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Abstract

Knowledge of the internal structures and dynamics of volcanoes is an
important element in understanding and being able to forecast volcanic activity.
developments in the field of gravity studies during the last decade have permitted
better definition of the principal structures in volcanic environments and the
processes governing the internal dynamics of volcanoes. This study is a presentation
of different applications of gravity at two Nicaraguan volcanoes, Telica and Masaya.
A static gravity survey was carried out at Telica to identify Bouguer gravity
anomalies. The presence of a positive anomaly centered on the active crater defines a
large, shallow intrusion in the Telica complex. It is oriented north-northwest-south-
southeast, with dimensions of 2 km x 2 km x 6 km, and located at an approximate
depthto top of 1 km. North-trending faults and the alignment of cones in the complex
have a similar orientation to this intrusion. Microgravity measurements were made at
Masaya. Modelling of the gravity changes at Masaya showed that the gravity
changes are produced by fluctuations of the density, caused in turn by variations in
the degree of vesiculation in the magma. A possible correlation of these fluctuations
with solar and lunar tides was observed. A model for density changes in magma in
terms of their exsolved and dissolved volatile contents was developed. This model
shows that observable changes in gravity at the surface are produced by density
variations caused by fluctuations in dissolved or exsolved volatile contents for
shallow to relatively deep magma chambers (1-6 km). The volatile element that

produces the largest density changes is H,O.
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Resumen

Un conocimiento de la estructura y la dinamica de los volcanes constituye un
aspecto importante para poder comprender y pronosticar su comportamiento
geoldgico. Los desarrollos cientificos dentro del campo de estudios de la gravedad
durante la Gltima década nos han permitido una mejor definicion de las estructuras
principales que caracterizan el ambiente volcénico, y también de los procesos que
controlan la dinamica interna de los volcanes. Este articulo presenta las varias
aplicaciones técnicas de la gravedad en el estudio de dos volcanes nicaraguenses:
Telica y Masaya. Una investigacion de la gravedad estatica fué realizada en Telica
con ¢l objeto de identificar anomalias de gravedad Bouguer. La preséncia de una
anomalia positiva con su centro colocado sobre el crater activo indica la existencia de
un gran cuerpo intrusivo de poca profundidad dentro del complejo de Telica. La
intrusion tiene una orientacion de norte noroeste (NNW) hacia el sur sudeste (SSE),
y sus dimensiones son 2 km por 2 km por 6 km. La superficie del cuerpo se encuentra
a una profundidad de aproximadamente 1 km. Fallas con orientacion norte - sur, y el
arreglo linear de los conos volcanicos del complejo demuestran una orientacion
paralela a esta intrusion. Medidas microgravimétricas fueron coleccionadas en
Masaya. Un modelo de los cambios de la gravedad en Masaya fue desarrollado, y
este muestra que las variaciones en el campo de gravedad son debidas a la fluctuacion
de la densidad, debido, a su vez, a variaciones en el nivel de vesicularisacion dentro
del magma. Fué notada una posible relacion entre estas fluctuaciones y las mareas
lunares. Ademads, el modelo explica bien las variaciones de densidad dentro del

magma como resultado del contenido de componentes volatiles disueltos. Este
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modelo nos ensefia que las variaciones de la gravedad notadas en la superficie son
debidas a las variaciones en la densidad producidas por fluctuaciones en el contenido
de elementos volatiles disueltos o exdisueltos en cdmaras magmaticas a
profundidades entre 1 y 6 km. H,O es el componente volatil que produce la mayor

variacion en densidad.



Résumé

Dans le cadre de ce mémoire, deux volcans nicaraguayens ont été étudiés.
Tous deux sont situés dans la chaine volcanique d’Amérique Centrale, dans la partie
ouest du Nicaragua, proche de 1’Océan Pacifique. Telica est un stratovolcan situ¢ a
12.603° N and 86.845° W dans le sud-ouest du Nicaragua. Il fait partiec d’un
complexe volcanique composé de plusieurs édifices (Santa Clara, Cerro Aguero et
San Jacinto) situés dans la chaine des Marabios. Le cone volcanique est pentu et
contient un cratére de 700 m de diametre et d’environs 120 m de profondeur. Les
roches du complexe volcanique de Telica consistent en un chevauchement de coulées
de lave, de tephras, de dépdts alluvionnaires et de lahars. L’activité volcanique a
Telica depuis la conquéte espagnole consiste en des périodes allongées d’émission de
soufre et de nombreuses petites éruptions stromboliennes et phréatiques. Une
augmentation de I’activité sismique est présentement en cours depuis 1996, le nombre
d’événements étant passé de 100/jour a 220/jour entre le mois de décembre 1996 et le
mois de juin 1997. Le dégazage du volcan reste tres faible pendant cette période.

Le volcan Masaya est situé a 11.984° N et 86.161° W, 25 km au sud-ouest de
Managua, capital du Nicaragua. Il fait partie de la caldeira de Masaya qui a des
dimensions de 11.5 km par 6 km allongée selon une direction nord-ouest et sud-est,
parallélement 4 la chaine volcanique. Dans la caldeira, une série d’évents en forme
semi-circulaire se sont développés aprés la formation de la caldeira; ce sont les cOnes
de Masaya, de Nindiri, de Comalito, de Cerro Montosa et d’Arenal. Des cratéres
d’effondrement se sont formés dans les deux cdnes principaux (Masaya et Nindiri):

Santiago, Masaya, Nindiri et San Pedro. Santiago est présentement en phase de
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dégazage intense depuis 1993, il rejette dans I’atmosphere plusieurs centaines a
quelques milliers de tonnes de SO, par jour. Durant les 150 dernicres annees,
Masaya a connu plusieurs épisodes de dégazage semblable de fagon cyclique. Deux
coulées de lave se sont produites dans la caldeira: en 1670, d’un débordement du lac
de lave de Nindiri au nord, et en 1772, d’une fissure sur le flanc nord-est du cone de
Masaya.

Les objectifs principaux de ce mémoire sont d’expérimenter deux fagons
d’utiliser les méthodes gravimétriques sur les volcans et de démontrer leur utilité en
ce qui a trait a ’accroissement de la connaissance sur la structure et le dynamisme
interne des volcans. Premiérement, une carte des anomalies de Bouguer du volcan
Telica est construite et des modélisations sont effectuées sur ces anomalies.
Deuxiémement, des études microgravimétriques temporelles a différentes échelles de
temps (annuelle, mensuelle, hebdomadaire et quotidienne) sont effectuées a Masaya.
Troisiémement, un modéle théorique sur la variation de la densité des magmas en
relation avec leur contenu en volatiles est échafaudé. Et quatriemement, le modele
précédent est utilisé pour discuter des causes des variations temporelles de gravité a
Masaya. Afin de combler ces objectifs, deux saisons de terrain furent conduites
pendant lesquelles un total de 245 mesures de gravité et de GPS ont ét€ prises dans la
région du complexe volcanique de Telica et plusieurs mesures de microgravité ont été
prises de fagon répétitive a des échelles de temps différentes a Masaya.

L’étude de gravité statique a Telica a permis d’ébaucher une carte des
anomalies gravimétriques du complexe volcanique. Des modélisations faites a partir

de profils sur la carte des anomalies ont démontré la présence d’une intrusion  faible

profondeur sous le complexe. Ce corps aurait une taille approximative de 2 x 2 x 6
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km, allongé selon une direction nord-nord-ouest et sud-sud-est, a une profondeur de 1
km. Le contraste de densité entre ce corps et les roches encaissantes serait entre 400-
600 kg m>. Les structures régionales concorderaient avec la présence d’une telle
intrusion. Cette intrusion pourrait vraisemblablement étre le réservoir magmatique
ayant nourri les volcans du complexe de Telica.

Les études temporelles de microgravité & Masaya ont permis d’observer un
lien entre les marées lunaire et solaire et les variations gravimétriques.
Effectivement, il est démontré que les variations de gravité observées a Masaya sont
causées par des changements de densité du magma sous le crateére de Santiago. Ces
changements de densité seraient eux-mémes causés par des fluctuations dans la
quantité de bulles dans le magma. Un lien mécanique entre ce processus et les
marées est une possibilité. Le dégazage important de Masaya montre peut-tre aussi
une relation avec les variations de gravité, mais il est difficile de trouver une relation
directe puisque les mesures de SO, sont plus éparses que celles de gravité. De toute
facon, si les variations de gravité sont causées par des changements dans la quantité
de gaz dans le magma, il est siir qu’il y a un lien entre le dégazage et les variations de
gravité.

La modélisation théorique des changements de densité des magmas a des
pressions différentes avec les volatiles montre qu’il est possible d’observer des
changements de gravité pour des chambres magmatiques, des domes ou des conduits
magmatiques d’une certaine taille. L’exsolution de volatiles dans un magma
provoque un changement de densité important facile a repérer pour des corps
magmatiques importants et de faible profondeur (1-6 km). Des variations du contenu

en volatile en milieu sous-saturé sont aussi possible a observer, méme si elles
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produisent des changements de densité de moindres importances. I est aussi
démontré qu’a de faible profondeur, le volatile le plus efficace pour faire varier la
densité est H,O, le CO, étant a des concentrations trop faibles a ces profondeurs.

Ce travail a permis de démontrer la présence d’un réservoir magmatique a
Telica. La surveillance de I’activité volcanique peut étre focalisée au-dessus de ce
corps afin de mieux cerner tout renouvellement de magma ou d’augmentation de
pression & l’aide de microgravité ou de méthodes sismiques. Une meilleure
connaissance du systéme volcanique interne de Masaya peut aider a mieux prévenir
les futures périodes de dégazage et de possibles €ruptions.

L’ utilisation des techniques gravimétriques en milieu volcanique augmente les
connaissances des processus magmatiques et de la structure interne sous les volcans.
En intégrant ces données avec d’autres méthodes géologiques, géochimiques et
géophysiques, notre connaissance des systemes volcaniques s’accroit. Cela permet
de mieux prévoir les comportements volcaniques qui peuvent poser des dangers pour

les populations vivant aux alentours des volcans actifs.
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Introduction

Gravity surveys of volcanic areas provide an excellent means to define and
understand the subsurface structures of volcanoes. With the technological
improvements in the past few years in the field of the Global Positioning System
(GPS), new approaches in the field of gravity are now possible. These techniques
give us a way to study mass movement and accumulation or loss of gas beneath
volcanoes, which in turn help us understand their activity and forecast eruptions.
Gravity variations observed in the past have been difficult to interpret because of a
lack of good elevation control (Eggers et al., 1976; Eggers and Chavez, 1979; Eggers,
1983; Vieira et al., 1986). Microgravity measurements with precision to better than
10 uGal and levelling with precision to better than 2 cm can now be acquired rapidly
on volcanoes (Rymer, 1989; Brown et al., 1991). With accumulation of data and
experience, interpretation of fime-varying gravity features on volcanoes becomes
more reliable and meaningful (Rymer, 1994; Rymer and Locke, 1995).

In the present study, two volcanoes were surveyed using two different
methods of gravity monitoring. At Telica volcano, Nicaragua, a conventional static
gravity survey was conducted to make a map of the Bouguer anomalies of the crater
area. At Masaya volcano, microgravity monitoring was conducted to observe
temporal variations at different scales (yearly, monthly and daily variations).

Telica is an active volcano in northwestern Nicaragua that is part of the chain
of Quaternary volcanoes along the western margin of Central America. The Santa
Clara, Cerro de Aguero and San Jacinto edifices coalesce with Telica to form a group
of volcanic centers that is part of the Marrabios range. Historic activity at Telica for

the last 500 years consists of extended periods of solfataric activity and numerous
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small explosive eruptions (Lefebure, 1986). Masaya volcano is part of Masaya
caldera, situated in the same Quaternary volcanic chain as Telica. Historic activity at
Masaya includes lava lake formation, pit crater formation and two lava flows which
were erupted in 1670 from an overflow of the lava lake of Nindiri to the north and in
1772 from a fissure on the northeast flank of the Masaya cone (Rymer et al., 1998).
Geological evidence also shows episodes of pyroclastic cone-building eruptions.
Plinian airfalls are also known to have occurred from Masaya caldera (Williams,
1983). During the past 150 years, episodes of strong degassing have occurred,
showing a cyclic interval of about 25 years. These degassing crises, five in total since
1852, represent the degassing of approximately 10 km® of basaltic magma (Stoiber et
al., 1986). Rymer et al. (1998) monitored the volcano from 1993 to 1997 using
microgravity techniques, levelling instruments, GPS and COSPEC measurements.
Masaya caldera also has been investigated using other geophysical techniques
(Bouguer gravity, seismology and magnetotellurics) (Metaxian, 1994; Metaxian and
Lesage, 1997). Presently, Masaya is monitored on a continuous basis with one

seismic station by INETER (Instituto Nicaragiiense de Estudios Territoriales).

Objectives

The main goals of this thesis are to (1) map and model the gravity anomalies
of Telica volcano, (2) monitor microgravity variations on different timescales (yearly,
monthly, weekly and daily) at Masaya volcano, (3) build a model for gravity changes
related to variations in the dissolved and exsolved volatile content in the magma

under volcanic edifices, and (4) discuss possible causes of gravity variations with
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time at Masaya and, using the previous theoretical model, explain the changes
observed. To achieve these goals, two seasons of fieldwork were conducted where
gravity and microgravity data were acquired at Telica and Masaya volcanoes. At
Telica, 245 gravity and GPS measurements were taken around the crater area.
Microgravity measurements at Masaya volcano were taken repeatedly each day and
week during the two field seasons to obtain adequate data with which to observe
temporal variations at different timescales. Leica GPS 200 dual-frequency
differential receivers were used for positioning of the gravity stations at Telica and
for monitoring altitude variations at Masaya. LaCoste and Romberg meter G-513 and

Scintrex meter were use for the gravity work.

Locations

Masaya Volcano

Masaya volcano is a large basaltic shield volcano situated at 11.984° N and
86.161° W, 25 km southeast of Managua, which is the capital of Nicaragua (Fig. I-1).
The summit of Masaya volcano is situated at 624 m above sea level. Masaya caldera
is 11.5 km by 6 km, elongated in the northwest-southeast direction, and parallel to the
volcanic chain. An 8 km* lake at 135 m altitude is situated in the southeastern part of
the caldera. Inside the caldera, a semi-circular set of vents have developed from post-
caldera eruptions; they include Masaya, Nindiri, Comalito, Cerro Montosa and Arenal
cones (Fig. 1-2). Four pit craters have been formed in the two main cones (Masaya
and Nindiri), including the Masaya, Santiago, Nindiri and San Pedro pit craters (Fig.

I-3) (Rymer et al., 1998). Santiago is the active crater at the present time.
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FIGURE I-1
Location of Telica and Masaya volcanoes in the Central American Front. Shaded

strips are proposed segment boundaries of Soitber and Carr (1973).
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FIGURE I-2

Locations of volcanic centers in the Masaya caldera (From Maciejewski, 1995).
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FIGURE [-3
Aerial photo of Masaya caldera showing the different pit crater (From McClelland et

al., 1989),
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Telica Volcano

Telica volcano is a composite volcano located at 12.603° N and 86.845° W,
19 km north of Leén, Nicaragua’s second largest city, at the northwestern edge of a
large volcanic complex (Fig. I-1). The summit of Telica is 1040 m above sea level.
The Telica volcanic complex is situated in the central part of the Marabios Range
(Fig. I-4). Telica has a very steep sided cone with a double crater measuring 700 m in
diameter (Fig. 1-5). The southern crater, which is presently active, is at least 120 m in
depth. None of the other cones in the volcanic complex which comprise the large

ridge of El Liston are active.

. Geological Setting

Regional Geology

Telica and Masaya volcanoes are situated in the Nicaraguan Quaternary
volcanic chain located near the southern end of the active Central American volcanic
front. This front is part of the Meridional Structural Domain which includes Costa
Rica, Panama and southwestern Nicaragua. The volcanic front is the result of plate
convergence between the Cocos and Caribbean plates (Malfait and Dinkelman, 1972;
Carr, 1984) (Fig. 1-6). The Central American volcanic chain, consisting of 38 active
volcanoes, has been divided into 7 linear segments along the Pacific margin of
Central America (Stoiber and Carr, 1973) (Fig. 1-7). In Nicaragua, two tectonic
segments divide the volcanic chain. Masaya caldera is located in the eastern
Nicaraguan segment, about 25 km southeast of the boundary between the two

segments, and Telica is found in the western Nicaraguan segment (Fig. I-1). The
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FIGURE I-4

Volcanoes of the Marabios Range. Volcano El Viejo and San Jacinto are now called

San Cristobal and Santa Clara, respectively (From Lefebure, 1986).
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FIGURE I-5

A view of Telica crater from the east side.
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FIGURE I-6

Plate tectonic setting of the Middle American island arc (From Lefebure, 1986).
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FIGURE I-7

Map of the Quaternary volcanoes of Central America (From Weyl, 1980).

12
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northern part of this volcanic chain where the Telica complex is found, the Marabios
chain, is mainly dominated by volcanic complexes, individual stratocones, cinder and
spatter cones. In the central part of the volcanic chain lie the main ignimbrite centers:
the Malpaisillo caldera at the north and the Managua-Las Sierras-Masaya Complex at
the south (Metaxian, 1994; Viramonte et al., 1997, Lefebure, 1986).

Central America is divided by Weyl (1980) into two units: the northern part
which is underlain by a basement of continental crust (Paleozoic) and the southern
part which consists of oceanic crust overlain by younger sediments and volcanics
(Tertiary). The contact between the two units is thought to underlie the Managua
Graben in the area of the Nejapa Alignment in Managua (Bice, 1990, from
Maciejewski, 1995). Nine structural provinces, corresponding to the distribution of
formations of different age, were identified in Nicaragua (Garayar, 1977, from Weyl,
1980). This scheme is reflected in the general geological map of the country (Fig. I-
8). McBirney and Williams (1965) proposed the following as the most important
physiographic units in Nicaragua: the Atlantic Coastal Plain, the Interior Highland,
the Nicaraguan Depression and the Pacific Coastal Plain. This structural scheme is
shown in a northeast-southwest geological cross-section (Fig. 1-9).

The basement rocks of Central America extend from Guatemala southward to
northern Nicaragua. They form a sequence of schists, phyllites, marbles and
quartzites called the Nueva Segovia Formation of Paleozoic age that was intruded by
Cretaceous plutonic rocks (Lefebure, 1986). The Bocay basin, in the northwestern
frontier region of Nicaragua near Honduras, is oriented northeast-southwest and is

mainly composed of terrestrial and marine sediments (Bracchi and Giudice, 1958,
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FIGURE [-8

Geologic map of Nicaragua (From Weyl, 1980).
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FIGURE [-9

Generalized geological section through southwestern Nicaragua (From Weyl, 1980).
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Rivera, 1962, from Weyl, 1980). The Mosquitia basin, which is the northeastern
continuation of the Bocay Basin, is one of the largest Mesozoic-Tertiary sedimentary
basins in Central America (Karim et al., 1966; Mills et al., 1967; Mills and Hugh,
1974; Arden, 1969 and 1975, from Weyl, 1980). The Interior Highlands are mainly
composed of Tertiary volcanic sequences that are divided into the Matagalpa, Lower
and Upper Coyol Groups. They are composed of accumulations of pyroclastic flows,
lava flows, tuffs and epiclastic breccias with minor associated sediments (Lefebure,
1986). The Nicaraguan Depression, a broad shallow graben, is the dominant
structural feature in Nicaragua and is probably late Miocene in age (McBirney and
Williams, 1965). It is filled in part with pyroclastic material coming form the Las
Sierras group into the central part of the depression (Metaxian, 1994). The
sedimentary formations in Nicaragua consist of the Rivas, Brito, Masachapa, El
Fraile and El Salto Formations (Lefebure, 1986) (Table I-1).
Geology of Masaya Volcano

The origin of Masaya caldera is controversial. McBirney (1956) believed that
the caldera was formed after a series of collapses due to a migration of the magma
chamber. For Williams (1983) and Bice (1985), the formation of the caldera results
from a series of collapses due to strong magmatic eruptions, ali of basaltic
composition, including plinian and ignimbrite eruptions. Kieffer and Creusot-Eon
(1982) suggested that the caldera was the result of an enormous phreatomagmatic
eruption which produced a huge depression of "maar” type. Masaya caldera is itself
situated within another caldera, the Las Sierras caldera formed 20 000-30 000 years

ago, which resulted in the formation of the Masaya Lapilli Bed (van Wyk de Vries,
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Table I-1
Statigraphic correlation chart of southwestern Nicaragua (From Viramonte et al., 1997)
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1993). Masaya caldera was formed during the eruption that deposited the Masaya
Tuff between between 6000 and 2000 years ago (Walker et al., 1993).

Masaya caldera is different from the other volcanoes in the volcanic chain.
Not only does it have large-volume explosive basaltic activity, the pre-caldera
activity resulted in the construction of a low shield volcano with a form that does not
match the composite volcanoes which dominate the Nicaraguan volcanic front
(Walker et al., 1993, Metaxian, 1994). Poorly vegetated lavas cover the floor of the
caldera. Since the sixteenth century, only two lava flows have been known to erupt.
The first lava flow was the result of an overflow in 1670 from the Nindiri pit which
contained a 1 km wide lava lake at the time (Rymer et al., 1998). The second lava
flow was erupted from a fissure on the flank of the Masaya cone in 1772 (Fig. 1-10).
The only other historic lava is found in Santiago crater which is still active at present,
and in Nindiri crater in 1852 (Rymer et al., 1998).
Santiago crater is the main site of activity since it formed in 1858-1859. A lava lake
covered the floor of Santiago in 1948 and 1965; the solidified lava is now broken by
concentric faults (McBirney, 1956). The active vent of Santiago is now situated in an
inner crater 150 m deeper than the main crater which is itself 150 m deep (Fig. I-11).
Incandescence is often visible at the bottom of the crater. The volcanic rocks from
Masaya are all basalts or basaltic andesites showing very little compositional
variation compared to other Central American volcanoes. They also have a low
content in Al:O; and a high concentration in FeO, showing a tholeiitic differentiation
trend. These compositional variations and the evolution of the caldera is the result of
open-system magmatic differentiation in a large, shallow magma chamber (Walker et

al., 1993). A gravity anomaly was first reported by Connor and Williams (1990) and
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FIGURE I-10
Masaya caldera and the 1670 and 1772 lava flows (From Kieffer and Creusot-Eon,

1992).
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FIGURE I-11

A view of the active vent at the bottom of Santiago crater.
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FIGURE I-12

Geologic map of Masaya caldera showing the different geologic units (From Walker

etal., 1993).
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refined by Metaxian (1994). From a Bouguer survey of the caldera area, Metaxian
(1994) postulated the presence of a dense body 500 kg m™ higher than the
surrounding rocks and centered at 6 km depth, of 6 km thickness, with the roof at a
depth of 2-3 km. There is also a magnetic anomaly which has been modlled in terms
of the same structure (Metaxian, 1994).

The basement of the caldera comprises the Las Sierras Formation (Williams,
1983). In the west, the caldera walls are made up only of basaltic ignimbrites, a 73 m
thick sequence that formed the Fontana Lapilli, which is a major regional
stratigraphic marker (Williams, 1983). Pyroclastic eruptions have produced extensive
Strombolian deposits on the caldera floor and on the slopes of the volcano (Williams,
1983). Voluminous and widespread surge deposits are found around the caldera, and
overlain by pyroclastic flow and fallout deposits which are believed by Williams
(1983) to be associated with caldera collapse. Detailed mapping of the geologic units
in the vicinity of the caldera was done by Williams (1983) (Fig I-12).
Geology of Telica Volcano

The Telica Volcanic Complex covers approximately 80 km*® and extends from
the town of Telica in the south to Las Marias in the north. Also near the complex, the
city of San Jacinto lies to the east and Colonia Agricola Cristo Rey to the west (F ig. [-
13). Telica volcano is a stratovolcano of basaltic to andesitic composition. The
volume of the Telica complex is estimated at 30 km® of volcanic material (Stoiber
and Carr, 1973). The following description of the Telica complex comes mainly from
Lefebure (1986).

The Telica complex can be divided geomorphologically into elevated areas

which are Cerro Los Portillo and San Jacinto, a lava "apron" and the volcanic cones
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FIGURE I-13

Map of the Telica volcanic complex and surrounding towns (From Lefebure, 1896).
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Table 1-2

Formations of the Telica volcanic complex (Adapted from Lefebure, 1986)

Period Epoch Formation Lithology Unit
Recent alluvium and 9
Colluivium

basalt lava and g

Telica tephra
andesite lava 7

San Jacinto |altered basalt
lapillistone and 6
Quaternary tuff

Recent Samis Clara basalt lava and 5

or tephra
Pleistocene Cerrode |basalt lava and 4

Aguero  |tephra
El Najo |basalt lava 3
La Ceiba |andesite lava 2

Tertiary or | Pliocene or | Cerros Los

Quaternary | Pleistocene | Portillos basalt lava 1
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of Telica, Santa Clara and Cerro de Aguero. The Telica complex consist of lavas,
tephra, alluvium, lahars and intrusive rocks (Table I-2). The most abundant rock
types are lava flows and tephra of basaltic and andesitic composition. Epiclastic
rocks can be found in valleys on the flanks of the volcanic centers and in the
surrounding plains. Outcrops of hypabyssal intrusive rocks are visible on the older
volcanic centers. Telica, the only active cone in the complex at present, is also the
youngest cone and rests on the other volcanic centers of the complex. McBirney and
Williams (1965) believed the volcanoes of the Marrabios Range, including the Telica
Complex, to be of Quaternary age. Lefebure (1986) separated the Telica Complex
into eight different volcanic units (Table I-3) and identified 14 lava flows. Fumarolic
activity occurs in the crater of Telica volcano, which is most intense during and
immediately after the rainy season from April to July. North-south-oriented faults are
common on the volcano (van Wyk de Vries, 1993). Hot springs are also present at 8
localities in the central, eastern and northern parts of the volcanic complex. The
shape of the Telica edifice represents the construction and destruction of at least three

successive edifices (Lefebure, 1986).

Volcanic Activity

Volcanic Activity of Masaya

Masaya volcano has been persistently active since the beginning of the
sixteenth century. The activity is characterised by episodes of lava lake formation
associated with strong gas emissions since the formation of Santiago crater in 1858-

1859 (Stoiber etal., 1986). Plinian and ignimbrite eruptions also occurred in the



Description of the volcanic units of the Telica complex (From Lefebure, 1986)

General Introduction

Table I-3

Formation | Unit Name Phenocrysts Groundmass
Black pyroxene plag (Anyogs) Z‘?égdo:cs igd
8c basalt porphyry augite micrpl)ilt:s Z o
tephra deposits olivine (Fozs) SRyl
and sideromelane
plag (Anspgs) labradorite,
Gray pyroxene augite clinopyroxene and
Telica 8b basalt porphyry olivine (Fogs.go) olivine microlices,
flows orthopyroxene opaques, +/-
opaques sideromelane
Gray pyroxene plag (Angg.79) lri?:?cc)ll?t?sean d
8a basalt porphyry augite S
lapilli and ash opaques .
tachylite glass
andesine and
e aridEdEE plag (Angs.qo) clinopyroxene
7 i o +/- augite microlites, opaques
porphyry opaques and and intersertal
glass
Brown or orange- Pla
: " brown altered 5 reddish-brown to
San Jacinco |6 T Augite
basalt lapilli-stone ikl black glass
and tuff
Gray olivine basalt | plag (Anysz0) :Jbrrigﬁlit:rsﬁfes
Santa Clara |5 porphyry flows opaques 5 2 s min’or
and tephra olivine (Fos) paq
glass
— labradorite and
Cerro de Gray olivine plag (Ango.m) augite microlites,
4 andesite porphyry | opaques i
Aguero i olivine, opaques and
flows and tephra olivine (Foys) aia
Gray olivine plag (Ango.7s) lcz}ibrfzdoigieanned
El Najo 3 pyroxene basalt augite s cl))l}ilteg i
porphyry flows olivine : 4 SERGHES
and intersertal glass
plag (Angs.s
Grey and red ) bronzite plagioclase and
La Ceiba 2 pyroxene andesite | opaques clinopyroxenes
flows +/- olivine microlites in glass
lag (Angs.c0) labradorite and
Cerro Los Gray olivine basalt - clinopyroxene
} 1 olivine (Foos.gs) P
Portillos porphyry flows - augte microlites, opaques,

minor glass

26
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history of Masaya (Williams, 1983). Caldera-forming eruptions have been frequent
in Masaya’s volcanic history; at least four are known between 2700 and 30 000 years
BP (Williams, 1983; van Wyk de Vries, 1991, from Rymer et al., 1998). Stoiber et
al. (1986) estimatéd that approximately 33 x 10° m® of basaltic lavas were erupted
since the Spanish Conquest (1524). This gives an average rate of 0.07 x 10 m? yr'!,
which is significantly lower compared to what Williams (1983) calculated for the
average prehistoric rate of 1.9-5.5 x 10 m® yr'l.

One unusual aspect of Masaya is the degassing crises that have occurred since
1852 (Stoiber et al., 1986). Five of these crises have occurred in the past, and one is
ongoing since 1993 (Rymer et al., 1998). The gas is coming out of the active
Santiago crater. During the episode from 1977 to 1985, Stoiber et al. (1986)
measured SO, fluxes in the gas plume by COSPEC and estimated an average flux of
1275 metric tonnes/day. This degassing rate implies that 10 km® of magma have been
degassed over the last century. This indicates a discordance between the gas
emission rate and the lava emission rate. The ratio of erupted solid material to the
volume of intrusive degassed magma (0.1 km® yr'!) is only 0.0007 (Metaxian, 1994).
An active lava lake was sometimes visible in Santiago from 1965 to 1979. Cooling
of this lava lake formed the platform which is visible today at a depth of 150 m in
Santiago. After partial collapse of this platform in 1989, a new lava lake was visible
150 m deeper than the platform (SEAN Bulletin, 1989). This state lasted for 17
months and was terminated by further collapse of the southern part of the crater
(Metaxian, 1994). From 1990 to 1993, activity was restricted to very small gas
emissions (less than 25 metric tonnes/day SO») (Bulletin of the Global Volcanism

Network, 1992). In 1993, the volcano entered a new degassing phase, and a new lava
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lake was visible (Rymer et al., 1998). This renewal in activity was accompanied by
an increase in the permanent tremor amplitude by a factor of 4 as recorded at the
volcano (Metaxian, 1994). The source of tremor is located beneath the active crater
of Santiago (Metaxian and Lesage, 1997).
Volcanic Activity of Telica

During historic time, two volcanoes in the Telica Complex have been active:
Santa Clara and Telica. Historical volcanic activity at Santa Clara was restricted to
solfateric activity during the sixteenth century (Lefebure, 1986). Telica has had
extended periods of solfateric activity and numerous small explosive eruptions during
the last 500 years (Lefebure, 1986). Since the beginning of the twentieth century, the
activity has increased, ejecting ash during at least 22 different eruptive periods
(Lefebure, 1986). A lava lake was observed in 1971 at the bottom of Telica’s deep
circular crater. Historic eruptions at Telica have resulted in vertical ejections of
basaltic ash and gases over periods of days or weeks with associated seismic activity.
During stronger eruptions, lapilli, bombs and blocks were sometimes ejected onto the
crater rim and flanks. The eruptions resemble many of the features of Strombolian-

type volcanoes (Lefebure, 1986).
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Abstract

The Telica complex, Nicaragua, has been very active in historic time and is a
potentially dangerous volcano. Telica has undergone extended periods of fumerolic
activity and numerous small explosive eruptions. An interpretation of gravity data
collected in 1997 and 1998 was made to better delineate the geologic structure of the
Telica Complex. During the static gravity survey, a total of 245 stations were
occupied in the vinicity of the volcano. Compilation of the gravity data revealed a
large anomaly oriented north-south. This body has a positive density contrast of
around 400-600 kg m™. This anomaly of dimensions 2 km x 2 km x 6 km at a depth
of about 1 km is probably an intrusion or magma reservoir. It is situated in the
middle of the Telica complex and may feed all the volcanoes situated in the complex.
The regional structure is concordant with this intrusion, with three north-trending
tensional faults and the alignment of the cones being oriented approximately parallel
to the gravity anomaly. The ongoing seismic activity may indicate magma
replenishment into this reservoir or the occurence of a pressure buildup, since there is

practically no visible degassing at the surface of the volcano.

Introduction

Telica is an active volcano in northwestern Nicaragua forming part of the
chain of Quaternary volcanoes along the western margin of Central America (Fig.
1.1). Telica and its adjacent volcanoes, including Santa Clara, Cerro Aguero and San
Jacinto, are part of the Telica complex situated in the Marrabios Range on the

southwestern margin of the Nicaraguan Depression (Fig. 1.2). Telica rises to a
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FIGURE 1.1
Map of the Quaternary volcanoes of Central America showing the location of Telica

volcano (From Weyl, 1980).
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FIGURE 1.2
Geological map of the Marabios Range, Nicaragua (Form Weyl, 1980).
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maximum elevation of 1060 m above sea level; elevation at the base of the volcano is
around 100 m. The volcano has a very steep-sided cone with an active crater of 700
m diameter. The Telica Complex consists of overlapping lava flows, tephra,
alluvium, lahars and intrusive rocks. One of Nicaragua's most active volcanoes,
Telica has erupted intermittently since the time of the Spanish conquest. Historical
activity at Telica consists of extended periods of fumerolic emissions and numerous
small explosive eruptions (Lefebure, 1986). Eruptions in the sixteenth century have
been reported at Santa Clara (Lefebure, 1986), but its eroded and breached crater has
been covered by forests throughout historical time. Telica is currently monitored
with a telemetered seismic station by INETER (Instituto Nicaragiiense de Estudios
Territoriales). From December 1996 to June 1997, the number of volcanic/seismic
and seismic events increased from ~100/day to ~220/day (GVNB 22:03, 22:05 and
22:06). Solfateric activity is very low at Telica, with the SO, flux measured by
COSPEC on 17 March 1996 averaging 40 + 20 t/d and nearly zero in March 1997,
based on nine measurements (GVNB 21:04, 22:03). The volcano is also monitored
with microgravity; measurements since 1993 have shown no significant changes (H.
Rymer, personal communication, 1998).

Knowledge of the internal structure and dynamics of volcanoes improves our
means to understand volcanic activity. Knowing the location of a large dike or a
shallow intrusion makes it possible to focus monitoring on that particular point. This
knowledge also may be used for economic purposes; e.g., geothermal energy which
could provide electricity. Investigation of volcanoes by geophysical means enhances
our understanding of their internal structure when integrated with geological,

petrological and geochemical methods. Gravity surveys are well suited to the study
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of internal structures of volcanoes because the density contrasts encountered in a
volcanic environnement can be substantial. A gravity survey permits the detection of
bodies which have a different density than the surrounding rocks, for example, deep
or shallow magma chambers, magma dikes or pipes and low-density fragmental
material which may fill a caldera or a crater depression. The utility of gravity and
microgravity data on volcanoes has been amply demonstrated (Rymer and Brown,
1986; Eggers, 1987; Metaxian, 1994; Rymer, 1994). To better define the subsurface
and internal structure and to delineate possible intrusive magma volumes, a gravity
survey of Telica volcano and the surrounding area was made in the winters of 1997

and 1998. From this survey, a series of Bouguer anomaly maps were made.

Methodology

A total of 245 stations were occupied in the vinicity of Telica volcano during the
months of February and March in 1997 and 1998. Gravity measurements were made
with Lacoste and Romberg meter G-513 (see Table Al in Appendix A). Leica GPS
200 dual-frequency differential receivers provided positioning and elevation control
of the stations (see Table A2 in Appendix A). In the course of the first gravity survey
in 1997, measurements were made only in the vinicity of the crater with a dense
array. In 1998, the gravity grid was extended farther from the volcano to enlarge the
gravity anomaly map. Four base stations (Basel, Base2, Base3 and Basefinal) were
used to connect all the stations together. The stations are not connected to an
absolute gravity station, so the gravity values are calculated relative to Base3. The

locations of these base stations are shown in Figure 1.3. Base2, Base3 and Basefinal



Chapter I — The nature and origin of gravity anomalies at Telica Volcano, Nicaragua 38

FIGURE 1.3

Topographic map of the Telica complex showing location of the base station, the two

gravity profiles and a sketch of the intrusion.
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are temporary stations located on the road to Telica and are difficult to relocate.
Basel is a good station to use for a new survey or to continue this survey. The station
is located about 5 m west of a house (Fig. 1.4) at the foot of the volcano on its
northeast side. The latitude and longitude is: 12° 36" 33.2394"" N, 86° 49' 56.9752"
W, at an elevation of 734 m. The station is situated on a round dark gray rock 50 cm
in diameter and rising up about 15 cm from the soil. Alejandro Acosta, a driver for

INETER, is a good contact for more information on the exact location of this station.

All gravity measurements were tide-corrected in the field using GRAVPAC, a
solar and lunar tide calculator provided by Lacoste & Romgerg Inc.. Meter drift was
not accounted for on a daily basis, since it was generally only of the order of 15-25
uGal (average 17 uGal) after 6-7 hours at the end of the day. Meter drift on a weekly
and yearly basis was corrected, since there was an overall drift of 131 pGal between
the first and the last day of measurements at Base! in 1997. The drift of the meter

between 20/03/97 and 11/02/98 was 3.690 mGal.

Gravity corrections were made for all stations; a summary of these corrections
and measurements is presented in Table A2 in Appendix A. Because of the
equatorial bulge and the rotation of the Earth, there is an increase of gravity with

latitude (Telford et al., 1990). Correction for latitude AG; is calculated as follows:

AGi = 0.811sin2¢As mGal

where As is the north-south horizontal distance in kilometers of a station from Base3

and ¢ the latitude in degrees (12.6° N in our case). This correction is positive as we
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FIGURE 1.4

Location of station Basel near the house at the foot of Telica volcano. Photo of the

house.
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move toward the Equator. Because gravity varies inversely with the square of

distance, a correction for elevation differences between stations is required. The free-

air correction (AGga) is calculated as follows:
AGr = 0.3086Az mGal

where Az is the elevation difference in meters between a station and Base3. Then, a
Bouguer correction is made to account for the material between the stations and the
reference station that the free-air correction ignores (Base3 in our case). This

correction (AGp) is calculated from:
AGp =0.00004192pAz mGal

where p is the density in kg m™ of the material determined by the Nettleton method
(1939) and Az is the elevation difference in meters between a station and Base3. For
accurate corrections (latitude, free-air and Bouguer), the station position and
elevation have to be known with accuracy. For an accuracy of 10 uGal, the position

of each station has to be known within 10 m and elevation to 3 cm.

Position and elevation of each station were acquired with Leica GPS 200 dual-
frequency differential receivers. The precision obtained is about 1 cm horizontally
and 1-2 cm vertically. This precision is relative between stations when they are
connected to each other. For the absolute position of the gravity network, no
benchmarks were available. Thus, during the survey of 1997, the reference GPS was
always positioned at the same point and measured several time for 6-7 hours each

day. This is not a gravity station but a relative reference for the rover GPS. A single-
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point computation was made at this point and gave an absolute position to about 10 m
of precision. The corresponding error for latitude, Free-air and Bouguer corrections
is 3.5 x 10° mGal, 6 x 10° mGal and 2 x 10° mGal, respectively. The error for

latitude correction is negligible and will not be considered further.

For the terrain correction, only a topographic map of 1:50 000 scale was
available. For terrain corrections « A » through « D » (0-170 m radius), the method
of Sandberg (1958) was used. It involves approximating the slope near the station,
divided into quadrants. The Sandberg tables were used to calculate the correction
(Sandberg, 1958). For terrain corrections « E » through « K » (170-9900 m radius),
the Hammer (1939) method was used on the topographic map available.
Unfortunately, because of the lack of other maps of larger scale, corrections « M »
and « L » (9900-21950 m) were not made. The terrain correction in the tables of
Hammer (1939) and Sanberg (1958) are calculated for a density of 2000 kg m>. A
conversion has to be made to account for the average density evaluated with the
Nettleton (1939) method. For the terrain correction, the error is comparatively high.
It is normally about 10 % of the average terrain corrections (Barrows, 1996), which is
equal here to 0.62 mGal (6.2 mGal being the average terrain correction).

The density used in the modelling was evaluated from the Nettleton profile made on
the volcano (Fig. 1.5a, b). The Nettleton method is a mean to estimate the near-
surface density, using a gravity profile over topography, that is not related to density
variations. Field readings are reduced using different densities for the Bouguer and
terrain corrections. The profile that least reflects the topography is the profile with the

best estimated density. An average density of 2400 kg m” was chosen from the
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FIGURE 1.5
Nettleton correction for a gravity profile on Telica volcano using density variation of
1800 kg m™ to 2900 kg m>. (a) The gravity profile for the different densities. (b) The

corresponding elevation profile on Telica.
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Nettleton correction. For matters of comparison, gravity also was corrected using
values of 2300 kg m~ and 2500 kg m”. Using these densities, three Bouguer
anomaly maps were made. The density was used in the Bouguer and terrain
corrections. After being corrected, the gravity data were interpolated using a linear

method to a 50 m x 50 m grid and contoured using MATLAB.

The error due to gravity measurements is about 0.015 mGal, while the error
from elevation control depending on the density estimation (Free-air and Bouguer)
should not exceed 0.01 mGal. The estimated error from the terrain correction is 0.62
mGal. Thus, we can say that the error for terrain corrections should not exceed 1.0
mGal. The error on the density estimate, which should not exceed 200 kg/m’,

corresponds to an error of 0.1 mGal. The total error (E) is equal to the following:
J7!
E= [/:'(;2 + 1:',,2 + l:",,2 Filt, ]3

where Eg; is the error for the Lacoste and Romberg measurement, Er is the error from
the terrain corrections, Ex the error from elevation control and E, the error from the
density evaluation. Thus, the error on the contour map is about 0.63 mGal, mainly
due to the terrain correction.

Three Bouguer gravity anomaly maps were made for densities of 2300 kg m”,
2400 kg m” and 2500 kg m~. There are only small differences among the three
maps in terms of the anomalies, but the magnitude of the anomalies is different for
each map. The gravity ancmalies are calculated using Base3 as a zero gravity
reference value. The anomaly map for modelling used a density of 2400 kg m” (Fig.

1.6a), and the two other maps are shown for comparison (Fig 1.6b, c). Two profiles
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FIGURE 1.6
Contour map of the gravity anomaly showing the two profiles for density reductions
of (a) 2400 kg m, (b) 2300 kg m™ and (c) 2500 kg m™. Contour interval is in mGal.

Two profiles are shown which are used for GRAVMAG interpretation.
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FIGURE 1.7

Stratigraphic profiles of the Telica complex which correspond approximately to the

gravity profile: (a) the north-south profile; (b) the east-west profile.
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were made on the anomaly map, one nearly east-west and the other approximately
north-south (Fig.1.6a). The east-west profile has not been place orthogonally to the
structural direction but is offset of about 15°. This position was choosen because it
better represent the observed anomaly, €.1., it is directly situated on the station array.
For the modelling of the anomalies, an interactive 2.5D gravity program,
GRAVMAG, was used (Pedley et al., 1993). In conjunction with the modelling,
stratigraphic descriptions of the volcano made by Lefebure (1986) were used for the
construction of two generalized stratigraphic profiles (Fig. 1.7a, b). Unfortunately,
the thicknesses of the various formations are unknown to the author, so the modelling
first considers the Lefebure (1986) estimates, and then the thickness of each
formation was varied to fit the observed anomalies. For comparison, the east-west
profile also was made using reduction densities of 2300 kg m” and 2500 kg m” (Fig

1.6b, ¢).

Results

Examination of the Bouguer anomaly map revealed a general positive
anomaly oriented north-northwest-south-southeast (Fig 1.6a). The interval contour
are in mGal. Three distinct positive anomalies are visible: (1) at 517 400 and 1 393
700, (2) at 518 000 and 1 396 000 and (3) the highest anomaly at 518 500 and 1 393
500. These positions represent UTM coordinates based on the WGS 84 datum.
Other anomalous zones may not be real, since they are extrapolations of the data.
Modelling of the profiles was done using a step-by-step analysis. First, simple

models and shapes were used to explore the limits of the possible solutions for the
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anomalies. From these results, the best approximation was used to create a more
detailed model. The east-west profile was modelled first. Since the two profiles
intersect in the anomalous zone, interpretations made with the east-west profile were
then used in the modelling of the north-south profile.

Simple approximations of the anomaly in the crater area (profile east-west in
Figure 1.6a) are shown in Figure 1.8a and 1.8b. The modelling demonstrates that the
anomaly is created by a relatively small, shallow body rather than a larger, deeper
body. A deeper body needs to be very large to match the amplitude of the doubly-
peaked positive anomaly; in so doing, the overall anomaly is too large (Fig 1.8b). A
smaller and shallower body gives a better fit to anomaly (Fig. 1.8a). The density
contrast used for the two bodies is the same (+650 kg m™>), but the half-strike
(extension along strike) is 1000 m for the shallow body and 2000 m for the deep
body. Modelling using only the volcano stratigraphy along the same profile shows
that basalt lava flows (density contrast of +350 kg m™) are responsible, in part, for the
overall anomaly in the eastern part of the profile (Fig. 1.8c). This observation, in
conjunction with the two previous models, shows that a shallow body (+600 kg m-3
and half-strike of 1000 m) better fits the high-amplitude doubly-peaked positive
anomaly (Fig 1.8d).

Once it was determined that the anomaly is caused by a shallow body of
positive density contrast (+600 kg m™), more detailed modelling was done to match
the observed anomaly (Fig. 1.8¢). For modelling of the doubly-peaked anomaly,
shallow less dense material (-800 kg m™) was used to fit the trough of the anomaly
(Fig. 1.8e, Unit 7). Modifications of the shallow subsurface body alone did not match

the anomaly, nor did introduction of two smaller and shallower bodies of positive
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FIGURE 1.8
Modelling of the east-west gravity profile using GRAVMAG. (a) An isolated shallow
body. (b) A deeper and larger body. (c) The stratigraphic units without an intrusion.
(d) The stratigraphic units with a shallow intrusive body. (e) Best fit with a density
contrast of 600 kg m™ (intrusion). (f) Best fit with dikes. (g) Best fit with a density

contrast of 450 kg m”.
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density contrast, such as dikes, on each side of the trough (Fig 1.8f). The density
contrast of these two dikes needs to be large and the size of the dikes enormous;
moreover, low-density material at shallow depth was still needed to fit the anomaly.
The density contrast of the large body in Figure 1.8¢ (Unit 4) is 600 kg m>, and its
half-strike is increased to 3000 m. This increase was made to match the anomaly
modelled in the north-south profile (Fig 1.6a, 1.9). Modelling of the two profiles
together (east-west and north-south, Fig 1.6a, 1.8¢ and 1.9) was used to create a
realistic scenario. In Figure 1.8g, the body (Unit 4) has a density contrast of 450 kg
m~ and a half strike of 3000 m. The thickness and density contrast of the different
formations were then modified slightly to fit the anomaly. The half-strike used in the
modelling of the north-south profile (Fig.1.6a, 1.9) corresponds to half the width of
the body (1000 m) modelled in the east-west profile (Fig. 1.8g), since the bodies in
the two profiles intersect each other perpendicularly near the anomaly. The density
contrast needed to match the anomaly in the north-south profile is 500 kg m™, which
is 50 kg m™ higher than the body for the east-west profile (Fig 1.9). For this north-
south profile, thicknesses of formations again were adjusted to fit the anomalies, but
not the densities which are the same as for the east-west profile. A shallow intrusion
(Unit 4) had to be introduced into Unit 2 to match the positive peak (Fig. 1.9).
Finally, to compare the anomaly using Bouguer maps made with different
densities (2300 kg/m’, 2400 kg/m® and 2500 kg/m®), a body of similar size and half-
strike was modelled in each east-west profile (Fig. 1.10a, b, ¢). The density contrasts
needed to match the anomaly in each profile are: (1) 470 kg m™ for the 2300 kg m”
map, (2) 420 kg m™ for the 2400 kg m™ map and (3) 360 kg m™ for the 2500 kg m”

map.
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FIGURE 1.9

Modelling of the north-south gravity profile using GRAVMAG.
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FIGURE 1.10
Modelling of the east-west gravity profile with a simple body of 3000 m half-strike

for density reductions of (a) 2300 kg m™, (b) 2400 kg m™ and 2500 kg m™.
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Discussion

Modelling of the anomalies defined on the contour maps is not meant to be
definitive. The modelling shows possible configurations of structure under a volcano
which best fit the observed anomalies and which are geologically plausible. Most
importantly, the modelling shows that the anomaly does not seem to be produced by a
deep structure but instead by a shallow body with positive density contrast around
400-600 kg m™. A deeper body gives a broader anomaly than is observed. The best
model, made in conjunction with the stratigraphy of the volcano and the two profiles
(Fig. 1.8g and 1.9), gives a shallow body 1 km deep with dimensions of 2000 m by
2000 m by 6000 m. This body strikes north-northwest-south-southeast with a density
contrast of around 400-600 kg,/m3. The body is probably an intrusion at shallow
depth representing some sort of shallow magma chamber or Teservoir.

The doubly-peaked anomaly in the east-west profile and the trough in the
north-south profile are due to variations in thickness at the surface or very shallow
depth low-density material such as tephra. Although the possibility of a dike system
is not ruled out, this effect alone could not reproduce the doubly-peaked anomaly
observed on the east-west profile. Comparison among the Bouguer maps made with
different densities shows that there is not much difference between the density
contrast of the bodies. The sum of the density contrasts and the density reduction of
the anomaly maps are 2770 kg m™, 2820 kg m™ and 2860 kg m™, respectively, for the
2300 kg m”, 2400 kg m™~ and 2500 kg m” Bouguer maps. Thus, use of 2400 kg m>

density is considered to be justified, sirce there is not much difference among the
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other maps. This is confirmed by the anomalies on the three maps (Fig. 1.6a, b, c)
which are not very different\ except for their amplitudes.

A structural study of Central American volcanoes by Carr (1976) shows that
north-south-trending faults are tensional. Three north-northwest-south-southeast
trending faults have been identified in the Telica complex (Lefebure, 1986). One is
situated in the fumarole field of San Jacinto, and the two others to the east (Fig. 1.2).
Arcuate or linear scarps, up to 40 m high and 2 km long, are found on the
northeastern flanks of the San Jacinto hills and strike in a north-northwest direction.
These probably also represent fault traces. Telica erupts predominantly basalts and
andesite, with low pressure fractionation and mixing trends (van Wyk de Vries,
1993). Magma intrusion occurs rapidly to high levels due to crustal extension in the
area. A central magma chamber located at shallow depth is likely to be formed (van
Wyk de Vries, 1993). This idea also is postulated by Lefebure (1986), who suggested
that lava flows can erupt laterally from the volcano and tap both the top and sides of a
magma reservoir. Effusion of lava at different levels is an indication of the shallow
nature of the magma chamber (Lefebure, 1986). Isotope analyses made by Lefebure
(1986) showed uniform 8751/%Sr ratios for the volcanic rocks of the Telica complex,
indicating a common parent magma or a relatively uniform source.

This gravity survey of Telica has revealed the presence of a large positive
anomaly at shallow depth. This anomaly is probably an intrusion of magma which
represents the magma chamber that feeds the volcanoes of the Telica complex. It is
oriented north-northwest-south-southeast, similar to the faults in the region.
Moreover, Santa Clara, Telica and Cerro Aguerro are nearly aligned (northwest-

southeast) with this anomaly. A sketch of the anomaly is presented in Figure 1.3.
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Conclusions

A large shallow intrusion of dimensions 2 km x 2 km x 6 km with a depth to
top of about 1 km and a density contrast of 400-600 kg m™ is defined in the Telica
complex. Telica has been active in its historic past and is currently still very active,
showing seismic activity since December 1996 increasing from ~100 events/day to
~220 events/day in June 1997. Practically no visible degassing is occurring, which
may reflect a pressure buildup in the system. The seismic activity may also indicate
magma movement under the volcano. The intrusion defined with this gravity survey
probably represents the magma chamber that fed past eruptions of the volcanoes in
the Telica complex. The present seismic activity could indicate that some sort of
intrusive or convective activity is occuring presently in this chamber, such as magma
replenishment or a buildup of pressure. This gravity survey proved useful in
delineating the anomaly, but further investigations are needed to better define the
body. Longer profiles should be used to better model the anomaly’s depth and size,
which was not possible to model with confidence using the available profiles from the

contour map.
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Abstract

Temporal variations of microgravity were observed at Masaya caldera,
Nicaragua, from 4 March to 17 March 1997, and from 27 January to 14 March 1998.
During the survey of 19 days in 1997, conducted with Scintrex and Lacoste &
Romberg gravity meters, a decrease of 55-80 pGal was observed near the active
crater, Santiago. Some differences between the two instruments were observed
during the survey, but in general, they show the same trend of temporal variation,
except at a single station (BIA). In 1998, the observed microgravity variations were
of the same amplitude (55-63 pGal) but were also seen on a shorter timescale and
were increases instead of decreases. A detailed experiment was conducted at one
station (A7) during one day in 1997 and during three days in 1998 during which
microgravity was measured continuously. Two instruments were used
simultaneously for approximately 7 hours in 1997 and one instrument for about 13-14
hours for each day in 1998. COSPEC measurements of SO; flux were made to
examine degassing trends of the active vent during the days of continuous gravity
measurements. In 1998, during the continuous gravity monitoring, pressure and
seismicity were monitored at the same time. In 1997, both instruments showed an
increase in microgravity, 45 pGal for the Lacoste & Romberg and 20 nGal for the
Scintrex. Microgravity variations with amplitudes of 40, 20 and 35 pGal were
observed on 25 February, 6 March and 13 March 1998, respectively. A tentative
correlation is made between microgravity changes and diurnal tides. No direct
correlations were observed with the SO flux in both cases. Gravity variation induced

by atmospheric pressure changes is unlikely, since no direct links are observed. The
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cause of these gravity variations is linked to density variation in the magma which in
turn is an effect of fluctuation in the vesicularity of the magma in the order of 3-5 %

that could be related mechanically to the diurnal and fortnightly tidal variations.

Introduction

Masaya Caldera is situated approximately 25 km south-southeast of Managua,
the capital of Nicaragua. The caldera is oriented northwest-southeast, parallel to the
alignment of the volcanic chain (Fig. 2.1). The length of the longest axis of Masaya
caldera is 11.5 km and its width is 6 km. The caldera consists of a lake (Laguna de
Masaya) and four pit craters: Masaya, Santiago (presently active), Nindiri and San
Pedro (Fig. 2.2). Historical activity at Masaya consists of lava flows in 1670 and
1772, episodic lava lake formation associated with pit crater formation, small
strombolian eruptions and periodic degassing crises. There is also geological
evidence of pyroclastic and plinian eruptions from Masaya in the more distant
geologic past (Williams, 1983). Recurrent lava lake episodes with significant
degassing activity have occurred several times in recorded history from Santiago
crater. Stoiber et al. (1986) estimated that 10 km® of basaltic magma have been
degassed in five degassing crises since 1852. This output of gas is devastating to the
coffee crop surrounding the affected area; damaged and dead vegetation is most
conspicuous on the slopes leading up to the Llano Pacaya rim (Johnson and Parnell,
1986).  Significant degassing was occuring from Santiago crater during our
microgravity surveys in March 1997 and February-March 1998. In 1997, the SO,

fluxes observed were between 300-500 t/d. In 1998, the SO, fluxes were
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FIGURE 2.1
The Central American volcanic chain showing the segments of Carr (1984) and

Masaya volcano (From Metaxian, 1994).
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FIGURE 2.2
Map of Masaya caldera showing the different cones and craters (From Viramonte et

al., 1997).
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significantly higher, ranging from 700 to 4000 t/d.

The present study was conducted in two field trips (March-April 1997 and
February-March 1998) during which microgravity and GPS measurements were taken
at five stations in 1997 and seven stations in 1998. The stations used to monitor the
volcano were part of an existing microgravity survey line at Masaya caldera. This
line of seventeen stations was established by French researchers (Metaxian, 1994)
and continued by Rymer et al. (1998). The microgravity was monitored using two
gravimeters, a Scintrex CG-3 #9101184 (loan by Scintrex Ltd) and a Lacoste and
Romberg #G-513 (LCR) (loan by Hazel Rymer) in 1997, and in 1998 with only the
LCR #G-513. Altitudes were monitored using Leica GPS 200 dual-frequency
differential receivers to assess possible changes in altitude on the microgravity
results. During the same period, COSPEC measurements of SO, flux were made to
examine degassing trends of the active vent. Rymer et al. (1998) made microgravity
measurements once a year for the past five years (1993-1997) at Masaya; between
1993 and 1994 they observed decreases on the order of 90 pGal at stations near
Santiago crater (Fig 2.3). They correlated this decrease to an increase in the gas flux,
indicating a change in the shallow plumbing system. Between 1994 and 1997, they
recorded gradual increases in gravity of about 56 pGal in conjunction with minor pit
crater collapse and a decline in degassing. They related the gravity variations to a
convective overturn at shallow depth and not to a major intrusion.

The main goal of the current experiment was to obtain microgravity
measurements at some of the stations used by Rymer et al. (1998) in order to obtain

measurements over a shorter period of time. This would allow us to observe
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FIGURE 2.3
Gravity changes at stations within Masaya caldera; station locations are shown in

Figure 2.4 (From Rymer et al., 1998).
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FIGURE 2.4
Location of the gravity stations in Masaya caldera. Stations BIA and B2 are

proximal and are represented by B (From Rymer et al., 1998).
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microgravity variations on timescales of years, weeks, and days. During the survey,
SO, flux, atmospheric pressure and seismicity measurements were also made to better

understand the gravity changes. Comparisons with tidal variations was also made.

Methodology

The stations that were used from the existing line are easy to locate and
access. The stations are MUSEO, Al, A3, A5, A7, B2 and B1A, Al being the base
station; MUSEO and AS are the two stations that were added in 1998 (Fig. 2.4). A
secondary base station, REGIS, was established in 1998 outside of the caldera, at the
Hotel Regis in Masaya City, about 7 kilometers east of Santiago, to examine gravity
variations other than in the crater area (station A7, B2 and BIA). Microgravity
measurements (tide-corrected) and GPS measurements for the altitude control were
taken repeatedly at each station over a period of about three weeks in 1997 and 1998.
In order to obtain gravity variations, a microgravity survey line was established, in
this case represented by stations MUSEQ, A1, A3, A5, A7, B2 and B1A, with Al as
base station. Then a relative difference in microgravity was calculated between the
base station and the other stations (Rymer, 1989). The differences obtained were then
monitored with time. Changes in excess of 25 pGal are considered significant at the
95% confidence level (H. Rymer, personal communication, 1997). Since the base
station (Al) is several kilometers from the active vent in the caldera in a more stable
environment, it is considered not to vary during the survey. Measurements taken at

REGIS verify this: the standard deviation of the differences between REGIS and

MUSEO and REGIS and Al are 14 uGal and 12 uGal, respectively. Variations of
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the REGIS station, measured at the beginning and the end of each day, are about 20
uGal and always in the same direction which probably represent a drift. This siight
drift of the meter occurred since it was slightly unstable after a power failure on 14
March 1998, which caused a decrease in the meter temperature. The second set of
REGIS measurements were usually made late in the day, so there was a long lapse of
time when the meter was stored in a car and not used. This may account for the drift.
The same procedure was followed for microgravity measurements at each
station to minimize sources of error due to manipulations and readings (Rymer,
1989). Two different ways of taking measurements were used in the surveys of 1997
and 1998. In 1997, a measurement was taken at the base station and then at all the
other stations sequentially and finally at the base station again. With a larger number
of stations, repeating certain stations along the line is recommended for better
precision and to locate possible tares. In the case of the present survey, only the base
station was repeated because of the small number of stations (5 in 1997). In 1998
measurements were made in order to obtain three gravity differences between two
individual stations. For example, a first measurement was taken at Al, a second at
A3, a third at Al and a fourth at A3. The line was continued in this manner for each
pair of stations until the last station was connected to the base station. The differences
obtained were then averaged and used as reference values to which the results of
subsequent days are compared. The number of measurements is higher in the second
technique, but the precision is better and the tares easily located. Both techniques
give good results when done with care. Continuous daily-variation measurements

were made only at station A7, once in 1997 and three times in 1998. During the daily
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FIGURE 2.5
(a) Scintrex and LCR daily gravity changes at Masaya volcano at station A7, March
12 1997. (b) Temporal variation of SO, vs temporal variation of microgravity for the

LCR meter at Santiago crater, 12 March 1997.
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survey in 1998, the atmospheric pressure was monitored constantly at the Hotel Regis
in Masaya City using a Vaisala PTB 100 pressure meter. Pressure measurements
were taken every five minutes. Precision of the pressure meter is around 0.03 mbar
but because of the analog-to digital converter which digitizes the raw data, precision
is of the order of 0.5 mbar. There was also a portable seismometer installed 10 m

from station A7 to record the volcanic tremor which is present in the crater area.

Results

Daily Gravity Variations

An initial experiment was conducted in 1997 at a single station near Santiago
crater to look for gravity variations during the course of a day. This was conducted at
station A7 for half a day on 12 March with the LCR and the Scintrex instruments.
The two gravity meters were set at station A7, with 2 m distance between them. The
Scintrex was set to measure during 120 seconds with a cycle time of 5 minutes; for
the LCR, we took measurements every 30 minutes (Appendix B, Table Bl). The
LCR shows an increase of about 45 pGal over 7 hours (Fig. 2.5a). Although the
Scintrex also shows an increase (Fig. 2.5a), it is of lower amplitude (about 20 uGal).
These results were calculated from linear regression of the data. In Figure 2.5a, the
earth tide variation is plotted with our observed gravity variations of both meters. In
general, the observed gravity changes increase in magnitude sympathetically with the
tidal variations. The gravity changes may be shifted with respect to the tides by 3-4
hours, i.e., the observed gravity minimum and maximum may occur later than those

for tides. However, this relation is not clear due to a lack of data. During this
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experiment, a second team monitored the amount of SO, degassing from Santiago by
use of a COSPEC (Fig. 2.5b), since our microgravity measurements were conducted
next to the crater. There does not appear to be a direct correlation between the
increase in microgravity and the SO, degassing. The difference of 25 pGal between
the two instruments is difficult to interpret. Since the Scintrex was in cycling mode,
it was not touched during the day except for checking the levelling once. Thus, there
should not have been any tare or variation due to movement of the instrument. As for
the LCR, it was not moved during the experiment. It was only clamped and
unclamped before and after each measurement. Thus, there should not be much tare
for this instrument either. There is no error from reading the Scintrex since it is
digital. The LCR may have some error due to the reading dial, but it should not
exceed 10 pGal if the correct procedure is followed (Rymer, 1989). The
measurements for the LCR were done by two readers, with a switch made at 14:06
local time. This may account for an error of about 10 uGal considering the different
way to interpret the nulling point on the meter by different readers. Another
difference between the two instruments may be the tide corrections. The Scintrex has
a tide correction program, and there may be a slight difference between this program
and the one used (GRAVPAC) for correcting the tide for the LCR. But it is certainly
not of the order of 15 to 20 uGal. There is also the possibility of drift in the case of
the Scintrex; even with the correction that is made by the Scintrex, there may be
additional drift that may affect the data over an extended period of time. A third
possibility is that the Scintrex gives better results in unstable environments than the

LCR, which may be affected by vibration and seismicity. To achieve this, the
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Scintrex must average a number of measurements and then reject values that are too
far from the average. This rejection could induce additional errors. In summary, the
difference between the two gravimeters is difficult to explain, and a repeat of this
experiment would be necessary to better explain the cause of this difference
(Appendix C). But because it is not of large amplitude and is of the same order and
in the same direction, it is possible to say that the two instruments’ response to the
microgravity variation is approximately the same.

The experiment was continued in 1998, measurements being taken
continuously every 10-15 minutes with the LCR instrument during the course of three
days (25 February, 6 March and 13 March 1998) (Appendix B, Table B2). During
two days, atmospheric pressure was monitored (pressure measurements are lacking
for the first day because of equipment failure), and seismicity was monitored in the
vinicity of station A7 for the three days. COSPEC measurements of SO, flux were
acquired in the afternoon of 13 March. Compared to 1997 when gravity
measurements lasted 7 hours, the time in 1998 was extended to about 13-14 hours
each day in order to better characterize the microgravity changes. The first day of
measurements (25 February) started at 10:01 local time (16:01 GMT). All the
measurements are tide-corrected using tidal values given by the GRAVPAC software.
There is an increase in gravity of about 32 uGal at a rate of 6.8 nGal/hour from 10:01
to 15:22, then the gravity decreases about 40 pGal at a rate of —5.8 pGal/hour, and
finally, gravity seems to increase again, but there are not sufficient data to define a
slope (Fig. 2.6a). On the second day (6 March), results are different. A gravity

increase of 22 nuGal at a rate of 5.6 uGal/hour is observed in the momning starting at
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09:58 and ending at 13:21 (Fig. 2.6b). Subsequently, there are no significant gravity
variations. The rate of gravity variation during this period is about —0.7 uGal/hour,
which is trivial. During the third day of continuous monitoring (13 March), an
increase in gravity is observed in the morning, followed by a decrease (Fig. 2.6¢).
From 10:50 to about 15:32, gravity increases about 15 pGal at a rate of 2.8
uGal/hour; from 15:32 to 22:55, gravity decrease about 35 pGal at a rate of —
3.8 pGal/hour. Similar to 25 February, the gravity then appears to increase, but there
are not sufficient data to confirm this.

A certain correlation is observed between the daily earth tides and the
observed gravity variations, particularly on 25 February and 13 March. On these two
days, the maxima of the gravity variation seem to be offset by approximately three to
four hours after the first maximum of the tidal variation (Fig. 2.6a and 2.6¢). The
minima of gravity are also offset by approximately four hours after the tidal
minimum. Moreover, the observed gravity variation is higher when the amplitude of
the tidal variation is larger. The gravity variation on the first day is of the order of
40 pGal, while the amplitude of the tides is 263 uGal from the first maximum to the
first minimum. On the second day, the gravity variation, which is not so clearly
linked to the tides as for the other two days, is on the order of 20 nGal, while the
amplitude of the tides from the first minimum to the maximum is of 135 uGal. For
the third day, the gravity variation is about 36 pGal and the tidal amplitude is
233 uGal. Results obtained in 1997 for the continuous measurements are not
sufficiently long to obtain such maxima, so they are extrapolated. This extrapolated

maximum gravity variation is about 45 pGal and the maximum tidal amplitude is
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FIGURE 2.6
Daily gravity variation at station A7 for (a) 25/02/98, (b) 06/03/98 and (c) 13/03/98.
(d) Maximum gravity changes vs. maximum tidal amplitude for daily variations in
1997 and 1998. () Maximum gravity changes vs. maximum tidal amplitude for daily

variations in 1998 only. (f) Fluctuation of SO, vs. gravity changes on 13 March 1998

at station A7.
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222 uGal. When plotted, a clear positive correlation appears between the maximum
tidal amplitude and the maximum gravity variation (Fig. 2.6d). The ratios of
maximum gravity variations to maximum tidal amplitudes are similar for each day,
except for the 1997 data, so a direct correlation of the gravity variations to tidal
variations is tempting (Table 2.1). The Scintrex ratio of maximum gravity to
maximum tidal amplitude for 1997 do not match with the ratio of 1998 so they are
not plotted in Figure 2.6d. Plotted alone, the positive correlation for the 1998 ratios
of maximum gravity variations to maximum tidal amplitudes is very good (r*= 0.999)
(Fig 2.6e). More data are necessary to verify this relationship. When comparing the
gravity changes to the SO, flux variations for the same period of time for the 13
March 1998, a positive correlation is tempting (Fig 2.6f). However, the period of
time is not very representative since the SO, fluxes were measured only for 2.5 hours
beginning at noon.

Atmospheric pressure measurements were taken at the Hotel Regis in Masaya
City during the course of the second and the third days of continuous gravity
monitoring. A first look at figure 2.7a and 2.7b gives the impression that gravity
variations are related inversely to pressure variations. But on closer inspection, the
rates of the pressure and gravity variations show that there is no clear relation
between pressure and gravity. For 6 March (Fig 2.7a), the gravity increase of 5.6
uGal/hour between 09:58 and 13:32 corresponds to decreasing pressure at a rate of —
0.8 mbar/hour. After 13:32, the gravity does not vary significantly (-0.7nGal/hour),
while the pressure increases at a rate of 0.5 mbar/hour. For 13 March, the increase in

gravity at rate of 2.8 uGal/hour from 10:50 to 15:32 occurs at a pressure decrease of
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Table 2.1: Maximum gravity and tides
variation and their ratio in 1997 and 1998

Max Grav Max tide Ratio G/T
LCR-98 40 263| 0.1520913
LCR-98 20 135] 0.1481481
LCR-98 36 2331 0.1545064
LCR-97 45 222] 0.2027027
Scintrex 20 222| 0.0900901

76
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FIGURE 2.7
Daily gravity changes vs. pressure fluctuations at station A7 for (a) 06/03/98 and (b)
13/03/98. (c) Pressure variation rate vs. gravity variation rate for daily variations in

1998 at station A7.
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-0.7 mbar/hour (Fig. 2.7b). After 15:32, the gravity decrease of -3.8 pGalhour
corresponds to a pressure increase of 0.7 mbar/hour. On a plot of gravity variation
rate vs. pressure variation rate, it appears that there could be a relation between the
two parameters (Fig. 2.7c). However, a closer look at the plot shows that for pressure
variation rates of 0.5 mbar/hour and 0.7 mbar/hour, the corresponding gravity rates
are —0.7 pGal/hour and -3.8 pGal/hour, which correspond to ratios of —1.4
nGal/mbar and —5.4 pGal/mbar, respectively. The lack of a linear trend on this
diagram and the difference in the ratios strongly imply that the gravity variations are
not caused by variations in atmospheric pressure. Even if the gravity variation were
affected by a pressure leak in the LCR meter, there is no clear relation between
pressure and gravity variations observed at Masaya volcano on a daily basis. For 6
March, the maximum pressure change was on the order of 5 mbar, which corresponds
to approximately —2 uGal. For 13 March, the maximum pressure change was about 7
mbar, corresponding to about -3 pGal. These gravity changes are much smaller than
those observed on a daily basis, indicating that atmospheric pressure does not play an
important role.

The response of the meter to the temperature variation over the durations of
the experiements also does not appear to be significant. For the case of 25 February,
the ambient temperature first increased, then decreased during the course of the day.
It might be possible to correlate these temperature changes with the initial increase
and subsequent decrease of gravity for 25 February (Fig. 2.6a). However, gravity

begins to increase a second time at about 22:00 local time. This increase cannot be
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caused by temperature, since the region was cooling during the nightime. Similar
observations can be made for 6 March and 13 March 1998.

Continuously occurring volcanic tremors is recorded beneath Santigo
(Metaxian and Lesage, 1997). It is possible that variations in the intensity of tremors
may reflect changes in the magmatic activity, which in turn may also cause changes
in microgravity. During the gravity measurements, seismicity has been monitored
constantly. Investigation of the seismic data show that there is a continuous
background tremor of 10 digital units of amplitude. No significant variations in
amplitude were observed for the maxima and minima of observed gravity on 25
February, 6 March and 13 March 1998. Some isolated seismic events from an
unknown source were also detected. No correlation was found between the
seismicity and gravity changes.

Weekly Gravity Variations in 1997

Results presented in this section are from the microgravity line consisting of
stations A1, A3, A7, B2 and BIA. The relative differences are calculated with Al as
the base (Appendix B, Table B3), they represent variations between 4-17 March
1997. Measurements on 4 March were made by Hazel Rymer. The LCR instrument
shows a decrease of approximately 30-40 pGal between 4-10 March for the three
stations near the crater (A7 = 36 nGal , BIA and B2 = 31 pGal) (Fig. 2.8a). Between
10-13 March, gravity was mostly stable except for station A7 where there was an
increase of 19 uGal. Between 13-17 March, a decrease was observed at every station
near the crater. This decrease was of variable amplitude depending on the station (62

uGal for A7, 38 uGal for B2 and 24 pGal for BIA). In general, the temporal
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FIGURE 2.8
(a) Weekly gravity changes for the LCR in 1997. (b) Gravity changes vs diurnal tidal

variation, 4-17 March 1997 at station A3, A7, B1A and B2.
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variation of microgravity during this period is similar among the three stations. For
station A3, located in the caldera three kilometers north of the active crater (Fig. 2.4),
there was no significant variation observed. The gravity changes observed between
4-13 March consist of a decrease of 15 uGal, while between 13-17 March an increase
of 11 pGal was observed. However, these variations are not significant at the 95%
confidence level, so as stated above, there are no significant variations at A3.
Therefore, the gravity changes are confined to the vinicity of the crater area; this
conclusion is also made by Rymer et al. (1998).

The microgravity changes occurred at stations near the crater due to its higher
level of activity. During the period February 1993 to March 1994, precision levelling
within the caldera revealed an uplift of 2-3 cm at the summit relative to a station 5 km
east (J.B. Murray personal communication, 1997, Global Volcanism Network
Bulletin, 1994). GPS data also indicate that there have been no vertical movements in
excess of 2 cm or horizontal movements in excess of 1 cm between 1994 and 1997.
This altitude variation corresponds to 6 pGal and is small compared to the
microgravity variations observed (Rymer et al. 1998). It is therefore clear that the
microgravity variations observed are not due simply to altitude variations. As the
tidal amplitude decreased from 9 March to 16 March, so did the gravity during the
same period (Fig. 2.8b). However, as the gravity decreased between 4 March to 10
March, the fortnightly tidal amplitude increased, which is in the opposite sense.
Thus, no clear relation between the gravity changes observed from 4-17 March and

the tidal variations is observed.
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Weekly Gravity Variations in 1998

Gravity variations observed in 1998 extend from 27 January to 14 March. In
total, 10 days of microgravity measurements were taken over a duration of 47 days,
starting on 27 January. Measurements taken on 27 January were made by Hazel
Rymer, and those taken on the 18 and 27 Febuary, and 14 March were made by Glyn
Williams-Jones. From 27 January to 18 February, there are no consistent gravity
variations except for a large decrease of 55 nGal at Museo, which is due to an error
from the misplacement of the station between 27 January and 18 February (Fig. 2.9a).
For certain days (18 and 27 February and 14 March 1998), variations of less 30 uGal
are considered not to be significant (G. Williams-Jones, personal communication,
1998). Because of a problem with the electrical wire connecting the LCR meter to
the battery, there was a power failure on 14 February which caused the meter
temperature to fall by 3-4 °C. Because of this problem, the meter was unstable for
about a week; the associated error is higher than usual, depending on the technique
used to acquire data. Between 18-24 March, there is no variation in the crater area
(A7, B2 and B1A), but an increase of about 27 uGal is observed at stations A3 and
A5. This is surprising, since there are no variations at the summit area and at
MUSEO. This variation is near the error limit of 25 uGal, thus not too much weight
should be placed on this difference. Between 24 February and 1 March, a peak is
observed at all stations except MUSEQ. This peak is more prominent for stations A7,
B2 and B1A, where there are increases of 62, 63 and 55 pGal, respectively, from 24

to 27 February. From 27 February to 1 March, there are decreases of 53 nuGal for A7,

46 pGal for B2 and 41 pGal for BIA. The gravity variation at AS for the 24
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February-1 March peak corresponds to an increase of 29 pGal and a subsequent
decrease of 33 pGal. For A3, the peak is represented by an increase of 10 uGal and
then a decrease of 12 uGal. It seems that either an event occurred between 24
February and 1 March which increased the magma density in the crater area, or
alternatively there is a problem with the data of 27 March. After this peak, gravity
variations are generally less than 25 pGal, except for stations B2 and B1A which
show increases of 32 uGal and 24 pGal, respectively, between 5-9 March.
Interestingly, A7 does not follow this trend, and actually shows a small decrease
instead, increasing afterward while B2 and B1A decrease between 5-14 March. In
general, except for the peak between 24 February and 1 March, there are no
consistent variations, considering the level of precision for most of the variations (25-
30 nGal).

If the gravity variations measured by the second data acquisition technique
(discussed above) are considered alone (24 February and I, 2, 3, 5 and 9 March
1998), the results are the same but the precision is higher. The precision with this
technique is around 12 uGal (twice the standard deviation), so variations larger than
15 nuGal should be considered significant at the 95% confidence level. The only
gravity variations observed between 24 February and 1 March are at stations B2 and
B1A where there are increases of 33 uGal and 40 pGal, respectively (Fig. 2.9b). All
the gravity variations at other stations are generally within the level of error. Again,
station A7 does not follow the trend of stations B2 and BIlA; it shows no real
variation during the entire survey. GPS measurements made in 1998 do not show any

vertical variation greater than [-2 cm (G. Williams-Jones, personal communication,
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FIGURE 2.9
(a) Gravity changes at Masaya between 27/01/98 and 14/03/98. (b) Gravity changes
at Masaya between 24/02/98 and 09/03/98. (c) Gravity changes vs. diurnal tidal

variation from 27 January to 14 March 1998.
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1998), which corresponds to about 3-6 uGal in gravity. No direct correlation was
found with the fortnightly and diurnal tidal variations during this these weekly
measurements (Fig. 2.9¢).
Annual Gravity Variation, 1997-1998

Variations on a yearly basis are not very significant. If we compare values
acquired in 1997 to those of 1998, we see that there are no consistent variations (Fig.
2.3). It is difficult to interpret the gravity on a year-to-year basis, since variations on
weekly and even daily basis are sometimes quite large. For example, gravity
variations observed at station A7 since 1993 show a clear trend initially because there
is only one measurement per year (Fig. 2.10). When one looks at gravity variations
in 1997 and 1998, however, the major observation is that gravity varies significantly.
If only one measurement was made in 1997 and 1998, the trend of the gravity

variation would be variable depending on the day the measurement was taken.

Discussion

Microgravity monitoring of Masaya volcano was initiated by Hazel Rymer in
1993 after the renewal of degassing activity at the active Santiago crater. The goal of
the survey was to constrain the shallow structure of the magma system and its
geophysical signature in a way to forecast future changes. From 1993 to 1994,
Rymer et al. (1998) observed a gravity change at all stations near the active crater and
little or no change at stations away from the crater in the caldera (Fig. 2.4).
Subsequently, gravity increased slightly each year at stations near the crater. These

data indicate that the anomaly causing the gravity changes is centered at the crater
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FIGURE 2.10

Annual gravity changes at Masaya for station A7, 1993-1998.
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and at shallow depth. The model that best fits the observed gravity variation is a
cylindrical body of reduced density of 440 m diameter and 100 m thick (Rymer et al.,
1998). They related this decrease of density by vesiculation of the shallow magma
beneath Santiago crater as a result of convective overturn of the magma remaining in

the plumbing system from the previous episode of activity in the 1980’s.

We now analyze the short-time scale microgravity variation observed at
Masaya during 1997-98 and compare it to the above model. Results obtained in 1997
over a period of two weeks showed overall decreases of gravity of about 55-80 pGal
at the three stations near the active crater (A7, B2 and B1A) (Fig. 2.8a). In 1998,
there were variations of the order of 55-63 nGal over very short periods (3 days) (Fig.
2.9a). One-day experiments in 1997 and 1998 showed gravity changes varying from
20 to 45 pGal at Station A7 near Santiago (Fig. 2.5a, 2.6a,b and c). These variations
may be linked to changes in the density of the magma, which in turn probably depend
on the bubble content. The dissolved gas content in the magma beneath Santiago
does not cause the density to vary much. At low pressure, the variation in the
quantity of volatiles dissolved in the magma does not change the magma density
significantly. At 50 MPa, a variation of 1 wt% H,O dissolved in the magma is
required to produce a density variation of 30-40 kg/m® (Lange and Carmichael, 1990,
Lange, 1994). This would not be expected at Masaya considering the amount of
volatiles in the magma (about 1 wt %) (K. St-Amand, personal communication, 1998)
and the lithostatic pressure of 5 MPa at the base of the magma body at Masaya. The
corresponding quantity of H>O at this pressure for a saturated magma is about 0.95 wt

%. Therefore, variation in the dissolved content of H,O in the magma should not be
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high enough to produce the density variation needed to account for the gravity
changes observed at the surface. An easier way to produce the density variations in a
magma is to vary the amount of exsolved volatiles in the magma. At a pressure of 5
MPa, very small fluctuations in the HO content (0.01 wt %) can produce density

variations of 50-100 kg/m’. This corresponds to 3-5 % vesicularity.

Short-term variations were observed at Poas volcano in Costa Rica during a
period of 43 days where ten sets of gravity measurements were made at different
stations around and in the crater area by Rymer and Brown (1987). They concluded
that the most probable cause of these gravity fluctuations was changes in the density
of the magma. They stated that a variation in the density of the magma of about 30
kg/m’ was needed to produce the observed gravity variation at the crater station of
120-140 pGal. They also stated that a vesicularity variation of 1 % would be
sufficient to produce the inferred change in the density of the magma. At Masaya, the
observed gravity variations are of the same order (40-90 pGal). Because of a lack of
rain during our field season, the gravity variations observed on a daily basis are
clearly not produced by variations in the water table level. Another possible cause to
explain the gravity variation observed near the crater is changes in the level of the
magma. The problem with this model is that the magma level would have to vary by
tens of meters in a very short time to produce the daily gravity changes observed near
Santiago at station A7. We can model this using the finite vertical cylinder model to

calculate the maximum gravity variation:

Grax=2myp[ L+ (2} + R)'® = [z L)'+ RY)"]
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where 7 is the universal gravity constant, p the density contrast in kg/m3, L the length
of the cylinder in m, z the depth to the roof of the cylinder and R the radius. Using a
large body of magma at a depth of 360 m, having a length of 200 m and a radius
equal to the Santiago crater radius of 300 m and a depth variation of 10 m for a
magma density contrast of 300 kg/m’, the corresponding gravity variation is 15 uGal.
This correspond to the maximum gravity variation that could be observed at the
center of the anomaly for a 10 m level variation.

The four continuous sets of measurements made near the crater area during 7-
13 hours in 1997 and 1998 showed variations in gravity of the order of 40 pGal.
These changes do not seem related to any inherent problems of the meter in response
to environmental variations such as atmospheric pressure, temperature and tares,
since the meter was not touched for the duration of the experiments. Instrumental
drift is not considered for this particular meter (G-513) because it is known to be
fairly stable. In fact, the same meter was used to make a Bouguer survey at Telica
volcano, and there it proved to be very stable. For example, the average difference
between the starting and ending measurements made each day at the reference station
during the Bouguer survey was about 17 pGal. This is quite low, considering that
fewer precautions were taken for the precision during this survey compared with a
microgravity survey. The changes observed with this meter in such a short time
period must be the result of changes beneath Santiago crater. As stated above, the
most realistic probability over a short time is a fluctuation in the density of the
magma, which is more likely in an upper, less dense layer of magma where there are

many gas bubbles and degassing activity. Modelling of the anomaly under Santiago
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showed that the variations observed are caused by a local body of shallow depth and
of a size similar to the diameter of Santiago crater. To account for the observed
gravity variations, the most plausible body of magma would be about 100-200 kg/m’
less dense than the surrounding rocks. Density variations of the order of 25-75 kg/m’
within the magma body would be necessary to produce the observed gravity changes
(Fig. 2.11a,b,c and d). These density variations would be more efficient if distributed
in a larger body instead of a very thin layer of vesiculated magma like a foam. If the
density variations are produced only in a thin layer of about 10-20 meters, they must
be very large (300-600 kg/m®) to produce the observed gravity changes.

A possible response of the magma to diurnal tides was observed for the one-
day experiments. there appears to be a time-lag of about 4 hours between the
maximum tidal amplitude and the maximum gravity variations, with the maximum
gravity variation occuring after the maximum tidal amplitude.  The same
phenomenon is observed for the tidal and gravity minima. Moreover, the amplitude
of the gravity variation appears to be linked to the amplitude of the diurnal tides. It is
not yet clear in what way the physical or mechanical effect of the tides modify the
magma beneath Santiago. If the daily gravity variations observed at Masaya volcano
are considered to be real, then the weekly gravity variations are probably not
representative of the processes occuring at Masaya. The same conclusions may apply
to the annual variation to a certain extent. Yet one may consider that such short-time
fluctuations are residual and should not affect the general trend of the gravity
variations on a yearly basis.

The processes causing fluctuations in the density and vesicularity of the

magma are not fully understood. Permanent tremor is ongoing at Masaya,; its source
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FIGURE 2.11
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