by poorly-sorted, thinly bedded or laminated, moist beds of rounded
dense, glassy coarse and fine pumice ash with accidental lithic frag-
ments. The deposit usually rests directly upon a paleosol or older,
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weathered pre-calderalavas. At the outcrop scale, there are lateral var-
iationsin the thickness and number of beds, with pinchand swell struc-
tures and locally erosive basal contacts (Fig.3a,b).

4.2. Unit A

Unit A (stratigraphic logs 22, 172, 247, 291 in Fig. 2) outcrops in dif-
ferent points around IC, but mainly in the eastern and southern sectors
at medial locations. It shows thicknesses from 3 to 14 cm (Supplemen-
tary Material 1) and is characterized by massive well-sorted thin to me-
dium coarse angular pumice ash beds (Fig. 3a,b) with ash-sized lithic
fragments. A planar contact separates it from the underlying Unit Ao.

4.3. Unit B

Unit B (stratigraphic logs 18, 22, 38, 49, 172, 247, 291 in Fig. 2) is
characterized by moderately sorted, massive thin beds of angular pum-
ice lapilli and lithics with no ash (Fig. 3c). Thicknesses vary from 1 to
~5 cm (Supplementary Material 1). This deposit shows sometimes yel-
lowish colour due to the pigmentation and cementing of iron oxides
by contact with the underlying paleosol. It appears in several outcrops
at proximal and medjial locations.

4.4. Unit C

Unit C (stratigraphiclogs 8, 18,22, 49, 247 in Fig. 2) is only preserved
at a few outcrops in proximal and medial locations. It has a peculiar
grey-yellowish colour (Fig. 3a) and is a well-sorted, matrix-supported
deposit with light stratification of pumice fragments with scattered ac-
cretionary lapilli and hydrothermally altered lithics. Observed thick-
nesses range from a few cm up to 10 m in some depressions
(Supplementary Material 1).

4.5. Unit D

Well-sorted, massive, lithic-poor ash rich deposit (Fig. 3d). Unit D
outcrops at proximal and medial locations (stratigraphiclog 8, 18, 22,
28, 38, 49, 172, 247, 291, 293 in Fig. 2). The intermediate and distal
(N40 km from the caldera) facies of this unit are quite unconsolidated
with a fine ash matrix and dispersed pumice juvenile fragments
(Fig. 3ei) and with slight variations between one horizon and another.
At proximal locations the deposits are more cemented with a coarse
ash matrix and containing beds that show a strong enrichment of
millimetric accretionary lapilli (Fig. 3eii). At some outcrops, the deposit
shows planar stratification. The maximum measured thickness of the
Unit D is about 8 m (Supplementary Materiall).

4.6. Unit E

Unit E consists of doublets of thin to medium thick massive and lam-
inated beds of rounded lapilli and coarse ash pumice (Fig. 3d,f). The unit
outcrops at proximal and medial locations from the caldera (strati-
graphic logs 8, 18, 22, 28, 49, 172, 247, 293 in Fig. 2). It represents a
good stratigraphic marker of the TBJ eruption and to differentiate be-
tween Units D and F (Fig. 3d). The massive deposits are light coloured
and composed of unconsolidated thick ash with pumice thin lapilli
and lithics. The laminated deposits constitute very fine, well-sorted
ash, that is light brown and dark brown when wet. It is commonly
quite consolidated and rich in glass fragments and crystals. Locally,
these deposits show folding that is characteristic of soft sediments

(Fig. 3g). The maximum measured thickness is 1 m (Supplementary
Material 1).

4.7. Unit F

UnitFiscomposed of chaotic, massive, poorly-sorted, non-welded,
light-coloured to light beige (Fig. 3d) with thickness up to about
60-70 m thick (Supplementary Material 1). Unit F outcrops at both
proximaland mediallocations (stratigraphiclogs8,18,22,28,32,33,
46, 49, 51, 130, 165, 169, 172, 247, 286, 293 in Fig. 2) and found up to
40km fromthecaldera. To thenorth, the deposits extend away from
the caldera for at least ~35 km and outcrop close to Cerrén Grande
(Fig. 2). To the west, deposits cover part of San Salvador Volcano
(Fig.2),reachingamaximumheightof930m (1,740ma.s.1.). Deposits
were also found close to the Municipality of Colén (Fig. 2), where they
achievea distance of ~40km. Towards the southern part (Balsamo Cor-
dillera; Fig.2), deposits outcrop along the old channels of riversand
streams reaching distances of N30 km. East of IC, Unit F was recognized
upto30-35kmaway, close totheSan Vicente Volcano (Fig.2). Thede-
posits in the proximal outcrops show a coarse ash matrix with abundant
centimeter-and decimeter-sized pumice and lithic fragments (Fig. 3h,i).
Visibly mingled pumice with dark to light grey bands within the white
pumicearefound inunitF atvery proximalsites within the caldera,
e.g. ILO-32 (Fig. 3h). The abundance of mingled clasts at this site is
~5-10% and the clasts range from around 5 to 20 cm in length.

Some decimeter-sized lithic-rich beds are observed close to the cal-
deraedge (Fig. 3j). Medial outcrops show the same massive, lithic-rich
deposits with a fine ash matrix, and lithic and juvenile pumice up to
few centimetres in size (Fig. 3k). Most of the outcrops show a lower
layer with higher particle concentrations. Degassing pipes are seen in
thisunitatsomeoutcrops (Fig.31). Insomecases, UnitFisfound directly
above Unit D or with a reworked lower part (Fig. 3m).

4.8. Unit G

Itis an unconsolidated, massive, well-sorted, coarse to fine ash de-
posit with millimeter-sized accretionary lapilli (Fig. 3n). In some out-
crops, a slight stratification is observed, with a transitional contact
with Unit F below. Deposits were described mainly at medial and distal
outcrops (stratigraphic logs 22, 46, 49, 113, 130, 165, 169, 172, 289, 302
in Fig. 2) and found up to 100 km from the vent (Fig. 30). Maximum
measured thicknesses are ~6 m (Supplementary Material 1).

5. Physical paraTheters
5.1. Grain-size distribution

Data from Supplementary Material 3 was plotted in Supplementary
Material 4 in order to show variation of TBJ grain-size at proximal
(0-10 km), medial (10-40 km) and distal locations (N40 km) from IC.
Datainclude Medium Diameter (Md®), Sorting (c®) and Skewness
(a®) parameters (Supplementary Material 4a-f) as well as F1 [wt%
b1 mm diameter (0®)] and F2 [wt% b1l/16 mm diameter (4®)] (Supple-
mentary Material 4 g-i). Granulometric data of the local distributions
characterized up to phi 10 were used to reconstruct the Total Grain
Size Distributions (Fig. 4).

Figures j-ac of Supplementary Material 4 illustrate the grain-size dis-
tribution of the TBJ samples depending on distance from the caldera.
Both Ap and A samples show a bimodal trend. Conversely, samples
from Unit A are characterized by a unimodal trend. No proximal and dis-
tal samples were found for both Units Agand A. Only two samples from

Fig.2. Stratigraphiclogs of TB] succession of deposits and their locations. Granulometricanalysis and lithics content are shownas well. The TBJ eruption can be divided in 8 units from base
to top; Units Ao to G. Stratigraphic logs are arranged from west (left) to east (right) and from south to north, and cover most of the El Salvador. Inset figure show the locations respectively

of samples and outcrops of Figs. 2 and 3.
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Unit B were collected at proximal locations, and only one of the two similarly to the only sample from a distal outcrop that only shows a
samples shows a unimodal trend. Medial samples from Unit B seem slight shift to finer classes. Two samples from Unit C at proximal loca-
no show a clear relationship between distance and grain size trend tions show a polymodal trend, similarly to the ones at medial outcrops.

PALEOSOL

ILO155

Fig.3.Field photographs of the TBJ units with views of details.a) Units Ao-Dresting onapaleosol, see the scraper for scale; b) features of Units Apand A: the formeris characterized by
poorly-sorted thinly, laminated beds of rounded pumice lapilliand coarse ash, and thelatter by lithic-rich, massive, well-sorted thin to medium coarse angular pumice ash beds; c) Unit B,
itshowsmassive thinbedsofangular pumicelapilli withnoash;d) Units D, E, F. Unit Disanashrich deposit whilst Unit Fis characterized by a coarse ash matrix withabundantcentimeter-
and decimeter-size pumice and lithic fragments. Unit E has laminated beds; e) photographs of Unit D showing ei) ash matrix and dispersed pumicejuvenile fragments with slight
variations between one horizon and another and eii) strong enrichment of millimeter-size accretionary lapilli. Photographs of the characteristics feature of Unit E; f) doublets of thin to
medium thick massive and laminated beds lapilli and coarse ash pumice; g) soft-sediments deformation structures: folding; Unit F with h) coarse ash matrix with abundant
centimeter-size and decimeter-size pumice and lithic fragments at proximal outcrops, in the inset figure a mingled pumice is shown as well i) chaotic massive poorly-sorted, non-
welded, light-coloured deposits; j) some decimeter-size lithic-rich levels; k) at distal outcrop; 1) degassing pipes; m) reworked (RW) lower part of Unit F;n) Unit G, unconsolidated
massive ash deposits with dispersed accretionary lapilli (AL); o) distal outcrops of Unit G reach thicknesses of 40-50 cm at Tazumal Archaeological Site (Chalchuapa). Outcrops
numbers are shown in yellow in the inset in Fig. 2. Yellow dotted lines divide different units of the TB] Member. White dotted lines outline details of the field picture. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3 (continued).

Only one sample was collected from distal outcrops showing a shift to-
wards finer classes. However, unlike Unit C, samples from Unit D at
proximaland medial outcropshaveaclear polymodaltrend. Therefore
nota clear relationship between distance and grain size trend was ob-
served for samplefrom this unit. Only one distal sample from Unit Din-
dicates a shift towards finer classes similar to the samples from Unit C.
Two proximal samples from Unit E show different tendencies with a
unimodal trend but towards coarser and finer classes. The same is ob-
served at medial distance. Only one distal outcrop from Unit E was
found in the field. It shows a clear shift towards finer classes. Proximal
and medial samples from Unit F show a polymodal trend with coarser

classes being more representative. Distal samples from Unit F seem to
show a slight bimodal trend without any substantial change in the
granulometrical distribution. Only one sample from Unit G was col-
lected at one proximal outcrop. Medial and distal samples from Unit G
are characterized by a bimodal trend.

5.2. Componentry analysis

Componentry of individual beds is presented in Fig. 2 and Supple-
mentary Material 5. The modal proportions of juvenile pumice and acci-
dental lithic fragments (mafic clasts and pre-TB] eruption ignimbrites)
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Fig. 4. Total Grain Size Distributions of fallout units (A, B and G). For the sake of
comparison TGSDs associated to the co-ignimbrite phase of the Campanian Ignimbrite
are also reported (Marti et al., 2016).

are given for each grain-size fraction (or class) until 2@ and their distri-
bution among grain-size fractions, as well as units is not constant. Unit
Ao, which is only present at few scattered medial outcrops, has a lithic
content of ~8—8.5%. The following Unit A shows variable values from
~10-11% up to ~22—23% at medial locations. Unit B, at medial locations,
shows values between ~15 and ~19% up to 28%. At distal outcrops, lithics
are ~12%. Unit C at proximal outcrops contains total lithic values of ~9%.
Medial outcrops are characterized by lithic values of ~5-8.5%. Unit D
shows a constant lithic content from proximal to distal outcrops with
values ~1—4%. Unit E shows values comprised between ~8% and ~16% al-
thoughseveral samples show aconsiderable decrease with only lithics
of ~3%. UnitFatproximal outcropsshows values ~15% oflithics whilst
at medial outcrops values are generally around 5-15%. Unit G is charac-
terized by lithics values at medial and distal outcrops of ~1-3%.

5.3. Product distribution and volume of the different eruptive phases

The distribution of outcrops and the thickness data (reported in the
Supplementary Material 1) from each unit is shown in Fig. 5. Combining
these field observations and dispersal models for each phase, we esti-
mate the corresponding mass of erupted material (in terms of DRE)
and intensity (in terms of discharge rate).

Concerning the fallout units, which includes Units A and B from
sustained eruption columns, and G from a co-ignimbrite plume, we
computed the tephra transportand sedimentation by solving aninverse
problem (Pfeiffer et al., 2005; Costa et al., 2009) using the tephra dis-
persal model Hazmap (Macedonio etal., 2005). The results are summa-
rized in Table 1, where the Total Erupted Mass (TEM), the column
height, maximum wind intensity, and other physical parameters are re-
ported for the different units. Furthermore, for Unit A we estimated a
TEM of ~3.5 x 10! kg (i.e. 0.15 km? DRE assuming a constant magma
density of 2300 kg/m?), and an eruptive column height of ~29 km, cor-
responding MER of b~108kg/s (Bonadonna and Costa, 2013). TEM for
Unit B is of ~2 x 1012 kg (i.e. 0.8 km?® DRE), with an eruptive column
height of ~7 km, corresponding MER of ~105-10¢ kg/s (Bonadonna
and Costa, 2013). For the fallout unit G from the co-ignimbrite column,
we adopted a first order approach similar to Matthews et al. (2012).

Results of the inverse problem for the co-ignimbrite phase suggest a
TEM of ~4 x 10% kg (i.e. 16 km3 DRE) with a co-ignimbrite plume
that reached a height of ~49 km (corresponding to a MER of

~1010 kg/s). For the co-ignimbrite plume the source of ash is not
“pointsource”butrise fromall the surface ofignimbrite sheet, which
can have aradius N30-50 km (Costa et al., 2018). For this reason, the va-
lidity of the tephra dispersal model, which assumes virtual sources
alonganeruptioncolumn,isnotfullyappropriatefor pointsatdistances
smaller than 30-50 km and simulation results should be considered
simply as model extrapolations. However, in our case most of the avail-
able outcrops were at larger distances (see Supplementary Material 1).
The individual grain-size distributions of the samples of each unit at
several locations (Fig. 2 and Supplementary Material 2) were used to
generate the TGSDs (Total Grain Size Distributions) reported in Fig. 4.
These TGSDs were estimated using the Voronoi tessellation method of
Bonadonna and Houghton (2005). For the sake of comparison, the vol-
umesof Units A, B,and G werealso assessed by adopting empiricalinte-
grations of the deposit thinning (Bonadonna and Costa, 2012).

The dispersal of the different units as isopachs is shown in Fig. 5.
From these maps, we can see that Units A (Fig. 5a) and B (Fig. 5b)
were mainly dispersed to the west and west-south-west areas, respec-
tively. In contrast, Unit G (Fig. 5g) was dispersed towards the south by
weak winds.

Taking into account that PDC of Unit F had a runout distance of
~50 km (Fig. 5f), from the results of Costa et al. (2018) we can estimate
a MER of order of 10 kg/s, which is consistent with the value estimated
for the co-ignimbrite phase (Unit G) on the basis of the height of the co-
ignimbrite plume (see Table 1). The volume of PDC Units C, D, and F
were calculated using the Delaunay triangulation method (Macedonio
and Pareschi, 1991), which is, as mentioned in the Methods Section,
suitable for assessing the volume between geological horizons from
irregularly-spaced data points. We obtained the following volume
estimations:

~0.7km?3 (i.e. ~0.5 km?DRE) for Unit C;
~5.0km?3 (i.e. ~3.3 km3 DRE) for Unit D;
~0.5km?3 (i.e. ~0.3 km3 DRE) for Unit E;
~14 km? (i.e. ~9.1 km?® DRE) for UnitF.

Ll e

DRE volumes were calculated using an assumed deposit density of
~1500 kg/m? (Quane and Russell, 2005) and a magma density of
2300 kg/m?3. These volumes indicate that 30 km3 of magma was ejected
during the TB]J eruption.

6. Petrography, geocheThistry and glass coThpositions of the TBJ
deposits

Pumice clasts from the TBJ units are moderately crystal-rich (up to
10-15%) and highly vesicular. Mineralogy assemblage consists of
70-75% euhedral to subhedral plagioclase (andesine and labradorite;
Figs. 6a—d and Fig. 7a), about 20% of magnesio-hornblende (Figs. 6a,b,
ef and 7b), and 10 vol% of crystal content is made of pyroxene
(Figs. 6g,h and 7c,d), Fe-Ti oxides and apatite. Plagioclase crystals
often have sieve-textured cores and contain apatite inclusions, Fe-Ti ox-
ides and clinopyroxene (Fig. 6a-d). The hornblende crystals (Fig. 6e,
f) have pristine rims with abundant inclusions of apatite (Fig. 6a) and
orthopyroxene.

Whole-rock compositions of the TB] pumices are dacitic to rhyolitic
(Fig. 8a and Table 2), and glass compositions are typically rhyolitic
with the exception of mingled pumices found in the upper sequence
(Unit F; see above) that extend to basalt (Fig. 8a). The glass composi-
tions were determined for individual shards using an electron

Fig.5. Distributionmaps (incm) of each unitof TBJ eruption: a) Unit A, b) Unit B, C) Unit C,d) UnitD, E) UnitE, F) UnitF, g) and gi) UnitG. Latitude and longitude areexpressed indegreees.

Thicknesses reported in Fig. ¢, d, e, f only refer to the main outcrops.
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Table 1
Summary of the physical parameters of the deposits from the TBJ eruption.

Physical parameters Unit A0 Unit A Unit B
Bulk Volume (km®) <0.1 0.35 1.84
Total Erupted Mass (kg) <0.1 3.5x10"  2x10"
DRE volume (kms) <0.1 0.15 0.8
Mass Eruption Rate (kg/s) ~10° ~10° ~10°-10°
Runout PDC (km) 20 - -
Column Height (km) - 29 7
Magnitude - - -

Unit C Unit D Unit E Unit F UnitG  Total TBJ
0.7 5 05 14 36.80 69.35 |"+ caldera filling"
1.2x10"?  82x10"”  0.7x10"”  2.3x10"  4x10" 7.5%x10" ["+ caldera filling"
0.5 33 0.3 9.1 16 30  |"+ caldera filling"
~10° ~10° ~10° ~10" ~10" -
25 25 20 50 - -
- - - - 49 -
. - - - - 6.8

microprobe from samples through the entire succession of deposits, and
fromboth proximaland distal sites. Excluding the rare mingled clastsin
Unit F, other deposits display homogenous, rhyolitic major element
compositions with Si0> = 75.3-78.1 wt%, Al.Os = 11.9-13.8 wtb,
Total FeO =0.99-1.53 wt%, MgO = 0.12-0.33 wt%, CaO = 0.9-1.6 wt
%, NaO> = 3.78-4.88 wt% and K-O = 2.38-3.37 wt% (n =239;
Table 3; Fig. 8a—d). The darkest material within the mingled pumice is
basaltic and ranges down to 48.63 wt% SiO», 7.91 wt% AlOs, 12.42 wit
% Total FeO, 12.03 wt% MgO, and 15.02 wt% CaO (Table 3; Fig. 8a-d).
These grey bands are heterogenous in composition and extend from
the least evolved composition to SiO» concentrations up to 68.5 wt%.
The whole-rock XRF data plot between this dacitic composition and
the dominant rhyolite (Fig. 8a—d).

7. Discussion

The volume of material erupted during the TBJ eruption was
~58 km?3 of bulk rock, equivalent to ~30 km? DRE of magma and corre-
sponding to a magnitude of 6.8 (Pyle, 2000) (Table 1). Eight units can
be identified in the deposits that provide evidence for distinct eruptive
styles. The sedimentological and lithological characteristics of these de-
posits suggest that the TB] eruption included phases associated with
pure magmatic activity and those characterized by magma—water inter-
action, which are also seen in older intra-caldera deposits (Mann et al.,
2004; Sufie-Puchol et al., 2019a, 2019b). Paleosols separate the TBJ from
previous eruption deposits at several outcrops (Fig. 2). The repose pe-
riod before the TBJ was of a sufficient length for this pedogenesis to
occur, and the caldera was probably quiescent for around 8 ka, i.e.
since TB2 (Kutterolf et al., 2008a, 2008b).

Unit Ao (b0.1 km? total DRE volume - Table 1) represents the onset
of the TBJ eruption. The field characteristics (Fig. 3a,b) and
granulometricanalysis (poorly sorted deposit, positive grain-size skew-
ness values and a bimodal trend; Supplementary material 4b, e,
j) suggest that this unitwas deposited by dilute PDCs (Branney and
Kokelaar, 2002; Dellino et al., 2004a, 2004b; Brand and White, 2007;
Brand and Clarke, 2009). The high proportion of mafic lithic fragments
is consistent with explosive excavation of the conduit and vent
(Fig. 9a), as described in other studies e.g. Vesuvius, Italy (Barberi
etal., 1989)and the AD1630eruptionof Furnasvolcano,San Miguel,
Azores (Coleetal., 1995). Thesesurgecloudshad ahighmomentum
as they travelled atleast up to 15-20 km from the vent. The deposits
show similar field characteristics to the ones of the Layer LM1 from
the Lower Member of the Neapolitan Yellow Tuff thatrepresented the
onsetof the eruption (Orsietal., 1992). Grain size and componentry
(fine-grained deposits; Supplementary Material 4h and high mafic lithic
content-Fig. 2), as well as ash deposits suggest that there was magma-
water interaction (Self and Sparks, 1978; Barberi et al., 1989; Houghton
and Schmincke, 1989; Houghton and Smith, 1993; Cole et al., 1995;

Dellino and La Volpe, 1995; De Rita et al., 2002). The opening phases
of volcanic eruptions present favourable conditions for magma-water
interaction, similar to other case studies such as the Minoan, Santorini
Island, Greece, AD79 Vesuvius, Italy (Cioni etal., 2000), Etna 122 BCE,
Italy (Coltelli et al., 1998), and Tarawera AD1886, New Zealand
(Houghton et al., 2004) eruptions.

The explosive eruptions that formed Unit A (Fig. 9b) produced an
eruptive column thatrose to 29 km (Table 1) and it spread mainly west-
wards in the proximal and medial area. Field evidence (Fig. 3a,b) and
granulometric data (well-sorted depositand a unimodal trend; Supple-
mentary material 4b, e and k) of samples are consistent with a tephra
fallout deposit (0.15 km? total DRE volume - Table 1). Unit A was
most likely hydromagmatic, due to the high lithic content (Fig. 2) and
fine grain size at medial locations (Supplementary Material 4h) and a
distributionmainly to the south of the caldera (Fig. 5a). Passing from di-
lute PDCs of Unit Ao to fallout deposits of Unit A is probably related to
changes in magma-water mass ratio, which has been observed at sev-
eral historical hydromagmatic eruptions, e.g. Kilauea volcano, Hawaii,
AD1790 (McPhie et al., 1990) or Capelinhos (1957-1958) in Faial,
Azores (Cole et al., 2001).

Concerning the first two phases (Ao and A), the magma-water mass
ratio promoted a more or less high explosive efficiency, from wet PDCs
and fallout deposits towards drier lapilli fall (Unit B), so the magmatic
fragmentation became progressively more dominant. Then, the erup-
tion entered a magmatic fall-dominated phase (Fig. 9¢) that formed
Unit B (Fig. 3c), which is characterized by highly vesiculated juvenile
products released through a ~7-km-high column (Table 1) with a
grain-supported deposit mainly oriented southwestwards from the
source (Fig. 5b). This eruption phase produced a coarse, generally me-
dium sorted (Supplementary Material 4a,b,d,e), pumice fall deposit
with a 0.22 km3 total DRE volume (Table 1). General drier conditions
can be related to any factors such as, for example, the variations in
magma flux or availability of water in the system, or in some cases,
some batches of magma can reach the surface without explosive inter-
action with water, similarly to maar-diatreme eruptions (Valentine
and White, 2012). Similar activity was observed for the C11 deposits
of Caldeira Volcano, Faial Island, Azores (Pimentel et al., 2015). The
eruption was characterized at the beginning by a series of
hydromagmatic eruptions with fallout and PDCs deposits and a subse-
quent more dominant magmatic fragmentation, due to the rapid
draining of magma from the conduit, with the establishment of a sub-
Pliniancolumn. Theincreaseinthedispersalareaand grainsizefeatures
in the deposits (Supplementary Material4g, h, i,1, m, n) indicates steady
growth of the eruption column. The column reached its climax without
major fluctuations, as there are internal bedding features and the de-
positslacknormal orinverse grading. This was probably facilitated by
the gradual stabilization of the conduit walls associated with increasing
vent diameter and magma discharge rate.
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Fig.6.Petrographicfeatures of the TBJ eruption products: paralleland crossed polarized nichols: a) and b) mineralogy assemblage with euhedral tosubhedral plagioclaseand hornblende
withapatite inclusions; c) and d) detailed picture of plagioclase with pyroxene and oxide inclusions; e) and f) euhedral hornblende; g) and h) subhedral pyroxene with apatite inclusions.

Unit C (0.5 km? total DRE volume - Table 1) represents an abrupt
change in the eruption dynamics (Fig. 9d). This well-sorted (Supple-
mentary Material 4a—c), massive, lithic-poor and ash-rich deposit (Sup-
plementary Material 4d—f and g—i), with few dispersed pumice
fragments and accretionary lapilli indicate deposition from PDCs
(Fig. 3a) that flowed mainly to the south-east part of the IC
(Fig. 5¢). These dynamics were probably due to the shift of the vent
location and a subsequent interaction of magma with external

water that led to an enhanced magma fragmentation, as well as a
greater explosivity of the eruption that contributed to the generation
of fine ash (Supplementary Material 40—q). The stratigraphic posi-
tion of these hydromagmatic deposits immediately above the mag-
matic deposits suggests a subsequent access of the lake water to
the column of rising magma. However, we cannot discount the role
of hydrothermal and groundwater in the hydromagmatic episode
that lead to the emplacement of Unit C. The presence of
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Fig. 7. Microprobe data of a) feldspars (classification of Smith and Brown, 1988); b) amphiboles (classification of Leake et al., 1997); and c) sodium and d) calcium, magnesium, iron

pyroxenes (classification of Morimoto, 1989) diagrams.

hydrothermally altered lithic fragments suggests the occurrence of
an extensive hydrothermal system within the caldera at the time of
the eruption (Saxby et al., 2016).

UnitD (3.3 km? total DRE volume- Table 1) shows similar field char-
acteristics (Fig.3d,e) and granulometric data (Supplementary Material
4a-c and r-t) to the previous unit C (Fig. 3d), and suggest it was
emplaced from PDCs of hydromagmaticorigin (Fig. 9d). The hydrother-
mally altered lithic fragments observed in Unit C are notrecognized in
the Unit D, so the ongoing magma-water interaction was most likely
fuelled by surface water. A shallow lake seems to have been presentin
theIC at =43.670 ka years ago as proposed by Mann et al. (2004) al-
thoughthelaststudy of Sune-Pucholetal. (2009a) suggests the pres-
ence of a paleolakealready at1.5Ma. As proposed by Aravenaetal.
(2018), natural aquifers appear unlikely to be sources of enough water
to significantly affect the eruptive dynamics of an event with high
mass discharge rate; conversely, evidence for magma-water interaction
are probably related to the involvement of surface water or the injection
of groundwater by high-magnitude collapse mechanisms. The same
type of activity was also reported for Taal caldera lake, Philippines in
1991 (Delmelle and Bernard, 2000), the hydromagmatic eruption of Ki-
lauea Volcano, Hawaii, in1970 (Mastin, 1997), or the Nari Calderaat
Ulleung Island, Korea (Kim et al., 2014). Changes from dry to wet condi-
tions in such eruptions were also observed for the Askja 1875 eruption,
Iceland (Sparks et al., 1981; Carey et al., 2010) and the AD232 Taupo
eruption, New Zealand (Houghton et al., 2000). The absence of any fall
deposits at the base of Units C and D rules out the possibility of a
sustained eruptive column phase (Fig. 5d).

During the course of the eruption, there was another change in the
eruptive dynamics, with a switch to drier conditions (Fig. 9e). Unit E

(0.3 km? total DRE volume - Table 1) was deposited by alternation of di-
lute PDCs and fallout, which is based on plane-parallel and low-angle
cross laminations and grain-supported layers without traction struc-
tures (Fig. 3f; Chough and Sohn, 1990; De Rosa et al., 1992; Dellino
etal., 2004b; Solgevik et al., 2007), alternation of well and poorly sorted
deposits (Supplementary Material 4 a-c) of ash and lapilli (Supplemen-
tary Material 4 g—i), and a clear polymodal trend of the grain size distri-
bution (Supplementary Material 4u—w). Soft sediment folding
(Fig. 3g) might indicate that some of the layers were deposited wet
as consequence of magma-water interaction, thus characterizing
the whole unit as alternation of dry and wet deposits that were de-
posited around the IC (Fig. 5e). At this time, due to structural faults
that characterize IC, the magma might have had interaction with
the almost empty Ilopango Lake after Unit D phase, thus allowing
an intermittent magma-water interaction with the formation of
short-lived columns and lateral blast.

It is important to consider how, not only a change in the water-
magmaratiomighthaveled to theemplacementof falloutand PDCs de-
posits, but also the scaled depth (ratio between depth of explosion and
energy) can have huge effects on deposit characteristics, grain size and
deposit morphology (see Taddeuccietal., 2013; Graettinger et al., 2014,
2015; Valentine et al., 2014, 2015; Sonder et al., 2015). As suggested in
Graettinger et al. (2015), when scaled depth is constant, the crater fo-
cuses the jet and results in decreasing overall volumes of coarse ejecta
and the potential occurrence of fine-grained dilute density current de-
posits. Progressively increasing scaled depth results in an overall de-
crease in ejecta volume to the point where the explosion is confined
and no ejecta are produced. A progressive decrease in scaled depth
will result in an increase in ejecta volume and in the grain size of ejecta
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Fig.8.a) Plotof TBJjuvenile samples (i.e. pumice clasts) and mingled pumices of Unit Fin the TAS (SiO>-Na>O+ K>O) classification diagram of Le Bas et al. (1986). Glass compositions from
the entire composition succession of deposits, and from both proximal and distal sites: b) CaO vs FeO; c) and d) SiO> vs ALOs.

deposits and low occurrence of fine-grained dilute density currents as
the jet is larger than the previous crater and therefore does not exhibit
significant focusing.

The final phase (Fig. 9f) of the eruption was marked by a dramatic
change in eruptive style with deposition of chaotic, massive, poorly-
sorted (Supplementary Material 4a—c), non-welded dry thick PDC de-
posits (Fig. 3h, i). The lag-breccia deposits of Unit F are observed only
close to the caldera topographic edge (Fig. 3j). This might be related to
the strong control exerted by the paleotopography on facies architec-
tureasobserved, forexample, for the Abrigo Ignimbrite in Tenerife, Ca-
nary Islands (Pittari et al., 2006) or the Acatlan ignimbrite, Mexico
(Branney and Kokelaar, 1997). This is a lithic-rich ignimbrite that repre-
sents continued clearing from fissure vents along the main bounding
calderafaults (Fig. 9f). Thesharp, erosivelower contact withunderlying
units, coarse, up to meter-sized lithic clasts and juveniles in a poorly
sorted matrix (Fig. 3h—k), together with granulometric analyses (Sup-
plementary Material 4g-i and x-z), suggest eruptive dynamics that
were dominated by vigorous and prolonged pyroclastic fountaining
that produced sustained quasi-steady PDCs, as the eruption waxed
and stabilized. Both basal 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). These deposits
formed an ignimbrite sheet, Unit F (9.3 km? total DRE volume-Table 1)
that reached the sea on southern sectors of the caldera and was wide-
spread around IC (Fig. 5f). Atthis point, theincreasein the magmaerup-
tion rate could have been produced by the start of the caldera collapse,
whichwouldhave commenced therapid evacuationof magmafromthe
sub-caldera magma chamber, leading to a subsequent inefficient
magma-water interaction during F eruptive phase. Similar mechanisms
from wet to drier conditions were also observed during the Neapolitan

Yellow Tuff eruption (Orsi et al., 1992). The mingled pumice clasts that
extend to basaltic compositions are also found in deposits from this
phase of the eruption suggesting that additional melts were erupted.
Since these distinctive less evolved compositions are restricted to the
clasts in the very proximal outcrops it implies that the erupted volume
of this melt wasincredibly small. Itis quite common for additional melts
to be erupted during caldera formation (cf. Smith et al., 2016).

Asfor Units Cand D, no falloutlayers were recognized at the base of
UnitF, thus, suggesting thataninitial buoyant Plinian eruption column-
building phasewasnotproduced. Thisfeatureissimilarto otherignim-
brites such as Campanian (Marti et al., 2016) and Ora in Italy (Willcock
etal., 2013), or Huichapan in Mexico (Pacheco-Hoyos et al., 2018). The
occurrence of fines-poor elutriation pipes (Fig. 31) indicates that follow-
ing deposition, vigorous gas escape occurred elutriating fines. These
pipesareinterpreted asevidenceofrapid emplacementinvolving parti-
cle segregation and vigorous, post emplacement fluid (dusty gas) es-
cape (Branney and Kokelaar, 2002), thus suggesting that at the time of
deposition Unit F deposits were hot.

UnitG (Fig. 3n) represents the final co-ignimbritic deposit of the TBJ
eruption (Fig. 9g). Deposits were found at medial and distal locations
thatare N100 km from the caldera (Fig. 30). This unitis made of moder-
ately to poorly sorted (Supplementary Material 4a-c) ash (Supplemen-
tary Material 4g-i) with a clear bimodality grain-size distribution trend
(Supplementary Material 4aa-ac) that highlights the significance of ash
aggregation processes in the transport and deposition.

Theabsenceof Plinian pumicefalldeposits preceding thedense PDC
deposits of TBJ is a typical characteristic of graben-type calderas as
Ilopango (Aguirre-Diaz and Marti, 2015; Aguirre-Diaz et al., 2016,
2017; Saxby et al., 2016; Sufie-Puchol et al., 2019a) or fissure ignimbrite
eruptionsrelated tolocal/regionalfaults (Aguirre-Diazand Labarthe-
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Table 2

Whole rock analyses of representative TB] samples,
Sample ILo-32-2 ILO-160-A ILC-302-1 ILC-303-1
TBJ Unit F (base) F (base) G G
Site 5. Anton. Masahwat Oratorio La Union ‘Santa Elena
Dhistance Prowimal Medial Distal Distal
Latitude N13°42 504" N137"32.8268" MN13°48.382" MN13"16.263" N13°24.965
Longitude WE0"05.365" WBO02.510" WE0°D2.301" WBT 54 421" WBB 24 560"
Major and minor elements {oxides, wi %)
S50y 67.24 70.325 88.631 7045 70.081
Tio, 0.408 0.201 024 0.247 0.25
AlzO5 14.833 13.828 14.848 147 14835
Fe,0, 3475 20813 3142 243 2.495
MnO 0122 o_108 0113 0.0eg oo
MgO 1.218 0.273 0.985 0.557 0.597
Cal 3453 2.528 3 14 am
May0 4317 4283 4205 3823 364
K0 2.188 2433 2122 2821 2595
PO 0.133 0.097 0.105 0.08 0.087
Total 00.075 op.288 oo.eg 90,832 oo.eai
LOI 248 2.22 2.08 A2 322
Trace elements (ppm)
Li 14 15 a 20 20
Be i 1 1 1 1
B 43 73 41 g 3
P o o o o 1]
Sc 5 3 T 2 3
i o o o o [}
v 40 27 34 20 22
Cr 3 3 3 3 3
Ca 5 4 4 3 4
Hi 2 2 3 2 2
Cu a a B 14 18
Zn 47 44 44 40 41
Ga 14 i3 i3 14 14
Rb ar 48 - 58 85
Sr 308 242 284 181 213
¥ 17 17 15 17 17
| Zr. 144 140 148 138 143
HNb 3 4 2 4 4
Mo 2 2 2 2 2
3n 1 i 1 3 3
Sh 1 1 1 1 1
Cs 2 2 z 3 3
Ba aa7 1 a74 1271 11688
La 12 13 10 14 13
Ce 24 28 i@ 28 28
Pr 3 a 3 3 a
Nd 13 13 1 13 13
Sm 3 3 2 3 3
Eu 1 1 1 1 1
Th ] (1] o 4] 4]
Gd 3 a 2 a a
Dy 3 g 2z 3 3
Ho 1 1 1 1 1
Er 2 2 2 2 2
hi:] 2 2 2 2 2
Lu o i} o a o
Hf 4 4 4 4 4
(Ta 1] o [i] o o
w o 1 o 1 1
m o (] o [#] +]
Pb ] T a a a8
Th 3 g 2 4 4
Y] 1 2 1 2 2

Samples anafysed by X-Ray Fluorescence in the Insitutn de Geplogia (UNAM) by Patricia
Gindn.

Coordinates in WGS84 system ( zone 16P).

LOT: Lost of ignition.

Hemdndez, 2003; Aguirre-Diaz et al, 2008 ). This is due to the significant
control of tectonic stress on mass discharge rate (Costa et al., 2011;
Costa and Marti, 2016), with graben-type calderas tending to generate
large MER larger that are too high to sustain a Plinian column (see
Costa et al, 2018),

The TB] deposits highlight that a single eruption can produce a com-
plex sequence of eruption styles and depositional processes. The magni-
tude of this eruption means that Mayan populations living in the region
would have been considerably affected (Dull et al., 2001; Hernandez,
2004; Hernandez et al,, 2015), The human populations directly affected

Table 3

Representative glass analyses of the TB eruption wnits,
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Fig.9.Sketch (nottoscale) illustrating the evolution of the TB] eruption: a) rise of magma and interaction with a shallow aquifer or water lake and formation of the directional dilute PDCs
that spread mainly southward (Unit Ao); fallout phases represented by b) hydromagmatic Unit A and c) magmatic Unit B; d) PDCs of hydromagmatic origin, due to a renewed magma-
water interaction, with formations of Unit C and Unit D; e) PDCs and fallout deposits from the transitional Unit E due to the alternation of dry and wet phases; f) main phase of the TB]
eruption with deposition of Unit F by dense PDCs associated to the caldera collapse; g) co-ignimbrite deposits.

by the TBJ eruption would have been those living in the territory within
50 km of the IC. However, the indirect effects on social, economic, and
political systems probably affected amuch wider area of Mesoamerica
(Dulletal., 2001). Ithas also been suggested that the sulphate peak, typ-
ically associated with volcanic eruptions, in the both Greenland and
Antarctic ice cores at 539-540 CE could be associated with the TB]J erup-
tion (Sigl et al., 2015). These peaks are associated with the H.SO4 aero-
sols that are injected into the high atmosphere during large volcanic
eruptions, whichincrease the albedo and potentially produce a volcanic
winter period (Robock, 2000). However, the date of the eruptionhas not
been sufficiently resolved to establish if these sulphate peaks in
the polar ice cores are in fact associated with the TBJ eruption as the
"“C dates fall on a plateau in the radiocarbon calibration curve
(e.g., Reimer et al., 2013), which results in an imprecise eruption
range of AD270-AD400 (Lohse et al., 2018) to AD440-550 (Dull et al.,
2010).

The examination of this eruption sheds light on a number of impor-
tant implications for hazard assessment when considered within the
framework of the volcanism associated with IC and Country of El
Salvador. The detailed study of the TBJ eruption together with the
ones of Sufie-Puchol et al. (2019a, 2019b) about the older eruptions of
IC, represent the first and necessary step towards improved volcanic
hazard assessments for the region. These are essential to mitigate volca-
nic risk for the large number of communities, including the City of San
Salvador, that are expanding around this active volcano.

8. Conclusion

In this study, we conducted a detailed stratigraphic and lithological
study of the dacitic pumice Tierra Blanca Joven (TBJ) deposit. The TB]
is the last explosive eruption of llopango Caldera, representing a singu-
lar eruptive episode and constitutes the last eruptive cycle of the Tierra
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Blanca sequence that starts with the TB4 eruption deposit. The TBJ erup-
tion erupted ~58 km3 of bulk volume rock or ~30 km? DRE of magma,
corresponding to a 6.8 magnitude eruption.

The eruption was characterized by eight phases (Ao-G) with distinct
eruptive styles without major pauses in between. The eruption started
with dilute PDCs followed by two fallout phases that left only few cm
of deposits, found mainly close to the IC. Subsequently, dense and dilute
PDCs of hydromagmatic and magmatic origin filled the depressions near
the Ilopango Lake. Deposits thicknesses are up to 70 m and reached dis-
tances of at least 40 km from the vent, covering the area where the city
of San Salvador is now located. Finally, coignimbritic ash deposits of the
last stage of the eruption were found all over El Salvador with significant
thicknesses, and also found dispersed into neighbouring countries.

The TBJ was a cataclysmic event and is considered to be one of the
largest Quaternary eruptions in Central America. TBJ eruptive products
would have considerably affected the Mayan populations living in Sal-
vadorian and nearby territories at that time. Consequently, long- and
short-term hazard assessments for IC should take into account all possi-
ble scenarios including those described for the TB] eruption.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2019.03.006.
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6. Discusiones y trabajos futuros

La caldera de Ilopango, considerada como poligenética, ha sufrido multiples
colapsos caldéricos a lo largo de su historia que han provocado grandes erupciones
explosivas. Por ahora se han identificado 13 erupciones piroclédsticas cuaternarias
emitidas por esta caldera, las cuales estan casi todas relacionadas a colapsos caldéricos
totales o parciales. Todos estos materiales piroclasticos forman parte del Grupo
Ilopango, introducido en este trabajo siguiendo la metodologia actual de estratigrafia
volcéanica publicada por Marti et al. (2018). El Grupo Ilopango se subdivide en tres
Formaciones, de la mas antigua a la mas reciente son: 1) Formacién Comalapa (1.78 —
1.32 Ma); 2) Formacion Altavista (918 — 257 ka), y 3) Formacién Tierras Blancas (< 57
ka). Cada formacion del Grupo Ilopango estd constituida por varios miembros,
formados por los depdsitos asociados a diferentes erupciones explosivas. Estas
erupciones han sido muy variadas, desde columnas eruptivas que han depositado
espesas capas de pomez, a flujos piroclasticos densos y diluidos, tanto de origen

magmatico como hidromagmatico.

La Fm. Comalapa la constituyen las tres primeras grandes erupciones explosivas
de la caldera de Ilopango, las cuales han generado las ignimbritas méas voluminosas
emitidas por esta caldera. Estas son: 1) la Ignimbrita soldada de Olocuilta (OI, 1.785 £
0.006 Ma), que cubri6 un area de ~3,000 km? con un volumen minimo de 50 km®> DRE,
pero que podria llegar a considerarse como el producto de una Supererupcion (mas de
350 km’ DRE; Miller y Wark, 2008) si tenemos en cuenta la ceniza coignimbritica
distal, el relleno caldérico, el material erosionado y los piroclastos que llegaron al
océano. 2) La Ignimbrita Colima (Col, 1.56 £ 0.01 Ma) y 3) la Ignimbrita Apopa
(Apl~1.34 Ma), fueron de menor magnitud que la primera erupcidon, pero mucho
mayores que la TBJ (> 40 km’), pudiendo llegar a superar el VEI 7 (100 km® de tefra
emitida). Estas dos ultimas erupciones, marcan un cambio en los procesos eruptivos
provocados por la interaccién del magma con el agua del lago de Ilopango formado a
raiz de los dos primeros colapsos de la caldera. La interaccion hidrovolcéanica genera un
aumento en la explosividad de la erupcion y la fragmentacion de los piroclésticos, lo
que produce depoésitos mucho menos consolidados como los de la Colima y la Apopa,
provocando una mayor susceptibilidad a la erosiéon y complicando una estimacidon mas
real de su volumen original.
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Los depdsitos de las siguientes seis erupciones explosivas forman parte de la
Fm. Altavista. Sus miembros son: 1) la Ignimbrita Cojutepeque (Cojl, 918.8 + 17.4 ka),
2) la Ignimbrita Delgado (Del, 830 + 140 ka), 3) la Ignimbrita Manigua (Manl, 768.3 +
49 .4 ka), 4) la caida de pémez San Juan (SJF, 625.0 = 75.1 ka), 5) la Ignimbrita Cortez
(Corl, 553.0 + 16.6 ka), y 6) la Ignimbrita Soyapango (Sol, 257 + 33 ka). Estas tobas
estin muy mal preservadas y tienen muy poca continuidad lateral debido a la poca
consolidacion de los materiales piroclédsticos de origen mayormente hidrovolcanico. Los
depositos de la Fm. Altavista solamente se exhiben en el flanco norte de la caldera,
sobretodo en cortes profundos de carretera. Aun asi, se ha podido hacer una estimacion
aproximada del volumen de estas tobas, las cuales tienen todas de 1-5 km’ DRE como
minimo, siendo la ignimbrita Delgado la mayor de todas, la cual podria llegar a superar

los 40 km® DRE si consideramos los depositos erosionados.

Los depositos de las cuatro erupciones explosivas mas recientes de la caldera de
Ilopango (TB4, TB3, TB2 y TBJ), constituyen la Fm. Tierras Blancas (TB’s), siendo las
unicas que se habian identificado y caracterizado antes de esta investigacion. El estudio
geocronoldgico realizado para fechar todas las otras erupciones explosivas mas viejas
que las TB’s (< 57 ka; Rose et al., 1999), ha permitido detallar una historia volcanica
mas completa de la caldera de Ilopango. El diagrama de la Fig. 13 ilustra las edades de
estas erupciones explosivas antiguas. Como se aprecia en este cronograma, las
erupciones de la Fm. Comalapa tienen un tiempo de recurrencia el doble de largo que
las erupciones de la Fm. Altavista. Mientras las tres primeras Ignimbritas (OI, Col y
Apl; recuadro punteado azul de la Fig. 13), tienen hiatos de hasta 220 ka entre
erupciones, las siguientes seis erupciones (Cojl, Del, Manl, SJF, Corl y Sol; recuadro
punteado verde de la Fig. 13) tienen periodos de inactividad inter-eruptivos sobre los
100 ka. Mucho mas corto es el periodo de retorno para las erupciones explosivas de la
Fm. Tierras Blancas (recuadro punteado rojo de la Fig. 13). Ademas, destacan los
periodos largos de inactividad que hay entre las diferentes formaciones, con mas de 400
ka de quietud entre la Fm. Comalapa y la Altavista (elipsoide punteada naranja de la
Fig.13), o los 200 ka entre la Altavista y las Tierras Blancas (elipsoide punteada
amarilla de la Fig. 13).
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Fig. 13: Cronograma de las erupciones explosivas de la caldera de Ilopango, desde la formacion de la
primera ignimbrita hace 1.785 Ma (OI), hasta las ultimas tobas (TB’s). El cronograma resalta el largo
periodo de inactividad entre las Formaciones Comalapa y Altavista (elipsoide de puntos naranjas), y
también el largo hiato volcanica entre las Formaciones de Altavista y Tierras Blancas (elipsoide de puntos
amarillos). El periodo de recurrencia dentro de las erupciones de la Formaciéon Comalapa (~ 220 ka,
rectangulo de puntos azules) es dos veces mas largo que las erupciones de la Formacion Altavista (~ 100
ka, rectangulo de puntos verdes), y mucho mas alto que las erupciones de la Formacion Tierras Blancas
(~20ka). El elipsoide discontinuo fucsia representa un hiato volcanico >200 ka dentro de las erupciones

de la Formacion Altavista, entre las ignimbritas de Cortez y Soyapango (Corl y, Sol).

Estos periodos de recurrencia similares para las erupciones de una misma
formacion, pero tan variables entre erupciones de diferentes formaciones, asi como los
largos intervalos de inactividad volcanica que hay entre formaciones, podrian ser
causados por cambios en el régimen tectonico a lo largo de la Zona de Falla de El
Salvador (ZFES), y més concretamente al origen y evolucion del Pull-Apart de San
Salvador. Parece ser que la génesis de la caldera de Ilopango estuvo estrechamente
ligada a la tectdnica regional de El Salvador, colapsando primero en una caldera tipo
graben durante un periodo extensional en la ZFES, para posteriormente transformarse
en una caldera tipo pull-apart al mismo tiempo que la ZFES evolucionaba hacia un
régimen mas transtensivo, el cual contintia hasta el presente, en donde la actividad
volcanica sigue vinculada a las fallas regionales, tal y como lo demuestra la erupcion de
las Islas Quemadas en 1879, emplazadas justo después de un terremoto tectonico

provocado por la falla San Vicente.

En los ultimos afios varios autores han realizado trabajos sobre las Tierras

Blancas, sobretodo en la TBJ, la ultima gran erupcion explosiva de la caldera de
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Ilopango. Durante esta investigacion y en colaboracidon con otros participantes del
proyecto Ilopango, se condujo un trabajo estratigrafico detallado y un andlisis
granulométrico del deposito piroclastico TBJ, a partir del cual se pudieron identificar
ocho fases distintas de la erupcidn, caracterizadas por estilos y procesos eruptivos
diversos, cada uno con sus propias caracteristicas y sin pausas mayores de actividad
entre ellas. La erupcion TBJ inicié con una explosion tipo “blast”, seguida de dos fases
de caida de tefra producidas por columnas eruptivas. Posteriormente la erupcion se
desarroll6 con una interaccion del magma con el agua del lago Ilopango y la formacion
de flujos piroclésticos (PDCs) densos y diluidos del tipo hidrovolcénico, dando lugar al
colapso caldérico y la consecuente evacuacion rapida de la ignimbrita paroximal. Como
ultima fase, la ceniza fina elutriada durante la erupcion de los PDCs en forma de nube
coignimbritica se deposita, distribuyendose a lo largo y ancho de todo el pais, con
alturas estimadas de hasta 45 km sobre la superficie terrestre. El depdsito de la TBJ
llegd a acumular hasta 70 m de espesor en las cercanias de la caldera y nuevos célculos
en desarrollo por el equipo del Proyecto Ilopango estiman un volumen minimo de ~58
km?® de tefras expulsados durante esta erupcion (~30 km® DRE). En colaboracion con los
participantes del proyecto se elaboraron nuevos mapas de isopacas en base a la
estratigrafia, distribucion de los depodsitos y datos granulométricos detallados, mediate
los cuales se calcularon parametros fisicos como la altura de la columna, la duraciéon de
la erupcidn, y la tasa de emision. La erupcion TBJ fue cataclismica y esta considerada la

mayor erupcion explosiva del Holoceno en Centroamérica.

Todos los productos piroclasticos de la CI son calcoalcalinos ricos en silice, de
composicion riolitica a dacitica, con contenido medio-alto en potasio, tipico de los
magmas producidos en zonas de subduccion en margenes continentales, como es el caso
del Arco Volcanico Centroamericano. La mineralogia que presentan son mayormente
plagioclasas y hornblendas, con presencia de piroxenos, con cuarzo para las unidades
mas rioliticas y con pequenas cantidades de biotita en algunos depdsitos. Todas las
ignimbritas y caidas de pdmez presentan minerales accesorios como los circones,

apatitos o 6xidos de Fe-Mg. Las unidades de CI no contienen ningun sanidino.
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Trabajos futuros

Todavia siguen en curso otros trabajos de este proyecto de investigacion, como
por ejemplo el estudio tefro-estratigrafico sobre los depositos de las tltimas erupciones
explosivas de la caldera de Ilopango (las TB’s de la Fm. Tierras Blancas). Por ahora se
ha realizado ya el mapeo geoldgico y el levantamiento estratigrafico en campo para
caracterizar estas erupciones, y se han descrito con mas detalle y elaborado
estimaciones de magnitud y volumen para conocer el alcance de estas erupciones. Falta
terminar el estudio geocronolégico por medio de técnicas Z*U/*Th y Ar'’/Ar™, y en
particular de radiocarbono en la unidad TBJ. De esta manera se podrian integrar estos
nuevos datos mas precisos con las edades de los paleoterremotos registrados a lo largo
de la traza de la falla San Vicente (Canora et al., 2012), y hacer una reevaluacion del
peligro considerando esta relacion vulcano-tectonica. La de San Vicente es una falla
principal del Pull-Apart de San Salvador que afecta la caldera de Ilopango y que parece
estar controlando la actividad actual de este volcén, es por eso que creemos que se debe

considerar a estas dos estructuras (falla + caldera) como un unico sistema natural.

Otro trabajo especifico es el que se estd realizando sobre la TBJ, la erupcion
explosiva mas reciente de la caldera y ocurrida hace tan solo ~1500 afos (Dull et al.,
2010). Una vez determinados los procesos eruptivos, la distribucion y el volumen de sus
productos, asi como otros parametros fisicos de la erupcion, el enfoque de la
investigacion se centra ahora en evaluar en el impacto que tuvo esa erupcion sobre las

poblaciones Mayas contemporaneas y en el medio ambiente.
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7. Conclusiones

La caldera de Ilopango se origind hace 1.785 + 0.006 Ma y ha tenido una formacién
ciclica, con multiples colapsos caldéricos asociados a las estructuras tectonicas de
la Zona de Falla de El Salvador. Primero colapsé en una caldera tipo graben, que
evolucion6 a una caldera tipo pull-apart, régimen que continua hasta el presente

con un aumento paulatino de la componente lateral.

A lo largo de su historia, la caldera de Ilopango ha generado al menos 13
erupciones explosivas de gran magnitud, con un volumen minimo por evento de 1-5
km’ DRE, y pudiendo llegar hasta los 350 km’ DRE para la primera ignimbrita
(VEI ~ 8, parametros de supererupcion), la cual se soldd y ocup6 un area de ~3,000
km®. Se propone una nueva nomenclatura estratigrafica donde todas las tobas de la
caldera de Ilopango se han incluyen en el Grupo Ilopango, el cual comprende las

formaciones Comalapa, Altavista y Tierras Blancas.

La Fm. Comalapa (1.78 — 1.34 Ma) esta formada por los miembros Olocuilta,
Colima y Apopa. La Fm. Altavista (918 — 257 ka) por los miembros Cojutepeque,
Delgado, Manigua, San Juan, Cortez y Soyapango. La Fm. Tierras Blancas (<57ka)
por lo miembros TB4, TB3, TB2 y TBJ. Las erupciones que formaron todos estos
miembros fueron muy diversas: columnas eruptivas puramente magmaticas, flujos
piroclasticos diluidos de origen hidromagmatico (interaccion con el lago de

Ilopango) o PDC’s magmaticos eyectados sostenida y radialmente desde la caldera.

Los periodos de recurrencia para grandes erupciones explosivas en la caldera de
Ilopango son variables, con ~220 ka durante las primeras tres erupciones (Fm.
Comalapa), ~100 ka para las 6 erupciones intermedias (Fm. Altavista), y ~20 ka
para las ultimas 4 erupciones (Fm. Tierras Blancas). Entre las erupciones de las
diferentes formaciones, hay intervalos de inactividad muy largos, hasta 400 ka entre
la Fm. Comalapa y la Fm. Altavista, o 200 ka entre Fm. Altavista y Fm. Tierras

Blancas. Esta distribucion de la actividad volcéanica en el tiempo, podria estar
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determinada por cambios en el contexto tectonico regional, el cual controla el
ascenso de magma a la superficie con las fallas profundas strike-slip y las cuencas

pull-apart de la ZFES.

Los productos piroclasticos de la caldera de Ilopango son riolitas y riodacitas
calcoalcalinas, con contenidos medio-alto en K, ricas en plagioclasa y hornblenda,
con biotita ocasional y piroxeno. No contiene sanidino. Caracteristicas quimicas
tipicas de magmas de subduccién en margenes continentales, como es el caso del

Arco Volcanico de Centroamérica.

La ultima erupcion explosiva de la caldera de Ilopango gener6 un extenso depdsito
blanco de poémez y ceniza (la TBJ) que cubrié todo El Salvador y parte de los
paises vecinos de Guatemala, Honduras y Nicaragua. La TBJ fue una gran erupcion
hidrovolcanica con 8 fases diferentes (columnas eruptivas y flujos piroclésticos),
con un volumen eyectado de hasta 30 km® DRE, y dispersion de cenizas hasta los
45 km de altura que quedaron por afios en la estratosfera pudiendo afectar el clima
global terrestre. Con dataciones dendrocronolédgicas atn por terminar, se sabe que
la TBJ ocurri6 hace unos 1500 afos, la cual afectd catastroficamente a las
poblaciones Mayas de la zona y es considerada la mayor erupcion del Holoceno en
Centroamérica. Si hoy en dia ocurriera una erupcion similar a las TB’s, provocaria
un desastre incalculable para la poblacion metropolitana de San Salvador que con

mas de 3 millones de personas, es el nicleo urbano mas habitado de Centroamérica.
La presente investigacion sobre la caldera de Ilopango presentada en esta tesis de

doctorado, ha dado como resultado la publicacion de tres articulos publicados en

revistas indexadas, los cuales representan en los Capitulos 3,4 y 5.
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