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are 

amOl.mts 

consequences and locaHy. These depressions are often with 

increasing pmbability explosive eruption. Understanding the 

eruption rnechanisms and the mIe water can aid scientists in UHU5'.HU.'5 

disasters. Ilopango Caldera, which is part of the Central American vo1canic arc 

Salvador, is a lake-fiUed caldera located approximately km east of the capital city 

of San Salvador. Ilopango has an eventful history of eruption; the most recent 

pymclastic eruption, known at the Tierra Blanca Joven (TBJ), took place -1600 years 

ago. The eruption ejected 18 km3 DRE (dense rock equivalent) of pyToclastic debris 

and devastated the Early Classic Mayan civilization. In 1880 a lava dome was 

erupted into the center of the caldera lake. The aim of this study is to understand the 

nature of Ilopango eruptions, the magmatic evolution of Ilopango through time and 

attempt to place Ilopango a regional context. Field re1ationships, thomugh unit 

descriptions and 14C age determinations are used to establish a portion of the 

intracaldera stratigraphy and the envimnment. Physical volcanology and 

glass geochemistry, combined e1ectron imaging textures 

""'.-".JHH""_ are to v.:n'''''./LA'''H 
to ",.,..,.,,,,,n 

Who le-rock 5""~]"'H"'LU'''U 

to estabhsh .<1"'-'''''<''''''' thmugh 

I conclude """"U''''''''.~' stratigraphy is mostly subaqueously ernplaced 

n 



that 

San 

was occupied by a 

The 

a phI·eatomagrnatllc 

uvu ...... "''"' is not a nrc~!ln;s~n 

but rather reflected a reservoir 

> 

experiences replenishment 

composition causing fluctuations in magma composition over 

to a 

a more matic 

Ilopango is less 

evolved than other Central American silicic centers such as Atitlan, LllJl"'~'H.WUi 

Zufiil, but is similar in c01uposition to Santa Maria, Santiaguito and Acantenango. 



sont souvent à 

p-yroclastique alL'i: "'v'-' . .:>"'~ ... "'u,"'''''' 

des 

depressions sont souvent remplies d'eau, ce qui accroit la VHJ'UU1UHl 

explosive. La compréhension des mécanismes éruptifs et du rôle de l'eau aider 

les scientifiques à désastres volcaniques. La caldeira d'Ilopango, dans l'arc 

volcanique d'Amérique Centrale, au Salvador, est une caldeira par un lac 

située à environ km à l'Est de la capitale San Salvador. Ilopango a une 

éruptive complexe; l'éruption PYTOclastique la plus récente, l'éruption de Tierra 

Blanca Joven (TBJ), a eu lieu il y a environ 1600 ans. Cette éruption a produit 18 km3 

DRE (équivalent roche dense) de débris pyroclastiques et a détruit la civilisation 

Maya Classique Précoce. En 1880 un dôme de lave s'est mis en place au centre du lac 

caldeirique. Le de cette étude est de comprendre la nature des éruptions 

d'Ilopango et l'évolution magmatique d'Ilopango au cours du temps, et d'essayer de 

replacer Ilopango dans un contexte régional. relations de terrain, des descriptions 

détaillées des unités et des datations au 14C permettent décrire une partie de la 

stratigraphie intra-caldeirique et le COJlte:xte La et 

l'observation 

une observation 

explosive puis 

refroidissement, combinées à la ge{)CnlmJle à 

microscopie p!".,-.t-r",,,.,, en place 

ge{)Cfllm!e sur roche 

totale, combinée avec datations Ar-Ar est 

d'Ilopango au cours du en concluons la stratigraphie 
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est essentlelllernlent et 

un lac il y a 

L'éruption 

la carapace 

un processus progressif 

de 

tonnatlOn de l'unité 

Augustin Block a t1P.I',H1"P. 

à un phénomène tenlporel. mais correspond 

pOJl1ce:s à 

à la 

réalimentation d'un réservoir en magma plus mafique, à l'origine de fluctuations dans 

la composition du magma au cours du temps. Ilopango est moins évolué d'autres 

centres siliciques d'Amérique Centrale comme Atitlan, Amatitlan et malS a une 

composition similaire à Santa Maria, Santiaguito et Acantenango. 
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to other Central American silicic centers. The fourth chapter contains overaH 
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most catastlronhlC erulDu~cms 

Earth's Calderas are a of IUU""-U 

systems, which repeatedly producing amounts pyroclastic 

material. Understanding mechanÎsms influence eruptions, dynamics 

between the magmatic and surrounding environment and pre-eruption 

waming signs, can aid scientists predicting these types volcanic eruptions and 

effects, both globaUy and locally. 

Calderas are large volcanic depressions 'tn-rT\r"lJ,,'ri by the coUapse of overlying 

rock due to evacuation of a magma reservoir (Williams, 1941). Based on various 

caldera systems, Smith and Bailey (1968) have defined a caldera cycle, which 

describes the general evolution of a caldera system. The caldera cycle starts 

doming of the overlying rock due to increasing pressure ... vithin the magma reservoir 

and subsequently the generation of ring fractures. The fractures provide the 

underlying magma a simple path to surface which leads to the next step a 

caldera-forming eruption. Once the 

migrates erupting 

resulting ae!,re:;SlCm 

the aepressaon eroslOn 

been 

1 

magma 

the magma is "".,.",,,,, .. ,, . ...1 the 



occurs. 

next 

One me~charnsm 1S 

crystal fractionation place, the C01!lCentr,atlfm of water 

the melt increases subsequently causes overpressure within 

reservoir (Tait et al., 1989). Another mechanism is the ofnew magma the 

magma reservoir, termed magma replenishment (Eichelberger, 1975). The new 

magma is typicaUy of a less evolved composition, and when this more mafie magma 

intmdes system, conditions within magma reservoir change, the temperature 

rises and the PH20 increases. Both crystal fractionation and magma replenishment 

processes can lead caldera forming emptions, but these two processes can be 

distinguished based on rock textures, phenocryst textures and crystal fractionation 

trends. 

The ratio of external water (e.g. grm.mdwater, lake water, meteoric water, etc.) 

to magma surface area plays a key role determining the explosivity of volcanic 

emptions (Wohletz, 1983). With a water/magma ratio explosivity of 

volcanic emptions increases compared to a 

(water/magma ) basaltic magma fi"''''''''''''' 

as Hawaii 

flows into the Pacific Ocean 

glass 

display a ... U".H ...... ~ glass 

produced by a HW."",'.'".''' 

systems, 

can 

.<.",u,,"""u and Wohletz, 
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to 

are events. are 

evacuation kilometers of 

" .. un,,,, depressions of Hazards associated 

eruptions include ash fanout \vruch blankets both proximal and distal sites, 

pyroclastic fIows and emission of volcanic gases. These eruptions also have been 

associated with climate change and the devastation civilizations throughout history 

and rl.'''''''''L 2002~ Roscoe, 2001; Espindola et al., 2000; Hildreth and Fierstein, 

2000~ Stothers, 2000; Knesel and Davidson, 1997; Wilson et al., 1995; Krueger et al., 

1990; Woolley, 1983; Sheets, 1979). Ilopango Caldera is among these catastrophic 

Quatemary eruptions, yet has received little attention. 

The Ilopango Caldera is located 10 km cast of San Salvador, the capital city of 

El Salvador. 11 is a lake fined caldera which has experienced at least four voluminous 

pyroclastic eruptions the last 57,000 years. The most recent large event was a 

pyroclastic eruption, termed the Tierra Blanca Joven (TBJ), which place 

ago, devastating Early Classie Mayan 

1981, DuU et al., Olivine crystals bands observed the 

a center of 

1880 are suggestive of mafie and IDI1Llgrmg!IDl!XlIlg 

1; i"-",,oH'", et characteristics of 

...... .n.HJ'H was pl:11rea'toflla,g;1mttlc 
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that 

over 

Theories of 

investigates 

it a 

formation of Lake Ilopango, also knovvl1 as Lake Cojutepec, 

have been evolving for over a centurj, although the local people hold it with 

superstitious reverence, voluminous eruptions are known to be associated 

the Ilopango Caldera. The four eruptions have been informaHy named, from 

youngest to oldest, Tierra Blanca (TBJ), Tierra Blanca 2 (TB2), Tierra Blanca 

3 (TB3) and Tierra Blanca 4 (TB4), The two events that Ilopango is best known for 

are the eruption of the TBJ unit which devastated the Early Classic Maya 1600 years 

ago, and dome growth of the Islas Quemadas in 1880. 

The first descriptive account of Lake Ilopango came from archeologists. E.G. 

Squier (1850) believed that the depression occupied by the lake formed coHapse 

after - arching surrounding rock. Dollfus and Mont~Serrat 868) 

a river, blocked by volcanic pyroclasts, up and formed lake, Montessus de 

Ballore 884) disagreed and depression was the result a huge 

explosion. 

artifucts 

'''''!-l'VUl'':;:' basement 

explosion from a 

4 

that Ilopango was 

"<-U'li"''''' Panchimalco, on 

oenma a 

source 

an 

which 



at 

that 

preceded by volcanic activity. 

was 

were two each 

Recognition of the Tierra Blanca bas aided in developing a stratigraphy 

for the volcano. Weyl (1955) was first to recognize the caldera of Ilopango to 

the source of aH the Tierra Blanca ooits. A team of German geologists, in 

collaboration with Ministry of Works El Salvador, produced a geologic 

map of El Salvador (Weber and Weisemann, 1978), Tierra Blanca units 

to the Holocene period. Willle doing a development assessment of the capital city, 

San Salvador, Schmidt-Thomé (1975) recognized black soi! horizons the Tierra 

Blanca tephra and suggested the mapped Tierra Blanca unit encompasses products of 

more than one event separated by time. Sheets (1976) contributed a 14C date A.D. 

260 ± 114 on a piece of wood in the uppermost Tierra Blanca unit, while 

Steen-Mclntyre (1976) did preliminary petrographie and grain size work on same 

Hart and (1978) and (1981) studied the TBJ 

detail, determining that Ilopango was the source and -18 DRE 

equivalent) a stn:i.tltied. 

TB3 to 

5 



56.9 1 et et onnew 

1880,a 

the the Quemadas detaü about erupting "'LV''''''"' and the 

associated seismic activity. M.J. aIso \\tÎtnessed the birth Islas 

Quemadas and supports story of Goodyear (Anonymous, 1880). Montessus de 

Ballore (1884) witnessed the birth of Islas Quemadas and was the first to comment on 

the mafic enclaves or "concretions within rhyoHte lava." Hague and Iddings 

(1886) described rocks sampled in El Salvador by Goodyear, concluding the Islas 

Quemadas rock is a vesicular, hornblende~pyToxene andesite. Weyl (1955) concluded 

that Islas Quemadas rock is a hornblende~hypersthene dacite, while Williams and 

Meyer-Abich (1955) concluded the rock is a hornblende dacite with olivine~rich clots 

tom from the roof, conduit or reservoir by the rising dacite magma. Golombeck and 

Carr (1978) correlated seismic shocks and volcanic activity associated 

1880 activity with solid-earth tides. 

the 1879-

ofthis 

lava àornes Caldera. 

pyroc1astic àer'OSl.ts ULVU ...... .., 

imaging 

6 

intracaldera 

sca~nnmg electron 

14C age det:erI'mnatH:ms. Data 



analyses 

particular "P-!-;""'''''"''''' 

use data coHected 

Ilopango through and 

centers on a regional scale. 

sec:ona objective was to 

intracaldera domes to magmatic of 

to compare Ilopango to other Central American silicic 
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provides li 

Ilopango 

pYToclastics 

15 

of a segment 

with emphasis on San 

volcanology, petrology geochemistry establish 

San 

Block 

depositional 

stratigraphy at 

Physical 

eruptive conditions of the intracaldera sequence and help to model the emplacement 

of the San Agu5tin Block Unit. The intracaldera sequence comprises a sequence of 

pyrodastic density currents, unconformably overlain by lacustrine sediments and 

conformably overlain by the San Agustin Block Unit. A new radiocarbon age on 

wood near the top of the lacustrine unit indicates that a lake was present 2:43,670 

years ago. The intracaldera sequence displays abundant evidence of emplacement 

a subaqueous environment. 

The Agustin Block Unit comprises a basal fine ash facies and an 

overlying pumice breccia facies. The basal fine ash facies 1S a hydromagmatic layer 

contairring pumiceous and blocky angular glass shards, aggregates of fine ash and 

phenocryst fragments, phenocrysts a fine ash coating. The overlying pumice 

breccia facies is comprised of pumice dasts to three meters length. 

cooling. 

vesiculated silicic 

textures ~u""~'"' ... >~. 

"''-''j:;l'' ..... ''', an 

contact 

13 

water. 

punllce 

a 



to 

a 
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este 

en 

ûltimes aftes. rectangular y Lago 

Hopange se encuentra de eHa. articule proporciena una descripci6n 

detaUada de un de la estratigrafia en el interior de caldera Hopango 

con énfasis en una unidad que se "Unidad de Bloque San Agustin." La 

volcanelogia fisica, petrologia y geoquimica describen el medio ambiente 

deposicional y las condiciones emptivas de secuencia en el interior de la caldera y 

ayudan a modelar el emplazamiento de la "Unidad de Bloque San Agustin." La 

secuencia en el interior de la caldera es constituida de flujos piroclasticos 

discordantes sobre ella yacen sedimentos lacustres y sobre estos ûltimos yace de 

manera concordante la "Unidad de Bloque San Agustin". Una dataci6n reciente con 

el método de radiocarb6n de madera encontrada cerca deI techo de la secuencia 

lacustre indica un lago 2:43,670 anos. La secuencia en el interior 

caldera muestra evidencia de un emplazamiento en un medio ambiente 

subacuatico. 

de Bloque San tilla 

y una facie superpuesta de brecha. 

vesiculares con 1-"""'+''''0 

agrneillIos ... "' •.• V .... 11.:>'.""'-'"''' y fenocristales con una recubierta cemza 

15 

y otros 

con 



pornez con "LIDa elOngé~Cl(m a trece metros. 

dos 

donde un 

vesiculado es agrnernaclo cuando se en contacto con Cuando 

magma 10 suficientemente desgasificado, erupcion un 

subacuatico desboronando clastos templados de p6mez proveniendo de una caparaz6n 

vesiculada. 

Keywords 

Hopango Caldera; El Salvador; subaqueous intracaldera volcanism; hydromagmatic 

fragmentation; subaqueous lava dome 
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on 

1 

a caldera forms, 
. . 
mcreasmg of 

explosive eruptions. Ilopango Caldera in Salvador contains Lago de Ilopango, an 8 

xll lake located approximately 10 km east of San Salvador, the capital (Fig. 

At least four large silicic explosive eruptions have occurred in the past 57,000 

years (Rose et al., 1999). The last violent eruption in AD 429 contributed to 

devastation of Barly Classic Mayan civilization in El Salvador and eastem Guatemala 

(Lothrop, 1927; Sheets, 1979; Hart, 1981; Dun et al., 2001). In 1879 and 1880, 

dome growih formed the Islas Quemadas (Goodyear, 1880; Richer et al., this 

volume). This recent activity strongly indicates that a body of magma still exists 

below the Ilopango caldera. These eruptions demonstrate that Ilopango is active 

and clearly capable of explosive and effusive eruptions the future. 

order to fully understand the eftècts water during subaqueous 

a caldera and the subsequent depositional processes, a "''''''.UI-''''' 

1S necessary. 

extracaldera deposits, 

pyroclastic facies outside the 

now, 

primarily on the extracaldera 

reconnaissance studies, Williams Meyer-Abich (1955) 



Figure 2.1 Location of the American volcanic arc Salvador. 

Structural failure at the end the Pliocene or early Pleistocene a tectonÎc 

depression caHed the Median Trough, which the volcanic chain (Williams 

and Meyer-Abich, 1955). Ilopango is bordered by large volcanic structures. 

Boquer6n, a large composite volcano, borders Ilopango to the west-northwest. San 

Jacinto, a duster andesitic domes, borders Ilopango to the west. San Vicente, a 

large composite volcano, borders Ilopango to the southeast. Modified from Cau et al. 

(1981). 
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avalanche" 

western and 

intracaldera 

deposits north-northeast part of the "' ........ "" ...... as 

rocks, and deposits south to southeast and south-southwest parts as ignimbrite. 

Hart (1981) described the intracaldera deposits on the northern caldera wan as 

"undifferentiated Ilopango-derived pyroclastic and epiclastic deposits Mth the 

occasionallahar deposit". 

this paper, we provide a detaHed description of a segment of the 

intracaldera stratigraphy at Ilopango caldera and focus on a sequence informaHy 

named the San Agustin Block Unit, which is weIl exposed to the east and west of the 

northem lakeshore village of San Agustin (Fig. 2.2). Found only inside the caldera, 

the San Agustin Block Unit comprises a thin, basal fine-grained ash and a thick, 

overlying pumice breccia. The pumice breccia is a spectaclùar facies Mth pumice 

dasts up to 3.0 m across, thicknesses to 15 m, and abundant cooling-induced 

textures. These ~"'''''hU''2'' make the Pumice Breccia a intracaldera marker 

horizon. report, we use physical volcanology, petrology and geC)CfliemlStr to 

a 
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2.2. 

Modified Instituto Geografico 

Wiesemann (1978). 
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Salvador is 

Tectomsm and V'''<.UH':>HA largely of 

volcanic chain occurs a tectonic depression bounded to the south by blocks 

consisting of, from west to east, Tacuba, Balsam and Jucuaran mountain ranges 

(Williams and Meyer-Abich, 1955; Wiesemann, 1975~ Carr and Stoiber, The 

volcanic chain includes composite volcanoes, dacitic domes two calderas, 

Coatepeque and Ilopango (Fig. 2.1). 

llopango Caldera and the intracaldera setting 

The Ilopango Caldera is located at the junction of the east-west, north-south 

and northeast-southwest fault zones (Wiesemann, 1975). The present caldera has a 

quasi-rectangular shape measuring 16 east-west and 13 km north-south, and its 

morphology seems to be controUed by tectonics and The 

southem wall of caldera is defined by upthrown Balsam mountain range. The 

youngest a01:)roixuna1:e center caldera 

and structures (Williams Meyer-Abich, The 

Desagüe drains the east 

These aornes along 



1S to 

10 

Since ai of or early 

Pleistocene that formed the Ilopango aer)reS:SlOn. a of large V"''-'',,"hH 

from the caldera have formed voluminous deposits of pyroclastic rn~:rpr1", four 

pyrodastic events from oidest to youngest are informally named Tierra Blanca 4 

(TB4), Tierra Blanca 3 (TB3), Tierra Blanca 2 (TB2) and Tierra Blanca Joven (TBJ) 

(CEL, 1992). These eruptions have been temporally constrained to the last 56.9 

+2.8/-2.1 (Rose et al., 1999). TB4, TB3, and TB2 are recognized as eruptions 

from Hopango, but detailed studies have not yet been done. ymmgest pyrodastic 

eruption, TBJ, is well estabHshed at AD 429 ± 20 years (Dun et al., 2001). 

Sample Preparation and Analytical Techniques 

Electron microprobe of volcanic glass were a JEOL 

JXi\-8900R at McGill University, Canada. Analyses were performed an 

accelerating a beam current 20 nA and a diameter of 

sec:onaaIV electron HU'"'lS'HlS' 

vesides, left 

23 



1S 

assumed to 

Terminology 

Pyroclastic terros used here are based on the Slze classification of 

volcaniclastic fragments Fisher (1961) conjunction with a constituent 

cOlnpositional classification established by Cook (1965). Nomenclature and 

stratigraphie thicknesses are based on the recommendations of Ingram (1954). The 

various units described below are named inforroaHy for convenience. 

Field description, petrology and composition of int:racaldera units 

The stratigraphie sequence was traceable around the lake, laterally 

discontinuous (Fig. aU units are observed ai each locaHty, some 

instances, the lowerroost extends beneath the lake. For this reason, absolute 

U.uc'VA"-"'''',",'''''''''' could not established, the reported are CŒ1SIliler 

uuuU,u""-'.u values. 

to 30 fi, 

Pyroclastic Density 
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Figure 2.3, 

details, 

seCil0n of .uv~'uu~~v 

25 

See text 



lU 

POCS 

6~ 
J 

Grain size (mm) 

<0.063 64 256 
San Agustin Block Unit (SABU): 
1-15 m in thJckness 

Pumice Breccia facies (PBf): 
Massive, c1ast supported, <1 vol.%iithic lava 
fragments, pumiœ clasts are angular and round to 
ellipsoïdal in shape, 0.02 to 3 m in !ength, 

..-- exhibiting radial joints, tiny normal joints, and 
conœntric joints, lenses of fine ash between 
pumiœ ciasts ai the base. 

Fine Ash facies (Faf): 
Thinly laminated «0.5 mm), white, fine ash, 
aggregates of glass shards and phenocryst 

----~____ fragments and phenocrysts of hornblende and 
feldspar, no lithic material. 

~ lacustrine Unit (lU): 1-6 m in thickness 

+- ~43, 650 Y B. P,,- Upper portion _ dom inated by thin beds (1-5 cm) of 
......... reverse and normally graded pumices, clast 

o 0 
0 ~ 0 ~ 0 0 supported lithic lava fragments, fine grained ash 

• • {) 0 and imerbedded varve-iike laminations. load casts 
f) 0 1) 0 · 1> and flame structures al upper contact. 

Oto· oO t 
ODt O 0 0 

Pumice dasts 

Lithic dasts 

Lower portion - varve-like laminations (0.5-3 mm) 
with isolated pumice clasts [carbonized wood in the 
lowerunit >43,650 y B.P.]. 

Pyroclastic Oensity Current Sequence (POCS): 
1-30 m in thÎckness 

Upper unit - diffusely strat{fied bedding at the base 
and massive towards the middle and top, poorly 
sorted, matrix dominated with pumice clasts up to 4 
cm and lithic lava fragments up to 3 cm, 
accretionary lapilli (1 cm in diameter) ai the top. 

Lower unit - massive at the base and thickly 
laminaied (3 to 5 mm) towards the top, poorly 
sorted, normaHy graded, matrix dominated with 
pumice elasis up to 4 cm and lithic lava fragments 
up to 3 cm. 

Clay and silt beds Laminations 

1...-__ -11 Fine grained ash Carbonized wood 

Fine Ash facies (FAf) 10 0 001 Accretionary lapilli 



an absence 

parts of 

recognized. 

of 

joints, 

The lower unit and the upper 

were observed. 

but at 

display distinct textures. 

massive at its base and middle, and thickly laminated (3 to 5 

18 

or 

it is not 

lower unit is 

toward the top; 

pumice and lithic material are normaUy graded, with a decrease in grain size upward. 

contact between the lower unit and upper unit is sharp, with upper unit 

directly conformable above the lower unit. The upper unit is laminated on a cm scale 

at its base, and becomes more massive toward the middle and top, with no apparent 

grading. the top of the upper unit, accretionary lapilli up to 1 cm in diameter and 

rounded to subrounded clots of friable, brown silt are observed. 

In both units, approximately 85 to 90 % of the volume is matrix, which is 

made up of fine and phenocrysts of hornblende, feldspar Fe-Ti oxides. 

Pumice clasts comprise vol. % of each unit and are subangular to subrounded, 

ranging size from 0.5-4 cm, with phenocrysts l vol. hornblende, <1 % 

feldspar traces of oxides. Three types lithic are present: 

of feldspar 

needles, and a 

glassy <7 % each are 

26 



MICROPROBE ON GLASS COMPOSITIONS 
SABlJ-FAf SABU-PBf TB2 
Fine ash Pumice Pumice 

32 29 11 

73.38±O.62 70.50±O.89 '{1.4C1:i: 0.69 72.41 :1:0.29 
0.18:!:!.J.02 0.27 ± i:l.03 0.26 :1:0.03 0.23 ± 0.02 

12.13±O.18 13.36 :HI.25 13.45 ± 0.29 12.51:1: 0.06 
1.25± 0.08 1.69 ± 0 .• 2 ·1.69:Hl.14 1.38 ± 0.05 

MnO O.07±il02 0.11 :1:0.02 O.iO :t0.03 il07:t(l(J3 
IlAgO 0.24 ±c.oa 0.46 ± 0.11 0.43 ± 0.05 O.27±0.01 
CaO 1.38:1:Ci.06 2.03:1:0.12 2.05::1: 0.18 1.51 ± 0.03 
NS20 3.9S ± 0.28 4.22±O.23 4.51 :l:0.i7 4.13 ± 0.14 
K20 2.46:1:0.C9 2.20:1:0.06 2.21 :1:0.07 2.54 ± 0.05 
P20 5 0.03:1: 0.01 0.06 ± 0.D1 0.06:1:0.Q1 0.O3:1:(lO1 

Total 95.10:1:0.94 94.89±0.91 96.15 ± 0.04 90.0S± 0.31 

CI 0.18:1:0.02 0.14 :1:0.04 0.14 ± 0.01 0.16±0.01 
0 -0.04±0.00 -Q.03± 0.01 -Q.02±O.00 -C.04± 0.00 

Noies: peDS:;: Pyroclastic Density Current Sequence; SABU :;: San Agustin Block unit; FAf'" Fine Ash facies; Pst:: Pumics Breceia 
facies; TB2 = Tierra Blanca 2. 
'Totai number of analyses of f<lpresentativ6 unit. Compositions are displayed as mean ± 10". 

subangular to subrounded shape, ranging in size from 0.2 to 3 cm. Electron-

microprobe analysis of glass shards from the pumice c1asts indicates a rhyolitic 

composition, with 75.5-78.7 wt.% SiOz and 6.4-7.4 wt.% Na20 + K20 (Fig. 2.4; 

Table 2.1). 

The P'yroc1astic Density CUITent Sequence is unconfonnably overlain by the 

Lacustrine Unit, as indicated by an erosional contact between the top of the upper unit 

of the Pyroc1astic ut':mm~v CUITent Sequence and the base of the Lacustrine Unit. 

LaCElstrine Unit (LU) This ranges from 1 to 6 m is 

an 

5 

The 

(0.5-3 mm) clay beds. The .l.aH.UH"'''''''-' beds are and 

horizontal, are deforrned and '-'.tU.HU,,", irregular 



2.4. Whole-rock glass compositions selected erupted 

Ilopango caldera on a SiOz vs. Na20 + K20 CiaSSlnC~l.tl(Jin diagram. values are 

normalized to 100 'liv1:. % anhydrous. The compositions of TBJ are from Carr and 

Rose (1987). In general, glass compositions of the Pumice Breccia facies are 

rhyolitic composition, nrn."' .. ""'''' who le-rock compositions are dacitic. 
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whole rock compositions 

• TBJ 

• Pumice Breccia facies 

g1ass compositions 

D PDCS 

o Pumice Breccia facies 

;K Fine Ash facies 

11 TB2 
••••••••••••• composi1ïonal boundary 



to are 

near 

a 1.5 northeast San Lacustrine 

Agustin. 

aluminum foil 

(Beta ] 66558) was coHected with tweezers, \vrapped in 

to Beta Analytic for dating. The radio carbon 

contained in this sample was statistically indistinguishable 

background standards yielding a result of~43,670 y. 

radiocarbon 

The upper portion of the sequence is very to thinly bedded (1-5 cm), 

altemating between rounded to subrounded, dast-supported pumice beds that are both 

reversely and normaHy graded with pumice up to 2 cm in diameter, and wen sorted, 

subrounded to subangular dast-supported beds rich in Hthic fragments with clasts up 

to 1 cm in diameter. These beds are typically separated by fine ash beds and units 

consisting of moderately sorted pumice and lithic fragments in a fine-grained matrix 

(or bolli). Lenticular dots of fine white ash ranging in length from 3 to 6 cm are 

observed close to of the unit. These clots are associated beds 

containing fragments and pumice. contact of Lacustrlne 

the overlying San Agustîn Block Unit is sharp, soft-sediment 1S 

the casts ""VAHV.~V 

to cm depth contact 
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2.5. .LüM"-UA!" "'''' structures 

beds of the 

long. B) 

the Lac:ustJrme Machete u<.UJ,YJl .... for scale 18 6 cm 

Unit (LU) overlain by the Pumice Breccia facies Flame 

structures indicated by white arrow. Hammer scale is 20 cm long. 
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15 

110 m. 

2.6). 

Fine Ash facies (F Al) The fine-grained ash layer at base in lenses 

within the basal portion of the overlying pumice breccia is a white, friable, 

moderately sorted, vitric-crystal fine ash lacks lithic fragments (Fig. 2.6). No 

diatoms are observed. This layer is laterally discontinuous and a ..... ",""uu ..... 'u 

thickness of 30 cm. It is characterized by thin « 0.5 mm) yellowish orange lamellae 

comprised of juvenile material such as coarse pumice shards (vesicular glass), 

ash, and phenocryst fragments. 

The coarse pumice shards (0.063 to 1 mm) display two dominant 

morphologies. The first type is and fibrous looking with elongate parallel 

vesicles displaying both ragged and blunt edges. Sorne of these grains are delicately 

twisted, occasional ruptured circular vesicles (Fig. 2.7 A). second type is 

",,...,,,,,,,,f- in shape, ovoid to circular vesicles enclosed by glass walls (Fig. 2.7B). 

of shards are colorless, 

are observed. 

rhyolitic 73.2-

2. 

no visible 

\vt.% SiOz 

31 

quench-crack 

indicates a 

+ KzO 



2.6. CO;llta~;::"t > ... '!-ur,"""v, the 

Sumbols: -'-'~'JV'Vjl" facies 

the 

facies and 

the Lacustrine Unit (Upper LU). lens ofwhite volcanic ash, 1S 

the Ash facies, is observed at the base of Pumice Breccia facies. 
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Seconda!)' the gram 

A: Fibrous shards elongate vesides. B: Equant 

pumice shards with ovoid to spherical vesic1es. C: Aggregate of fine phenocryst 

fragments and larger glass shards. D: Angular, blocky glass shards and 

curviplanar fractures across bubble junctions. Hornblende with adhering dust. F: 

Dust adhering to hornblende image (E). Note that scales are different in 

photo. SEI images were taken using a JEOL JXA-8900L electron-microprobe. 
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ash is as 

compnses of the bed. 

the 

aggregates are 

fraction 

planar to fractures a scarcity ovoid (Fig. 

2.7D), and (2) Y-shaped forms representing bubble-waHjunctions. 

Phenocrysts and iJU'"'UV''''' fragments of hornblende and plagioclase also are 

present. The phenocrysts are subhedral and range size 0.063 to 1 mm 

2.7E). Phenocryst fragments are <0.063 mm. ash adheres to phenocrysts, 

as observed on hornblende in Figure 

Pumice Breccia facies (PBf) This facies is a maSSIVe, well-sorted, dast

supported bed with thicknesses ranging from 1 to 15 m (Fig. 2.8A). The pumice 

clasts display angular to spherical to ellipsoidal shapes, with aspect ratios (vertical 

axis/horizontal axis) of 0.2 to l, ranging in from 0.02 to 3 m (Fig. 2.8B-C). 

Pumice dasts to well rounded and aspect 

ratios 1. dasts> " ....... '''"'u§ .... .,.. to ..,w~n'V·",u~"",,,, shape with an 

aspect ratio of 0.2 to 0.9. The !-' ...... u .... ,'" dasts length) are 

break 

2 to 20 cm 'VU,,","" are prismatic in are 

facies 



nh."" .... ,.. textures. 

Massive, dasts, large clasts at base. 

18 magnified in D be1ow. Hammer for scale 18 80 cm B: Larger pumice 

dast8 displaying subangular to subrounded clast morphology. White arrow points to 

a hammer for scale which 1S 20 cm high. C: Smaller angular pumice clasts. These 

represent the fractured surface of a larger pumice. Hammer head for scale is 13 

cm long. D: RadiaHy jointed pumice (indicated with white arrow) with u ... l"Su ...... u" ... 

core, machete for scale is 45 cm long. Concentric joints (indicated with the white 

arrows) with radial joints (indicated with black arrows) normal to concentric joints, 

pen for scale i8 14 cm long. 
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width and up to 2 cm length are observed at the edges of the pumice clasts. (3) 

Concentric joints are curved and concentric to the pumice core (Fig. 2.gB). 

The pumice clasts range in vesicularity from 49-87 % (Appendix 2. and 

are comprised of phenocrysts of hornblende, plagioclase and ilmenite. Two main 

variants of the vesicular texture dominate: (1) irregular shapes range from round to 

more elongate, up to 3.5 mm in length, and (2) smaller round vesicles as smaH as 

0.020 mm. 

Phenocrysts range in size from 0.8 mm to 1.2 cm. The larger phenocrysts 

mostly appear as glomeroporphyritic clusters of plagioclase, hornblende and um.emte 

and dusters of plagioclase with hornblende. Bubbles radiate from many of large 

phenocrysts and glomeroporphyritic 

Lithic fragments compnse vol. % 

with hornblende 

~'"""'>"".,.'" are 1 to 2 cm 

of 

36 

facies, consisting 

"'"'~''''''!J''''' needles in a 

grey 

matrix. 



2. 

5 

mingle 

analyzed 

+ 

textures occur as 

dacitic 

TABLE 2.2. 
Unit 
Claettype 
Sampis 

Wt.% 
5i02 
TiOz 
Ah0 3 

Fe203 
MnO 
MgO 
CaO 
Na20 
KzO 
1'20S 
LOI 

Totai 

l'pm 
BaO 
Ce 
Co 
Cr 
Le 
Ni 
Sc 
V 
Ga 
Nb 
Pb 
Rb 
Sr 
Th 
U 
Y 
Zr 

as 

the mafic was 

WHOLE ROCK GEOCHEMISTRY 
SABU-I'Bf SABU-PBf 

Pumice Pumice 
CM26i-01 CM252-Oi 

66.49 66.31 
D.38 0.39 
15.22 15.23 
3.47 3.33 
D.i3 0.13 
1.15 1.19 
3.66 3.55 
4.03 3.00 
1.95 1.97 
0.14 (U3 
3.44 3.73 

100.06 99.94 

1059 1053 
0 26 
0 11 
0 0 
13 0 
D D 
0 \) 

46 39 
14.4 14.9 
5.1 5.8 
2.9 2.1 
43.4 44.9 

325.6 325.4 
3.9 3.5 
Hl Hl 

19.7 20.0 
159.1 158.1 

weie 
parts 

(Be, Ce, Co, 
U, Y, Zr) were determined using 

to 



Blanca A mmimum 

one 

!4C age of 2:43,670 years 

hasbeen established on lower portion of the Lacustrine Unit. The presence 

lacustrine sediments suggests that a lake, possibly a water-fiHed caldera, occupied 

Ilopango at this time. Rose et al. (1999) established a 14C age of 57,000 years on the 

Congo pyroclastic flow from Coatepeque Caldera. 

underlies Tierra Blanca 4 (TB4), a faU-out deposit 

Congo PYTodastic flow 

the oides! of documented 

Ilopango emptions. Therefore the TB4 emption is younger than 57,000 years. 

Depositionsl setting 

sharp contact and the absence paleosols and lacustrine layers between 

the two Pyroclastic Density CUITent subunits indicate that these units were 

deposited in rapid succession. In the lower the norrnally graded and 

and a massive to a suggest 

a single detJosrUOiflal 

portion suggests a 

depositional energy. 

concentrated flow, whereas 

suspended as observed 

more massive 

top 



Sequence at the time of emplacement. Key indicators for hot emplacement in the 

Pyroclastic Density CUITent Sequence are absent wruch may suggest This 

sequence was emplaced ai lower temperatures. 

The presence of accretionary at the the upper unit suggests a 

water vapor-rich environment (Fisher and Schmincke, 1984). Accretionary lapilli do 

fonn in the subaerial environment during magmatic eruptions through douds 

(Alvarado and Soto, 2002) and during phreatomagmatic eruptions, when lake water is 

vaporized, such as during the 1965 eruption ofTaal Volcano (Moore et al., 1966). 

On the basis of evidence avaliable, we condude that water was present during 

eruption. The lower unit and the upper are dearly temporally related. The 

graded beds and sedimentary lm-ver unit suggest deposition 

in a subaqueous Although the tem:pe:r.atl is undetermined, 

absence: of indicators hot 

accretionary 

Olacelnell1 lS Vv ..... "hn".u with deposition a 

the 

39 

unit 
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was present 

ammatlmls are a 

environment wave base such as a lake and Potter, 1964). 

sedimentary structures, documented at Laguna de Ayarza in Guatemala, have 

been interpreted to result from sedimentary infilling of a caldera lake (Poppe et 

al., 1985). Sedimentation of the fine-grained material was the result of suspension 

settHng. with the isolated, larger pumice clasts representing intermittent waterlogging 

and sinking of floating pumice (Manville et 1998). The subtle deformation of the 

laminations could be due to tectornc activity such as earthquakes causing the 

disturbance, but the calm enviromnent continued, as shown by the fine horizontal 

laminations above. 

Clast-supported, reversely and normal1y graded pumice beds with load casts 

and accompanying flame structures characterize the uppermost portion of the unit. 

Pumice is erupted subaerially then emplaced subaqueously, becomes 

water-saturated as a of its surface area Sparks, 1986); 

therefore, the larger pumice fragment, (e.g., the 181 

eruption: et a nr(J,ce~;s are the reversely 

<W'<>,'1IprI and 

water, the of the 



load casts ai 

For plastic deforrnation 

-'-"""'.HU.'!,,; reqmres seC!1ment to 

.'-.Il..,AO',"""U, 1971). In 20 wt. % water 

finely laminated 

sufficiently long period. 

is diffieult because the environment is not 

Subaqueous eruption and emplacement the San Agustfn Block Unit 

a 

Relationship "O"""IO,r", the Ash facies and the Pumice Breccia facies On 

the basis of stratigraphie relationships and chemieal similarities, we eonc1ude that the 

basal Fine Ash facies and overlying Pumice Breccia facies are eoeval. The 

Ash facies is found at the base of the unit, directly overlain by the Pumiee Breccia 

facies, vvith an absence of paleosols and laeustrine beds between them. Electron

microprobe analysis shows that the glass shards from the Fine Ash facies and glass 

from the Pumice Breccia are rhyolitic in composition, with values 73-75.5 

V/t.% SiOz 6.3 % NazO + Ki,O 

glass is a quenehed ree:ora geoehemical 

that the Ash 
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2.9. 

Ah03 vs. Si02. 

white 

Unit, PBf is 

two TB2. 

CaO vs. Si02. C: Feo vs. SABU is the San Agustin Block 

encompasses the compositional field the Agustfn 

Pumice Breccia facies, F Af is Ash facies, PDCS is the 

Pyroclastic Density Current Sequence and TB2 is Tierra Blanca AH values are 

nonnalized to 100 wt.% anhydrous, and total Fe is calculated as FeO*. 
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to large 

differences between internaI pressure and ambient pressme (Sparks, 

ControHed bubble morphology, produced by magmatic fragmentation 

records the vesicularity me1t, and the glass shards reflect the thinned wans or 

bubble junctions at the time of eruption (Heiken and Wohletz, 1991). 

Hydromagmatic fragmentation takes place when magma with 

extemal water causing the quenched to shatter (Wohletz, 1983). Therefore, the 

Juvenile products of a phreatomagmatic eruption are not controlled by 

bubble morphology but instead display angular, blocky grains low vesicularity, 

whereas thicker plate-like fragments are representative of the bubble wans (Wohletz, 

1983). 

In the Fine facies, the coarse pumlce shard morphology indicares 

magmatic tragmlen1tatlOn, whereas the finer-grained shards indicate hydromagmatic 

coarser -grained 

with ovoid vesic1es, 

«0.063 

pl anar 

43 
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margins being clearly 
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phenocrysts and as weH as to of juvenile 

material consisting of fragmented phenocrysts, blocky glass shards and 

textures are not a product of fragmentation, but instead are indicators of 

conditions in and surrounding the ernption column. Similar aggregates have been 

observed in deposits subaerial '-''-'''U'"''''. phreatic, phreatomagmatic and vulcanian 

ernptions ofvarying compositions (Clanton et 1983~ Heiken and Wohletz, 1985). 

The mechanism aggregate formation is poorly understood, but Sorem (1982) 

reported ash dusters in the distal faU deposit of the 1980 Mt. St. He1ens eruption and 

interpreted the mmphology as a result of both mechanical interlocking of the grains 

and e1ectrostatic attraction. Houghton et al. (2000) expanded on tbis theme and 

attributed aggregate formation to variables, inc1uding the amount of liquid 

(water and dissolved gas "'I-'",V,<,,,:, present. 

We have prevlously presented evidence the presence of a 

ernption. Thus, we can three ""' .... "',/"1-,, ... + inferences. 

source water to :l:ral~\;;nt':ltl(m 

source the water that caused ash ag~n-ej:J';an;s to (3) 

was partly subaqueous partIy subaerial. 

at 

was the 

was 

'.un.vu column 



occurrence 

have 

shallow aer~ms would promote vesiculation 

hydromagmatic fragmentation. 

Eruption emplacement of the Pumice Breccia facies The clasts of dacitic 

!,jUl.UH.''-' are brecciated and display textures indicative of emplacement rapid 

cooling. The original pumice dasts have been fractured, and many have brecciated 

into smaller fragments ranging in size from 2 to 20 cm. Such brecciation is 

associated with the rapid cooling of lavas and is common both the subaerial and 

subaqueous enviromnent (Pichler, 1965~ Fink, 1983). 

Abundant textures attributed to cooling occu!" the large pumice brecc1a 

dasts (> 20 cm) as radial joints, columnar joints, tiny normal joints and concentric 

unJ''''Eo''~ cooling joints are observed in both the subaqueous and subaerial joints. 

enviromnent, 

subaqueous emptions elsewhere 

Sakamoto 

are observed 

et 

to 

types at Hopango is with 

et al., 1 Kano et al., 1991; McPhie et 

example, 

of rhyolitic lava pell)elrJ.dllcular the 

H""LU~'''L joints are whereas 
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glass 

clasts. 

clasts that were rapidly We have a was present at 

emplacement the San Agustfn Block Unit; based on te:;;,.1ures attributed to 

cooling, we infer the Pumice Breccia facies was rapidly quenched in the lake. 

Extremely large clasts of pumice are documented in lake-filled intracaldera 

ronme:m:s and lake environments proximal to volcanic activity. cases, 

lava domes are present within the lake and at the lakeshore. Clasts of pumice up to 

12 mare observed at Sierra La Primavera Caldera, México (Mahood, 1980) and are 

observed to m from the AD 186 Taupo eruption, New Zealand (Wilson and 

Walker, 1985; von Lichtan et 2002). At Mono Lake, eastem Califomia, US.A, 

Stine (1984) recorded pumice clasts at the lakeshore g m. Floating rafts of pumice 

have been documented during the 1953-1957 marine of Tuluman 

volcano, New Guinea (Reynolds Best, 1976). the of the similar 

geochemistry of PUllll(:e dasts and the at La 

Primavera and were interpreted as u ... ,'u", .... clasts spaHed the carapace 

Wilson 

peltorme:d. on 

1984) ..,."",",,,,",,,,,,,,,,that they 

rose to 
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the 

large pumice clasts became waterlogged at rates and sank at 

times (1viahood, At Taupo, the large pumice clasts occur as isolated blocks 

around lake and appear to be youngest products the 186 eruption 

(Wilson and Walker, 1985). Mono Lake, the pumice blocks also are isolated 

blocks concentrated mostly on western and northern shores lake (Stine, 

1984). At Ilopango, the unit 1S massive and discontinuous to erosion, although 

it is ruso traceable around the lake. From field observations and comparison to other 

studies we infer that (1) the pumice dasts at Ilopango sank rapidly, not allowing time 

for the deposition of lacustrine layers, and (2) the pumice dasts at Ilopango also may 

record the level of the lake at the time they were deposited. 

Considering the evidence for rapid and rapid deposition, we suggest 

that the pumice clasts became quickly watedogged after massive, dast-

supported nature of 

water, 

1996). 

When Breccia facies mOllcates rapid ae!JosrnOln 

IIJ'."",U"", v..'Ïll rapidly jngest the .. n .... ~"' .. uL ... UAé water, increase 

1986; 1~ Kano, 

cm I-'"-"u .... ,,, dasts 

same 

settle out water 
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at the same rate as a 'nn .... H'..,~ 

(Cashman 

also sug;gests some were COltnparaLt1 

Agustin Block 

propose a sequence of magmatic and phreatomagmatic emptions that 

formed the San Agustin Unit (Fig. 2. Inside the caldera, a shallow 

subaqueous emption began, and vesiculating rhyolitic melt fragmented explosively. 

The emption column progressed from subaqueous subaerial. In the subaerial 

environment, the moist particles in emption plume aggregated, and fine ash 

adhered to the phenocxysts and pumice shards. The larger and denser material fell out 

of the eruption plume and settled through lake water to be deposited on the bottom. 

Some ash may have been carried away by wind. This explosive phase was followed 

by construction of a subaqueous dome. As the hot silicic magma was extruded 

vent, it cooled rapidly and brecciated upon contact with the water. Quenched 

pumice clasts spalled from vesiculated carapace of the growing The denser 

dasts 

.HV ....... \.!. to the 

layer of 

whereas 

48 
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to the source, "T""P""~'" dasts 

to sink made contact with the 
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'
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2. 

and emplacement. Phase 1: melt erupts water, 

explosively contact. Plume begins subaqueously and progresses 

to subaerial environment. Once subaerial, the fme ash and phenocryst fragments 

cluster together, and fine ash adheres to phenocrysts. 3) The denser particles fan back 

into the lake. 4) The basal fine-ash facies is deposited onto the lake bottom overlying 

lacustrine sediments. Phase 2: 5) more degassed dacitic melt extrudes from the 

vent, cooling rapidly upon contact '\Ivith lake water. 6) The quenched pumice clasts are 

spaUed from the carapace of the dome. The dense pumice clasts immediately; 

others when sufficiently watedogged, and some float to the lake edge. 7) 

Accumulating pumice clasts on the lake bottom form the Pumice Breccia facies 

which directly overlies the fine ash layer, disturbing it and causing the sediment 

to become caught up <UU'VUj;<, the pumice clasts. 
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a. Phase 1: Explosive 

b. Phase 2: Effusive 
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a deposit, 

sequence, cŒltmmrlg a occupied 

y. B.P. 

2. Agustin Block Unit cO]npns{~s a basal fine facies and an 

overlying pumice breccia facies found only within the caldera. The ash consists 

coarse pumiceous glass shards fine glass shards, aggregates of ash 

with phenocf'jst fragments, and pnl;::noICf1,fsts with abundant adhering dust. The 

blocky shards are hydromagmatic in origin, whereas the aggregates and phenocrysts 

wÎth adhering dust support a water-rich enviromnent. The pumice breccia fades 

contains pumice dasts whose shapes are angular to ellipsoïdal, with aspect ratios of 

land sizes ranging up to 3 m length. The pumice dasts display joints, 

nonnal joints and concentric jointing, indicative of hot emplacement rapid 

quenching. The ,",h".H~a .... ",".a...,~"" characteristics of the Pumice Breccia facies, such as 

DUlTIu::e diameter, thickness, and jointing textures, .uu • ..., .... '""" that this is a key 

to '"''"''L''''''''''''. further intracaldera ;:;LU .. U .... ,;:;. 

~"-'''f" ... U observation <;VI"'ctAU',,,l a stratigraphic 

we infer a an eX!:en<lea length 

time an at 
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Many 'H"',LU:~ù 

Terri tonales, 

the Servicio 

to .U;U'LHU ...... ~'''.., us with the outer 

Estudios 

deposits and 

his om~OHH2; enthusiasm understand the San Agustin Block Unit. We are 

fcrever indebted to our new at San Agustin, especially Natividad Rauda and 

family, for patience while the and aœeptance of C.P.M and M.R. into 

their 'Village and homes. vVe thank Chris Harpel of the Cascades Vo1cano 

Observatory for his help tracking down elusive references, and Sergio Espmosa for 

ms help with translation of the abstract to Spanish. We also thank Guillermo 

Alvarado and Barry Cameron for their reviews, which significantly improved this 

manuscript. We are most grateful to Mike Carr for his input and suggestions to the 
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J 

was 

estabHshed subaqueously. 

Block was shovm to be a key marker horizon. model was proposed which 

an emption begins with a phreatomagmatic evolves a more 

phase in which the pumice clasts are spalled from a subaqueously growing lava dome. 

Chapter 3 examines the magmatic evolution of the Ilopango Caldera by 

considering an the intracaldera domes and pyroclastic units. Geochemistry, 

radiometric age dates and a new 14C, date which further constrains emplacement of 

the San Agustin Block unit, are presented. data are integrated in a working 

mode! of magmatic evolution for the Ilopango Caldera through and then placed 

into a regional conrext by comparison to other Central American silicic centers. 
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the 18 

.uV.., .... AA'"''V Caldera, located along this has experienced 

frequent activity as recently as AD 1880 when a lava dome formed the middle 

of the caldera lake, previously in AD when ~ 18 km3 DRE pyroc1astic 

material devastated the Early Classic Mayan civilization. This paper is 

io 1) understand magmatic evolution of the Hopango caldera and 2) gain a 

general perspective where Hopango sits chemically relative to other major 

Central American silicic centers. Petrography and geochemistry are combined 

with new radiometric and radiocarbon age detenninations to establish the 

magmatic evolution of Ilopango over time. We show that the evolution of 

Ilopango is not a progressive process directly related to a time factor, such as 

progressive magma differentiation by c1osed-system crystaBization. Based on 

mafic mixinglmingling textures and phenocryst disequilibrium textures observed 

in the lavas and pyroc1astic we conc1ude that Ilopango is 

underlain level experiences replenishment of a more 

mafic Ui.<ll'.I"Y'HU, undergoes fractional crystaHization erupts. 

on maJor trace "'L",jU~"".U g(;';OC:helffilî;trv 

as 

but is to less and 

Acantenango centers. 
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"-''-'.HU'O'' America is a direct ,.."".,.,a"..-,,,,,..., 

processes (Stoiber Carr, 1973; Carr and 1990; Patino et 2000). 

Extending approximately 1100 km, the Central American volcanic arc reacllt;;s from 

Guatemala-Mexico border to northem Panama. Quatemary 

paraHel to the Middle American Trench, where the Cocos plate subducts undemeath 

the Caribbean plate at a convergence rate of 9.6 cm/yr (Fig. 3.1; Molnar and Sykes, 

1969; Dengo et al., 1970; DeMets et al., 1990). Divided into eight distinct segments, 

the Central American volcamc arc is separated by offsets believed to be tears in the 

subducting slab (Stoiber and Carr, 1973; Carr and Stoiber, 1977). Two sources have 

been identified as contributors to Central American volcanism, an EMORB source 

and li modified mande source comprised ofMORB and marine sediment (Carr 

et 1990). '.HI,.<:Ullcv front,. comprised of stratovolcanoes, dome "-'Vi.UIlJV ........ """ •. 

caldera systems and cinder cones, offers scientists an opportumty to understand active 

tectomc-magITlatic processes. 

understand 

to understand 

~UI';l",v;:>L that a thicker 

SUCiOŒ::;1l0in processes play it is 

El 
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Black ...... .:>,u'"'y Hnes and hnes 

(2000). 
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to 

have 

of cat:ast!~op.tu eru,pw[ms located 

u,u.~H!:am are 

to major 

the ca1deras lOc:ate:Cl. 

calderas 

and are 

tenns of magmatic Amatitlan caldera is an evolving silicic system, a 

histor)' ofnine pyroclastie eruptions, deereasing in vohune over the last 300,000 years 

(Wundennan and Rose, 1984). Aetivity began at Atitlân ealdera at about 1.4 Ma 

entailing four episodes of ealdera coHapse, with the yotmgest occurring 84,000 years 

ago. The lake fiHed caldera is currently occupied by three andesite stratovolcanoes, 

two of which exhibit phenocryst textures suggesting magma mixing (Newhall, 1987; 

Halsor and Rose, 1991). Ayarza is believed to be two coalescing ealderas underlain 

by two separate evolving systems, with one system more mafie than the other 

(Peterson and Rose, 1985). 

In El Salvador the volcanic chain extends 220 km in length striking N74W 

(Stoiber and Carr, 1973). Two calderas exist in Salvador, Coatepeque and 

Ilopango, lake-filled and close to major Coatepeque, estimated to have 

iOrrned. approximately ka, has experienced at least two major eollapses associated 

with catastrophic eruption of biotite rhyodacitic tephra. was 

cinder cones dome 

10,000 ago Ilopango an eventful history 

catastrophic, explosive eruptions aSS:OCitate;(1 as 

events. 113 most 18 
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to 

1880, 

more in press) rI",,,,rrr,, 

village of Atuseatla (Goodyear, 1 

This study reports new field, petrographie, mineralogical and chemieal data 

from intraealdera lavas and pyroclastic rocks of Hopango Caldera. data are 

plaeed into a stratigraphy, allowing changes magma composition over time to be 

evaluated. The geochemieal data are then eompared with other seleeted silicic 

volcanic centers along the Central American arc, to establish a regional perspective of 

Ilopango in relation to the other centers. 

Previous W ork 

Vlilliams and Meyer-Abich (1955) condueted reCOllilalssance Central 

America, reporting formation of llopango depression the Plio-Pleistocene 

followed by two caMera cycles and further silicic volcamsm. Sapper (1925) was the 

first to suggest 

was 

collaboration 

geologic 

(1983) 

lake 

source 

a coUapse and (1955) reCOgnlZiea 

the Tierra Blanca units. German of geologists, 

produced a 

Steen-

Public Works of 

(Weber and 

studied 

erupted 8 



was stn;~tlÎled, to 

to 

su~:ges:l:eo to 

tapped, migrating towards more 

During course of geCjll1e:rm:al exploration projects, CEL (1992) refined 

stratigraphy and defined three additional straligraprucally beneath TBJ, 

informally named TB2, TB3 and TB4. These eruptions have been temporally 

constrained to the last 56.9 +2.8/-2.1 ka (Rose et al., 1999). DuH et al. (2001) 

reported new AMS ages on new samples of and reassessed the previously dated 

samples to determine a revised age of A.D. 420 ± 20. 

Sample Preparation and Analytical Techniques 

Lava samples were colleeted from domes whieh were being quarried, as weil 

as outerops exposed 2001 due to a series earthquakes. Pumice samples 

were eoHeeted fiom primary tephra faH units order to best represent original 

HU"'/,;Uj, .. chemistry. Twenty-seven petrographie sections were .. w·" ..... "'·,.""ti from roek 

" ... .u.!JH~'" eolleeted in the area. ..,,,,,,,.ai-n,,, was made 

a 

to select ... n",.u",. 

40 ArP 9 Ar radiometrie dating. Phenocryst groundmass pel:cel[l1:a:ges were 



were 

were chosen 

to .. uv ...... ,"'" 

< 1 cm. After 

a binocular microscope separate out heterogeneities due to H" .. ,OU .... H.UHi',HUO' AH 

samples were then powdered in an alumina shatterbox and divided into aliquots of 25 

g. 

Major and trace element analyses was performed using X-ray fluorescence 

(XRF) spectrometry methods. X-ray fluorescence ofwhole rock powders was 

out with a Philips PW2440 4 kW automated XRF spectrometer system at the 

Geochemical Laboratories, McGill University, Canada, by Ahm.edali and 

Glenna Keating. Major elements (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K, P) and trace 

elements (Ba, Ce, Co, Cr, Ni, Sc, and V) were analyzed on 32-mm diameter fused 

beads and trace elements (La, Ga, Nb, Pb, Rb, Sr, D, Y, Zr) weIe analyzed on 40-

mm diameter pressed powder pellets. Calibrations were prepared using between 15 

to 40 International Standard Reference (Govindaraju, 1994). The overaH 

precision sample preparation instrument analysis) is >VUHUA 0.5% relative, 

the instrument 1S within 0.3% Accuracy for Si02 is 

other trace accuracy is 

5%. Replicates were submitted to 

determined and were 

good are 
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SI02 74.16 73.30 73.89 73.79 73.75 69.31 69.19 70.60 70.77 
Ti02 0.24- 0.25 0.23 0.23 0.24 0.32 0.32 0.30 0.31 
A!203 10.44 10.54 10.43 10.50 10.44 14.88 15.09 15.16 14.97 
Fe203 4.43 4.83 4.61 4.62 4.63 3,06 2.92 2.64 2.74 
MnO 0,09 0.09 0.09 0.10 0.09 0.11 0.11 0.11 0.11 
MgO 0.05 0.26 0.14 0.14- 0.14 0.82 0.89 0.76 0.79 
CaO 0.18 0.51 0.20 0.20 0.21 2.99 3.07 2.9 2.82 
Na20 5.52 5.39 5.51 5.54 5.52 4.28 4.39 4.43 4.61 
K20 4.39 4.25 4.42 4.42 4.42 2.24 2.24 2.23 2.26 
P205 0.01 0.01 0.02 0.02 0.02 o.n 0.11 0.11 0.11 
LOi 0.32 0.49 0.50 0.47 0.48 1.79 1.89 0.88 0.66 

Total 99.83 99.92 100.04 100.03 99.94 99.S8 100.23 100.12 100.15 

ppm 
BaO N.D. 0 0 0 21 1110 1154 1202 1242 
Ce l79 180 190 187 189 33 0 34 17 
Co 0 0 0 0 0 0 10 0 0 
Cr203 0 95 75 93 76 16 22 17 0 
la 79 66 66 68 73 12 0 0 0 
Ni 3 52 0 3 0 21 0 0 0 
Sc 0 0 0 0 0 12 0 0 0 
V 0 18 0 0 0 40 0 21 0 
Ga 33 32 33 33 32 15 15 14 14 
Nb 91 57 57 57 57 3 4 3 4 
Pb 25 26 20 20 20 8 7 3 8 
Rb 137 136 134 134 133 51 48 50 51 
Sr l l 0 0 0 317 317 304 300 
Th 17 19 18 19 19 0 0 0 0 
U 4 5 5 5 5 5 5 5 5 
Y 121 121 113 112 113 21 17 18 18 
Zr 1174 1046 1049 1048 1047 155 156 160 163 

To a robust data set 1 choose mcon1tpatlbJle elements as .,..,."'t'''''.,.." and 

systems, enrichment of the 

trace 

eleInen.ts Ba, Rb, as tracers at 

69 



to 1-'\ndrew Calvert at United 

center:;. l 

been detienrnm:~d 

geochronology 

Ue'OlO!!lC;al Survey, "-".uuv. USA. 

Since the phenocrysts generally exdude potassium and can indude nonradiogenic 

groundmass was separated crushed rock magneticaHy. Groundmass 

concentrates were deaned with deionized water in an ultrasonic bath and handpicked 

for purity. Separates were irradiated the central trumble of the USGS TRIGA 

reactor in Denver, Colorado for 2 hours. The J neutron-flux parameter for each 

sample packet was determined from Taylor Creek sanidine (TCR-2). TCR-2 sanidine 

is a secondary mineraI standard calibrated at 27.87 Ma against the primary standard, 

SB-3 biotite, a 162.9±0.9 Ma mineraI whose age was determined using first

principles calibrations (Lanphere and Dalrymple, 2000). Monitors were run using the 

continuous argon-ion laser system attached to MAP 216 mass spectrometer 

(Dalrymple, 1989) at USGS-Menlo Park. Groundmass unknovvns were step 

heated a low-blank resistance fumace a molybdenum crucible controUed 

an infrared pyrometer. two SAES getters 

were 

!.UU",.u' ... blanks, mass rusCrlltnumnon, abundance 

reactor -derived mtier1(mrag ls,ot<mes. level. 



was to 

14C Lat)or,atOi':lj 

was -25 "'-',"''V.'"'"",''' age 

18 radiocarbon years (BP) using the Libby half-life of 5568 years. 

Rock Descriptions 

Lava domes and intracaldera lavas 

There is a compositional range of basaltic-andesite to rhyolite lava domes, as 

weU as basaltic cinder cones contained within the topographic rim of the Ilopango 

Caldera. 1 eliminated sorne samples due to alteration but was able to successfully 

analyze groups: 1) a closely spaced group of domes in the north-northwest, 2) 

Islas Quemadas, erupted 1880 and located the center of the caldera and 3) a 

closely spaced group in the south-southeast part caldera (Fig. 3.2). While 

field, 1 was sample most evolved domes within the caldera 

AV"·"' ..... ' .. "", .... orthe southem named Tepeulo. 
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Modified 

Wiesemann (1978). 

Geognifico 
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Islas Quemadas 
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Elevation contour (m) l ,,,,,,,,, 1 Road 

Isla Cerro Los Patos 
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Cerro ~epeu~ 4~\" 
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Fault Lava dome Shoreline 
oflake 



are cmnplrlse:(1 two cornes on 

3.2). an island nal1t1ea 

which allowed of cross-sections Hll'JU"'~H the aonles, as as obtain 

fresh samples for . The two domes are approximately to m 

apart, while Islas Chacagaste is located approximately 500 km south. tallest 

dome rises to an elevation of ~600 m a.s.!. or 150 m above lake level. The island is 

approximately 30 to 40 m above lake level extends a northerly direction below 

the lake surface to the bathymetry map (Instituto GeogrMico Nacional, 

1981). 

Northeast Lava Bome rock of the northeast lava dome i8 a grey, friable rhyolite 

displaying flow banding, perlitic textures and inclusions of mafic rock. Phenocrysts 

make up to 12 % the rock and are set in a crystaHine matrix. 

Located close st to the Corinto Club, tbis 18 larger 

domes. observe .:>u .... !J""" there appears to be a central, 

altered section, vertical lava dikes. are 

subvertical 1S 

a zone CmnplrlSe:a to 8 m across 

are hosted a 
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to 5 cm 

15 a 

plagioclase> hornblende> orthopyroxene 2:: 

a microlitic groundl:nass. Plagioclase oeeurs as subhedral to anhedral phenocrysts 

0.06 to 3 mm length. Irregularly shaped, large and clear glass inclusions. referred 

to from now on as LAC inclusions, following Halsor (1989), are present in 

plagioclase phenocrysts demonstrating embayed edges and overgrowth are 

common (Fig. 3.3A,B). Plagioclase is observed as inclusions in hornblende 

phenocrysts. Hornblende crystals subhedral to euhedral, prismatic to neerue 

shaped phenocrysts ranging from 0.3 to 3.9 mm in length. Hornblende displays light 

brown to clark brown pleochroism in plane light suggesting a more iron-rich 

composition.. Many hornblende phenocrysts melt channels similar to LAC 

texture "MT"''"' the crystal (Fig. 3.4A). Hornblende occurs commonly as discrete 

crystals, less commonly \vith orthopyroxene as ln 

orthopyroxene 3.4B). Orthopyroxene occurs as subhedral to more 

phenocrysts than hornblende 0.1 to 1 mm. The orthopyroxene 

are nl'l',,,p'l'1t as 'U.:>''-'"V .... 

UiJ~"'U""" and Opaque as occU! cornmOnl 

hornblende pnl;nc,cnrsts 



3.3 

texture embayed 

texture. A) .a""~v,,,u,,,,, phenocryst deltnOnstra 

Note the I.Jla~lV1"la;~;;; fragments and the 

LAC 

groundmass microlites of plagioclase. Plagioclase phenocryst demonstrating LAC 

texture and an overgrowth Note plagioclase fragment an absence LAC 

texture and the presence embayed edges. Photomicrograph taken in crossed 

field of view 2 mm. 
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ontmOCfV'St textures n:::!:lft:~,t:ntt:u 

"'Uj.~"""'Li"l to euhedral prismatic 

inclusions and aernortstr:atlTig LAC like voids. Phenocryst 

demonstrated by hornblende (HE) and orthopyroxene (OPX) phenocrysts which are 

intergrown and orthopyroxene inclusions the C) Sieve textured 

plagioclase with an overgrowth of plagioclase found as a phase in the mafic inclusion 

of the northeast lava dome. The overgrovvth rim appears to be squeezing between the 

euhedral orthopyroxene phenocrysts, suggesting that the orthopyroxene crystals were 

there previous. Note the groundmass is comprised of plagioclase hornblende 

microlites. Photomicrograph taken in plain light, field ofview 2 mm. 
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occur 

dome, comprising 1 to 2 % 

phenocrysts make 25 to 30 % by 

are 

the ... n.<th""",«1-

these inclusions, 

"nuo.uv and are set a microlite-rich, glass-poof 

groundmass. The phenocryst assemblage comprises plagioclase > orthopyroxene > 

clinopyroxene > mineraIs. Plagioclase occurs as to anhedral 

phenocrjsts 0.3 to 3.5 mm in length with tabular shapes, displaying central sieve 

textures and overgrowth rims (Fig. 3.4C). Orthopyroxene occurs as subhedral to 

anhedral, equant to lath shaped phenocrysts 0.7 mm in length. Clinopyroxene occurs 

as subhedral to anhedral phenocrysts 0.4 mm length commonly 

cumuloporphyritic with plagioclase, orthopyroxene opaque mineraIs. Opaque 

crystals are typicaHy rectangular in shape occur on the 0.1 mm 

groundmass comprises to containing 

appiI"OXlmaltely 55 to 

to 15 

<5 



two 

\vith 

is a 

lava 

shape. 

HorizontaHy-oriented columnar joints perhtic texture OCClU' œiuelldli;;Ul:ar 

subvertical flow banding. The columnar joints appear to grade into a brecciated zone 

comprised ofangular lava fragments and a matrix offiner material (Fig. 3.5B). 

Petrography The rock of the northwest lava dome is hiatal porphyritic with a 

phenocryst assemblage plagioclase > orthopyroxene > opaque 

microlitic groundmass. By contrast with the northeast lava dome, hornblende is not 

observed. Plagioclase OCClffS as subhedral to anhedral phenocrysts 0.3 to 2.1 mm 

length. Plagioclase phenocrysts commonly have embayed edges, less commonly 

exhibit LAC textures no sieve texture is observed. Nornlal osciUatory zomng is 

common "vith cores An37 and An25. 

Glomeroporphyritic of '-'~"·"'M.'V"""'" IS common. Orthopyroxene occurs as 

to uxu.'",...,'u.u PfilE:TI()Cn shaped mm 

as 

mineraIs occur as ,,,,,,,l'\''",f"! .... ''' 

0.1 mm in .vu,,,,,". 



northwest lava dome of the torlOgraornc 

LJUHl'-' approximately 500 m above lake level. B) 

the high aspect dome morphology. Flatbed quarry tmck and man in red shirt 

scale. 
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Topographie ealdera rim 



to 

are elcmgate:d <5 

1S li gray, 

directly south of the lava dome, Islas '-'u.a""("'J;:;a.;:,~;;;; is comprised WÎth 

an surface marlœd a layer thick vegetation. Phenocrysts 

make up lOto 15 % of the rock by volume and are set in a glassy groundmass. 

Subvertical flow bands are observed, but a direction was not ob1tauled. 

Petrography Islas Chacagaste lava is hiatal porphyritic with a phenocryst 

assemblage of plagioclase > orthopyroxene > opaque minerals in a microlitic 

groundmass. ft therefore appears related to the northwest lava dome, aIso lacking 

hornblende. Plagioclase oœurs as subhedral to anhedral phenocrysts 0.9 to mm 

length less cornmom as discrete crystal:;. OsciHatory zoning is observed, 

reliable angles were not obtained to determine compositional changes. 

textures are common phenocrysts, occur as 

oœurs as to 

mm 15 

occur as sutl11ectra to 

opaque pm::llO'CnrSlS are COllmlOIlti) 
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Southern 

southem of the caldera, domes are comprised of Cerro Tuligo, 

Cerro Cuyultepe and an named Isla Cerro Los Patos Located on the 

southwest side of Lake Ilopango, Cerro Cuyultepe Cerro are 

approximately 1 apart, Isla Cerro Los Patos is located approximately l km 

north of Cerro Cuyultepe. Cerro Cuyultepe rises approximately 250 m above lake 

level, Cerro Tuligo rises approximately 130 fi above lake and Isla Cerro Los 

Patos rises approximately 40 fi above lake level at the time of this study. 

Cerro Tuligo The 

phenocrysts "'''''''-''''5 

southeastemmost 

Cerro 

% of 

sampled. Cerro 

15 a grey, 

water access to 

81 

13 

dome 



3.6 

exposed, 

side of photograph). Cerro 

Patos demonstrating island 

18 aelaCe:a 18 

was not sampled. 

shape proximity 

82 

west 

Cerro Los 

to shore. 
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l South caldera rim! 
-_.. ._._._~~~} 



is a 

> > 

Hh,j:;:,J'V,",'''''''''' occurs as mm to 1 mm 

zOfllmg lS more 

same texture 

to to Hornblende crystals form 

phenocrysts 0.4 to 1.9 mm length. iOrnmem:te displays light brown to dark brovvn 

pleochroism in plane light ot,:curs as dÏscrete and cumuloporphyritic crystals with 

plagioclase and opaque phenocrysts. Some hornblende grains have ft growth of 

opaque mineraIs. Orthopyroxene oœurs as subhedral to anhedraI phenocrysts 0.2 

mm to 0.5 mm in length, exhibiting pale green to pale pink pleochroism plane 

light. Orthopyroxene is found as inclusions in hornblende and appears be 

nt""ro-?'nu,..., with hornblende. Magnetite crystals occur as subhedral to euhedral 

phenocrysts 0.1 mm length. JViagnetite is less commonly found as inclusions in 

plagioclase and hornblende phenocrysts and more commonly occurs as discrete 

crystals or is cumuloporphyritic as The groundmass ,.." .... "" ...... , 

approximately 75 % of rock by volume. Trachyiic ... n"',"'~V''''A''''''"' u' .... ",,",,",,",,, 

up to the to %. 

IS 
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I.S 

> > 

Plagioclase occurs as subhedral ro anhedral Dm;;:nc~çnfS1S 0.5 mm to 1 mm 

texture is observed commonly Sleve '''''L~'''''A'''''''' 

edges (Fig. 3.7A). Plagioclase is commonly glomemporphyritic orthopyroxene, 

clinopyroxene and opaque mineraIs (Fig. 3.7B). Clinopymxene occurs as equant to 

prismatic subhedral to anhedral phenocrysts 0.5 mm to 1 mm in length commonly 

with opaque overgrowth rims. Orthopymxene oœurs as subhedral to anhedral equant 

grains 0.3 to 0.5 mm in length commonly with opaque overgmwih rims and as 

rnicroinclusions in orthOp}TOXene. Magnetite occurs as discrete phenocrysts up to 1 

mm and as rnicmphenocryst inclusions plagioclase and pyroxene. Magnetite 

occurring as discrete crystals exhibits replacement by hernatite, whereas rnagnetite 

inclusions are pristine, 5uggesting sorne secondary alteration has taken place. The 

gmundmass comprises approximately vol. % plagioclase mllcro:1ltt~S 

texture and appmximately 15 % are in shape 

comprising 1 to 2 vol. % rock. 

Cerro Cerro 1S a 

to % 15 



Plagioclase ph(mOicnrsts 

ommocrVSl textures 

inner LAC textures 

plagioclase, with sieve textured edges followed by another overgrmiVth rim. This may 

suggest two different episodes ofreservoir disequilibrium. B) phenocryst 

-vvith inner textures glomeroporphyritic with clinopyroxene (CPX) 

orthopyroxene (OPX) a glassy microlitic groundmass. Scale for both 

photomicrographs is 2 mm for field of view. 
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Sto 

as subhedral to <J.Hlj''''' .. ' ' 

phenocrysts have 

3.6, 

1S 

is 

occurs 

to mm 

and embayed edges, textures are not 

observed. Plagioclase 'With osciHatory zoning (Fig. 3.SB) was observed, but reliable 

extinction angles were not obtained to determine compositional changes. 

Glomeroporphyritic textures were common. Hornblende occurs as needle shaped 

subhedral to anhedral phenocrysts 0.07 mm to 0.3 mm in length, commonly with 

opaque overgrovvth Orthopyroxene occurs as equant shaped, subhedral 

to anhedral phenocrysts 0.1 mm in length. Orthopyroxene is observed primarily as 

cumuloporphyritic ,vith plagioclase and opaque phenocrysts. Opaque mineraIs are 

observed as discrete phenocrysts and as inclusions in plagioclase phenocrysts. 

The groundmass 1S comprised approximately 5 vol. % trachytic plagioclase 

% glass. Vesicles are irregular shape % of 

an 

at apj:îroxlm~ltel~ center 3.9A). 



of an osciUatory 

zoned plagioclase observed Los Patos. Cracks are made during section 

preparation. Scale 2 mm for ofview. 
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3.9 Quemadas. 

The defaced dome to 15 caldera 

ground and stratovolcano, San Vicente is observed the background to the west. B) 

Photograph of the Islas Quemadas host dacite "",lth a mafie enclave. Note the 

plagioclase phenocrysts in both the host dacite and the mafic enclave. 
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tvvo 3 Sm 

aei:;pe:S1: point, 

m 

Islas lJU\~m8laas is 2 km northeast-southwest 

averages 1 km in width, with a volume <1 km (Mooser et al., 1958) 

striking feature about Islas Quemadas is the UU-lLS'U'S textures oftV\TO U .... :§Ui'~H"" 

compositions. The Islas Quemadas host rock is dacitic with phenocrysts making up 

20 to 25 % of the rock by volume, while the enclaves are basaltic andesite comprising 

to 15 % of rock by volume (Fig. 3.9B). dacite is vesicular with large 

plagioclase phenocrysts. The mafie enclaves are subangular to subrounded shape 

with visible olivine and plagioclase phenocrysts. Flow banding is not observed. 

Petrography The dacitic host is hiatal porphyritic with plagioclase > 

hornblende> orthopyroxene > opaque mineraIs in a glassy, slightly microlitic 

groundmass. The plagioclase occurs as subhedral to anhedral phenocrysts 0.1 to 3 

mm in length. phenocrysts have resorbed edges, sorne display a "' .... uu .... LAC 

texture at plagioclase core, while other plagioclase phenocrysts show a LAC 

textures towards the phenocryst edge mantled by a piagIOCla:se rim. Sieve textures are 

phenocrysts 0.1 to 2 mm 

coronas plagioclase + 

occurs as subhedral to 
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3.10 ommocrvsI textures. 

a plagioclase corona. B) Tierra Blanca 4 (TB4) glomeroporphyritic 

comprised plagioclase (Plag) and orthopyroxene (OPX). Scale is 2 mm of 

Vlew. 
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Dl1e:I1O<;fVSi'!:S o. l to 1.1 mm 

are 

cmnmol1, while common are Q1CI11"H~ronŒ1)h\'rjü 

to 5 to 10 

glass. 

The Islas ,<"'''''AHa ... <~" mafic enclave is hiatal porphyritic basaltic andesite to 

andesite with plagioclase> olivine> orthopyroxene > opaque minerals ± 

clinopyroxene. The plagioclase occurs as subhedral to anhedral phenocrysts 0.1 to 

3.5 mm in length. Phenocryst edges are commonly resorbed. Sieve texture Îs 

observed rimming phenocryst cores and then overgrown by a plagioclase overgrowth 

Plagioclase is commonly cumuloporphyritic, and sieve texture zones exhibit a 

continuous rim outlining the entire cInster. LAC texture is less common. Olivine 

occurs as subhedral to anhedral phenocrysts up to 2 mm in length. Olivine commonly 

occurs as discrete phenocrysts and less commonly as cumuloporphyritic cIusters with 

plagioclase. Orthopyroxene occurs as discrete phenocrysts, but 1S aiso 

observed as cumuloporphyritic with plagioclase phenocrysts. Opaque mineraIs occur 

eqant shape more commonly as cumuloporphyritic 

with plagioclase less commonly as phenocrysts. 

to % LiH'''<.U.l>.H'''''' plagioclase 

and pyroxene microlites 5 to glass. 
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Block Unit: a basal 

pumice breccia is comprised of clasts angular to ellipsoïdal 

in from 0.02 to 3 m width and < l % by volume oflava hthic fragments. The 

Pumice Breccia is found oruy inside the caldera and is traceable discontinuously 

around the lake, draping pre-existing topography with thicknesses ranging from 1 to 

15 m. Magma mingling textures occur in pumice breccia as wlmded clots of 

more mafic compositions surrounded by the dacite and as planaI bands alternating 

with the dacitic host. 

Petrology The DrnIDc:ebreccia is hiatal porphyritic with plagioclase> 

hornblende> opaque mineraIs> orthopyroxene and vesicularites ranging 49 to 

87 % by volume. Plagioclase occurs as subhedral to anhedral phenocrysts 0.06 to 1.8 

mm ~vu,F>W.a. Phenocryst edges appear to embayed, white other cases 

phenocrysts appear to have edges, as if they are fragments. Some 

rm~en(ICnrsts display LAC texture. occurs as to U"',-j',",'U 

l to 1.3 mm length and are p.,-, .• ~UM,,"~~V 

are 
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are common su~~ge:stm 

TB2 

to 

a paleosol is dacitic % 

phenocrysts comprising plagioclase> hornblende> opaque minerals > ",rln"", ... " .. ,,,,,,,,,.,",,,, 

2: apatite. Plagioclase oœurs as subhedral to anhedral phenocrysts 0.2 to 1.4 mm in 

length. Phenocrysts display oscillatory zoning, but an of extinction was not 

obtained to determine core to rim compositional changes. Phenocryst edges are 

commonly embayed. No LAC texture or sieve textures are observed. Hornblende 

oœurs as subhedral to euhedral phenocrysts prismatic in shape 0.16 to 1.2 mm in 

Opaque mineraIs are subhedral to anhedral and oœur as discrete phenocrysts 

typically 0.2 mm in length. Orthopyroxene is a minor component observed to be 

approxünately 0.2 mm in length and equant shape. Apatite occurs as microlites. 

Vesicles are elongate in shape comprising 75 to 80 % by volume of the rock. 

Tierra Blanca 4 (TB4) l observed the TB4 airfall unit both outside and the 

caldera. Outside 

caldera 

unit 1S 

TB4 is rhyolitic 

orthopyroxene 2: 

caldera wasl 2m the locations where 

waslt02m 3 to 4 

caldera near 

!.lUi.U.'-,..., from 

3 to 5 vol. 

> apatite. Plagioclase occurs as 
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embayed 

3. 

oœurs as 

rock. 

oœurs as 

or LAC textures are 

occur as nll'crophl~;:n(iCnlsts 

mm 

as 

Vecicles are irregular shape compnsing to 85 

are 

% of the 

Tie?ra Blanca Joven (TBI) The foUowing description is based on observation 

by the C. P. Mann, but mostly on a description by Hart (1981) and Steen-McIntyre 

(1976). Pumice clasts are present as white pumice, grey pumice and pumice which is 

both white and grey. The phenocryst assemblage of the pumice clasts vary in 

percentage of plagioclase, hornblende, hypersthene and opaque mineraIs. Hart (1981) 

notes that hornblende is the dominant phase the grey pumice and Steen-McIntyre 

(1976) recognized zircon, apaptite and phases. Honeycomb texture is 

observed in plagioclase. 1 observed the olivine phase both the grey pumice and the 

white and mixed pumice clasts. The white pumice is highly vesiculated, 

whereas the vesicularity of grey ptill11ce lS the grey ;JYJi.H""'-' approaches 

white, the V,",",I"'UA""'- increases (Hart, 1981). 
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additional 

below 

location and 

San Agustin 

was determined on wood a 

Unit. et (in sample 

radiocarbon contained this 

sample was statisticaHy indistinguishable from radiocarbon background standards, 

yielding a result of >53,400 y. B.P. This new value provides a new minimum 

hmiting age on the San Agustin Block Unit. 

The ages of two lava domes were determined by 40 ArP9 Ar radiometric 

methods. Sample CM163-01, corresponding to the southwest andesite dome Cerro 

Cuyultepe, was dated at 359.3 ± 7.9 ka. Sample CM170-01, corresponding to the 

northeast rhyolite dome, was dated at 56 ± 1.9 ka. (Appendix 3.1; A. Calvert, 

personal communication, 2003). 

Major trace element data 

trace eH;:JmeJtlt clonc;entraltlŒ1S 

extracaldera 

element 

3.11; 

are 3.3. 

\:\'1:. % Si02) to 1"1'1""",11'1', 

1989) defining a calc-alkaline 
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11. 

from Ilopango on a SiOz vs. NazO + KzO classification 

values are normalized to wt.% anhydrous. Total Fe calculated as FeO*. The 

open symbols represent data from lCarr and Rose (1987) and 2J. Vallance, 

unpublished (Appendix 3.2). In general, who le-rock compositions range from 

basaltic andesite to rhyolitic. 
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15 
Lavas 
Northem 

northeast dome 1 

northwest dome 1,2 

BD Isla Chacagaste 
Southem 

GD Cerro Tuligo 
€® Cerro Cuyultepe 

l / \ Rhyolite 

10 . \ Isla Cerro Los Patos 
"#- Is/as Ouemadas (10) 
~ o. la host1 

0 la enclave1 
N 

~ 

+ Pyroclastic 
0 T8J1 N 

0 T82 1\ ~ o· z 
~. T842 %V " 

5r 
.. pumice breccia 

.4j 

Dacite 
Andesite 

Basait 1 Basaltic-
Andesite r 1 

0 
35 45 55 65 75 79 

Si02 wt.% 



et 

lavas 

Tierra Blanca units are shown in Fig. 3. and 3.2, 3.3. ......vn ... " .... '.H'-' major 

elements such as Ti02, Ah03, FeO, MgO, and CaO and incompatible major elements 

such KzO form linear arrays with a large compositional gap between 60 ~67.5 

wt.% SiOz. Smaller compositional gaps are observed at 69 wt.% SiOz and 73 wt.% 

SiOz. MgO, FeO*, CaO and Ti02 show a steady decline with increasing SiOl. Ah03 

maintains a level of -18 wt.% when silica Îs < 59.6 wt.% but then declines in Ah03 

from 16 to 14 wt. % when silica is >68 vvt. %. 

general, three groups emerge from the major element data. The first group 

(- 54 to wt. % Si02) is comprised of the less evolved Islas Quemadas 

enclave and the southwest andesite dome of Cerro Cuyultepe. The second group (-

68 to 74 Vv1. % Si02) indudes the Quemadas dacite, TB2 the Pumice 

Breccia of San Agustin Block Unit, northeast dome, northwest 

Chacagaste, Cerro Patos, southeast dome and TB4 

1S considered to -67 to wt. 

SiOz, bridging vv1:.% wt. Si02. 



Figure 3.12 AFM of selected lavas and units empted from 

Ilopango dernorlstriatlrtg a calc-alkaline trend. Dashed separates 

tholeiitic field from the calc$alkaline field. Legend is the same as Figure Il. AU 

values are normalized to 100 wt% anhydrous. Total Fe calculated as FeO*. Open 

symbols represent data acquired from learr and Rose (1987) and 2J. VaHance, 

unpubhshed (Appendix 3.2). 
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Figure 3. Major variation lavas and 

pyroc1astic units. A) Si02 vs. Ah03. B) Si02 vs. FeO*. C) Si02 vs. CaO. D) SiOz vs. 

KzO. values are normalized to 100 wt.% anhydrous. Total Fe calculated as 

FeO*. Open symbols represent data acquired from lCarr and Rose (1987) 2J. 

Vallance, unpublished (Appendix 32). 
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3.2 WIIOLE ROCK GEOCHEMISTRY OF ILOPANGO LA VAS AND PYROCLASTIC UNITS 

D~;:;;;"="~N;;;;~~;t-"~%'''N;il;''-~~N~7tl~.;;;t-~'~N;rth';';;;;t~'~''-N;rthwest-~ëh~caga;t;-'Ch~';;;9;;t;;"~~'T~lig~"~~'-'="'cu 

UTM 0493615E 0493398 E 0493180 E 04!;l3645 E 0492718E 049;2663 E 0497663 E 
0287(j92N 0287023N 028714(j N 02a71~"l N 0287408 N 0286699 N 0279476N 027gei51N 
CM16EHJ1 CM169-01 CM170-Q1 CM224-01 CM216-01 CM18HJ1 CM223 .. 0'I CM195-01 CM194-01 CM16~,.01 01\.1151-01 01\.1184 .. 01 
Rhyolite Rhyolite Rhyolite Rhyolite Rhyolit", Rhyolite Rhyolite Rhyolite Bas .. ande&ite Bll1\-andesita Rhyolrte Rhyolite 

<>~~._~._"' ____ >_. __ ""'~~,~ .~_~, ,~.'_~~, __ ,~~. ____ , ___ '_'_4 __ ,_ .. ~ __ ~~"_,_~,.,,n,_"~,.~_'~.' __ •.. ~~> •• _~~_._~ ., __ ~ <-'. __ ~, ___ "_~_~ __ .~~~_~~~_. ___ ."" ___ .~ __ • _' __ ~~' __ ~~_"_.< __ " ___ "c __ >~_~~ 

69.32 70.03 69.31 69.11 71.72 '70.46 70.50 70.60 5832 57.60 73.11S 71.72 

0.33 0,33 0.32 0.32 0.30 0,30 0.29 030 0.63 0.68 0.27 0.27 
15.15 15.18 14.88 1523 14.56 14.68 14.40 15.16 17.61 17.79 13.97 14.79 

3.14 3.02 3.06 3.33 2.53 2.51 2.40 2.64 7.55 7.70 2.(,l{) 2.211 
0.11 0,10 0.1l 0,13 0.11 0.10 0.10 0.10 0.15 0.15 0.09 0.10 
0.85 0,85 0.82 Li9 0.70 0.62 0.66 0.76 3.19 339 0.54 0.61 
3.21 3,13 2.99 3.55 2.53 252 ;<.35 2.90 6.63 6.48 1.82 2.46 

4.41 4,42 4.28 3.98 4.611 4.48 4.57 4A3 3.12 3.11 4.68 4,67 

2.15 2,15 2.24 1.97 2.41 2.29 2.43 2.23 1.16 Ll4 Uh'l 2.35 
O.1l 0,11 0,11 0.13 0.10 0,11 0.10 0.11 0.12 ().!2 ()J)5 0.14 

U8 0,69 1.79 3.73 OA!! 1.89 2.01 0,88 1.41 1.86 0.12 0.55 

Total 99,96 10O,()'l 99.91 102.67 100.12 99.96 99.81 100.11 99.99 100.02 99.99 99.94 

.... 
BaO 1099 li OS 1110 wn 1284 lln 128() 1202 1181 816 13113 1263 
Ce 17 0 33 28 29 22 50 34 28 16 46 21 
Co 0 0 () 0 0 0 0 0 0 22 0 () 

Cr203 27 17 16 0 \6 0 32 17 () 0 \5 li! 
La 0 12 12 13 0 () 0 0 0 0 0 15 

Ni 7 15 21 0 0 0 3 0 0 0 {) 0 

Sc 0 0 12 0 0 () 0 0 () 20 0 [; 

V 44 39 40 39 16 23 20 21 39 HO 15 14 

Ga 15 14 14 15 14 15 15 14 15 19 13 15 

Nb 3 ;2 3 3 3 2 2 3 3 0.60 4 3 
Pb 8 II 7 3 8 li 8 2 3 5 g " Rb 51 .$2 50 49 52 53 53 50 49 23 55 52 

Sr 323 320 317 306 268 287 287 304 306 356 216 175 
Th l 1 0 () 0 0 0 0 0 2 1 1 

li :; 5 4 5 5 5 :; 4 5 4 5 4 

Y 20 21 20 18 20 22 22 17 18 22 19 19 

Zr 15/i 157 155 157 174 166 166 160 157 113 175 165 





VIt. 

at ~2 wt.% CaO. 

variation diagram 3.11) TB4 

remainder of the Ilopango dataset. 

show lower contents 

VS. SiO: 

to the 

Trace element abundances are listed Table 3.2 and Table 3.3 and variation 

for selected elements is iHustrated in Figure 3.14 using Harker variation diagrams. 

Ba, Rb, Zr are incompatible and become more enriched with increasing silica, 

while Sr is compatible, becoming depleted with increasing silica. V aiso shows a 

decrease with increasing Si02 (Table 3.2,3.3). Variations for Nb, Ni, Cr, Ce and 

La are not clear, but Co and Sc appear to decrease with increasing Si02. does not 

show much variation and appears to buffered between and 24 ppm no 

clear change in concentration as silica varies. general, the three groups observed 

major element Harker variation diagrams are supported by the trace element data. 

The first group (~ 54 to 60 VIt. % Si02) comprised of the Islas Quemadas mafic 

enclave and Cerro Cuyultepe has 

concentrations of Sr. second 

the 

lowest concentrations Ba, Rb, 

68 to \;vt.% Si02), .... ,.n.HIJ"~"' .... "" 

kUV""'''' dome, Cerro 

Patos an mcrease Rb, 

2. 

102 

Islas 

of 



Figure 3. MinoT element 

pyrodastic units. B) SiOz vs. Sr. C) Si02 vs. D) Sio2 vs. 

and 

AH 

values are normalized to Vo/t.% anhydrous. Total calculated as FeO*. Open 

symbols represent data acquired from lCarr and Rose (1987) and 2I VaHance, 

unpubHshed (Appendix 3.2). 
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1.2 

to 

Interpretation of the data 

Origin of the rock suite 

combined major and trace element dataset suggests chemical variations as 

a result of fractional crystallization. For major elements, the observed decreases 

Ah03, CaO, FeO'" and MgO increasing silica content, and corresponding 

increases in total alkalies and KzO, are consistent with fractional crystallization 

processes of plagioclase, pyrmœne and Fe-Ti oxides during transition from 

basaltic andesite to andesite to dacite to rhyolite (Gill, 1981). These phenocrysts 

occur in aH lavas with plagioclase > orthopyroxene 2: opaque mineraIs ± hornblende 

the pyroclastic ooits TBJ and with plagioclase> 2:: opaque 

± 

some cases is a variation percentage phenocrysts 

3. Sr and Ca is observed as the more 

case there is a1so a del~re;ase 



3, 3, l V a 

decrease found to 

" 3,1 is "" 

modal 

is depleted to the Breccia, 

phenocryst of plagioclase ls appmximately the same, 

Normative milleralogy 

To further test origin of the mck suite and to try and constrain phases 

steering magma evolution, the normative minerais were calculated using Mesonorm 

(Mielke and Winkler, 1979) and compared with the modal mineralogy, the case of 

the lavas, the samples were grouped based on presence of modal hornblende 

(Appendix 3,3) The norm calculation indicates that plagioclase > quartz > 

orthopymxene > opaque mineraIs ;:: hornblende in both the group with hornblende 

the group without hornblende, In the case of the pyroclastic units, the normative 

mineralogy was same as the lavas plagioclase> quartz> orthopyroxene > 

mit"1erals ;:: hornblende, The nn1M'n~~tnrp mineralogy is 

mineralogy except hornblende appears to play a minOf mIe, whereas the 

presence quartz, is not observed in 
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Figure 3.15 ",-,,-,'tH!."U."'''' 

and pyroclastic 

phenocryst percentages selected 

lHart (1981) and Steen~McIntyre (1976) 
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Olivine Plagioclase Hornblende OPX CPX Opaques Magnetite Hematitè Apatite 

Norlh lavas 0 X X X Northwest do me 
Northeast dome 0 X X X X 
Northeast dome D X X X X inclusion 

Isia Chacagaste ! 0 X X 
South lavas 0 X X X X Cerro Tuligo 
Cerro Cuyultepe D X 0 X X X X 
Cerro Los Patos X X X X 
Is/as Quemadas 0 X X X X la dacite 
la enclave X CV X X 
P"i.roclastic X X X TB2 
TB4 X X X X X 
Pumice breccia X X 
TBJ1 - - - - -

----- 1--

X 0 to 5 % 0 5 to 10 % 0 lOto 15 D > 15 % -- Modal % unknown 



3. Variation showing ""MUl""Jln" ... concentrations, are 

compared to modal phenocryst observations. A) CaO vs. Sr. B) TiOz vs. V. 

values are U;V~UU.HL.o"''-'" to 100 wt. % anhydrous. 
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Cation diag.rams 

phenocrysts cormOUHJlg crystal fractionation. 

Plagioclase To test plagioclase fractionation, Si vs. was used and an ideal albite 

phenocryst (NaAIShOg) was used as a proxy (Fig. 3.17). silicic rocks (2:: 62.7 

SiOz wt.%) decrease away from albite (Ab) with increasing silica 3.17A). Ona 

Rb vs. Rb/Sr variation diagram, Rb becomes enriched the melt relative to Sr over 

time, suggesting that Sr is being consumed by a fractionating phase (Fig. 3.17B). On 

a Sr vs. Ca variation diagram both become depleted (Fig. 3.16A). These signatures 

are typical indicators of plagioclase fractionation (Gill, 1981). 

Maflc phases At least three mafie phases are considered to he undergoing crystal 

fractionation: orthopyroxene, hornblende mineraIs. The calculated 

normative "'." ..... "' ... " opaque mineraIs are major 

modal percentages include hornblende. order to 

vs. cation wt. was 

compositions orthoferrosihte (FeSi03), 

hornblende enalmemOeI 1 was to a 

mafic 
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Figure 3.17 considering I-nu·I"'.'V'VU",''-' UU'-'IW'VU'Cl.Uvu. A) Silica vs. 

cation units, .,n.UJU'-' (Ab) is used as an pheocryst. B) Rb vs. Rb/Sr. 

AlI values are normalized to 100 v.,1. % anhydrous 
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lwas 

18 a suggested 

eXiJeCœoto 

an Cerro Tuligo, UL'l..' .... 'w'-',.'" 

orthopyroxene that pyroxene was first to 

The truck, black with an arrow is a hypothetical of fractional crystaHization 

beginning with the suggested orthopyroxene compositions. As orthopyroxene begins 

to fractionate, the melt becomes depleted in Mg and enriched in Fe. EventuaHy 

opaque mineraIs such as magnetite and ilmenite to crystaHize, the melt 

becomes depleted in Fe and begins to move towards the hornblende field. Figure 

3.19 demonstrates a negative correlation between Zr and Ti, considered a 

compatible element, is becoming depleted as Zr increases, suggestive of fractionation 

ofmagnetite (Cox et al., 1979). Hornblende is typically produced at the expense of 

orthopyroxene due to variables such as increased PillO, increased alkali content or 

decrease in temperature (Cox et al., 1979). Phenocryst relationsrups in the northeast 

dome and Cerro Tuligo, that orthopyroxene nudeated first followed by 

UVLUiV .... U~4'" and both may have crystaHized together a period Overgrowth 

on hornblende fuund the Islas Quemadas host dacite also suggest a change in 

most of the lavas 

rocks expenenced one or 
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3.18 on 

mineralogy and the Fe vs. Mg cation%. Black arrow 

represents hy'Pothetical path of crystal fractionation. Ideal phenocryst endmembers of 

hornblende (diamonds), pyroxene (triangles) Fe-Ti oxides (black box) are plotted 

for comparison. Field ofpyroxene based on Gill (1981). Note change scale for Fe 

cat %. B) Inset from A. Magnified corner of A with a suggested path offractionation 

usÎng a best-fit Hne (dashed hne). Legend the same as Fig. 17. 
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crystallization more 

study area. 1 constrained to those known 

ages in stratigraphie order. For the first 1 used the Islas Quemadas dacitic host as 

the liquid, and basaltic andesite to andesite enclave as the parent. For the second ron, 

1 used the rhyolitic northeast dome, dated at 56 ± 1.9 ka and the basaltic-andesite 

dome, Cerro Cuyultepe, dated at 359.3 ± 7.9 ka. 1 calculated a Dbulk for various 

fractions of melt (F) using, CdCo = F(kd-l) where, CL = liquid, Co = parent, F = 

fraction of melt remaining and Kd = elemental partition coefficient (Appendix 3.4; 

Gill, 1981; RoUinson, 1993). 1 compared the results (CL) to element concentrations 

established by whole~rock analyses. 

The first run compared the products of the 1880 dome grovvth. Trace element 

modeling results indicate with 65 to 50 % crystallization from the basaltic

ande:;ite parent would np14''''''!:l!t"" a for Rb, Sr, Zr and V the h08t dacite. The 

trace elements suggest that basaltic-andesite 

h08t. The problem this 18 dacitie 

mafie 

~",''-"", host to 

could simply be an 

as 
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a primary melt to 

ho:;t dacite was 

in press), th",r""i"nr", 

fractional 

dacitic 

from 



se(;O!l,Ci run c01:npare:Ci 

OPj'IPT!ltp<;: a for of 

not "'~7In,nT"" Cerro Cuyultepe in Il closed-systelm 

Discussion 

The overlap the major element and trace element concentrations amongst 

various lavas and pyroclastic units indicates that magma evolution at I1opango 

Caldera is not a continued process directly related to a time factor, such as 

progressive differentiation caused by a c1osed-system crystallization process. The 

simplest explanation for the observed variations magma composition is that a high

level magma reservoir (or reservoirs) experiences repeated injections of more mafie 

magma, which then undergoes fractional crystallization and is periodically tapped by 

eruptive processes. 

The lavas erupted at Ilopango have Si02 contents ranging from ~54 to 75 %, 

a COfnpCISlt!on:al gap 601:067 %. ages of the lavas and pyroc1astic 

ooits i4C 

sys:telll1atlc enrichment or depletion element or 

1880 is "'li ''"''"<'"'''' ln cornpa~tfb"le 

incompatible """'LU"'Uv (e.g., and compared to rhyolitic 
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\vt. 

chemical variations. 

was 

years 

and pyroclastic 

Phenocryst textures suggest melt conditions which can be 

attributed to an a more mafic magma the depressurization or 

the dehydration of the magma reservoir. Plagioclase phenocrysts in the northeast 

dome, Cerro Los Patos and Cerro Tuligo aIl exhibit LAC texture embayed 

edges, suggesting either rapid growth during undercooling the magma trapping 

melt (Balsar, 1989; Shelley, 1993) or similar textures, documented as honeycomb 

texture (Seaman, 2000; Darnasceno et al., 2002), are interpreted to be a result of 

resorption processes (Kuno, 1955; Gerlach and Grove, 1982). The embayed edges on 

some phenocrysts and higher An Tims on LAC textured plagioclase phenocrysts 

suggest that perhaps an influx of hotter more calcic magma destabihzed the 

VUlI.,,,,"LVlvH.<"'" phenocrysts causing partial dissolution before the phenocryst a 

chance to grow. phenocrysts found in Cerro Cuyultepe, northwest 

dome, Quemadas the Islas mafic enclave exhibit sieve 

edges, su);!ge::m:ntg 

1993; U,",""'U<UA, 2000; 2000) again su~(ge~mn 

was disrupted 

more 

l 



3. on a Time vs. 

Blue solid dots represent vvith au"v'u~", 

deterrninations (i.e. Ar! Ar dating), pink solid represent Ilopango pyrodastic units 

with relative age determinations (i.e. He). TB2 (open circles) and pumice 

breccia (PB, closed black circles) represent pyroclastic units constrained by 

stratigraphy. The pink dashed represents the depositional timeframe for TB2 

and the black dashed line represents the depositional timeframe for the 

Breccia (PB). IQ = Islas Quemadas, TBJ (Ti erra Blanca Joven, Dun et al., 2001), 

TB2 = (Tierra Blanca 2), PB = Ptunice Breccia, TB4 = Tierra Blanca 4, NED = 

Northeast dome, SED = Southwest dome. 
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of a more sorne 

C011ClTtl011S encouraging the 

textures are mlHc,mv'e an 

a change 

a more batch of magma would provide a LU",,-,u,,UH,nH 

a 

Recharge 

to increase 

the temperature, introduce a more basic composition and likely cause water 

pressure to change (Eichelberger, 1975; Tepley et al., 2000). 

If Ilopango were a dosed magmatic system sim ply undergoing crystal 

fractionation, then an increase silica, enrichment of incompatible elements and a 

decrease of compatible elements should be observed over time. However, there are 

instead decreases silica, depletions incompatible elements and enrichment 

compatible elements with indicating that fluctuations in magma chemistry have 

occurred repeatedly over time. 

There are two possible scenarios. The first is one shallow level :reservoir, 

which experiences replenishment of a more mafic magma, undergoes fractional 

crystallization and periodicaUy erupts. The second scenario is multiple shallow-level 

reservOlfs which magmas evolve independently with :residence and 

experience OCl;;aSJ,on:al mafic replenishment. Based on the lack data support 

we suggest 

nronm;e that is 

occasionaUy a more more 
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occurs 

as 

observed 

at Hvua<u,:.v 

Block et in 

press). The mafic U" .... 6'-H' ... , as weIl as reSiGeltlt magma, undergo fractional 

crystaHization, subsequently depleting the r,..",,~nu 

enriching it in compatible elements as observed. 

in incompatible elements 

Com parison of I1opango with other Central Amerkan sUkk ceniers 

The Uopango lavas and pymclastic ooits are chemically distinct fmm other 

Central American silicic centers. The Ilopango volcanic rocks range from 67 to 74 

M. % SiOz, whereas silicic centers such as Atitlân, Ixtepeque, Platanar, Zuml and 

Coatepeque are more evolved with values ranging from 66 to 82 'Nt. % Si02. On the 

other hand, silicic centers such as Apoyeque, Santiaguito, Acatango, Cerro Quemado, 

Apastapeque and Santa Maria range 65 to M. % SiOz, and are slightly 

evolved Ilopango. general, Ilopango fans the and clearly overlaps 

Si02 with Barahona, Almolonga, Mombacho 

Major element 

0u,eHUU SiOl values, HopaIW;O 

siHcic f'''''tWPlrc 

1 

on same 

high

silicic 



3.20 

centers Central ".--u,eL"'A ,l~. SiOz vs B) vs FeO*. C) SiOz vs. 

D) SiOz vs. KzO. values are normalized to vvt.% anhydrous. Total Fe 

calculated as FeO*. Note data for comparison obtained from Carr and Rose, (1987). 
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on 

e}.1ends to higher FeO SiOz. 

Santiaguito plots with higher FeO* relative to Ilopango 20B). When 

considering Ah03, silicic centers faH along the same linear except for 

Atitilan, which has slightly higtier Ah03 at similar SiOz. Ixtepeque is slightly 

depleted in Ah03 relative to Ilopango, whereas 1S comparable Ah03 

concentration at similar SiOz. Santa Maria and Mombacho overlap in Ah03 with 

Ilopango ai similar SiOz concentrations, but Santa Maria is less evolved. Santiaguito 

is similar .t...hOj concentrations to nopango at the 10w silica end of the Ilopango 

array (Fig. 20A). 

element Hm"ker variation diagrams are shov-.Tfl in Figure 3.21. When 

comparing Rb vs. Sr, Hopango is depleted and enriched in Sr relative to 

Ixtepeque, Zufiil, Atitlân, and Amatitlân, whereas it exhibits similar concentrations to 

Mombacho and i5 slightly more evolved Santa Maria, Santiagruto and 

Acatenango (Fig. When comparing Ba vs. centers 

concentrations, but Hopango, Santa and 

are as 

Atitlân, 

"'Ha,H"" J higher cmnp,mJ:1lg Ba vs. 
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ceniers 

Trace Cf%;Ul%;j,U 

,-",",u,-" ... America. Rb vs. 

AlI values are no'rm,l112:ed to 100 wt. % 

obtained from Cau and Rose, (1987). 
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vs. Rb. C) vs. Sr. vs. 

Note data for comparison 

Legend same as Figure 20. 
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trace """"J'uv".'-' 

Santa J\1aria are 

and 

To 

evolved centers 

the evolution of Ilopango relative to the other silicic centers, 

crystal fractionation was considered. variation diagram of Rb vs. Rb/Sr was 

constructed to test fractionation of plagioclase (Fig. 3.21D). As Sr is partitioned into 

plagioclase and Rb is excluded, the melt becomes more enriched Rb and the Rb/Sr 

ratio increases. Compared to Atitlan, Amatitlân and Zufiil, Ilopango is less enriched 

in Rb relative to Sr. This observation suggests either the parental melt of the 

other silicic centers was more enriched Rb than .at Ilopango, or these silicic systems 

are generally more evolved than Ilopango. 

In summary, Hopango is less evolved compared to other high-silica rhyolite 

silicic centers in Central America. This suggests three possibilities: 1) The source of 

the Ilopango magmas is less evolved. 2) Ilopango reservoir expenences 

proportionately greater replenishment of a more mafic magma, both "H<Ul';;lU):, 

the 

had 



a 

et 

magmas be a subducting slab and ",.."." ..... ""1''',. to Ba at the 

input" for the different centers 1S about the same. 

Conclusions 

The lavas and pyroclastic rocks at Hopango foUow a cak-alkaline 

range in composition from basaltic andesite (~ .54 \v1. % SiOz) 10 rhyolitic (~ 75 wt % 

SiOz). Above 65 wt % SiOz, the mineraI assemblage of the intracaldera lavas is 

plagioclase> orthopyroxene 2: opaque minerals ± hornblende. The pyroclastic rocks, 

such as TBJ, TB4 and the Pumice breccia, are an ab ove 65 wt.% SiOz and have a 

mineral assemblage of plagioclase> hornblende 2: orthopyroxene 2: opaque mineraIs, 

except for which lacks orthopyroxene. Major and trace data, 

combined \Vith the stratigraphy, indicate the evolution of mag111as at Ilopango 

not a progressive process such as 

combination crystal 

~ "'''''F>U''''' replenishment 

enclaves 

as ~U~~~'~V.il'~~ pneru~ryst 

embayed edges. ~UVU"'.il is proposed 

crystallization, 

relHellllSJrnTI.en! by a more 

UU'j'15L.'U& uU'>"<.il"15 processes are 

mag111atic 

a 

as 



more 

centers suggests that ~~~"'_~~'"'~ 

but is 

Acantenango. The less 

to Santa 

nature bethe 

replenishment and differences in crustal composition or thickness, or both. 
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Plateau Steps usee !sochron MSWD Tola! Gas Age 
(Ka) (%39) (Ka) (Ka) 

163-01 Dacite 359,3 ± 1.9 675-775°C 363.4 ±8.3 15.4 375.4 ± 10.3 
Groundmass (46%) 

170-01 Dacite 56J.H: 1.9 750-1100°C 58.6±5A 1.1 54.3± 1.6 
Groundmass (69%) 
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SGl 

UTM 

Unit Northeast Dame TB4 

wt.% 
Si02 69. 
AI203 15,03 
TI02 0.327 
FeO 2.62 1 
MnO 106 100 
CaO 3.07 1.96 
MgO 0,49 
1<20 2.25 56 
Na20 4.46 4,26 
P205 0,108 0,064 
Total 98.41 97,68 

ppm 
Ni 4 5 
Cr 0 0 
Sc 7 6 
V 6 
Ba 1 
Rb 54 
Sr 319 
II' 146 
Y 15 17 
Nb 3.8 
Ga 14 15 
Cu 7 4 
II'! 45 
Pb 6 4 
la 13 
Ce 

Major elements are !lormalizoo on Il volatile-ftee basls, ""ith total Fe expressed as FeO. 

"R" denotes a dupiicate bead made from the same 

Ut" denotes values> 120% of our highest standard. 
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$ample# 

CM216-Oi 
"Carr IL-3 
CM223-0i 
CM181-Qi 
CM163-01 
CM194-Di 

Qz 

28.34 
31.11 
2S.50 
28.90 
12.60 
13.32 

WI Hornb!ende 

CMi68-Qi 
CM169-01 
CM224-Di 
CM170-01 
1Carr tL-t 
2JV SG1 

CM151-01 
CM184-Dl 
CMl96-Ql 
'carr IL-5 
'carr IL-a 
CMi95-Qf 

Sample# 

CM261-01 
CM252-01 
'TBJ 

'TBJ 
'TBJ 

'TBJ 
'TBJ 
'TBJ 
'ïBJ 
'TBJ 

'rBJ 
'TBJ 
'TBJ 

' TBJ 
'TBJ 

'TBJ 
'TBJ 

'TBJ 

'TBJ 
iTBJ 
'TElJ 

'TBJ 
TB4-p 
T84q 
T84 
'JVSG2 

26.31 
27.02 
27.37 
27.47 
30.35 
26.34 
31.17 
28.80 
23.39 
22.13 
22.72 
28.12 

Qz 

25.51 
25.89 
25.02 
28.36 
24.85 
26.98 
25.56 
27.21 

28.88 
29.14 

·25.02 

27.23 
29.98 

37.43 
29.97 

32.32 
22.65 
35.20 
32.8() 
34.12 
31.01 

32.56 
34.55 
32.76 
35.25 
32.29 

Or 

14.35 
14.07 
14.82 
13.83 
6.92 
7.60 

12.90 
12.82 
13.68 
13.53 
13.86 
13.50 
15,41 
14.00 
12.39 
11.87 
11.70 
13.31 

Or 

11.96 
12.14 
12.83 
13.19 
1l.32 
13.27 
12.38 
12.79 
j3.31 

13.45 
'11.00 
12.91 
14.19 
1526 
14.10 
14.00 
10.85 
15.05 
13.59 
14.72 
13.60 
13.89 
13.94 
le.IX:l 
14.42 
15.48 

(' Carr and Rose,. 1987; 2 J. Vallanee, unpublished, Apprmc!ix3.2) 

Ab 

39.90 
36.69 
39.90 
38.73 
27.02 
26.94 

37.88 
37.73 
37.02 
37.01 
35.72 
38.33 
39.72 
39.83 
36.34 
38.56 
37.72 
37.86 

Ab 

35.40 
35.11 
34.73 
37.42 
38.17 
37,49 
38.51 
37.58 
38.03 
35.29 

38.49 
38.28 
35.86 

28.09 
34.54 
31.07 
36.29 
33.05 
30.63 
32.00 
32.42 
30.51 
31.87 
35.82 
31.52 
36.90 

An 

1i.09 
11.53 
11.29 
12.04 
31.16 
29.13 

15,41 
14.94 
14.60 
14.42 
13.48' 
14.40 
8.73 

11.38 
15.94 
16.73 
16.87 
13.80 

An 

17.90 
17.47 
17.71 
13.58 
16.137 
14.32 
15.74 
'14.13 
13.76 
13.33 
16.28 
13.32 
12.73 

9-1)9 

'12.99 
13.02 
19.99 
10.33 
12.51 
11.26 
13.60 
13.26 

9.48' 
8.79 
9.09 
9.55 

c 

c 

0.22 
1.13 
0.25 
0.52 
0.00 
0.00 

0.00 
0.16 
0.26 
0.25 
0.77 
0.00 
0.27 
0.43 
0.00 
0.00 
0.00 
0.45 

0.17 
0.42 
0.49 
0.06 
0.00 
0.03 
0.00 
0.00 
1100 
0,49 
,lOO 

0.00 
0.37 
3.21 
0,41 
2.09 
0.24 
1.01 

1.55 

1.57 
1.59 
2.08 
4.65 
0.93 
4.76 
1.09 

!-Iy 

4.73 
4.00 
2.88 
4.57 

16.54 
14.19 

5.87 
5.77 
5.52 
5.76 
4,43 

5.36 
3.62 
4.19 
6.34 
6.68 
5.21 
5J'4 

Hy 
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7.18 
7.12 
7.31 
5.78 
4.87 
6.21 
5.92 
6.29 
4.58 
6,47 
4$9 
7.81 
5.29 
4_73 

6.25 
5.82 
7.97 
4.11 

7.37 
4.83 
6.12 

6.01 
4.25 
3.53 
3.79 
3.64 

0.56 
0.48' 
0.54 
0.56 
1.72 
Hl7 

0.69 
0.68 
0.64 
0.68 
0'.'19 
0.64 
0.44 
0.50 
0.88 
0.92 
0.74 
0.58 

Mt 

0.78 
0.76 
0.82 
0.66 
0.69 
0.69 
0.71 
0.72 
0.54 
0.78 
0.&1 
0.86 
0.64 
0.60 
a.70 
0.71 
0.92 
0.51 
0.69 
0.59 
0.72 
(HO 
0.55 
0.43 
0.49 
0.44 

Il 

li 

0.57 
0.56 
a.57 
0.58 
1.27 
1.22 

0.64 
0.63 
0.62 
0.62 
0.48 
0.64 
0.53 
0.54 
0.80 
0.77 
0.50 
0.58 

0.75 
0.71 
0.75 
0.66 
0.65 
0.69 
0.67 
0.68 
0.58 
0.71 
0.81 
0.84 
0.69 
0.59 
0.76 
0.67 
0.79 
0.52 
0.61 
0.57 
0.63 
0.64 
0.55 
0.54 
0.51 
0.47 

AD !-Ibl Tolal 

0.24 0.00 100 
0,43 0.00 10a 
0.27 0.00 100 
0.27 0.00 100 
0.02 2.76 100 
0.29 5.65 100 

0.26 
0.26 
0.29 
0.27 
O.4t 
0.26 
0.12 
0.33 
0.33 
0.64 
0.41 
(J.26 

0.04 
0.00 
0.00 
0.00 
D.W 
0.53 
0.00 
a.oo 
3.58 
3.69 
4.14 
0.00 

100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 

Ap !-Ibl Total 

0.34 0.00 100 
0.32 0.00 100 
0.34 0.00 100 
0.29 0.00 100 
0.32 2.47 100 
0.32 0.00 100 
0.27 0.24 100 
0.32 0.28 100 
0.22 0.10 100 
0.34 0.00 100 
0.29 1.87 100 
D.34 D,4i WO 
0.28 0.00 100 
O_ta 0.00 100 
0.30 0.00 100 
0.25 0.00 100 
0.30 0.00 100 
0.23 0.00 100 
0.25 0.00 100 
0.28 0.00 100 
0.30 ().OO 100 
0.26 0.00 100 
0.18 0.00 100 
0.17 0.00 100 
0.15 0.00 100 
0.14 0.00 100 



Rayleigh Fractionation Spreadsheet 
Kd valm~$ {Gill. 1981J Dbl.dk (Rollinson,1993 ) 

Kd OUV PLAG CPX OPX HB MT RUN 1 RUN2 
RB 0.01 0.07 0.02 0.02 0.05 0.01 RB 0.05 
SR 0.01 1.80 0.02 0.03 0.23 0.01 SR 0.96 1.24 
BA 0.01 0.16 0.08 0.02 0.09 0.01 BA 0.11 0.12 
ZR 0.01 0.01 0.25 0.10 OAO DAO ZR 0.17 0.07 
HF 0.01 0.01 0.25 0.10 OAO 0.40 HF 0.17 0.07 

0.01 0.03 0.30 0.35 1.30 1.00 NB 0.51 0.17 
TH 0.01 0.01 0.01 0.05 0.15 0.10 TH 0.06 0.02 
NI 58.00 0.01 6.00 8.00 10.00 10.00 Nf 4.76 7.21 

0.00 0.01 3.00 6.00 13.00 8.00 CO 5.01 1.66 
34.00 0.01 30.00 13.00 30.00 32.00 CR 13.13 8.53 

,.... V 
l,û 

0.08 0.01 1.10 1.10 32.00 30.00 V 11.89 3.05 
~ 

Mineral percentages 
Mineral Dercentaaes are based on modal percentages. 

RUN 1 RUN2 
OUV 0.00 9.09 

68.18 
CPX 0.00 4.55 
OPX 12.50 9.09 
HB 25.00 4.55 
MT 12.50 4.76 

~----~--------. ------_._.-------------------------------------
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Rayleigh Fractionation Spreadsheet 

F 

RUN 1 

RB 

BA 
ZR 
HF 
NB 
TH 
NI 
CO 

V 

::::: Trace element concentration in liquid 

;;: Trace element concentration in parent 

Fraction of melt fl"lm:::.ininn 

~h"'"'ht" dome 

::;: t'Jasaltlc andesite Cerro Cuyultepe 

0.10 

Cl 

184.52 56.42 50.93 45.44 
323.51 332.12 341.99 

3573.60 1186.70 1078.91 970.25 
696.71 216.07 195.28 174.46 

0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 

132.38 38.99 35.08 31.19 
0.00 0.02 0.04 0.09 
6.55 14.99 16.10 H.44 
0.00 0.00 0.00 0.00 
1.86 24.22 30.24 38.71 

41.04 
351.04 
882.57 
157.7"1 

0.00 
0.00 

28.08 
0.17 

18.72 
0.00 

48.26 

XRF data 

Co 

Sample CM168-01 CM163-01 

RB 51.00 23.40 

SR 323.30 

BA 984.00 731.33 

ZR 155.80 113.10 

HF 0.00 0.00 

NB 3.20 0.60 

TH 1.10 2.40 

NI 8.90 0.00 

CO 0.00 22.00 

CR 27.00 0.00 

V 44.00 110.00 

40.26 36.79 36.17 35.57 33.88 32.36 31.41 
352.76 361.02 362.60 364.16 368.73 373.12 3"15.96 
867.02 797.27 784."13 7"12.60 738.50 707.4"1 688.28 
154.82 141.62 139.26 136.97 130.56 124.74 121.15 

0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 

27.53 25.09 24.65 24.23 23.05 21.97 21.31 
0.19 0.34 0.38 0.43 0.59 0.79 0.96 

18.97 20.21 20.45 20.69 2'1.40 22.10 22.57 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 

50.29 61.14 63.43 65.78 73.06 80.74 86.08 
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Rayleigh Fractionation Spreadsheet 

F 

RB 

BA 
ZR 
HF 
NB 
TH 
NI 
CO 
CR 
V 

Cl "" Trace element concentration in 

"" Trace element concentration in parent 

F::::: Fraction of melt .. t>M<:>inÎ 

96-01 :;:: Islas 

CM196-01i '" 

0.10 0.49 

207.95 46.04 
388.32 365.86 

5726.16 1383.57 
769.06 204.82 

0.00 0.00 
1.87 0.85 

20.84 4.69 
0.00 0.00 
0.00 1.26 
0.00 0.00 

0.05 

dacite 

mafic enclave 

0.50 0.55 

45.17 41.26 
365,58 364.28 

1358.81 1247.86 
201.40 186,04 

0.00 0.00 
0.84 0.81 
4.60 4.21 
0.00 0.00 
1.37 2.01 
0.00 0.00 
0.06 0.16 

0.56 0.51 

40.56 39.89 
364.03 363.79 

1227.92 1208.65 
183.27 180.59 

0.00 0.00 
0.80 0.79 
4.14 4.07 
0.00 0.00 
2.16 2.32 
0.00 0.00 
0.20 0.24 

RUN2 

Co 

Sample CM196-01 CM'196-01 i 

RB 46.10 20.90 

SR 31 

BA 980.74 471.12 

ZR 150.00 81.00 

HF 0.00 0.00 

NB 2.70 0.00 

TH 0.00 14.00 

NI 0.00 14.00 

CO 0.00 30.00 

CR 0.00 0.00 

V 62.00 208.00 

0.60 0.63 0.65 0.10 0.12 0.15 

37.99 36.27 35.21 32.82 31 30.74 
363.09 362.43 362.00 361.00 360.62 360.06 

1154.49 1105.23 10'14.79 1005.91 980.89 945.75 
'173.04 166.15 161.89 152.20 148.61 143,71 

0.00 0.00 0,00 0.00 0.00 0.00 
0.77 0.75 0,74 0.72 0.71 0.69 
3.88 3.70 3.60 3.35 3.27 3.14 
0.00 0.00 0.00 0.00 0.00 0.00 
2.84 3.46 3.92 5.27 5.90 6.95 
0.00 0.00 0.00 0.00 0.00 0.00 

0.42 0.72 'LOi 2.26 3.07 4."19 
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This 

ai '-''''''''''"'''"'''', as well as to del:ennUle 

Ilopango magmatic 0'","""",,,", 

geochemistry and age aeternmnatl()ns suggest Ilopango is a HJU""-U sihcic 

system with periodic fluctuations magma composition over 

1) The Ilopango intracaldera stratigraphy begins with a pyroc1astic density 

CUITent sequence, overlain by a lacustrine in turn overlain by the San Agustin 

Block unit. This portion of the intracaldera stratigraphy is mostly subaqueously 

emplaced, and two 14C ages acquired from the upper portion of the lacustrine unit 

suggest that a lake occupied the Ilopango caldera> 53,000 y. B.P. 

2) The San Agustin Block unit, which is comprised of a basal fine ash layer 

and an overlying pumice breccia, is the result of an explosive to effusive subaqueous 

eruption. eruption began with a gas-rich silicic magma making contact 

external water, most likely lake water, .. "'.., ....... ;us a phreatomagmatic The 

next phase was more degassed, in ........ UH.'''"' c1asts were quenched and 

the shedding a dome. The 

to 

studies. 

3) lavas are andesite 
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Vit. are 

facies, are aa(~rte:s to rnv'on~tes. whereas TB2 is a 

4) 

long-lived system undergoing crystal rracn,orurucin and replenishment a 

more mafic composition. 

S) Comparison of Ilopango to other Central American silicic centers 

indicates that Ilopango is less evolved than Amatitlan, Atitlan and but 1S 

similar in composition to Santiaguito, Acantenango and Santa Maria. 

Ilopango Caldera is a long-lived silicic system that is a potential threat to 

people both globaUy and locally. The combination of periodic mafic recharge, 

combined with the presence of a lake, is a recipe for disaster. The mafic recharge is 

the motor by which the magmatic system is sustained, since the mafic magma 

provides heat and mass. This explains, in part, the very high frequency of 

catastrophic explosive emptions at Hopango. The presence of the caMera lake 

unquestionably enhances, explosivity Understanding 

aid SCllentJlsts 

138 


