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ABSTRACT

This dissertation presents the results of three research projects that examine

eruption source vents and their products in order to interpret the structure and internal

dynamics of the seven major shield volcanoes that comprise Islas Isabela and Fernandina,

the two westernmost Galapagos Islands. Difficult access and a respect for the fragile

natural environment of the islands prevent intensive field studies in this region and

interpretation of data from orbital satellites and a model of lava transport provide the basic

tools with which the volcanoes are studied herein.

Chapter 2 presents the methodology and results of an analysis of SPOT-1 satellite

data with a spatial resolution of 10 m, that provide complete coverage of Islas Isabela and

Fernandina. The pattern of eruption distribution on the flanks of the volcanoes indicate

that the development and orientation of fascicular rift zones varies within the group and

also through time on these volcanoes. The presence of intra-caldera benches may act to

inhibit the occurrence of eruptions on the adjacent segment of the volcano summit plateau.

A comparison of the morphology of eruptive products in the Galapagos and Hawaii

suggests that the rift zones are inefficient conduits for magma transport and storage.

Chapter 3 describes the use of LANDSAT TM data covering Volcan Fernandina

to investigate how the character of lava flow surfaces changes with age. These data

revealed no systematic variation in the behavior of lava flow surfaces in the visible and

near infrared region of the electromagnetic spectrum with age and thus no conclusions

regarding the magmatic output ofVolcan Fernanadina could be made.

The use of a computer model of lava flow transport to investigate the effects of

volumetric discharge rate on lava flow planimetric shape is described in chapter 4. This

model suggests that observed widths of lava flows in the western Galapagos Islands may

be the result of volumetric discharge rates of 5 m3 sec". The difficulty of duplicating
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exactly the topography over which flows have travelledhampers the interpretation of the

entireplanimetric shapein termsof theeruption charateristics.
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CHAPTER 1

INTRODUCTION

Volcanology has grown from its early days of eruption description and petrological

geochemistry into a discipline that focuses on understanding the physical processes which

characterize a volcanic system. Products of volcanic eruptions may be examined with a

view to interpreting their petrology and spatial distribution in the context of the physical

parameters that applied at the time of eruption, and to furthering our understanding of the

evolution of eruptive behavior at individual volcanoes, within geographic provinces, and

on other planets [e.g., Walker, 1973; Lipman, 1980; Wilson and Head, 1981; Head and

Wilson, 1989].

This dissertation encompasses two research projects that examine basaltic volcanism

from two different perspectives. Chapters 2 and 3 present a regional study of recent

eruptive products on seven adjacent shield volcanoes on Islas Isabela and Fernandina

which are the two westernmost islands in the Galapagos Archipelago. Secondly, I

examine recent eruptions of Kilauea volcano, Hawaii, and lava flows mapped in the

Galapagos, to assess the potential of computer models for monitoring the emplacement of

lava flow fields as they form. The broad goal of the first project is to expand our current

understanding of basaltic volcanism as it has occurred in one specific tectonic setting.

The goal of the second project, described in chapter 4, is to use data from an on-going

eruption within a computer database to predict volcanic hazards, and study lava flow

dynamics.

Despite being one of the most active regions of basaltic volcanism in the world,

access difficulties caused by the arid terrain and delicate ecology have thus far prevented

extensive field studies in the western Galapagos Islands. During a field expedition to Isla

Fernandina from September 25th to October 8th 1989 the true magnitude of the access

difficulties was indelibly impressed upon me. Such access difficulties are the motivation
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for the use of remotely sensed data in my research. In chapter 2, I present the results of

the analysis of the primary remotely sensed data used in the study, satellite images

obtained by the SPOT (Systeme Probatoire de l'Observation de la Terre) HRV-1 sensor

between April 1988 and August 1989. These data presented the first opportunity to

examine all of the volcanoes in their entirety at a high spatial resolution (10 m per pixel)

with the geometric fidelity of a consistent map projection. The synoptic viewpoint

provided by remotely sensed data enabled me to undertake the first complete study of the

distribution of eruptive products on all the volcanoes.

The primary goals of chapter 2 were: 1) to investigate the structural processes that

produce the observed distribution of eruptions; and 2) to use the morphology of their

source vents and lava flows to interpret the style of volcanism that characterizes these

volcanoes. By comprehensively mapping the distribution of eruptive vents and lava

flows on each of the individual shield volcanoes of Islas Fernandina and Isabela a

comparison may be made between the patterns of eruptive activity on each volcano and,

by inference, their internal structure. A comparison may also be made between the

observed volcanic behavior in Hawaii and that interpreted for the western Galapagos from

the remotely sensed data. The goal of such a comparison is to understand how a major

geological phenomenon, hotspot volcanism, varies at different locations. The SPOT-1

data were also used to investigate temporal aspects of volcanism on Islas Isabela and

Fernandina. In more accessible regions of active volcanism, previous studies have

revealed that the locus and style of eruptive activity on a basaltic shield volcano may

change significantly from the onset to cessation of edifice construction [Macdonald and

Abbott, 1970; Lipman, 1980]. Chemical changes in the erupted products and structural

changes within the edifice may produce distinct phases of activity marked by distinct

morphological characteristics. For example, in Hawaii, more alkalic lavas are typically

erupted after the main shield building phase of predominantly tholeiitic basalt and these
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more viscous lavas produce steeper slopes in the summit regions of the mature volcanoes

[e. g., Mauna Kea; Macdonald and Abbott, 1970]. As another example, on Mount Etna,

Italy, the position and orientation of eruptive vents have been shown to evolve through

time to reflect a change in the influence of regional tectonic stresses and the development

of gravitational stresses within the edifice itself [McGuire and Pullen, 1989]. Detection

of such temporal patterns relies upon techniques that allow accurate dating of prehistoric

eruptive events.

I developed a method that used the stratigraphic relationships between eruption

source vents and associated lava flows to examine how the distribution of eruptive

activity has evolved. The manner in which the location of eruptions changes through time

is one of the most poorly studied aspects of volcanism in the Galapagos Islands because

temporal information is hard to obtain. This aspect of my research provided a means of

investigating how temporal variations in the locus of eruptive activity may influence the

morphology of these volcanoes and also provided a valuable insight into the dynamics of

the structural processes that control eruptive behavior.

The morphology of near vent deposits and lava flows can be used to infer eruption

characteristics (e. g., volumetric discharge rate, magma to water ratio) that may then be

compared on a regional basis with those observed in more accessible regions such as

Hawaii. Together mapping and description of eruptive products allow a consideration of

the morphological evolution ofeach shield and an inter-regional comparison of the group

as a whole. My interpretations enabled me to assess the validity of previously proposed

models for the evolution of the volcanoes.

Chapter 3 is an extension of the use of remotely sensed data to study temporal

aspects of volcanism in the Galapagos Islands. I address the question of how the

distribution of lava flows varies through time on Volcan Fernandina, Isla Fernandina.

My goals are twofold: 1) to interpret where on the subaerial segment of the volcano lava
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flows have been emplaced through time; and 2) to determine what variation in volumetric

output of magma has occurred on the volcano. Extremely limited chronological

information for the lava flows that mantle these volcanoes and the problems that this

poses for detailed comparison of individual shields both within this region, and with

other regions of basaltic volcanism, prompted an examination of the potential for

constructing a relative age chronology via analysis of their surface reflectance. A segment

of a LANDSAT Thematic Mapper (TM) scene was analyzed in order to determine

whether or not relationships can be found that describe a consistent temporal trend in the

surface reflectance of lava flows. Two approaches to the TM data were used: an

examination of surface reflectance and an adaptation of Principal Components Analysis

that is based upon the scene statistics.

During the field expedition I organized to Isla Fernandina, field radiometer

measurements were made at a total of 27 sites in the summit region and on the N flank of

Isla Fernandina in order to test the interpretations of the TM data. By photo interpretation

of the aerial photographs and SPOT-l data, and the collaborative efforts of Drs. Scott

Rowland, Peter Mouginis-Mark, Lionel Wilson and Sr. Victor-Hugo Oviedo-Perez, the

relative ages of lava flows in the vicinity of Punta Espinosa, Isla Fernandina were

determined from their cross-cutting relationships. A classification was then undertaken of

the TM data for each flow.

Chapter 4 reflects a change in the emphasis of the research presented in this

dissertation. During the extensive image processing undertaken to interpret the SPOT-l

and TM data of the Galapagos Islands I became interested in the potential of a computer

database as a tool for supplementing the study of basaltic volcanism. Here I present

research that investigates the potential for using a model of lava flow morphology [Young

and Wadge, 1990] to predict the location and extent of inundation during eruptions that

originate in the East Rift Zone of Kilauea, Hawaii, and the prediction of eruption
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characteristics in the Galapagos Islands. This research is a preliminary step in defining

the criteria for the use of a Geographic Information System (GIS) as a real time eruption

monitoring tool. Several major questions provoked my interest in this project. An

accessible and user friendly system that accurately depicts the progress of an eruption

could be of great value both to the resident community and the administration responsible

for the mitigation of volcanic hazards. The scientific community might also benefit since

they would be able to monitor many different facets of an eruption and view the data

within a consistent geographic framework.

Chapter 5 concludes this dissertation with some suggestions for future work

prompted by the research presented herein. Future remote sensing projects in the western

Galapagos Islands (e.g., Shuttle Imaging Radar C (SIR-C) and Earth Observing System

(BOS» are examined with a view to defining the major difficulties that need to be

circumvented when using these data and to refine the volcanological questions to be

addressed.
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CHAPTER 2

THE APPLICATION OF SPOT-l DATA TO STUDIES OF THE

DISTRIBUTION AND CHARACTER OF ERUPTIVE MATERIALS IN

THE WESTERN GALApAGOS ISLANDS

2.1 INTRODUCTION

This chapter examines eruption source vents and lava flows on the seven basaltic

shield volcanoes of Islas Fernandina and Isabela in the Galapagos Islands using remotely

sensed data from the SPOT-1 satellite. The goals of this study are linked by a common

theme of furthering our understanding of how these volcanoes were built. The specific

questions addressed in this chapter are: 1) where do eruptive events occur and what does

their distribution indicate about the morphological evolution of each volcano?; 2) what

does the morphology of near vent deposits and lava flows reveal about the style of

eruptive behavior on Islas Isabela and Fernandina and how does the behavior compare

with that seen in Hawaii?; 3) what are the structural influences that act to determine where

eruptive activity takes place?; 4) how similar in terms of their eruptive behavior are these

volcanoes, and maya single model describe their morphological evolution?; and 5) how

do the volcanoes of the western Galapagos compare with their Hawaiian counterparts?

To introduce this chapter, I first present a review of the current geological literature for

the Galapagos Archipelago in order to place this study in context. The methodology of

my work is then presented. Finally, I present the results of my analysis of SPOT-l data

with an emphasis on interpreting the physical volcanology of these islands.

2.2 VOLCANISM WITHIN TIIE GALAPAGOS ARCHIPELAGO

2.2.1 The geological setting of the Galapagos Islands

The Galapagos Archipelago of 13 major islands and 65 named islets lies astride

the Equator approximately 1000 km west of the coast of Ecuador (Figure 2.1). The
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archipelago is the subaerial manifestation of one of the most active regions of basaltic

volcanism on Earth. The islands are volcanic edifices that sit atop the submarine

Galapagos Platform that has an estimated area of 40,000 km2 [McBirney and Williams,

1969] and on its western margin rises 2800 m from the sea floor (Figure 2.2a).

The volcanism is interpreted to occur at a hotspot that is presently located S of the

Galapagos Spreading Center (GSC) [Morgan, 1971]. Previous volcanic activity related

to this hotspot constructed the Carnegie Ridge within the Nazca Plate and the Cocos

Ridge within the Cocos Plate [Johnson et al., 1976] (Figure 2.1). Present day motion of

the Nazca Plate is influenced by theactivity of two mid-ocean ridge spreading centers, the

East Pacific Rise (EPR) and the GSC, resulting in a net movement of71 mm/yr towards

the east-southeast (azimuth 95°) [Hey et al., 1977]. The position of the hotspot is

currently defined by a concentration of recent eruptive activity on the two westernmost

islands, Islas Isabela and Fernandina.

Isla Isabela is formed by the coalescence of six individual shield volcanoes:

Volcans Ecuador, Wolf, Darwin, Alcedo, Sierra Negra, and Cerro Azul. Isla Fernandina

is the subaerial portion of a single volcano, Volcan Fernandina (Figure 2.2a). In Table

2.1 I present the summit elevation and surface area of each shield. During his visit to the

islands in 1835, Charles Darwin recorded many geological observations and suggested

that the western volcanoes were situated along two main trends, one in a north-northwest

direction and the other to the east-northeast [Darwin, 1844]. This idea of structural trends

that control the location of shield volcanoes was further investigated by Nordlie [1973]

and Chadwick and Howard [1991] but remains somewhat poorly defined and

understood. I identify volcano boundaries by the presence of topographic low points that

form a saddle between the flanks of adjacent shields. Commonly, lava flows may be

seen to undergo marked changes in orientation on encountering these topographic lows

(e.g., at the eastern margin of Cerro Azul and the western margin of Sierra Negra (Figure
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2.3» and thus the synoptic view of the SPOT-1 data enables a rapid assessment of the

position of volcano boundaries.

Volcan Ecuador forms the NW tip of Isla Isabela (Figure 2.2a) and is anomalous

in that it has not erupted historically (Table 2.2), has the smallest surface area (110 km2)

of the seven shields studied (Table 2.1), and has been dissected by large-scale erosion

[McBirney and Williams, 1969]. The NW and SE flanks that surround the summit

region are deeply incised by gullies that are the result of ongoing erosion of the volcano.

It is bounded by steep submarine slopes that extend to a depth of 2900 m on its NW and

SW flanks and to 1650 m on its SE flank (Figure 2.2a).

Volcan Wolf is located between the E flank of Volcan Ecuador and the NW flank

of Volcan Darwin and forms the northernmost part of Isla Isabela (Figure 2.2a). The

total surface area of 529 km2 is distributed unevenly around the summit caldera. The NE

and SW flanks are markedly narrower than those to the NW and SE (Figure 2.2a). The

northernmost point (Punta Albermarle) lies above a broad submarine ridge that extends to

a depth of 2900 m to the NNE (Figure 2.2a). The NE flank has slopes of up to 35° that

extend from the edge of the summit plateau to the beginning of the shallow angle slopes

« 6°) that form the narrow coastal plain. Steep submarine slopes of 35°, which are

distinctly concave beneath the segment of the flank adjacent to the caldera, continue to a

depth of 2560 m. The SW flank extends into deep water within a distinct embayment

between Volcans Ecuador and Fernandina. Volcan Wolf has erupted 10 times since 1797

(Table 2.2). Most recently in 1982 an eruption occurred on the SE flank and later

migrated to the floor of the caldera [McLelland et al., 1989].

Volcan Darwin is bounded to the N by Volcan Wolf, to the W by Volean

Fernandina, and to the S by Volcan Alcedo (Figure 2.2a). Its eastern flank lies above

steep submarine slopes that form one side of a steep embayment that faces NW. Its total

surface area of 636 km2 is distributed asymmetrically around the summit caldera with a
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greater proportion lying to the SE of the caldera. Two eruptions have been recorded on

Volcan Darwin since 1813 (Table 2.2).

Volcan Alcedo is bounded to the N by Volcan Darwin and to the S by Sierra

Negra (Figure 2.2a). To the W and along nearly all of the E flank, it is surrounded by

low angle slopes that reach depths of 180 m. The total surface area of 704 km 2 is

preferentially distributed to the S of the summit caldera (Figure 2.2). A pyroclastic fall

deposit mantles the flanks of the volcano and obscures all but the most recent basaltic

products [McBirney et al., 1985].

The subaerial segment of Sierra Negra (Figure 2.2) has a surface area of 1961

km 2, which is an order of magnitude larger than that of Volcan Ecuador and -4 times

larger than that of any of the other individual shields of the western Galapagos (Table

2.1). The area is asymmetrically distributed with respect to the summit caldera with a

marked elongation along an ENE trend [McBirney and Williams, 1969]. My

interpretation of the boundaries between individual shields indicates that no such

elongation occurs along a WSW trend. The volcano abuts with Volcan Alcedo to the N

and Cerro Azul to the W. The Nand S coastlines are surrounded by shallow water.

Recent eruptive activity has been concentrated in an area known as Volcan Chico on the

northern rim of the caldera [Delaney et al., 1973]. Ten eruptions have been recorded

since 1813 (Table 2.2).

Cerro Azul forms the SW section of Isla Isabela. It has previously been described

as the smallest of the active volcanoes that make up the island [McBirney and Williams,

1969], but with a total surface area of 548 km2, it is actually only slightly smaller than

Volcan Fernandina and is slightly larger than Volcan Wolf (Table 2.1). Much of the area

is distributed to the Nand E of the summit caldera. To the W, SW, and NW, the volcano

is bounded by submarine slopes of 25°, whilst to the N and S, shallow angle submarine

slopes exist. Several distinct arcuate scarps can be seen on the SW and S margins of
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Cerro Azul; these are interpreted to be fault scarps with downthrow to the coastal side.

The E margin of Cerro Azul abuts against Sierra Negra. Cerro Azul has erupted nine

times since 1932 (Table 2.2).

Isla Fernandina is the subaerial segment of a single volcano, Volcan Fernandina

(Figure 2.2a). Volcan Fernandina is located to the S of Volcan Ecuador and to the N of

Cerro Azul. It is the most historically active of the seven shields studied, having erupted

22 times since 1813 (Table 2.2). It should be noted however, that most of the historic

eruptions occurred within the caldera and thus did not add material to the volcano flanks.

This contrasts markedly with, for example, Sierra Negra, for which a smaller number of

historic eruptions have been documented, but whose N flanks are dominated by their lava

flows. Such differences in eruptive style highlight the difficulty of using eruption

frequency as a gauge of the vigor of magmatic activity and relative age of adjacent edifices

[Nordlie, 1973]. Pyroclastic surge deposits that were associated with the 1968 collapse

[Simkin and Howard, 1970] have mantled much of the W flank and produce a light image

tone in the SPOT-1 data. These deposits hamper the identification of flow boundaries in

this sector of the shield [Munro and Mouglnis-Mark, 1990]. Except for the W flank,

which abuts with Volcan Darwin, Volcan Fernandina is surrounded by steep submarine

slopes that extend to a depth of 2900 m. The W flank is paved with fresh lava flows and

their number and similar orientation posed something of a problem for this analysis

because the boundaries of many flows are difficult to determine in their entirety. The total

surface area of 566 km2 is unevenly distributed around the summit caldera. The E flank

is building into shallower water than the rest of the shield and thus the addition of

subaerial material is more rapid [Nordlie, 1973]. Beneath the Nand S flanks, however,

the submarine morphology is very similar and it is unclear why there should be such a

marked discrepancy in the subaerial area of these two flanks.



12

2.2.2 Petrological and geochemical character of the Galapagos Islands

The vast majority of erupted material in the Galapagos Islands can be classified as

basalt [McBirney and Williams, 1969]. Volcan Fernandina and the five major volcanoes

of Isla Isabela (Figure 2.2), are constructed of tholeiitic basalt [Williams, 1966]. Volcan

Alcedo is unusual in that several rhyolitic and trachytic eruptions originating in the

summit caldera have occurred in recent time [McBirney et al., 1985]. Volcan Ecuador

and the central islands of Pinzon and Rabida are predominantly alkalic [McBirney and

Williams, 1969]. Islas Santiago and Santa Cruz show juxtapositioning of young tholeiitic

flows with older alkalic material [Batis and Swanson, 1976].

The temporal evolution of basalt chemistry from alkalic through tholeiitic and back

to alkalic that characterizes the individual shields in the Hawaiian chain, and which is

thought to reflect the vigor of the hotspot and the degree to which partial melting of

mantle rock occurs [e.g., Chen and Frey, 1983], is not clearly seen in the Galapagos

[McBirney and Williams, 1969]. The relevance of this finding to my study of the

western Galapagos volcanoes is that the present day morphology of the shields arises by

the accumulation of low viscosity tholeiitic basalt alone. The more viscous alkalic basalts

that typically form a steep sided "cap" on mature Hawaiian shields [Peterson and Moore,

1987] are absent. The morphology of lava flows is examined to evaluate how they

contribute to the observed topography on each shield.

Nordlie et al [1982] examined the chemistry of a set of basalts from Cerro Azul,

Volcan Wolf and Sierra Negra on Isla Isabela and identified a distinct compositional range

and evolutionary trend for each volcano suggesting that their magma chambers evolve

independently. A detailed study of Pinzon volcano by Batis and Lindstrom [1980]

revealed a series of stratigraphic cycles that were interpreted to represent the evolution of

a shallow magma chamber. Zoning by shallow liquid fractionation within independent
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magma chambers is further supported by the occurrence of trachytic pyroclastic flows and

intra-caldera rhyolite and trachyte flows adjacent to tholeiitic basalt flows on Volcan

Alcedo [McBirney etal., 1985].

These observations regarding the existence of independent magma chambers for

each volcano are important to my analysis because they indicate that as regards the

influences on sub-surface magma transport each shield may be considered unique. No

extensive transport between shields occurs, although the analysis of Chadwick and

Howard [1991] revealed that there is some evidence for limited interaction between the

stress regimes of neighboring volcanoes. Most eruptive activity occurred as a result of

stress orientations that are independent for each shield.

2.2.3 Geochronology of the Galapagos Islands

The segment of the Nazca Plate upon which the Galapagos Platform is built is

shown from seafloor magnetic anomalies to have a maximum age of 10 million years

[Cox, 1983]. The hotspot concept implies that the erupted material should be much

younger than the underlying crust. Some difficulty is experienced in applying dating

techniques based upon potassium and argon because the concentration of potassium

bearing minerals is low in the basaltic lavas that dominate the recent eruptive products of

the islands. The oldest rocks dated using this technique are found on Isla Espanola (3.3

million years), Isla Santa Fe (2.7 million years), and Isla Santa Cruz (4.8 ± 1.8 million

years). It has been proposed that many of these older rocks were erupted in a submarine

environment and subsequently uplifted along east-west trending faults to their current

subaerial position [McBirney and Williams, 1969]. All the samples analyzed from the

historically active western volcanoes show a normal magnetic polarity, suggesting

eruption within the Brunhes Epoch which commenced 0.7 million years ago [Cox,

1983].
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These data indicate that there is no clear time transgressive sequence in the

direction of plate motion as is the case along the length of the Hawaiian-Emperor chain

[Clagueand Dalrymple, 1987]. A concentration of younger rocks toward the west of the

archipelago does occur but there is a juxtapositioning of the oldest material in the central

islands with younger material occurring in a surrounding belt [Cox, 1983; Geist et al.,

1988].

2.2.4 Historical volcanic activity within the Galapagos Islands

Although the population of the Galapagos Islands is small and unevenly

distributed, signs of eruptive activity are frequently visible from a distance and

reconnaissance visits by personnel from the Charles Darwin Research Station on Isla

Santa Cruz have provided details of many eruptive events. In Table 2.2 I present a

compilation of historical volcanic activity from the available literature [Richards, 1962;

Simkin et al., 1981; Newhall and Dzurisin, 1988; McLelland et al., 1989; Chadwick et

al., 1991; Oviedo-Perez, personal communication 1991]. Recently, direct observation

has been supplemented by geophysical studies and the observation of gas plumes by

orbital satellites. These data are a valuable aid to interpreting the eruptive behavior of the

western Galapagos volcanoes.

Some estimate of the vigor of volcanic activity in the western Galapagos may be

made by examining the frequency of eruptive events. Volcan Fernandina has erupted 22

times since 1813, approximately 1/3 as often as Kilauea [Holcomb, 1987] and 1/2 as

often as Mauna Loa [Lockwood and Lipman, 1987]. However, Volcan Darwin has

erupted once since 1813, only 1/60 as frequently as Kilauea, thus emphasizing the

difficulty of comparing the two regions using the criterion of eruption frequency. One

might further question the use of eruption frequency as a measure of volcanic activity in

light of the duration of the current eruption from the east rift zone of Kilauea and the fact
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that the volume of magma that it has erupted is far in excess of anything from the historic

record in the Galapagos. Basing a comparison on frequency of eruption occurrence alone

is misleading with respect to the true nature of the volumetric output of an individual

volcano.

From the limited measurements of age in the Galapagos and the somewhat more

detailed information available for Hawaii, an extremely crude comparison of the rate at

which volcano growth occurs in both regions may be made. The shield volcanoes have

attained a height above sea-level of between 1300 m and 1700 m in 0.7 Ma. This is

similar to the summit elevation of Kilauea, 1247 m. As previously mentioned (Section

2.2.2) no rocks older than 0.7 Ma have been found on Islas Isabela and Fernandina. On

Kilauea, the age of the lowest levels of the Hilina Basalt series exposed on Kilauea was

estimated at 0.1 Ma from eruption rates [Easton and Garcia, 1980]. Thus, accumulation

of material may be interpreted as occurring approximately seven times faster at Kilauea

than in the western Galapagos Islands. This estimate ignores the fact that intra-oceanic

plate volcanoes are known to subside due to their weight depressing the underlying

thermally weakened lithosphere [Moore, 1970] and thus summit elevation is continually

being reduced.

2.2.5 Morphology of the Galapagos shield volcanoes

There are two visually striking morphological differences between the historically

active basaltic shield volcanoes of the Hawaiian and Galapagos archipelagoes: 1) the

shape of their subaerial profiles (Figure 2.4); and 2) the size of their calderas. In Hawaii,

accumulation of low viscosity tholeiitic basalt lavas produces slopes of 2-120 and the

classic "shield" outline of basaltic volcanoes (e.g., Mauna Loa, Hawaii) (Figure 2.4a).

Steeper slopes exist where later faulting has occurred or more viscous alkalic lavas have

been added to the volcano [Walker, 1990]. In contrast, the Galapagos volcanoes show a
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wide variety of slope morphologies (Figure 2Ab) where no alkalic lavas or later stage

faulting are observed. The typical morphology observed on the shield volcanoes of Islas

Fernandina and Isabela is that of shallow angle slopes rising from sea level; these slopes

change abruptly into a segment of steep (18-35°) slopes, above which is found a flat

summit area incised by a caldera. This shape has been likened to an "overturned soup

plate" [McBirney and Williams, 1969]. It is recognized that the shape of the volcano

profiles are different depending on the direction in which the profile is measured, and on

each of the volcanoes there are segments that show a more "Mauna Loan" profile,

Several models have been proposed for the development of the distinct

morphology of the Galapagos volcanoes. Banfield et al. [1956] suggested that an early

phase of cone construction and lava flow production was followed by the development of

a central elevated region built of pyroclastic material. McBirney and Williams [1969]

cited a lack of field evidence for any such accumulation of pyroclastic deposits and

suggested that injection of ring dikes into the swarm of concentric fissures that surround

the calderas causes an upward and outward swelling of the edifice. Nordlie [1973]

compiled a detailed set of topographic profiles across the volcanoes of the western

Galapagos and placed each in an age sequence dependent on the size and morphology of

the caldera and the maximum slope angle observed on each shield. He also proposed that

the cause of the steep slopes was edifice tumescence during shallow magma chamber

emplacement beneath the central region of a young, low slope angle, convex shield.

Simkin [1972] suggested that the circumferential fissures commonly found on the

periphery of the summit plateaus of the shields were present from the onset of edifice

construction. These fissures fed low volume viscous flows which may have moved

outward or inward from their source and consequently built an elevated central region at

the expense of the volcano flanks. Cullen et al. [1987] prompted by the observation that

the slopes of the volcanoes are too steep to be the result of lava accumulation alone,
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undertook a mechanical deformation study which suggested that shallow magma chamber

morphology played an important role in determining the volcano profile. Most recently,

Chadwick and Howard [1991] used a finite element modeling approach to investigate the

distribution of principal tectonic stresses within the individual Galapagos volcanoes and

the manner in which they are reflected in the distribution of eruptive fissures.

Although the issue of tumescence and its contribution to the evolution of edifice

morphology cannot be addressed by the data I use in my work, where possible I used

measurements from the SPOT-l data to evaluate the accuracy of previous models. I

examined the dimensions of lava flows that originate in the summit regions of the

volcanoes to investigate how the distinct steep central portions of the volcanoes may have

developed. Finally, my mapping and interpretations enable me to assess how well a

single evolutionary model may be applied to these shields and I give further consideration

to the hypothesis that each shield is unique in tenus of its morphological evolution.

The calderas of the shield volcanoes of Islas Fernandina and Isabela are

spectacular natural cauldrons which dominate first impressions of the SPOT-l images.

The dimensions of the calderas are summarized in Table 2.3. In order to set the context

for my study of the Galapagos calderas, I used the SPOT-l data to calculate the ratio

between the area encompassed by the caldera rim and the area of the subaerial segment of

each volcano, and compared this value with those previously calculated for Mauna Loa

and Kilauea, Hawaii [Walker, 1988] (Table 2.3).

In the Galapagos, with the exception of Cerro Azul, the surface area enclosed by

the caldera rim is between 1.5 and 5.5 times greater than that on Kilauea and Mauna Loa.

On Cerro Azul the area enclosed by the caldera rim is actually less than that on Kilauea or

Mauna Loa (9.7 km2 compared with 15.5 km2 and 11.7 km2) . Even with the under

estimation of true surface area that is inherent for coalescing shields, my comparison

indicates that the Galapagos calderas represent between 2 and 6 percent of the subaerial
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surface area of the shield whilst the Hawaiian calderas represent between 0.2 and 2

percent. Ifone considers the volume of the calderas, the disparity in size between those

seen on Islas Isabela and Fernandina and those in Hawaii becomes even more apparent.

In the Galapagos, the volume of the smallest caldera, that of Cerro Azul, is almost double

that of Kilauea (Table 2.3). The volume of the largest caldera, at Volcan Fernandina, is

an order of magnitude larger than that of Kilauea.

2.3 RATIONALE AND METHODOLOGY FOR THE USE OF SPOT-l DATA

Whilst there is no lack of enthusiasm for geological studies within the Galapagos

Islands, the combination of lack of water, difficult access, and respect for the admirable

conservation efforts of the Ecuadorian National Park Service and the Charles Darwin

Research Station have thus far prevented extensive fieldwork on Islas Fernandina and

Isabela that would allow detailed study of the spatial distribution of eruptive vents and

lava flows. As a component of this research I organized a field trip to Isla Fernandina in

1989 and experienced first hand the logistical difficulties of working on the volcano. The

terrain is extremely rugged, comprising predominantly unvegetated a'a flows, and

covering any distance on the ground under a tropical sun is extremely arduous. Porters

are required because of the lack of streams or potable standing water and landing on both

Isla Fernandina and Isabela is limited by the rough ocean conditions. Heroic efforts have

been made previously, particularly by Dr. Tom Simkin of the Smithsonian Institution,

and as part of ongoing research efforts by Dr. Dennis Geist and co-workers, but certain

summits, such as that of Volcan Wolf, are still rarely visited.

It is such access difficulties that provide the impetus to use remotely sensed data

to examine the basaltic shield volcanoes in the Galapagos Islands. The data that I used in

this study were acquired by the SPOT HRV-l sensor (Figure 2.5) between April 1988

and August 1989 (Table 2.4). The SPOT HRV-l instrument, in Panchromatic Mode
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(black and white), covers the visible region of the electromagnetic spectrum in one band

at a nominal spatial resolution of 10 m per pixel [Chevrei et al., 1981] (Figure 2.5). Its

major advantage over previous satellite systems is that it has the capability to collect data

in variable off-nadir viewing positions (Figure 2.5). It is possible to view one area on the

Earth's surface repeatedly on successive overpasses, thereby increasing the number of

opportunities for data collection in regions where cloud cover is common. In the case of

the data used in this study, the capability for off-nadir viewing was a key aspect for

obtaining complete coverage of both Islas Fernandina and Isabela.

A total of five individual SPOT-1 scenes were required to cover Islas Isabela and

Fernandina. The images were mosaicked to eliminate overlap and the raw data placed

into a geometrically consistent Universal Transverse Mercator (UTM) projection (Figure

2.2b). This projection was selected for its conformal properties, namely that scale and

orientation remain consistent over the area studied. A major difficulty with previous

studies that have used aerial photographs is the distortion associated with parallax which

is particularly severe in regions with steep topographic slopes. The accuracy with which

features may be located in the aerial photographs has been estimated by Chadwick and

Howard [1991] as about 100 m in the coastal regions and 200 - 400 m in inland areas,

although for areas without topographic control it is possible that features are misplaced by

1 km. The registration of the SPOT-1 data within a UTM projection circumvents the

problem of mislocation on the ground. This method also ensures that feature length and

orientation may be measured free of the distortions occurring in aerial photographs. The

geographical coordinates of each corner of the individual SPOT-1 scenes are recorded at

the time of data collection. Using the Land Analysis Software (LAS) computer software

package, a UTM grid was defined with corner points encompassidg the limits of

longitude and latitude of all five scenes. The original data were then reprojected into this

grid.
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Because the SPOT-1 images were obtained on different days, the position and

elevation of the sun at the time of collection varies (Table 2.4). There are thus tonal

differences evident at the boundaries between scenes that have been mosaicked to cover

an entire shield (Figure 2.2b). It is possible to remove such tonal imbalance by matching

the distribution of pixel values in one image to those of the other, but this is a cosmetic

procedure. In this study, eruptive materials are studied in a spatial context and the tonal

differences between images do not obscure the details of position, nor do they affect the

interpretation of lava flow diversion by pre-existing topography that is used to examine

the relative ages of eruptive fissures (see below). For each individual SPOT-1 image, the

use of interactive contrast adjustment and linear feature enhancement [Drury, 1987]

proved extremely valuable for the identification and location of volcanic features.

Elevation and bathymetric data used in this study are taken from U.S. Navy

Hydrographic Office charts compiled in 1947. Because of cloud coverage at the time of

aerial photograph collection, the topographic data on these charts are incomplete over

Cerro Azul, Sierra Negra, and a section of the S flank of Isla Fernandina. In these

instances, the available topographic data are limited to sketch maps, and my

interpretations of the structural history of the shield encompassing present day

topography are therefore limited.

It is pertinent at this point to address the question of why previously collected

aerial photographs of the region were not used in this study. Aerial photographs collected

in 1946 and 1960 cover both Islas Fernandina and Isabela with the exception of the

southern flank of Cerro Azul and the S and E flanks of Sierra Negra. They have been

used to map the pattern of fissure distribution on each of the seven volcanoes by

Chadwick and Howard [1991]. Satellite data with a nominal pixel dimension of 10 m x

10 m are inadequate to detect all eruptive fissures, particularly in the summit regions of

these volcanoes because there they may occur less than 10 m apart. For this reason I
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have concentrated my interpretations concerning activity in the summit regions of the

volcanoes on the distribution of lava flows. During fieldwork I observed that on the

flanks of the volcanoes the eruptive fissures are not closely spaced and so I undertook my

study on the grounds that I could adequately describe the fissure distribution on the flanks

of the volcanoes using the SPOT-l data. In Figure 2.6, I present a comparison between a

rose diagram constructed using the map of Volcan Wolf presented in Chadwick and

Howard [1991] and the rose diagram constructed using my data. Figure 2.6 illustrates

that the two datasets, aerial photographs and SPOT-I, reveal the same underlying trends

in the distribution of fissures on the flanks of the volcano. Using aerial photographs

Chadwick and Howard [1991] were able to identify both spatter ramparts and open

fissures on the order of 1 m wide (see page 261 of Chadwick and Howard [1991]) and

thus the total length of eruptive fissures mapped in their study is greater.

My study of the seven Galapagos volcanoes of Islas Isabela and Fernandina with

SPOT-l data is based upon the examination of the distribution and morphology of two

categories of eruptive features: 1) near vent deposits, the vast majority of which are cones

aligned along fissures (Figure 2.7) from which lava has been erupted; and 2) the lava

flows originating at these vents. I present the results of my analysis of SPOT-1 images

of the seven volcanoes of Isla Fernandina and Isabela in the following sections as two

basic components: 1) maps of the spatial distribution; and 2) morphological descriptions

of eruptive fissures and lava flows. Using these data I then interpret the volcanological

processes that occur in the region

2.4 THE DISTRIBUTION OF ERUPTIVE MATERIALS

For each shield studied I present a map and accompanying description of eruptive

fissure and lava flow distribution. In my research I took two approaches to examining

the distribution of eruptive fissures that are radial with respect to the volcano caldera.
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Firstly I measured the length and orientation of each fissure in order to characterize the

dominant trends. I interpret the distribution of fissures as indicators of the orientation of

subsurface dikes. The paths that such dikes follow is determined by the orientation of

principal tectonic stresses within the edifice [Anderson, 1938]. The analysis of the

distribution of eruptive fissures therefore enables the investigation of how such stresses

are oriented and the structural behavior of each volcano.

Secondly, I developed a technique for determining the relative age of a radial

eruptive fissure. The manner in which the location of eruptions changes through time is

one of the most poorly studied aspects of volcanism in the Galapagos Islands because

temporal information is hard to obtain. Previous work in Hawaii [Lipman, 1980] and at

Mount Etna [McGuire and Pullen, 1989] has shown that temporal changes in locus of

activity can be interpreted as the result of variation in structural influences. For example,

Holcomb [1987] studied the recent geological history of Kilauea and noted that even

though the current phase of eruptive activity is concentrated along the East Rift Zone

(ERZ), over 50% of the volcano's surface is still covered by lava flows that were

produced by sustained eruptions at the summit. Distinct phases of eruptive activity have

been dominated by either summit or rift zone eruptions.

For the shields of Volcan Fernandina (Isla Fernandina), Volcan Wolf, Volcan

Darwin, and Cerro Azul (Isla Isabela), each eruptive fissure can be classified into one of

three relative age categories, thereby allowing some investigation of the temporal changes

in the location of eruptive activity (Figure 2.8). Prior to outlining the criteria used to

place each fissure in an age category, I emphasize that, although lava flow stratigraphic

relationships and albedo playa key role in the approach, it is the fissures that are being

analyzed in the three different age categories, not the flows themselves. The orientation

of fissures that occur on the flanks of the shield volcanoes is typically downslope

[McBirney and Williams, 1969]. Additionally, all the eruptive fissures identified in this
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study are defined by the occurrence of near-fissure structures that provide positive relief

along the trend of the fissure. These two factors result in the diversion of lava flows

around pre-existing fissures and the preservation of the fissures in the geologic record.

Lava flow albedo, when combined with cross-cutting relationships, is an additional aid to

interpreting the relative ages of individual eruptive events, but I stress that alone it is an

unreliable indicator of the relative age of the fissure from which the flow originates.

The fissure age categories are defined as: 1) old; no visible flow material

originating at vent, fissure causes embayment and bifurcation of flows originating at

higher elevations; 2) intermediate; visible flows originating at vent, material of high

albedo with boundaries that cause diversion and bifurcation of younger low albedo flows;

boundaries may be partially obscured by younger flows; 3) young; flow material with

low albedo originating at the vent, boundaries discernible along entirety of flow. Such an

approach was not possible for Volcan Ecuador, Volcan Alcedo and Sierra Negra (Isla

Isabela), because an insufficient number of lava flow boundaries on these volcanoes

could be identified from the SPOT-1 data.

The distribution of lava flows on each volcano is an important indicator of the

manner in which the edifice morphology has developed. In this study the only criterion

available to measure the size of an eruption is the surface area of lava flows. One must

accept certain caveats associated with this measurement. Firstly, except in the case of the

youngest flows mapped, it is sometimes difficult to discern boundaries over the entire

length of a lava flow. In attempting to compare quantitatively the eruptive events on each

volcano I have selected only those flows for which boundaries can be clearly identified.

However, it is important to describe qualitatively all the lava flows visible in order to

interpret the observed distribution in the context of volcano behavior. Secondly, when

comparing the size of lava flows, a discrimination must be made between those flows that

reach the ocean and those for which the flow terminus occurs on land. Finally, the nature
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of the topography over which a lava flow travels will influence its planimetric shape, and

thus when making comparisons between volcanoes on the basis of their lava flow

morphology, as much care as possible must be taken in order to ensure that pre-existing

topography is similar for those flows that are compared. As a consequence of these

difficulties, I focus my analysis of lava flows on their spatial distribution rather than on

an assessment of the magnitude of eruptive events.

The measurements of fissure occurrence are summarized in Table 2.5. The

characteristics of lava flow size and distribution are summarized in Table 2.6. Mapping

of eruptive products, in conjunction with available topographic and bathymetric data,

provides a basic means to describe the recent morphological evolution of each volcano. I

then consider the structural processes that account for the observed distribution of

fissures and lava flows and compare the behavior pattern of the seven volcanoes behavior

in section 2.6.

2.4.1 Volcan Ecuador

Two morphologically distinct elements comprise Volcan Ecuador: a heavily

eroded caldera [McBirney and Williams, 1969] and a broad topographic ridge oriented

WSW-ENE which descends from an elevation of 250 m to the boundary with Volcan

Wolf (Figure 2.9a). I mapped a total of 25.3 km of radial fissures of which 84% occur in

a marked concentration along this topographic ridge. Further evidence for intrusive

activity along this trend is the existence of aligned pit craters [McBirney and Williams,

1969; Simkin, 1984] close to the volcano summit (Figure 2.9a). Such features have been

interpreted to form as the result of roof collapse above a magmatic conduit [Walker,

1988]. The alignment of the pit craters suggests the magma conduit was oriented WSW

ENE. The only radial fissures that do not fall along this trendoccur below an elevation of

120 m on the slopes to the S of the main ridge (Figures 2.9b and 2.9c). I interpret these
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fissures to have formed prior to ridge formation. They are thus situated on a preserved

segment of a once more extensive shield flank.

A total of eight lava flows were mapped that originate from vents oriented WSW

ENE (Figure 2.9d). Those with source vents close to the summit of the distinct

topographic ridge flow either NNW or SSE and enter the ocean. Only those erupted from

lower elevations « 200 m) parallel the trend of the ridge until they reach the topographic

boundary of the lower flanks of Volcan Wolf, whereupon they are diverted towards the

ocean. Lava flows can also be seen on the floor of the caldera between the arcuate

escarpment and the western shoreline. All the lava flows observed on Volcan Ecuador

reach the ocean and it is thus difficult to make an assessment of the total amount of lava

produced during recent eruptions.

2.4.2 Volcan Wolf

I mapped a total of 85.5 km of radial fissures and 21.8 km of arcuate fissures on

Volcan Wolf (Figure 2. lOa). Arcuate fissures are concentrated around the NE, E and S

segments of the summit plateau. Radial fissures are concentrated along three dominant

orientations towards the NW, the NNE, and to the SE of the caldera (Figure 2.10b).

Examination of the distribution of radial fissures in three relative age classes (Figure

2.lOc) and the distribution of lava flows (Figure 2.lOd) shows that very limited recent

activity can be identified to the NW and NNE of the caldera, but persistent concentration

of activity has occurred only along a SE trend S of the caldera. Each of these

concentrations of radial fissures has constructed a topographic ridge on the flanks of

Vole an Wolf. The morphology of these ridges reflects the relative amount of eruptive

activity that originated along each trend. To the NNE, although the ridge is a somewhat

indistinct subaerial feature it continues as a major submarine ridge for 18 km to a depth of

2900 m (Figure 2.l0e). In contrast, the concentration of radial fissures along a NW trend
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produces a more pronounced subaerial ridge but a less distinct submarine feature (Figure

2.2a). I interpret this as evidence that the NNE trend has been active over a greater

distance than that to the NW, but in recent times addition of material from the latter has

been concentrated in the segment closer to the volcano summit. S of the caldera,

sustained activity along a SE trend has built a broad ridge that abuts against a similar but

less well developed feature on the N flank of Volcan Darwin (Figure 2.10e). This

sustained activity has acted to produce a distinct asymmetry in the subaerial profile of the

volcano. To the SE of the caldera the steep slopes that are seen adjacent to the E and W

segments of the summit plateau are replaced by the low angle slopes of the ridge that

extend from the summit to the boundary with the N flank ofVolcan Darwin.

A clear bias in the distribution of lava flows occurs on Volcan Wolf. Mappable

flows that originate from both radial and arcuate vents are concentrated on the E and S

flanks. I mapped 21 lava flows from radial fissures with a total surface area of 89.5 km2

(Figure 2.lOd). Of these four occur on the NW and W flanks and the remainder cover

segments of the E, SE and S flanks. 12 lava flows with a total surface area of 30.9 km2

originate from arcuate fissures in the summit region. These flows travelled over the NE

and S flanks. The mean surface area of flows originating at arcuate vents is 2.6 km2

compared with 4.3 km2 for those originating at radial vents (Table 2.5). It is difficult to

compare the magnitude of eruptions from the summit region with those erupted from

radial fissures on the basis of lava flow surface area. This difficulty arises because the

majority of flows originating in the summit region traveled directly down the steep ENE

flank and entered the ocean, whereas those flows from radial fissures followed a less

direct route to the coast. From the vent region, the lava flows initially flowed down the

slope of the topographic high, but changed direction once the steep slopes between the

ridge and the coast were reached. Consequently the proportion of the total erupted

volume which is sub-aerially exposed differs widely between the two groups.
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The effect of the observed distribution of lava flows on the planimetric shape of

Volcan Wolf may be seen to be influenced strongly by the adjacent bathymetric slopes.

Thus, on the E flank lava flows originating at arcuate vents reach the steep (35°)

submarine slopes (note the position of the 1000 fathom (1830 m) bathymetric contour 3

km offshore (Figure 2.lOb» and extension of the coastal plain is lessened when

compared with flows that travel to the SE where submarine slope angle decreases to 25°.

Additionally the N flank of Volcan Darwin diverted lava flows toward the E. The

extension of the SE flank relative to the rest of the volcano is thus the result of the

concentration of activity from radial vents along a SE trend, assisted by topographic

slopes that act to provide favorable conditions for subaerial accumulation of lavas.

2.4.3 Volcan Darwin

On Volcan Darwin (Figure 2.11a) I mapped 46.7 km of radial fissures and 25.0

km of arcuate fissures (Figures 2.11b and 2.l1c). The radial fissures on Volcan Darwin

occur in two main concentrations (Figure 2.11d). Older fissures which have been

surrounded by younger material occur on the N flank of the shield and trend in a N to

NNW direction. Intermediate and younger radial fissures concentrate along a topographic

high that slopes towards the SSE, away from the caldera towards Volcan Alcedo (Figure

2.11c). The planimetric shape of the volcano indicates that the two main concentrations

of activity from radial fissures have resulted in an elongation along a NNW to SSE trend.

On Volcan Darwin, four recent lava flows that originated from radial fissures on

the flanks of the volcano have a total surface area of 39.5 km2 (Figure 2.11d). Eleven

recent lava flows from arcuate fissures in the summit region have a total surface area of

104.4 km2
• The distribution of lava flows on Volcan Darwin indicates that the difference

between the surface areas of individual lava flows originating in the summit region and

those originating from the volcano flanks is small (Table 2.6). Recent addition of
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material to the surface of the shield has been dominated by eruptions originating in the

summit region. Eruptive activity that originates from arcuate fissures on the summit

plateau is concentrated around the NW, Nand E segments of the caldera rim (Figures

2.11a and 2.11b). On encountering the SE flank of Volcan Wolf, the lava flows are

diverted and add material to the E and W flanks of Volcan Darwin (Figure 2.11a). A

similar but less pronounced effect is observed for flows originating at radial fissures

when they reach the margin with Volcan Alcedo (Figure 2.11a).

Volcan Darwin provides a good example of how vent orientation influences the

distribution of lava on the volcanoes of the western Galapagos (see section 2.5.2.1). On

the NW of the summit plateau, a series of flow lobes is seen originating from a set of

arcuate fissures approximately 4 km long that is perpendicular to the direction of steepest

slope. The total volumetric output of the eruption has thus been distributed in a number

of short adjacent lobes. I suggest that had the eruption originated from a radial fissure

oriented parallel to the direction of steepest slope a single lobe would have distributed the

the lava in a manner similar to that seen for the flow to the S of the caldera rim (Figure

2.11d). The importance of this observation is that the development of a topographic ridge

as a consequence of the concentration of radial fissures along one trend subsequently acts

to influence the planimetric shape of the volcano. Thus we see at Volcan Darwin how the

S flank became subaerially more extensive as lavas have flowed down the ridge and

changed direction on encountering the N flank of Volcan Alcedo (Figure 2.11a).

2.4.4 Volcan Alcedo

Detailed analysis of the distribution of eruptive fissures and lava flows on Volcan

Alcedo with SPOT-1 data posed something of a problem. A recent (approximately 90 Ka

B.P.) rhyolitic fall deposit [Geist, 1991] has covered the flanks of the volcano and

supports a blanket of vegetation which makes detection of individual fissures difficult
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because it results in a bland image tone (Figure 2.12a). Lava flows that postdate the

rhyolitic airfall deposit are visible, but locally dense patches of vegetation make

identification of their source vents difficult (D. Geist personal communication, 1992). It

was therefore not possible to divide eruptive fissures into three relative age groups on

Volcan Alcedo.

On Volcan Alcedo I mapped a total of 33.1 km of radial fissures and 6.7 km of

arcuate fissures (Figure 2.12b). A lava flow erupted in 1954 (D. Geist, personal

communication) is identified in the SPOT-l image (Figure 2.12a). Radial fissures are

concentrated N of the caldera along a NW trend (Figure 2.12c). S of the caldera radial

fissures show no well defined alignment along a particular trend. In section 2.6.1 I

discuss the significance of this observed behavior of radial fissures on Volcan Alcedo

with reference to possible mechanisms for the formation of preferred orientations of

fissures on the flanks of the Galapagos volcanoes.

The planimetric shape of Volcan Alcedo shows that subaerial accumulation of lava

flows occurred preferentially S of the caldera (Figure 2.12a). I propose that the reason

for this is related to the surrounding bathymetric slopes (Figure 2.2a). NE of the caldera

a marked submarine embayment with slopes of up to 25° occurs whereas to the S the

water depth is shallow « 100 fathoms). A given volume of lava will build a subaerial

delta and extend the volcano flanks faster and further in shallower water than in deeper

water.

2.4.5 Sierra Negra

On Sierra Negra (Figure 2.13a), I mapped 77 km ofradial fissures and 28.8 km

of arcuate fissures (Figure 2.13b). Radial fissures are aligned along two dominant

orientations, ENE, E of the caldera and WNW, W of the caldera (Figure 2.13c). A third

preferred orientation of radial fissures towards the SE is also present. It was not possible
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to divide these into any relative age sequence. Recent activity is restricted to the Volcan

Chico area and a second area to its W along the N rim of the caldera [Delaney et al.,

1973] (Figure 2.13d). This localization of recent activity makes it difficult to evaluate the

stratigraphic relationships between flows and pre-existing fissures over the entire

volcano. Repeated accumulations of lava along the N flank have left only a few fissures

visible. On the S flank the absence of flows with boundaries that may be identified in the

SPOT-1 data and the small number of fissures further inhibits any division of fissures

into relative age categories.

Recent vents are predominantly arcuate although occasional near-summit radial

vents can be identified. Lava flows with discernible flow boundaries originate from 13.3

km of arcuate fissure. En-echelon segments of arcuate fissures extending almost 8 km

around the northern rim of the caldera fed the 1979 eruption [McLelland et al., 1989].

The total surface area of flows that originate at arcuate vents is 373.8 km2• I did not map

any lava flows originating from radial fissures on the flanks of the shield mainly due to

the difficulty of discerning vent locations. Flow lobes that abut against the S limit of

Volcan Alcedo may be seen towards the NE (Figure 2.13a) but I could not distinguish

their source vents. I suggest that they originated within the concentration of radial

fissures to the E of the caldera.

The paucity of topographic data for Sierra Negra makes it impossible to decipher

how the observed distribution of eruptive fissures and lava flows has influenced the

subaerial profile of the shield. The planimetric shape indicates that although recent

activity has been concentrated on the N flank the Sand E flanks were previously the site

of voluminous lava flow accumulation. As for the S segment of Volcan Alcedo (section

2.5.4) the submarine morphology adjacent to the E and S of Sierra Negra (Figure 2.2a)

has led to extensive subaerial accumulation of lava flows. The three arcuate constructs

labeled PTC in Figure 2.13a are interpreted to be phreatomagmatic cones that were
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formed in shallow water and have since become engulfed by lava flows from Sierra

Negra (Isla Tortuga situated off shore to the S (Figure 2.13b) is a similar construct

currently standing in water -40 fathoms deep). Although the age of these constructs is

not known, it is evident that the encroachment of the shoreline of Isla Isabela in this area

is aided by the low angle submarine slopes and shallow water depth to the E, SE and S of

Sierra Negra (Figure 2.2a).

2.4.6 Cerro Azul

On Cerro Azul eruptive activity is concentrated N of the caldera (Figure 2.14a). I

mapped a total of 97.4 km of radial fissures and 12.3 km of arcuate fissures (Figure

2.14b). The most marked feature of the radial fissure distribution is the generally sparse

occurrence of fissures on the S flank and in particular SE of the caldera (Figure 2.14c).

No preferred orientation dominates either the total set of radial fissures or any of the

individual relative age categories. The occurrence of two historical eruptions in the

topographic saddle between E Cerro Azul and W Sierra Negra (Figure 2.3) is limited

evidence that, at least for an interval of approximately 40 years, structural conditions

favored intrusion along a consistent trend.

The spectacular fan of lava flows N of the caldera indicates that over more

extensive periods of time the volcano has been extending its N flank. Lava flows

travelled to the S of the caldera in only three instances: an eruption from an arcuate fissure

in the summit region to the S of the caldera, an isolated eruption from a radial fissure, and

a portion of the 1940 and 1979 flows that have been diverted by the W flank of Sierra

Negra (Figures 2.3 and 2.14a). A total of 18 mapped lava flows with a combined surface

area of 167.3 km2 originate from radial fissures (Figure 2.14d). However, many of the

flows enter the ocean and it is therefore likely that we are not examining the total surface

area of the flows originating at these vents. A total of seven flows with a combined
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surface area of 20.0 km2 originate from arcuate fissures around the summit plateau

(Figure 2.14d). The individual surface area of flows originating at arcuate fissures is at

most only 1/3 that of flows originating from radial fissures.

In addition to the distribution of lava flows clearly indicating a preferential

extension of the N flank of Cerro Azul, there is also evidence for removal of material on

the SW and S coastline. Nine arcuate escarpments are shown in Figure 2.14d that

demarcate fault lines with downthrow to the SW and S. My interpretations are confirmed

by recent visits to Isla Isabela by D. Geist (personal communication, 1992). The

irregular distribution of subaerial surface area with respect to the volcano caldera has

arisen by a combination of depositional and erosional processes. The N is extended

subaerially into shallow water by recent lava flows that originated both to the N and E of

the caldera. Material is preserved on the E and SE flanks by the coalescence with Sierra

Negra and the shallow depth of the submarine platform. The W flank is the site of

extension of the subaerial shield surface by lava flows. Because submarine slopes are

steeper (- 20° ) water depth increases rapidly and lava deltas are smaller and build at

slower rates. The SW sector has become markedly smaller due to the absence oferuptive

activity and the subsidence of material along arcuate faults.

2.4.7 Volcan Fernandina

Mapping of lava flows and eruptive fissures on the W flank of Volcan Fernandina

was hampered by the presence of a recent blanket of pyroclastic material associated with

the major caldera collapse of 1968. Although no major lava flows were erupted at the

time of this collapse, an eruptive plume that reached a height of 20 km produced extensive

ash fall in the summit region of Volcan Fernandina and in particular Wand NW of the

caldera [Simkin and Howard, 1970]. This material accounts for the light tone observed

in the SPOT-1 image data (Figure 2.15a) [Munro and Mouginis-Mark, 1990]. On the
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ground, these deposits provided a welcome respite from the ala typically encountered on

Volcan Fernandina and enabled a two day ascent of the volcano to be made. During the

ascent of Volcan Fernandina I was able to observe distinctive cross bedding structures in

the walls of gullies cut into these friable deposits (Figure 2.16). I also saw major blocks

that had fallen on the summit plateau (Figure 2.16). Prior to the caldera floor collapse

and eruption of 1968, an intra-caldera lake existed. I interpret the lake as the source of

water with which magma interacted to form base-surge type deposits [e.g., Cas and

Wright, 1987].

On Volcan Fernandina, I mapped 69.5 km of radial fissures and 15.7 km of

arcuate fissures (Figure 2.15b). Those radial fissures in the old category show two

preferred orientations, one along a NW-SE trend extending along the axis of caldera

elongation, and the other along a NE-SW trend. Intermediate-age radial fissures cluster

predominantly to the SE of the caldera. The youngest radial fissures show a consistent

orientation to the SW but do not occur in a narrow zone; rather they are distributed widely

over the S flank of the volcano (Figure 2.15c). I interpret the lack of a persistent trend of

preferred radial fissure orientation on Volcan Fernandina to be reflected in its profile by

the presence of steep slopes bounding the summit platform around almost its entire

circumference (Figure 2.15e). Only SE of the caldera, where radial fissures occur in both

the old and intermediate age categories, has a topographic ridge been constructed (Figures

2.15e and 2.17).

I mapped a total of 163.6 km2 of flows originating from radial fissures and 27.5

km2 of flows originating form arcuate fissures on Volcan Fernandina (Figure 2.15d). A

very marked difference exists between the mean surface area of individual flows

originating in the summit region, 0.65 km2, and those originating from radial fissures,

6.05 km2 (Table 2.6). It should be noted that this observed difference is a minimum,

because many of the lava flows that originate at radial vents on the W flank enter the sea,



34

whilst those flows from summit vents do not reach the coast. There is no marked

absence of recent eruptive activity on any sector of the volcano. It is difficult to compare

the size of eruptions over the entire volcano because the 1968 base surge deposit obscures

flow boundaries on the W flank. Recent flows that originate from arcuate vents on the

summit plateau are distributed predominantly along the NE and SW rim but intra-caldera

activity has occurred within the embayments at the SE and NW ends.

What is most noticeable about the planimetric shape of Volcan Fernandina is that

flows that travelled towards the E entered shallow water and thus extend subaerially for a

greater distance than those moving to the Sand W. The narrow channel (Estrecho de

Bolfvar) that separates Volcan Fernandina from Volcan Darwin is approximately 2 km

wide and only 100 m deep and it is clear that continued extension of the E flank will

eventually link Islas Fernandina and Isabela

In summary, I mapped and interpreted the distribution of eruptive fissures and

lava flows on the volcanoes of Islas Isabela and Fernandina with two objectives. Firstly,

to identify those areas of each volcano that are the locus of recent activity, and secondly,

to describe the way in which this activity is influencing their morphology. I observed that

the subaerial segment of these volcanoes evolve by a complex interplay between the

degree to which eruptive activity is concentrated within a particular sector of the volcano,

and the surrounding bathymetric environment. In section 2.6 I present an interpretation

of the structural influences that have led to the observed distribution of eruptive materials

and thereby make a comparison between the volcanoes individual behavior and evaluate

the hypothesis that a single evolutionary model may be applied to the group as a whole.

2.5 THE MORPHOLOGY OF ERUPTIVE PRODUCTS

Near vent deposition during basaltic fissure eruptions may produce a variety of

structures dependent on the relationship between magma volatile content and magma
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volume flux at the time of eruption [Head and Wilson, 1989]. I interpreted the

morphology of some of the fissures mapped from the SPOT-1 data in terms of eruption

conditions. It is not possible to make an assessment of the exact nature of all near vent

deposits, for example, detection of spatter ramparts along fissures is difficult because

they are morphologically indistinct at a spatial resolution of 10 m.

Lava flow morphology is the result of a complex interaction between the physical

properties of lava, the eruption conditions, and pre-existing topography. The goal of this

portion of my research is to examine flow planimetric shape and surface texture to

interpret eruption conditions that produced the flows. Surface texture may be interpreted

as an indicator of volumetric discharge rate at the time of eruption [Rowland and Walker,

1990]. Although remotely sensed data enable lava flows to be studied in only two

dimensions, I present interpretations of the eruption styles that occur on these volcanoes.

2.5.1 The morphology of near vent deposits

From my analysis of SPOT-l data and observations in the field, I identified three

types of near vent volcanic activity that produce pyroclastic constructs on Islas Isabela

and Fernandina. These are: 1) deposition along the trend of an eruptive fissure without

significant interaction with water; 2) deposition at the site of an eruptive fissure with

vigorous interaction with water; and 3) deposition following secondary explosive

fragmentation of lava at some distance from the primary source vent.

Most eruptive fissures are identified by several contiguous pyroclastic cones that

have basal diameters of between 40 m and 100 m and are markedly circular in planview

(Figures 2.3, 2.7 and 2.8). The length of fissure defined by these pyroclastic cones is

highly variable and because so many are partially covered by lava flows there is an

inherent difficulty in exploring the possibility that there may be underlying patterns in the

distribution of fissures of different lengths. In instances where a single isolated cone
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occurs I estimated the fissure length to be the basal diameter of the cone. The maximum

length of single radial fissure that I measured was 2.4 km on the SE flank of Volcan

Fernandina (Figure 2.15b). Arcuate fissures also show a highly variable length. The

1979 eruption in the Volcan Chico area of Sierra Negra (Figure 2.13) was from arcuate

fissures that extended almost 8 km over a period of 2 months [McLelland et al., 1989].

Lava flows that were erupted at some time between December 1980 and March 1982

[Simkin, 1984] on the SE rim of the caldera of Volcan Fernandina originate from arcuate

fissures that are 900 m in length (Figure 2.15). I found no conclusive evidence to

suggest that radial and arcuate fissures show consistent differences in length or size of

pyroclastic constructs. I interpret this as evidence that the magnitude of eruptive events

from both types of fissure has a similar range.

As a means of understanding magma dynamics of the Galapagos volcanoes, it is

tempting to try to make some inferences regarding the volume of intrusions that occur on

these volcanoes from measurements of the length of the eruptive fissures [Chadwick and

Dieterich, 1991]. However, it is difficult to interpret the measured length of fissures in

terms of the intrusive dike that transported magma at the time of eruption. It is usually

observed in Hawaii that the formation of cinder cones typically occurs after effusion of

magma has become localized following an initial phase of extensive fissure development

(e.g., Pu'u 0'0 phases 1 - 4, 1983). Additionally, seismic evidence shows that

intrusions form over far greater distances than the maximum observed length of eruptive

fissure [Ryan et al., 1981]. Thus the length of a fissure over which cone construction

may occur does not represent the length of the sub-surface dike. Therefore, it is not

possible to make any accurate calculation of magma production rates from the dimensions

of fissures.

Illumination conditions at the time of data collection do not permit calculation of

cone height from shadow measurements, but whilst undertaking field studies on Volcan
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Fernandina I observed that heights are typically between 5 m and 25 m, although some

cones reach heights of - 50 m. The cones are dominantly scoriaceous material with a

small proportion of welded spatter on their flanks (Figure 2.7). The influence of wind is

seen to be minimal from the circular shape of the base of the cones. Notably absent from

these volcanoes are polygenetic (formed by repeated eruptions) cinder cones of the size of

Pu'u 0'0 (130 m high [Wolfe, 1988]) on Kilauea volcano Hawaii. Head and Wilson,

[1989] analyzed the nature of deposits that form near vents during basaltic eruptions in

Hawaii and determined the influences of clast temperature and accumulation rate on the

type of deposit that occurs. From Figure 2.18, I interpret the dominance of cinders in the

near vent cones to indicate that they were formed by "cold" pyroclasts [Head and Wilson,

1989]. I infer that the magma volatile content was high producing highly vesiculated

cinders. The volumetric discharge rate (m3 of magma s-1) is hard to constrain and may

have been low or high during the phase of the eruption that formed the cones.

Phreatomagmatic activity that leads to the construction of tuff rings has also

occurred on Islas Isabela and Fernandina. I interpret the arcuate island, Isla Cowley, and

a total of six tuff rings (one at Cape Berkeley, Volcan Ecuador (Figure 2.9), Caleta Tagus

and Beagle Cove, Volcan Darwin (Figure 2.11); one on Cerro Azul (Figure 2.14); three

at Cerro Ballena on the E coast of Sierra Negra (Figure 2.13»), to be the products of

phreatomagmatic activity (Figure 2.19). Tuff rings are built as a result of explosive

fragmentation of magma upon interaction with water and subsequent deposition of the

pyroclastic material under the influence of both vertically and laterally directed blasts

[MacDonald and Abbott, 1970]. The downwind wall of the cone builds more rapidly,

and is typically higher at the cessation of eruptive activity [MacDonald and Abbott, 1970].

I also identified two other types of constructs that are indicative of the interaction

of water with lava at the time of eruption. In these examples fragmentation does not

occur at the eruption source vent. On the western shoreline of Cerro Azul, Isla Isabela,
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there is an area of closely spaced cones that do not show any preferential alignment along

a fissure (Figures 2.14 and 2.20). I interpret their origin to be the result of fragmentation

of a lava flow by steam explosions. These occur when water becomes trapped beneath an

advancing flow and superheated to the point of explosion. Such a process has been

previously described as the origin of "secondary" cones in the Myvatn and Adaldalur

areas of Iceland [Thorarinsson, 1953]. Lagoonal bodies were observed to form as a

consequence of rapid shoreline uplift in the Urvina Bay area in 1954, the cause of which

was inferred to be a shallow magmatic intrusion [Simkin, 1984]. The occurrence of an

active lava flow at a time when a temporary standing body of water was in existence is

thus not unrealistic. The morphology of the cones as seen in air-photographs (Figure

2.20a) and on the ground (Figure 2.20b) suggests that they may be constructed of

spatter. This is not inconsistent with my proposed mode of origin because the ratio of

lava to water is high and no intimate mixing is implied. Thus the pyroclasts that construct

the cones are formed by disruption of the molten core of the lava flow.

The second class of construct that may form by the interaction of a lava flow with

water is a littoral cone. The entry of lava flows into the ocean in Hawaii is frequently

accompanied by explosive fragmentation. Littoral cones may be constructed where large

volumetric flow rates occur (> 5-10 m3 s"), and a'a flows enter water [Fisher, 1968].

Very few cones can be seen on the shoreline of Isla Isabela and Isla Fernandina in the

SPOT-1 data. Where they do occur (e.g., Punta Albemarle, the northernmost tip of Isla

Isabela (Figure 2.21» field observation reveals a non-littoral origin. Occasional small

examples of littoral cones were seen whilst circumnavigating Volcan Fernandina (Figure

2.22). The lack of littoral cone development seems anomalous given the extensive

shoreline of Isla Isabela and Fernandina and the large number of a'a lava flows that are

seen to reach the coast.
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Several considerations should be noted when considering possible reasons for the

paucity of littoral cone development in the western Galapagos Islands. Firstly, the

volumetric discharge rate of the eruption influences littoral cone development Pahoehoe

flows generally do not produce large volumes of pyroclastic material upon coming into

contact with the ocean. They are indicative of low volumetric flow rates « 5-10 m3 s-1)

[Rowland and Walker, 1990], and they travel in such a manner as to reduce the surface

area of hot material available for interaction with the water. Additionally, it appears from

evidence in Hawaii, that very high volumetric flow rates may also inhibit the formation of

littoral cones. As an example, during the 1950 eruption of Mauna Loa, a'a flows entered

the ocean without constructing littoral cones. In this case, the degree of interaction

between the lava and seawater was low. The volumetric discharge rate was abnormally

high (an average of approximately 300 m3 s-1 [Macdonald and Finch, 1950]) and the lava

flow had a well developed channel at the point it entered the ocean. It has been suggested

that an insulating layer of steam formed rapidly around the lava that poured from the

channel into the ocean and thus contact between lava and seawater was minimal and little

fragmentation occurred [Macdonald, 1972]. It appears that a sustained supply at more

typical a'a volumetric flow rates (> 5-10 m3 s') that occurs for a prolonged period of

time is required for major littoral cone formation.

Some consideration also needs to be given to the longevity of littoral cones given

that they form in such a high energy erosional environment. Littoral cones are composed

of weakly indurated layers of pyroclastic material and they are thus easily eroded.

Additionally, I observed whilst sailing along the eastern flank of Isla Isabela and on a

circumnavigation of Isla Fernandina that much of the shoreline is formed by cliffs on the

order of 20 m high (Figure 2.23). This is evidence that removal of material in the coastal

zone may be rapid and thus may limit the preservation of littoral cones.
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In light of these considerations, I cautiously suggest that the absence of littoral

cones indicates that those a'a flows that reach the coast may 1) have formed during

eruptions in which volumetric flow rates were abnormally high or 2) have formed during

eruptions that produced volumetric flow rates high enough to produce a'a (> 5-10 m3 s·l)

but for insufficient durations to develop littoral cones.

In summary, I have interpreted the morphology of eruptive fissures and cones on

Islas Isabela and Fernandina to try to understand eruption characteristics on the shield

volcanoes of Islas Isabela and Fernandina. No consistent differences are seen between

the length or type of construct found at radial and arcuate fissures. Eruption conditions

may therefore be similar for both fissure types. Cinder cones that form around eruption

source vents indicate localized accumulation of "cold" pyroclasts that had formed from a

gas rich magma. Accumulation rate and hence volumetric eruption rate are hard to

constrain for this type of deposit [Head and Wilson, 1989]. Phreatomagmatic activity is

manifest in the occurrence of tuff rings. Secondary, explosive fragmentation of lava

flows produced an area of closely packed cones on Cerro Azul that I interpret to be

rootless vents, and rare littoral cones. The rarity of littoral cones provides some evidence

for a paucity of prolonged high volumetric discharge rate eruptions.

2.5.2 Lava flow morphology

2.5.2. 1 Planimetric shape

Examination of the SPOT-1 images and a comparison of the length and width of

the lava flows I mapped indicates that the flows are generally much longer than they are

wide (Figure 2.24). At a simplistic level, I interpret this to suggest that volumetric

discharge rate was high during their eruption. This is because lava flow length may be

controlled by cooling [Walker, 1973; Crisp and Baloga, 1990]; thus lavas erupted at

higher volumetric discharge rates will travel further before cooling increases their
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viscosity sufficiently to inhibit movement. Care must be taken when examining the flows

that originate from the longer arcuate vents and occur as multiple flow lobes throughout

one eruption, e.g., the flows on the NW portion of the summit plateau of Volcan Darwin

(Figure 2.11a) and the 1979 eruption in the Volcan Chico area of Sierra Negra (Figure

2.13a). These eruptions form an unusual type of "compound" a'a flow whose overall

width is the sum of the separate lobes. They appear to have length to width ratios that

might be interpreted as an indication of low effusion rates during emplacement.

On encountering pre-existing cones many lava flows bifurcate and form separate

flow lobes (e.g., Figure 2.8). Kilburn and Lopes [1988] proposed that flow bifurcation

is an indication that volumetric flow rates were high during the eruption that produced the

flow. Bifurcation may occur when the ratio of the crustal retaining strength of the lava

(SR) to the driving stress of the lava (SD) is low. Thus when high volumetric flow rates

occur crust development is inhibited so SR is low, So driving stress, is high and this

results in flow bifurcation on encountering topographic obstacles.

A'a flow morphology has been studied intensively at Mount Etna, Italy, in an

attempt to develop models of systematic evolution that may be used to describe the

eruption characteristics [e.g., Wadge, 1978; Guest et al., 1987; Kilburn and Lopes,

1988;Kilburn and Lopes, 1991]. Systematic behavior is that which can be predicted by a

set of measurable physical parameters. Clearly for a region such as the western

Galapagos Islands, where eruption observation is limited by the size of the area and the

small populace, successful application of such models would be enormously useful for

interpreting eruptive behavior. I therefore examined the potential of the model of Kilburn

and Lopes [1991] for inferring the duration of eruptions on Islas Isabela and Fernandina.

As an initial assessment, I found the (numerous) assumptions made in this

model make it difficult to apply to the a'a lava flows of the Galapagos. Firstly, the model

requires that the flow has a dominant lobe (the "arterial" flow [Kilburn and Lopes,
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1991]). For this arterial lobe a characteristic width and length may be measured; a simple

formula is then derived (see below) that links these flow dimensions. thickness. and

slope angle to the time of flow emplacement. On Islas Isabela and Fernandina. those

flows originating at arcuate vents generally do not satisfy this criterion because they

initially have many tributary flows that mayor may not ultimately form a single dominant

lobe. Therefore in selecting flows to which the model of Kilburn and Lopes [1991] may

be applied. I am restricted to those flows that originate at radial vents. because these are

the only flows for which a single arterial lobe may be identified from vent to flow

terminus.

In order to model the final planimetric shape of an ala lava flow as being the result

of systematic behavior it is assumed that the final flow length and width arise without

bifurcation. This is because bifurcation is the result of a flow encountering a topographic

obstacle and is a random event. If flow bifurcation is observed. then flow field widening

by breaching of the flow crust, a systematic process dependent on thermal properties of

the flow. has not acted solely to produce the observed flow width and thus the model may

not be applied [Kilburn and Lopes. 1991].

The third major difficulty in applying the model of Kilburn and Lopes [1991] is

that it relies upon the measurement of some characteristic width. length. and thickness.

As has been discussed above. flow width (and by inference. thickness) is extremely

variable on Islas Isabela and Fernandina because of the influence of topographic slope. It

is therefore difficult to apply the model developed at Mount Etna to many of the flows I

mapped.

As a test for the applicability of the model of Kilburn and Lopes [1991] to ala

flows observed in the Galapagos. I examined the 1979 flow on the E flank of Cerro Azul

(Figure 2.3). In this case bifurcation has occurred but the parameters required for the

model are moderately well constrained. The flow is dominated by a single lobe that has a
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fairly consistent width of - 750 m along most of its measurable length of 9.8 km. The

duration of the eruption was 35 days from a description given by McLelland et al.,

[1989]. Some error may arise in the following calculation because it is unclear from the

description exactly when the eruption finished. No mention is made of flow thickness in

the eruption description so I constrained it to between 5 m and 10 m on the basis of

observations of ala flow thickness on Volcan Fernandina. A value of 5° was estimated

for the average slope. Topographic maps have not been made for this region of Isla

Isabela but the 1979 eruption originates on the lower flank of Cerro Azul and these have

been described as "typical" basaltic shield slopes by Nordlie [1973] and thus I suggest a

value of 5° is reasonable.

For lavas of basaltic composition that consist of one main flow lobe the

expression relating flow dimensions to eruption duration is [Kilburn and Lopes, 1991]:

(WmlLm)H2(Sin slope angle) =0.1 T

where Wm is the maximum flow width (m), Lm is the maximum flow length (m), His

the mean flow thickness (m), and T is the time for flow emplacement in days.

Kilburn and Lopes [1991] examined 134 ala and blocky flow fields on several

volcanoes and suggested that estimates of eruption duration could be made to within a

factor of three. From the above equation, for the 1979 flow on Cerro Azul, T (Time for

flow emplacement), is calculated as 1.7 and 6.7 days for flow thicknesses of 5 m and 10

m respectively. This is not within a factor of three of the recorded eruption duration of 35

days. Even with an anticipated period of initial non arterial flow-producing activity

(possibly fire fountaining, vent opening) that may reduce the actual time of emplacement,

it seems unlikely that the model of Kilburn and Lopes [1991] is appropriate for this flow.

In light of this poor result for the best constrained data that I have, and the attendant

caveats for the model, I considered that further treatment of my data would lead to highly

ambiguous results and I pursued this line of research no further.
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On the shield volcanoes of Islas Isabela and Fernandina, the location and

orientation of the vent exerts a significant influence on the shape of the flow boundaries.

Eruptive vents on the flanks of the volcano are oriented downslope. The lava flows

directly away from the vent region and initially consists of one main channelized flow. In

contrast, arcuate vents in the summit regions of these volcanoes, are typically oriented at

- 90° to the direction of maximum slope and many individual lobes may form from

different locations along the fissure (Figure 2.25). Additionally (as recognized by Simkin

[1972]), in the summit region, older vents and arcuate downthrown grabens may act to

trap the lava flows and prevent them reaching the perimeter of the plateau and in some

cases may divert the flows toward the caldera (e.g., the 1982 flow of Volcan Fernandina

(Figures 2.15 and 2.25». This is a particularly important observation for small volume

flows. In these instances all the material may be confined to the summit plateau thereby

preferentially adding material to the central region of the volcano [Simkin, 1972]. Once

lava flows originating at arcuate vents have reached the edge of the summit plateau, their

planimetric shape evolves under the same conditions as those originating at radial vents.

Lava flows move directly down the line of steepest topographic slope. Their

orientation and morphology are linked to the topography they move over. The most

obvious effect of topography on lava flow morphology on the seven shields of the

western Galapagos is the change in orientation produced where topographic lows form

between two adjacent shields. Figure 2.3 illustrates this phenomenon at the margin of

Cerro Azul and Sierra Negra on Isla Isabela. Lava flows from the 1979 eruption and a

previous eruption (1952 or 1940 [McLelland et al., 1989]), of Cerro Azul initially

followed the line of maximum slope flowing E from the vent region. On encountering the

W flank of Sierra Negra they turn and flow toward the SE. These flows delineate the

topographic saddle formed at the boundary of Cerro Azul and Sierra Negra. I observed

this flow behavior at the boundaries between all of the shields of Isla Isabela and used it
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as a means of defining the surface area of each shield. Examining the planimetric shape

of the subaerial segment of each volcano helps to understand its morphological evolution

and this will be referred to in section 2.6 of this chapter.

The 1982 eruption on the SE flank of Volcan Wolf provides an illustration of how

more subtle changes in slope result in similar changes in lava flow orientation (Figure

2.26). The eruption originated from a radial fissure at an elevation of 875 m on the

topographic ridge that extends from the summit to the boundary with Volcan Darwin.

The lava flow initially moved SE along the axis of the ridge but upon encountering the

steeper slopes of the E flank of the ridge it turned and flowed E reaching an elevation of

280 m [McLelland et al., 1989]. Although the 1982 eruption was volumetrically small,

its behavior illustrates the importance of examining changes in flow orientation when

considering morphological evolution of the volcano. Each flow provides a record of the

topography of the shield at the time it was erupted and thereby assists in understanding

the temporal evolution of the volcano.

Variation in topographic slope along the length of a lava flow is an important

consideration on the shield volcanoes of the western Galapagos because of the manner in

which it affects the volume of material that is added to a shield by eruptions originating in

different locations. On steep slopes a lava flow produced at a given volumetric discharge

rate will be narrower and longer than a flow produced under identical eruption conditions

on a lower-angle slope. Flow width varies inversely with ground slope, thus the steeper

the slope the narrower the flow [Hulme, 1974]. This behavior is a consequence of the

non-Newtonian fluid behavior of a lava. The manner in which lava moves may be

modelled as a Bingham fluid. The key property of a Bingham fluid that distinguishes it

from a Newtonian fluid is that some initial resistance to flow, the yield strength, must be

overcome before movement occurs.
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The yield strength is the level of shear stress (driving force) that must be applied

before the rate of strain (movement of fluid) becomes greater than zero [Shaw, 1969].

The development of a yield strength is influenced by many factors and in order to

simplify the following discussion of the influence of slope angle on lava flow width and

thickness, I consider an eruption somewhat idealistically as producing lava of constant

chemical composition and physical properties, at a constant volumetric discharge rate.

The shear stresses within a lava flow increase with depth, and a critical depth dc may be

defined which must be exceeded for flow to occur. The equation for calculation of the

critical depth is [Hulme, 1974]:

dc =Yield Strength / (Gravity x Density x Slope Angle)

Therefore for an eruption with idealized constant chemistry and discharge rate, a steeper

slope lowers the value of the dc.

To envisage how this relationship may influence lava flow width, I follow the

assumption of Kilburn and Lopes [1988] that when a lava first discharges from a vent it

will initially widen until it reaches an equilibrium width that is achieved when the yield

strength balances the outward hydrostatic yressure. However, thickening occurs

contemporaneously and as de is exceeded the lava flow begins to move downhill.

Widening is interrupted, the process of levee formation and channelization begins and the

characteristic form of an a'a lava flow develops. Clearly, as slope angle increases, and dc

gets smaller, widening will occur for a reduced period of time and the flow will be

narrower over steeper slopes. As slope angle decreases, de becomes greater and

widening may continue for a longer time; thus on Islas Isabela and Fernandina where

slope variation is considerable, the width and thickness of a lava flow vary considerably

along its length.

For the volcanoes I studied the most important consequence of the observed

inverse relationship between lava flow width and thickness, and topographic slope angle,
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is that it controls the volumetric distribution of lava that originates from arcuate vents in

the summit regions of the Galapagos volcanoes. For flows that travel over the steep

slopes adjacent to the summit plateau and reach the low angle flanks a greater proportion

of the total volume of lava is added to the flanks of the volcano than to the steep slopes.

Thus large eruptions originating in the summit region will extend the lower angle flanks

considerably and act minimally to reduce the steepness of the upper slopes. The manner

in which eruptions from arcuate vents have modified shield morphology is an important

component of previously proposed models and will be considered further in section 2.7.

2.5.2.2 Surface textures

In this section I use observations from the field and from SPOT-l data to examine

lava surface texture. The importance of lava surface texture to my study lies in the

manner in which its formation is linked to volumetric eruption rates (m3 of lava s-I).

Although previous observations indicate that volumetric eruption rates on basaltic shield

volcanoes are highly variable, e.g., on Mauna Loa individual phases of the 1950 eruption

range between 30 m3 S-1 and 1044 m3 s-l, it is possible to describe the development of

the two main types of basaltic lava surface texture, pahoehoe and a'a, in terms of the

volumetric discharge rate at the time of eruption [Rowland and Walker, 1990]. Their

occurrence may thus describe how eruptions evolved through time.

The formation of pahoehoe and a'a depends on the relationship between the strain

rate (the amount of deformation per unit time) and the viscosity of the lava [Peterson and

Tilling, 1980; Kilburn, 1981]. Although a wide variety of chemical and physical

parameters may influence this relationship as a result of their effect on lava viscosity

(e.g., lava temperature, lava crystal content, lava degassing), Rowland and Walker,

[1990] presented evidence from historical eruptions of Mauna Loa and Kilauea, Hawaii,

that linked the volumetric discharge rate of an eruption to the formation of a'a and

pahoehoe surface textures.
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At low effusion rates « 5-10 m3 s-l) a chilled continuous carapace may form over

the moving lava. This crust insulates the moving lava and the lava viscosity never

reaches the value required for surface disruption, and the smooth bulbous texture of

pahoehoe is preserved. At higher effusion rates, heat loss from a flow is rapid because

differential shearing over a large surface area is too great for an efficiently insulating layer

to form. Lava viscosity increases with cooling, and disruption of the flow surface

occurs. A critical stage is reached when the viscosity or yield strength of the lava

becomes too high for it to flow fast enough between the gaps in the crust to heal the tear

[Rowland and Walker, 1990]. The typical clinkery surface of an a'a flow is formed by

the clumps of disrupted crust.

The influence of changes in slope on the development of a'a surface texture has

been described by Peterson and Tilling [1980]. A'a will form if the viscosity of a lava

has reached a threshold value and the flow then accelerates as it passes over the boundary

between shallow and steep angle slopes. As described above, the crust of the lava is then

disrupted to the point at which it is no longer continuous and a'a clinkers form. Not all

increases in slope angle lead to the formation of a'a. If the viscosity remains low then

pahoehoe textures may persist over steep slopes, as is the case for some of the 1969-74

Mauna Vlu flows that cross the Hilina Pali on Hawaii [Swanson et al., 1979]. In this

example lava was transported over steep gradients in well insulated lava tubes that

permitted viscosity to remain low.

During fieldwork in September 1989, I observed that approximately 85% of the

lava flows exposed on Volcan Fernandina are a'a. McBirney and Williams [1969] and

Simkin [1984], have previously described the dominant exposed lava surface texture on

the shield volcanoes of the western Galapagos islands as a'a. In the Punta Espinosa

region of Isla Fernandina I observed several expanses of toothpaste lava (Figure 2.27)

and smaller areas of pahoehoe (Figure 2.28). Both these surface textures are indicative of
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low volumetric discharge rate « 5-10 m3 s-l) during eruption [Walker, 1973; Rowland

and Walker, 1987]. These two types are not easy to distinguish in the SPOT-! images

due to their similar albedo.

The abundance of a'a and the limited distribution of pahoehoe and toothpaste lava

on the shield volcanoes of the western Galapagos may be cautiously interpreted to

indicate that volumetric discharge rate during eruptions is high (> 5-10 m3 s'). The

presence of steep slopes over which many of the lavas have flowed and the presence of

high phenocryst contents in many lavas [McBirney and Williams, 1969] must be

acknowledged as caveats to any statement regarding volumetric discharge rate because

both these factors influence the relationship between strain rate and lava viscosity in such

a way as to influence directly the formation of a'a.

Markedly absent from the volcanoes I have studied are the "paired" lava flows

observed by Rowland and Walker [1990] on Mauna Loa, Hawaii. In these examples a

brief, initial high volumetric discharge rate (greater that 5-10 m3 s-l) phase produced a'a

and a subsequent sustained, low volumetric discharge rate (less than 5-10 m3 s') phase

produced pahoehoe. I observed one possible example on the north flank of Volcan

Fernandina that may tentatively be interpreted as such a "paired" lava flow eruption, but

even in this example I was unable to reach the source region and thus it is uncertain if the

two flows originate at the same vent.

In the SPOT-l images, albedo variations within flows were interpreted as changes

in surface texture associated with the development of channels within flows (Figure

2.29). Channelized flow is extremely common for high volumetric discharge rate

eruptions [MacDonald and Abbott, 1970]. On Volcan Fernandina I observed well

developed channels within a'a flows, particularly on the steep slopes adjacent to the

summit plateau. I interpret the channels as an indication that material may be carried

quickly to the volcano flanks during large eruptions that originate on the summit plateaus.



so
This observation will be further considered when examining the evolution of shield

morphology.

2.6 STRUCTURAL INFLUENCES ON THE ERUPTIVE BEHAVIOR OF
GALAPAGOS SHIELDVOLCANOES.

In this section I consider the distribution of eruptive fissures and lava flows

presented in section 2.4 in terms of the structural processes within the volcanoes. The

interpretations are based upon the general observation that fissures and recent lava flows

occur in well defined areas of each shield. I will first discuss the evidence for the

development of radial rift zones under the influence of gravitational stresses constrained

by the morphology of the volcano. Secondly, I consider the role of the caldera in

determining eruptive behavior.

2.6.1 Radial fissure distribution, the development of rift zones, and the
consequences for shield morphology.

Of the volcanoes studied here, pronounced concentrations of fissures radial with

respect to the caldera along a well defined trend occur on Volcans Ecuador, Wolf, and

Darwin (Figures 2.9, 2.10, 2.11). Less distinct concentrations occur on Volcans Alcedo

and Fernandina, and Sierra Negra (Figures 2.12, 2.15 and 2.13), and no preferred

orientations are seen on Cerro Azul (Figures 2.14). It is therefore important to consider

whether or not the preferred orientations that are seen may be considered equivalent to the

classic Hawaiian rift zones (e.g., the East Rift Zone of Kilauea [Holcomb, 1987]). I

consider this question first in terms of the criteria that define the Hawaiian examples, and

secondly in terms of the structural process that produces a preferred orientation of

fissures on a shield volcano.

The criteria that define Hawaiian rift zones are twofold; firstly eruptive fissures

are aligned along a similar orientation; secondly they are confined within a narrow zone, 2

to 3 km wide [Walker, 1988]. For the Galapagos volcanoes studied here, it can be seen
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that even in the cases where well defined preferred orientations occur (e.g., Wolf (Figure

2.lOb); Darwin (Figure 2.11b)), the fissures are not constrained within a narrow zone.

In the case of Volcan Wolf, division of the radial fissures into three relative age groups

indicates that those fissures in the young age category do occur in a zone approximately 3

Ian wide (Figure 2.1Ob). Generally, a widening with increasing distance from the summit

of the zone in which fissures occur is seen, similar to that on Piton de la Fournaise, La

Reunion Island [Lenat and Aubert, 1982]. Thus, it is important to state that the preferred

orientations of radial fissures described here do not strictly qualify as rift zones in the

Hawaiian sense. The term "fascicular" has been suggested to me (G.P.L. Walker,

personal communication 1992) as a description of the pattern of rift zones produced by

preferred orientations of radial fissures on the shield volcanoes of the Galapagos Islands

(Figure 2.30).

I now consider the structural processes that lead to a preferred orientation of

eruptive fissures and the development of a radial rift zone. A basaltic dike represents the

forcible intrusion of a batch of magma within an edifice. The dike opens parallel to the

minimum principal stress and propagates parallel to the intermediate principal stress

[Nakamura, 1977] (Figure 2.31) [Walker, 1987]. In Hawaii, successively younger

volcanoes build on the flanks of earlier constructs; the stress regime within the edifice and

consequently the locus of dike emplacement is strongly influenced by the gravitational

stress regime imposed by the neighboring volcano [Fiske and Jackson, 1972]. Thus rift

zones, the surface expression of a long-lived preferential orientation of dike propagation,

tend to develop parallel to the older volcano boundaries (e.g., Mauna Loa and Kilauea,

Hawaii).

If the shields that comprise Isla Fernandina and Isla Isabela grew roughly

contemporaneously, and there is no evidence to suggest otherwise, rift zone development

may have occurred without the dominating influence of a stress regime created by an
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older neighboring edifice. I suggest that the structural process that determines the dike

propagation direction, namely the orientation of principal tectonic stresses, is the same.

What is missing are the conditions that perpetuate preferred orientations of dike

propagation to the extent that they continually dominate the locus and orientation of

intrusions throughout the shield building phase. Rather, each shield has evolved in a

unique manner dependent on its local structural regime.

In each case where a well defined preferred orientation of fissures radial to the

summit caldera occurs, we may invoke the model of gravitational stresses within a

topographic ridge as the control on dike orientation. Volcans Ecuador, Wolf, Darwin and

Alcedo show fascicular rift zones that trend normal to the local orientation of steep slopes.

On Volcan Ecuador, a topographic ridge extends from the summit to the boundary with

Volcan Wolf. There is some evidence from the scalloped appearance of the flanks of the

volcano close to the summit (Figure 2.9a) and the dissected nature of the volcano caldera

that erosion has played an extensive role in modifying Volcan Ecuador. I suggest that

this erosion contributed to the formation of the topographic ridge and subsequently

intrusive activity has become focussed along it.

Submarine slopes of up to 35° are present along the ENE flanks of Volcans Wolf

and Darwin and the SE and NW margins of Volcan Ecuador (Figure. 2.100. The NE

flank of Volcan Alcedo is adjacent to a major embayment in the submarine Galapagos

Platform (Figure 2.2). Steepness produces gravitational instability within the volcanic

pile and thereby creates an orientation of principal tectonic stresses that favor dike

propagation normal to the direction of steepest slope [Fiske and Jackson, 1972]. Thus

the persistence of intrusive activity on Volcans Wolf, Darwin, and Alcedo is interpreted to

be the result of a specific set of topographic and bathymetric conditions that do not exist

for the other shields studied.
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As previously outlined in section 2.4, the SPOT-1 satellite images permit an

analysis of the temporal variation ofradial fissure orientations on Volcans Wolf, Darwin,

Fernandina and Cerro Azul. For the first three examples, this allows a qualitative

examination of the longevity of rifts and also provides an explanation for certain

topographic features on the flanks of the individual shields. In the case of Volcan Wolf,

persistent eruptive activity has been sustained only within the fascicular rift zone to the SE

of the caldera (Figure 2.lOc). Three lines of evidence lead to this conclusion. Firstly,

each of the three relative age classes of fissures shows a concentration along this trend

(Figure 2.lOc). Secondly, the lava flow map (Figure 2.lOd) shows that a concentration

of recent flows from radial vents occurs to the SE of the caldera. Finally, a broad

topographic ridge has been built by the sustained eruptive activity. The NNE fascicular

rift zone has produced a submarine topographic ridge that extends to depths of 2900 m

towards the NE (Figure 2.1Of) and a small topographic feature is associated with the NW

fascicular rift zone (Figure 2.10f) but because activity has not been sustained in either of

these two rifts we see only minor topographic features on the subaerial flanks of the

volcano. The flanks of Volcan Wolf have been extended to the Sand E by this persistent

eruptive activity on the SE fascicular rift zone (Figure 2.10c). I suggest that an even

more marked increase in the size of the SE flank of Volcan Wolf would be observed were

it not for the steep submarine slopes (Figure 2.1Of) that act to inhibit the addition of new

material to the subaerial segment of the edifice.

On Volcan Darwin, two fascicular rift zones are developed along a NNW to SSE

trend, one to the N of the volcano summit and one to the S (Figure 2.11d). As explained

above, I interpret their existence to be the result of gravitational stresses that occur as a

consequence of the steep submarine slopes off the eastern coastline. Recent activity from

radial vents has been concentrated to the S of the volcano summit. This has resulted in a

marked enlargement of the subaerial portion of the S flank of Volcan Darwin in



54

comparison to the northern flank (note the position of the caldera within the edifice Figure

2.11). As is the case for Volcan Wolf, an even greater disparity between the surface area

of the flanks of Volcan Darwin might be observed were it not for the deep water into

which the lava flows.

In the case of Volcan Fernandina, where fascicular rift zones are poorly developed

(Figures 2.15c), a broad topographic ridge occurs to the SE of the caldera but no further

distinctive morphological features are seen. The analysis of fissures in three relative age

classes indicates that recent activity has not been focussed along a SE trend and has not

been sufficient to continue building this topographic feature. Thus for Volcan Fernandina

we see an absence of sustained activity within anyone fascicular rift zone.

On Sierra Negra, where fascicular rifts are poorly developed, no topographic

ridge has been produced,but the rift zones have clearly influenced the subaerial

morphology of the shield. Lava flows originating in the fascicular rift to the ENE of the

summit have built an extensive lava delta extending the E and S flanks relative to the rest

of the shield. Thus it is evident that shallow angle submarine topography may exert a

distinct influence on the morphological effects of radial fissure concentrations.

It has previously been proposed [Nakamura, 1982] that long lived rift zones,

similar to those found in the Hawaiian volcanoes, do not develop on the shield volcanoes

of the Galapagos Islands because the underlying oceanic crust lacks a lubricating layer of

sediment over which the volcanic pile may move. This lateral movement is a key

component of structural conditions that allow repeated dike injection along the trend of the

rift zone [Dieterich, 1988]. However, the observations presented here indicate that

Galapagos volcanoes may develop fascicular rift zones under structural conditions that are

dependent entirely upon edifice effects. Rather than it being necessary for the entire

volcanic pile to move at its boundary with the oceanic crust, more subtle distension of the

edifice flank increases the gravitational influences in the upper regions of the edifice.
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The persistence of a fascicular rift would appear to depend on a feedback

mechanism whereby development of a topographic ridge is capable of maintaining a

consistent orientation of the gravitational stress regime within the edifice. As the ridge

grows it exerts a stronger influence on the stress regime of the edifice and thereby

continues the concentration of intrusive events along the ridge axis. Accommodation of

intrusions within a rift zone leads to a lateral extension of the edifice that may perpetuate

the development of steep slopes. These fascicular rifts influence the planimetric shape of

each volcano in a unique manner dependent on their longevity and the bathymetric

environment into which the lava flows. These observations are particularly significant

because they are clear evidence that the morphological evolution of each of these

volcanoes is unique, a factor that has generally been overlooked in the quest for a model

of morphological evolution of shield volcanoes in the western Galapagos.

The pattern of fascicular rift zone development suggests that there is no regional

tectonic influence on the observed distribution of radial fissures on the volcanoes of Islas

Isabela and Fernandina. Rather, for those shields where fascicular rift zones are

developed, orientation varies both on individual shields (e.g., Volcan Wolf (Figure

2.10» and between shields (e.g., Volcans Wolf and Darwin). Geomagnetic stripe

anomalies on the segments of the Nazca Plate that are adjacent to the Galapagos

Spreading Center (GSe) indicate that the direction of plate movement, and by inference

the orientation of tectonic stresses within the plate, were similar throughout the last 10 Ma

(Figure 2.1) [Hey et al., 1977]. There is no doubt that alignments of polygenetic

volcanoes occur within the western Galapagos Islands and even more strikingly, in a

chain of islands and seamounts to the E of Isla Isabela (Figure 2.2a). However, I find no

evidence for the expression of the regional stress regime in the fissure patterns, nor do I

find major connecting fissures between adjacent shields identified by Nordlie [1973]. A

study of Mt. Etna, Italy [McGuire and Pullen, 1989], indicated that as the thickness of
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volcanic pile increases, the stresses within the underlying crust play an ever diminishing

role in the determination of intra-edifice stress orientation. My interpretations for each

volcano suggest that the thickness of the volcanic pile in the western Galapagos (-3900 m

from seafloor to summit) is sufficient to "detach" the upper region of the shields from the

influence of regional tectonic stress and it is the structural regime created by the edifice

itself that dominates the near surface magma transport and resulting eruptive activity.

2.6.2 The influence of calderas on eruptive patterns

I now consider the manner in which arcuate vent systems develop around the

Galapagos volcano calderas, and how activity within them may have influenced the

growth of each shield. The presence of a caldera suggests that a shallow magma chamber

persists within a volcano. Calderas form by subsidence associated with a magma

chamber and by addition of material in an annular zone around the caldera rim. The

mechanism and the factors that determine the rate and amount of subsidence that occurs

are not well understood. Subsidence may be linked to the removal of magma from the

chamber [e.g., Wood, 1984]. In this model, removal of magma lessens support for the

magma chamber roof and collapse of the caldera floor occurs into the void left by the

evacuating magma. A second, more recent model for the formation of a caldera is one of

subsidence associated with a shallow magma chamber [Walker, 1988]. In this model, the

cause of caldera floor subsidence is the downward movement of a lens of shallow

intrusions and cumulates that are more dense than the lava pile within which they are

situated (Figure 2.32) [Walker, 1988]. The magma chamber provides a structurally and

thermally weak zone that allows subsidence of the material above it along arcuate faults

that produce distinct curved escarpments, or by a more general inward downsagging such

as that seen between the Kaoki and Koae fault zones in the summit region of Kilauea,

Hawaii [Walker, 1988].
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2.6.2.1 The morphology of eruptive fissures on the summit
plateaus

As described in section 2.4.1, distinct arcuate fissures occur in an annular zone

around the caldera rim on the summit plateaus of the Galapagos volcanoes. They have

been described as "circumferential" fissures in that a number of individual arcuate fissures

may be linked to form a semi-continuous feature around segments of the caldera rim

[McBirney and Williams, 1969; Simkin, 1972; Nordlie, 1973; Delaney et al., 1973]. The

variation in the ages of the materials erupted from these fissures, detectable by their

albedo differences and cross-cutting relationships, indicate that fissures of different ages

comprise the "circumferential" segments. The implication of this is that the intrusions that

fed the eruptions were similar to the blade like dikes that have been observed in the

eroded rift zones of Hawaiian volcanoes [Walker, 1987]. There is no evidence that the

intrusions that feed eruptions from these arcuate fissures resemble the cone-sheets found

in the deeply eroded Tertiary volcanic province of Scotland [Bailey et al., 1924].

The origin of the arcuate fissures seen on the Galapagos volcanoes has been the

center of much debate. As mentioned above, no evidence exists to suggest that the

fissures are continuous, centrally inclined or conical. An alternative model for their origin

has previously been presented by Simkin and Fiske [1986] who suggested that the

arcuate shape is a consequence of the gravitational stresses that exist within a topographic

ridge. They proposed that a circular ridge grew by a concentration of eruptive activity

around an initial caldera that formed by collapse within a gently sloping basaltic shield.

The concentration of activity resulted from the gravitational stresses within the circular

ridge in a manner similar to that observed for linear ridges in experimental models by

Fiske and Jackson [1972]. In the model of Fiske and Jackson [1972], "intrusions" of

fluid within gelatin ridges were observed to follow the trend of the ridge because
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extension may occur across the ridge due to gravitational forces thereby providing a

preferential pathway along which the intrusion may travel.

The combination of intrusive activity within a circumferential ridge and a

dominance of accumulation of material close to the summit perpetuates the system

continually building the central region in more than the flanks. However, models that

invoke gravitational force as a control over intrusion orientation acknowledge that lateral

extension of an edifice is a key component of perpetuating a ridge dominated control on

intrusive pathways [Dieterich, 1988]. Nowhere on the shield volcanoes studied did I find

evidence for extension in an annular zone around the central elevated portions of the

volcanoes be found. There are no fault patterns that indicate an outward movement

associated with the central portion of these volcanoes. The only extensional regime that is

consistently reflected in the orientation of eruptive fissures is that on the NE flanks of

Volcans Wolf and Darwin. I suggest therefore that in the model of Simkin and Fiske

[1986] the observation that the caldera is a key component of the initiation of

"circumferential" feeder systems is correct. However, there is no need to invoke the

requirement of gravitational forces acting within a circular ridge to concentrate eruptive

activity on the summit plateaus, because the caldera walls themselves may be shown to

act as a control of intrusion pathways.

The arcuate shape of the surface fissures observed in the summit region of the

western Galapagos volcanoes may be explained by a consideration of the structural effect

of a caldera wall on the direction of sub-surface dike propagation. Recent work at Mount

Etna, Italy, indicates that the presence of a major escarpment in a volcanic edifice may

alter the sub-surface stress regime such that the direction of dike propagation and

subsequent fissure development follows the trend of the escarpment [McGuire and

Pullen, 1989]. The structural effect of an escarpment is to provide an unbuttressed

surface that may move laterally and produce a low minimum principal stress parallel to the
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direction of movement. Thus dikes will propagate perpendicular to this minimum stress

and parallel the escarpment producing the arcuate pattern that occurs on the summit

plateau of each of the Galapagos volcanoes. Fissures occur that are sub-parallel to the

caldera rim on the summit plateau and become radial to the caldera on the upper flanks of

the volcano (e.g., Volcans Wolf (Figure 2.1Gb and Fernandina (Figure 2.15b»

[McBirney and Williams, 1969; Simkin, 1984; Chadwick and Howard, 1991]. These

fissures provide clear evidence of the extent to which the caldera may influence the

morphology of eruptive fissures.

2.6.2.2 Intra-caldera morphology and the location of recent
eruptive events

On Volcans Wolf, Darwin, Sierra Negra and Cerro Azul, recent activity from

arcuate vents occurs within well defined sectors of the summit plateau (see section 2.4).

An examination of the presence of intra-caldera benches (Figure 2.33) and their proximity

to recently active arcuate vents on the summit plateaus of the Galapagos volcanoes

suggests that the interior structure of a caldera exerts an influence on the location of

eruptions. Figure 2.34 shows that on the segment of the summit plateau adjacent to an

intra-caldera bench there is a distinct lack of recent lava flows which I interpret to be the

result of an inhibition of intrusion propagation within the upper reaches of the edifice in

the proximity of intra-caldera benches. The effect of an intra-caldera bench (a down

faulted block of near-horizontal, intra-caldera lava flows) is to buttress the caldera wall.

Therefore adjacent to the segments of the calderas that contain well-developed intra

caldera benches there should be a reduced number of recently active arcuate fissures on

the volcano summit plateau. The less downward movement of the block the less likely

the occurrence of an eruption.

On Volcan Wolf (Figure 2.34a), Volcan Darwin (Figure 2.34b) and Cerro Azul

(2.34d), the relationship between the presence of an intra-caldera bench and a lack of
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recent summit activity can be clearly seen. On Sierra Negra, the relationship is harder to

discern (Figures 2.34c and 2.34f). The discontinuous intra-caldera benches that lie to the

S of the VolcanChico area are interpreted as indicating ongoing caldera floor subsidence

that is not present within the S segment (Figure 2.34c). Although the escarpment above

these benches is not as extensive as those within the calderas of Wolf, Darwin, Azul, I

suggest that its influence is strong enough to provide structural conditions that provide a

pathway that is preferentially followed by near surface intrusions.

On Volcan Fernandina, recent activity originating at arcuate fissures is more

common along the NE and SW rim of the caldera beneath which bench development is

less continuous than within the embayments that form the NW and SE of the caldera.

However, recent lava flows can be seen to have cascaded over the NW intra-caldera

bench and to have originated around the SE segment of the summit plateau (Figure

2.34e). The greater frequency of intra-caldera collapse events at Volcan Fernandina,

which is evident from the extensive talus covered slopes and has been a feature of recent

activity [Chadwick et al., 1991] indicates that this is the most unstable of all the calderas

studied (in contrast to Volcan Darwin where talus covered slopes are almost absent

(Figure 2.34b». It is possible that the longevity of intra-caldera benches is limited, and

such benches play a less important role in defining eruption location on the summit

plateau of Volcan Fernandina than at the other volcanoes in the group.

2.6.2.3 Caldera morphology and inferences regarding magma
storage

As a group, the six Galapagos calderas show variations in their morphology that I

have interpreted as being the consequence of variation in the rate of caldera floor

subsidence at each individual shield. I propose that this is related to the morphology of

the volcano magma chamber. Firstly, I observed, that the calderas may be divided into

two categories on the basis of the ratio between the area encompassed by the caldera rim
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and caldera depth (Table 2.3 and Figure 2.35). Volcans Wolf, Fernandina and Cerro

Azul are characterized by deep (480 m to 1100 m) calderas that encompass a relatively

small area (9.7 km2 to 22.8 km2
) . Volcan Alcedo and Sierra Negras calderas are shallow

(110 m to 260 m) but their rims enclose markedly more area (41.6 km2 to 59.8 km2) .

Volcan Darwin falls between the two categories; it is relatively shallow (200 m) and the

area encompassed by its rim (23.9 km2) is comparable to that of Volcans Wolf and

Fernandina.

The morphology of the calderas also differs in two respects that I interpreted to be

related to the rate of subsidence of the caldera floor. Firstly, the shape of the caldera rim

indicates that in some cases subsidence has recently been localized in one section of the

caldera. The caldera of Cerro Azul (Figure 2.34d) has distinct embayments in the W and

N caldera wall indicating very localized recent subsidence. Volcan Wolf has an irregular

caldera rim (Figure 2.34a) but it is not possible to identify any clear embayments. In

contrast the calderas of Volcan Darwin (Figure 2.34b) and Sierra Negra (Figure 2.34c)

exhibit no marked embayments. Darwin in particular has a remarkably circular outline.

The second indication that floor subsidence and movement along intra and

caldera-bounding faults is different for each shield is the varying proportion of talus

covered slopes and intra-caldera benches (Figure 2.33). Talus slopes indicate collapse of

the caldera wall has occurred allowing prolonged mass wasting and accumulation of

material. Intra-caldera benches are comprised of many flat-lying lava flows and are thus

interpreted to have been erupted within a continuously evolving caldera. The level to

which they fill the caldera is the result of the rate of accumulation of flows and variation

in the rates of subsidence of the floor of the caldera along arcuate fault scarps that form

the caldera walls. Together, a description of intra-caldera benches and the extent of talus

slopes beneath escarpments allowed me to compare rates of subsidence at Volcans Wolf,

Darwin, Fernandina, Cerro Azul and Sierra Negra.
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Of the volcanoes studied here, Volcan Fernandina shows the most extensive

development of talus slopes within its caldera (Figures 2.34e and 2.36). Well developed

intra-caldera benches occur within the NW and SE embayments. A less distinct bench

that is covered in talus occurs along the SWan NE wall. Subsidence at Volcan

Fernandina is well documented [Simkin and Howard, 1970; Chadwick et al., 1991]. A

spectacular drop of 250 m in the SE portion of the caldera floor was measured by Simkin

and Howard [1970], and during fieldwork I observed that continuous rockfall occurred

from the SE wall (Figure 2.37). Talus has accumulated against the front wall and

between the caldera wall and the top of the SE (Figures 2.33 and 2.36) and NE lava

benches.

The calderas of Volean Wolf (Figure 2.34a) and Cerro Azul (Figure 3.34d) are

similar in that well developed benches are seen but they also have extensive talus slopes.

At Volcan Wolf, talus slopes descend to the caldera floor (maximum depth of caldera

floor is 660 m below the rim) from the N, E and S segments of the caldera rim. An intra

caldera bench occurs along the Wand NW. The exposed inner wall of the bench is

estimated to be 400 m high and extensive talus slopes are developed beneath it. At Cerro

Azul talus slopes extend from the caldera rim to the floor (a maximum of 480 m beneath

the rim) to the Nand E. Extensive bench development is seen along the S wall of the

main caldera and within both of the distinct embayments at the Wend. Talus is banked

against the exposed sequence of lavas that form the benches.

The calderas of Volcans Darwin and Sierra Negra (Figures 2.34b and 2.34c) are

characterized by an absence of talus slope development. Intra-caldera benches occur in

both, but the escarpment that fronts each bench is low and there is little evidence in the

SPOT-l images for talus. [McBinzey et al., 1985; McBirney and Williams, 1969]

reported no talus slopes in the caldera of Volcan Alcedo. It is however difficult to make
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detailed observations on Volcan Alcedo from the SPOT-l data due to the dense vegetation

on the caldera floor.

Here I draw heavily on the model of Walker [1988] to explain differences in

caldera size, morphology and eruptive behavior on each of the Galapagos shields. The

central hypothesis of this model is that subsidence of an intrusion complex and dense

cumulates is responsible for the formation of a caldera (Figure 2.32). In addition I extend

to the Galapagos Islands the concept of "steady state" magma supply rates to intra-plate

oceanic volcanoes as suggested for Hawaii by Swanson [1972]. This concept implies

that over extensive periods of time the amount of magma that is supplied to the near

surface system of these volcanoes is fairly constant. Seismic evidence suggests that the

supply of magma to Mauna Loa and Kilauea is a single pathway from a depth of -60 km

which bifurcates upward to feed the shallow magma systems of each volcano [Decker et

al., 1987]. Although the volume of magma supplied to either system may vary in the

short term (10 - 100 years) there is evidence that over longer periods of time (1000's of

years) they both receive a similar amount [King, 1989].

I assume that the diameter of a caldera is related to the diameter of a near surface

magma chamber that resides at the level of neutral buoyancy within the edifice [Ryan et

al., 1981]. Under steady state conditions, a similar volume of magma is supplied to each

volcano. I propose that the magma chamber shape is linked to caldera morphology by its

influence on the shape and thickness of the lens of intrusions and cumulates that develops

and provides the mechanism for caldera subsidence.

Variation in magma chamber dimensions may be considered in terms of idealized

geometric shapes that are of equal volume. At one extreme we have a disc of large

diameter but small thickness that is oriented horizontally. The opposite extreme would be

to orient the disc vertically such that it was extremely thick but very narrow. These

stylized extremes may be used to consider the effects on the shape of the lens of dense



64

material that forms in association with the magma chamber and the possible variation in

the rates of subsidence that may result. In the case of the horizontally oriented disc, the

intrusions form a thin layer dispersed above the disc. For the opposite extreme of the

vertically oriented disc the same volume of intrusions forms a thick layer concentrated

over a small area. Thus different magma chamber morphology leads to different intrusion

lens morphology.

The tendency for subsidence is also variable; the widely dispersed thin layer is

less prone to subsidence than the thick, laterally restricted layer. A further consideration

in determining the rate of subsidence is the nature of the thermally weak zone that is

produced by the presence of the magma chamber. For the horizontally oriented disc the

thermally weak zone is dispersed over a greater surface area. In the vertically oriented

disc the thermal anomaly is concentrated over a narrower and more concentrated zone into

which intrusions may subside. There are thus two components that result in more rapid

rates of subsidence above a narrow thick magma chamber than above a wide thin magma

chamber; the morphology of the lens of intrusions and the nature of the thermally weak

zone. Figure 2.38 presents an idealized example of the proposed model.

Within the constraints of the model, we should observe that the larger the diameter

of the caldera the shallower it should be and that smaller diameter calderas show evidence

of more rapid rates of subsidence. This model is qualitatively supported by the

observation that the larger diameter calderas (Sierra Negra and Volcan Alcedo) are

distinctly shallower than those with small diameters such as Volcans Fernandina, Wolf

and Cerro Azul. Evidence for rapid subsidence includes the amount of talus that has

accumulated beneath the walls of the caldera and also the extent to which intra caldera

benches are down thrown along arcuate faults. At Volcan Fernandina, where the caldera

is a spectacular 1100 m deep, we see abundant talus slopes, rapid floor subsidence

[Simkin and Howard, 1970] and, in the field, continual degradation of the caldera walls
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(Figures 2.36 and 2.37). At Sierra Negra, the discontinuous intra-caldera benches and

absence of talus slopes are indications of slower subsidence. The intermediate case is

exemplified by Volcan Darwin, where the depth to diameter ratio, amount of talus, and

intra caldera bench downthrow all fall between those observed at Volcan Fernandina and

Sierra Negra.

It is necessary to examine whether or not the model is consistent with observed

shield morphology and eruptive behavior. The model I have proposed suggests that

arcuate vents, which are the result of intrusions that have been influenced by the presence

of the caldera wall (section 2.6.1), will occur more frequently and within a broader zone

at those calderas which are deepest and encompass a small surface area for two reasons.

A high unbuttressed caldera wall, because it is more prone to lateral movement than a low

unbuttressed wall, should provide a more favorable environment for the opening of

dikes. Additionally, the same volume of intrusions will occupy a broader zone around

the caldera with a smaller circumference than around a caldera with a larger

circumference.

This is in fact a key point in the morphological evolution of these volcanoes,

because the concentration of arcuate vents within a broad zone means that the build up of

the central region of the volcano that is aided by the confinement of flows behind pre

existing arcuate vents [Simkin, 1972] will be more rapid at those calderas which are deep

and have a small circumference. This is what is observed on Islas Isabela and

Fernandina. At Volcan Fernandina frequent activity around the summit plateau is

indicated by the large number of flows and vents mapped (Figure 2.15). Additionally,

the steep slopes that bound the volcano summit plateau reach angles of 32°. In contrast,

at Sierra Negra eruptions in the summit region are less frequent, the summit plateau is

less well developed and the adjacent slopes reach only 15° [Reynolds and Geist, 1991].
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One observation does not comply with the proposed model. The mean surface

area of lava flows that originate at arcuate vents on Volcan Fernandina is 0.65 km2 (Table

2.5), whereas at Sierra Negra the flows produced during the 1979 eruption from the

Volcan Chico area N of the caldera have a surface area of 226.1 km2 (Table 2.5). This

great difference in eruptive volume would appear anomalous because the model would

predict that it is harder to continue supplying an eruption near a shallow caldera due to the

decreased tendency for lateral movement of the caldera wall. At Volcan Fernandina it

may be that the excess pressure within the magma chamber that prompts an eruption is

lower due to the relative ease with which dikes may propagate in the vicinity of the

caldera. Thus eruptions release small volumes in response to the low excess pressure.

Possibly at Sierra Negra the excess pressure required to initiate an eruption is higher and

therefore only when larger pulses of magma reach the shallow magma system an eruption

initiated and subsequently produces more extensive lava flow fields.

In summary, the proposed model and observations indicate that in the western

Galapagos, the variations in caldera diameter, depth and interior morphology may be

linked to the geometry of the summit magma chamber. This is partly because magma

storage appears to be confined to a single zone beneath the volcano summit. There is no

evidence that magma storage occurs in the fascicular rift zones that have been described in

Section 2.6.1. The examples of Volcan Fernandina and Sierra Negra are two "end

members" for magma chamber geometry. I propose that the former is narrow and deep

and the latter is wide and thin. The subsidence rates are consequently very different

because of the nature of the lens of intrusions that forms above the magma chamber and

which "drives" the caldera formation. Volcan Wolf is similar to Volcan Fernandina and

Volcan Alcedo is similar to Sierra Negra in terms of their magma chamber geometry.

Intermediate values for the height to width ratio of magma chambers are proposed for

Volcan Darwin and Cerro Azul.
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2.7 MORPHOLOGICAL EVOLUTION OF THE WESTERN GALAPAGOS
SHIELD VOLCANOES

In this section I draw together my interpretations of the SPOT-1 data and compare

all seven volcanoes in order to address the hypothesis that a single evolutionary model

may describe the observed morphology and eruptive behavior (see sections 2.4 and 2.5).

My study indicates that individual volcano morphology is distinct and suggests that a

single model is an unrealistic way to explain the morphology of the group as a whole. I

have shown that the development of fascicular rift zones and the influence of the calderas

on eruptive behavior are the result of similar structural process. The degree to which

these processes operate and the subsequent location of eruptive activity is unique for each

volcano. However, there is no doubt that certain morphological components, most

notably the steep slopes that occur adjacent to the summit plateaus of these volcanoes,

would seem best explained by a consistent process. There are three alternatives for the

origin of the steep slopes. Firstly there are the proposals by Nordlie, [1973] and Cullen

et a/., [1987] that they are the result of tumescence of the central portion of the volcano by

intrusions. Secondly there is the constructional model of Simkin, [1972] and Simkin and

Fiske, [1986]. Finally there is the option that the steep slopes are the headwalls of mass

wasting events that are now being mantled by later lavas.

The issue of volcano tumescence is impossible to address with the data used here.

Observations at Kilauea, Hawaii, during intrusive events along the ERZ indicate that

tumescence and dilation of the rift zone do occur as magma travels beneath the surface.

However, there does not appear to be a permanent gain in elevation due to dike

emplacement. A net subsidence occurs because the load of intrusions creates an isostatic

imbalance and the dense material seeks a lower compensation depth within the

asthenosphere. Therefore I suggest that it is unlikely that tumescence due to dike
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emplacement would result in the spectacular elevation change between the volcano flanks

and the margin of the summit plateau on the volcanoes of Islas Isabela and Fernandina.

As previously noted in section 2.5, flows originating at arcuate vents in the

summit region may be confined behind pre-existing fissures and within grabens (e.g.,

Figure 2.23). This is one of the constructional components of the model of Simkin

[1972] and Simkin and Fiske [1986]. The second element of this model for Galapagos

shield construction is that small but relatively frequent eruptions from arcuate vents

adjacent to the caldera build an elevated platform in the central region of the volcano.

Using the relative size of lava flows as indicated by their surface area, a comparison may

be made between flows originating from arcuate vents in the summit region and those

originating from radial events on the flanks. With the exception of Sierra Negra and

Volcan Darwin, smaller events originate in the summit regions of all the volcanoes.

However, my observations for Volcan Darwin indicate that the flows that originate from

radial and arcuate vents are almost equal in surface area (Table 2.5). Additionally, lava

flows originating near the summits of Volcans Fernandina and Wolf and Cerro Azul are

much longer than the extent of the steep slopes and as such are deposit most of their

volume on the lower flanks and have little influence on the steep slopes. Therefore an

earlier sequence of distinctly shorter lava flows than are currently visible would be

required to account for the observed shield morphology.

Studies in the Hawaiian islands, and of Piton de la Fournaise volcano on Reunion

Island, have indicated that mass wasting events have played a major role in the evolution

of basaltic shield volcanoes [Moore, 1964; Duffield et al., 1982; Moore et al., 1989;

Lipman et al., 1990]. Prompted by discussions with Dr. L.Wilson during a boat trip

down the E coast of Isla Isabela I have examined the possibility that they may be

remnants of large scale material removal.
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Mass wasting events occur when a volcano flank is incompletely buttressed and

the mechanically weak pile of lava flows becomes gravitationally unstable. In instances

where intrusions are repeatedly occurring along one trend, they may force an

unbuttressed flank to move normal to the trend of the rift zone [Swanson et al., 1976;

Ando, 1979; Lenat and Aubert, 1982; McGuire et al., 1990]. Development of instability

within the edifice is indicated by the existence of fault systems with downthrow on the

unbuttressed side of the fault plane. The Hilina Pali on the S flank of Kilauea is an

example of a fault along which slippage of the S flank of the edifice occurs. On Piton de

la Fournaise, Reunion Island, it has been proposed that arcuate faults within the caldera

and on the SE flank of the volcano are the headwalls of a series of major slumps [Duffield

et al., 1982; Lenat and Aubert, 1982]. In both these instances submarine surveys have

revealed extensive debris deposits that are unequivocally the products of major landslide

events [Moore et al., 1989; Lenat and Vincent, 1989].

Analysis of SPOT-1 data revealed remarkably few faults on Islas Isabela and

Fernandina when one considers the steepness of some of the surrounding submarine

slopes and the number of unbuttressed flanks that exist (Figure 2.2a). Seven arcuate

faults occur on the SW corner of Cerro Azul (Figure 2.14c). These faults are

downthrown towards the coast (D. Geist, personal communication 1992). Large scale

downthrow along such faults might create steep slopes but only at a local scale not over

an entire flank of the volcano. I have previously suggested (Section 2.6.3) that the NE

flanks of Volcans Wolf and Darwin, the NW and SE flanks of Volcan Ecuador, the N

and S flanks of Volcan Fernandina, and the SW margin of Cerro Azul are gravitationally

unstable and are thus potential sites for mass wasting events. However, SEABEAM

bathymetric surveying has indicated that adjacent to Islas Isabela and Fernandina

constructional slopes extend to a depth of 3000 m and they do not appear to have

undergone significant modification by slumping [Christie and Fox, 1990].
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It is difficult to be certain that bathymetric surveying adjacent to the islands covers

the entire area in which the deposits of mass wasting events may occur. They are highly

mobile and may travel in more than 100 km [Moore et al., 1989]. However it is also

unlikely that they would become entirely separated from the slump headwall and I

therefore conclude that mass wasting events have not played a role in the morphological

evolution of these volcanoes. The role of repeated intrusion of magma along a long lived

preferred trend in causing instability within an edifice would thus appear to be crucial to

the initiation of mass wasting events. On Islas Fernandina and Isabela those trends along

which frequent intrusive events occur, do not appear to be sustained over a sufficient

period of time to precipitate mass wasting.

I conclude that my data support the constructional model of Simkin [1972] and

Simkin and Fiske [1986] for the formation of the steep slopes seen on Islas Isabela and

Fernandina. However the application of one model for the evolution of the seven

volcanoes ignores the asymmetry in their profiles that are the result of the development of

fascicular rift zones and the variation in location oferuptive activity between shields that I

have suggested may be accounted for by the influence of the volcano summit magma

chamber. I conclude from my comparison of these volcanoes that we should consider

them as having evolved under unique circumstances. In this way we may resolve the

observed morphology rather than attempting to use it to introduce caveats to a single

model for shield evolution.

2.8 A COMPARISON BETWEEN THE VOLCANOES OF ISLAS FERNANDINA
AND ISABELA, GALApAGOS ISLANDS AND MAUNA LOA AND
KILAUEA, HAWAII

Based upon my interpretations of SPOT-l data and field observations of Islas

Isabela and Fernandina I now address the question of how intra-oceanic plate hotspot

volcanism varies at the regional scale by comparing them with Mauna Loa and Kilauea,



71

Hawaii. I consider these volcanoes to be similar in terms of their tectonic setting and

magmatic chemistry. I first consider how eruptive styles differ using the morphology of

eruption source vents and lava flows, and then compare the relative importance of the

calderas in both locations in determining volcanic behavior.

Given the fact that tholeiitic basaltic volcanism is the dominant eruptive process

building both regions, it is not surprising that the morphology of the eruptive products is

very similar. One difficulty in comparing the two regions is that it is not possible with

SPOT-1 data to identify small near vent structures such as small spatter ramparts because

of the sensor resolution. However, my observations on the summit plateau of Volcan

Fernandina show that spatter ramparts are common there (Figure 2.39). Thus it is

difficult to make assessments of the overall pattern of near vent construction that may lead

to a general conclusion regarding eruption rates or the volatile content of the magma in the

Galapagos, and thereby enable an inter-regional comparison with Hawaii to be made.

The major difference between the style of eruptive activity in the two regions is

that in the Galapagos there is little evidence for sustained low volumetric discharge rate

eruptions. Three lines of evidence point to this conclusion. Firstly, in the Galapagos

there is an absence of satellitic shield type structures that are built by multiphase eruptions

sustained via episodic supply through a pre-existing rift zone (e.g., Mauna Iki [Rowland

and Munro, 1992], Mauna DIu [Swanson et al., 1979] and Kupaianaha, Kilauea [Heliker

and Wright, 1991]). These satellitic shields are frequently dominated by low volumetric

discharge rate phases. I interpret their absence from the shields of Islas Isabela and

Fernandina as one piece of evidence that sustained low volumetric rate eruptions do not

occur in the western Galapagos. Secondly, the morphology of lava flows suggests high

volumetric discharge rates. Their planimetric shapes are typically long and thin and this is

particularly true if one takes into account that those flows originating from arcuate vents

may have many individual lobes. Additionally flow bifurcation is common and this
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suggests that the shear stress driving the lava flow was high and the crustal strength was

low.

The final piece of evidence for a lack of low volumetric discharge rate eruptions is

the prevalence of a'a. This dominance of a'a over pahoehoe on the shield volcanoes of

the western Galapagos is in marked contrast to Kilauea, Hawaii, where approximately

84% of the exposed flows are of the pahoehoe type [Holcomb, 1987], and significantly

higher than Mauna Loa, Hawaii where 45% of exposed flows are pahoehoe [Lockwood

and Lipman, 1987]. The rarity of low volumetric discharge rate eruptions suggests that

the establishment of an unimpeded pathway from the volcano magma chamber to the site

of an eruption occurs infrequently in the western Galapagos. This may be linked to

mantle supply rates or to the nature of fascicular rift zones. If the mantle supply rate is

low then it may not be possible to establish efficient transport pathways to the surface.

Evidence from Hawaii suggests that supply rates of < -5 m3 S-1 are required to maintain

long-lived pahoehoe producing eruptions [Rowland and Walker, 1990]. Their absence

from the volcanoes of Islas Isabela and Fernandina may be interpreted as evidence for

low supply rates from the mantle and an indication that the Galapagos hotspot is less

vigorous than those of Hawaii and Iceland where such eruptions are prevalent.

Alternatively, fascicular rift zones may not provide suitable structural conditions

for the transportation of magma at low volumetric rates. Fascicular rift zones form under

the gravitational influence of a topographic ridge (section 2.6.1). Their more spectacular

counterparts on Kilauea and Mauna Loa have been interpreted to be "held open" to some

extent by a decollement beneath the S flank of Hawaii at the boundary between the

oceanic crust and the volcanic pile thereby allowing repeated intrusions [Dieterich, 1988].

There is no evidence that such a decollement exists adjacent to the fascicular rift zones I

mapped on Islas Isabela and Fernandina and I suggest that this leads to structural

conditions that require a consistently high magma supply rate and pressure to maintain an



73

open conduit. The Galapagos and Hawaiian hotspots may be equally productive but the

near surface structural conditions in the former are not favorable for low discharge rate

eruptions.

Having concluded that a small proportion of the eruptions that produce the lava

flows visible in the SPOT-l data occur at low volumetric discharge rates « 5-10 m3 s·l)

the question then arises; how high is a "high" volumetric discharge rate? From this

information an estimate of individual shield and regional volume productivity might be

made. These estimates may then be compared with those previously made for Hawaii.

Unfortunately, my investigations revealed that this question may only be answered in a

limited fashion with my data, because there is no reliable way to use measured flow

surface area and assumed constant values of flow thickness and slope to interpret the

duration of flow emplacement. Thus without knowing the time of emplacement I cannot

calculate a mean volumetric discharge rate.

The main complication (there are many more subtle factors) that hampers

extrapolation from lava flow morphology to eruption duration is the variation in

topographic slope that is seen on these volcanoes. This variation plays a key role in

determining flow width and thickness and makes determination of flow volume difficult.

A calculation based upon a model of a'a flow emplacement at Mount Etna, Italy [Kilburn,

1981], for the 1979 eruption of Cerro Azul, shows that the model does not accurately

describe the time of flow emplacement. Thus it is only those eruptions for which we

have historical records, that I can make some crude estimate of mean volumetric discharge

rate to compare with those observed in Hawaii.

By measuring the surface area of the flows from the SPOT-l data, assuming a

constant flow thickness (5 m and 10 m), and dividing the total volume of lava by the

duration of the eruption I obtained an estimate of the mean volumetric discharge rate for:

1) the 1979 eruption of Sierra Negra (211-422 m3 s'); 2) the 1979 eruption of Cerro
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Azul (149-298 m3 s·l) and; 3) the 1982 flank eruption of Volcan Wolf (133-266 m3 s·l)

(Table 2.7). Calculated volumetric discharge rates of flank eruptions that produced a'a

flows on Mauna Loa and Kilauea range between 19 m3 s·l and 1044 m3 s·l [Rowland

and Walker, 1990]. However the majority fall between 30 m3 s·l and 100 m3 S·l

[Rowland and Walker, 1990] and I cautiously suggest that volumetric discharge rates on

the shields of Islas Isabela and Fernandina are typically higher than those at Mauna Loa

and Kilauea.

I observed three major differences between the calderas of the western Galapagos

and Hawaii: their size, (see section 2.2.4 and Table 2.3), their planimetric shape and the

degree to which they influence the volcanoes behavior. I interpret the size of the calderas

in the western Galapagos as an indication that magma storage occurs almost exclusively

beneath the volcano summits because of an inability of the fascicular rift zones to act as

sites for magma storage. Examination of data on deformation beneath Kilauea has been

interpreted by Delaney et al. [1990] to indicate that large volumes of magma may be

stored within a well developed rift zone. Additionally, geochemical studies [e.g., Ho and

Garcia, 1988] provide evidence that magma may reside for extensive periods of time

within rift zones.

The general planimetric shape of the calderas of Mauna Loa and Hawaii appear to

be influenced by the structural consequences of radial rift zones on both volcanoes. At

Mauna Loa, the SW and NE rift zones intersect in the summit caldera. The main crater of

Mokuaweoweo is elongated along, and the subsidiary pit craters of are aligned with, the

SW to NE trend of the two rift zones [Lockwood and Lipman, 1987]. The mode of

formation for pit craters suggested by Walker [1988] is dependent on a persistent lava

conduit at depth which creates a structural unstable roof above a lava tube that thermally

deepens during sustained magma transport. It is the existence of rift zones that provides

the conditions for the persistence of a magma carrying conduit at depth and thereby
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directly influences caldera shape. Additionally, the long term accumulation of intrusions

within the rift zones creates an isostatically unstable block that has a tendency to subside

and may do so most rapidly in the vicinity of the near summit magma chamber where

material may be thermally weakened. This subsidence may lead to the dropping of the

caldera floor as a coherent block.

The structural influences on Kilauea caldera are more complex. It is at the

intersection of the SW and East Rift Zones (ERZ) but currently the upper segment of the

ERZ that intersects the caldera wall actually trends to the S and gradually bends along a

distance of ~10 km until the dominant trend towards the ENE is established [Holcomb,

1987]. Elongation of the caldera does occur along a SW trend but none is evident

towards the S. Seismological studies suggest that the ERZ has migrated S [Holcomb,

1987] and may previously have been better aligned with the SW rift zone and the overall

elongation of the summit caldera. The shape of the caldera is also influenced by the

Koaki and Koae fault systems to the Nand S respectively. Downthrow between these

two systems is related to the southward movement of the S flank of the volcano. This

southward movement may be related to repeated intrusions along the ERZ that displace

the entire S flank. However, it is also possible that southward slippage along deeper

planes of decollement may create conditions which are favorable for intrusions to form in

the ERZ. Thus the exact nature of the role of the ERZ in influencing the present caldera

morphology is hard to determine.

Evidence for fascicular rift zones playing a major role in the planimetric shape of

the calderas on Islas Isabela and Fernandina is slim. The caldera of Volcan Fernandina

shown in Figure 2.34e, shows the most marked elongation along a NW to SE trend of

intersecting fascicular rifts. The caldera length along this trend is 6.5 km in comparison

to a maximum width of 4.6 km in a NE to SW direction (Table 2.3). Additionally there

are embayments at either end of the caldera that I interpret to have formed by subsidence
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of discrete segments of the caldera floor that preserved the coherent sequences of intra

caldera lavas whose top surfaces form the distinct intra-caldera benches (Figure 2.33 and

section 2.6.2.2). Cerro Azul also shows a limited degree of elongation along a NW to

SE trend and two pronounced embayments in its NW margin (Figure 2.14a) but my

analysis of fissures on the flanks of the volcano (Figure 2.14c) did not reveal any

fascicular rift zones along this trend. There are radial fissures to the NW and to the SE of

the caldera but they do not dominate the pattern of the volcano as a whole nor do they

supply recent lava flows such as those originating from radial fissures on the entire N

flank. I conclude that accumulation of dense intrusions along the trends of the fascicular

rift zones I mapped on Islas Isabela and Fernandina is generally insufficient to create

subsidence that would modify the shape of the caldera. Localized exceptions to this

conclusion are seen at Volcan Fernandina and Cerro Azul but generally the calderas are

equant in shape suggesting that the dominant caldera floor subsidence is dominated by

presence of a single zone of magma storage beneath the central portion of the volcano.

I previously suggested (section 2.6.2.1) that on Islas Isabela and Fernandina the

caldera walls influence the direction of subsurface magma transport and playa key role in

producing the distinctive arcuate fissures that are absent from the summit regions of

Kilauea and Mauna Loa. Additionally, my analysis of lava flows supported the

constructional origin for the central summit plateaus of the volcanoes proposed by

[Simkin and Fiske, 1986]. These are the two most distinct differences between the

influence of calderas on patterns of volcano evolution in the western Galapagos and

Hawaii. I have found explaining these differences perplexing. Confinement of activity to

a central region is not the answer because neither region exhibits such a pattern. Activity

from vents within fascicular rift zones and from vents in the summit regions of the

Galapagos volcanoes occur concurrently. In Hawaii, although presently dominated by

eruptions from radial rift zones, there has been no shortage of magmatic activity in the
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caldera region of Kilauea and Mauna Loa, more than 50% of Kilauea's surface is covered

by lavas that originated from sustained eruptions in the summit region [Holcomb, 1987].

Additionally, for at least 100 years prior to 1921 a lava lake existed at Halemaumau, the

pit crater located in the SW of the present caldera [Holcomb, 1987]. Once established the

structural considerations [Simkin and Fiske, 1986] suggest that a central elevated region

might act to concentrate eruptive activity around its circumference. The key question is

then, how did the central region become elevated in the first place? Possibly, all that is

required is that during the earliest phase of effusive activity there should be no adjacent

edifice influencing the location of eruptive vents. Then as proposed by Simkin [1972]

activity is concentrated in a central region and the self-perpetuating cycle of preferential

accumulation of material begins. However this question can only be unequivocally

answered with accurate dates for the stratigraphic column represented in the central region

of the volcanoes.

2.9 CONCLUSIONS

The distribution and morphology of eruptive vents and their products has been

investigated on the seven shield volcanoes that comprise Islas Fernandina and Isabela in

the western Galapagos islands. From these observations I made inferences regarding the

volcanic behavior of the region. Lava flow morphology and eruptive vent characteristics

indicate that low volumetric supply rate eruptions are rare on the Galapagos volcanoes. It

is suggested that this may be a consequence of the low mantle supply rates and by

inference less vigorous hotspot activity, or the lack of well developed rift zones that allow

for magma storage outside the summit magma chamber and provide a preferential zone of

magma transport that may operate at low volumetric flow rates.

Fissures that are radial to the volcano summits show a variable tendency to cluster

along preferred orientations. On Volcans Ecuador, Wolf, Darwin and Alcedo the
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concentration of radial fissures along a particular trend is linked to the potential for lateral

expansion of a gravitationally unstable volcano flank. Without such lateral extension the

development of these fascicular rift zones is restricted and their topographic expression is

limited. Persistent activity within fascicular rift zones constructs topographic features that

result in marked asymmetries in the volcano profiles. No regional influence is found in

the orientation of radial fissures on the present day surface of the volcanoes.

The caldera of each volcano reflects the nature of the magma supply system and is

shown to exert a profound control on the locus of eruptive activity. The caldera walls act

to control the local orientation of principal tectonic stresses such that intrusions propagate

parallel to the wall curvature producing a distinctive arcuate shape for eruptive vents in the

summit region of the volcano. Intra-caldera benches exert a buttressing effect on the

caldera wall and thereby decrease the likelihood of dike propagation and eruption on the

adjoining segment of the volcano summit plateau. The existence of a caldera throughout

the lifetime of each volcano results in the formation of a preferential zone of intrusion

surrounding the caldera. Repeated collapse due to the subsidence of the caldera floor and

intrusion-assisted slumping of the caldera walls, together with caldera filling eruptions,

provide a means to sustain activity within the summit plateau. It is proposed that the

morphology of near surface-magma chambers is related to the morphology of the volcano

calderas. Small diameter magma chambers result in vigorous intra-caldera activity and

slumping, whereas large diameter magma chambers result in shallow and relatively

inactive calderas.

Each shield has undergone a morphological evolution that is influenced by the

presence of a caldera, the development and longevity of preferred sites of eruptive activity

on the volcano flanks, and the bathymetric morphology of the western margin of the

Galapagos Platform. There is no evidence that mass wasting events playa role in the

morphological evolution of the shield volcanoes of the western Galapagos. The
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constructional model for the steep central portions of the volcanoes is supported by the

interpretations presented in this study. However, no consistent evolutionary model may

be applied to these seven volcanoes.

The major problem that I faced in investigating patterns of volcanism in the

western Galapagos was the lack of reliable age measurements with which to corroborate

my remote sensing and field analysis. My study of the distribution of eruptive materials

attempted to use stratigraphic relationships between lava flows and eruptive fissures to

investigate the temporal behavior of the volcanoes (section 2.3). This extremely crude

approach allowed the eruptive fissures to be placed in 3 relative age categories on Volcans

Wolf, Darwin, Fernandina and Cerro Azul. However, on completing the analysis of the

SPOT-1 data, it was evident to me that information regarding absolute ages of features

would be an enormous boost to understanding volcanism in the Galapagos. Without

such data, many key questions that relate to the evolution of the islands through time

remain unanswered. Foremost amongst these is the whole issue of volumetric output,

both on an individual shield basis and at the regional scale. Limited conclusions

regarding mantle supply rates in the region were drawn from observations of eruptive

styles but basic questions such as the period of time that is represented by the present

surface of the volcanoes remain unanswered. Consequently I extended my research to try

to develop a technique that would reveal more details about the ages of lava flows. In

chapter 3, I present the results of a study of the use of LANDSAT TM data to evaluate

ages of lava flows on Volcan Fernandina and thereby investigate temporal aspects of

volcanism.
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Table 2.1

The summit elevation and subaerial surface area of the seven shield volcanoes of Islas

Isabela and Fernandina, western Galapagos Islands and Mauna Loa and Kilauea, Hawaii.

Elevation data compiled from NordIie [1973] (Galapagos) and Decker et al. [1987]

(Hawaii). Subaerial surface area for

Galapagos volcanoes measured from SPOT-l data.

Volcano Name Summit Subaerial
Elevation (m) Surface Area (km2)

Volcan Ecuador 808 110

VolcanWolf 1707 529

Volcan Darwin 1326 636

Volcan Alcedo 1128 704

Sierra Negra 1496 1961

Cerro Azul 1694 548

Volcan Fernandina 1495 566

Kilauea, Hawaii 1247 1450

Mauna Loa, Hawaii 4170 5125
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Table 2.2

The historical eruptionrecord for the sevenvolcanoes of Isla Fernandinaand Isla Isabela,

westernGalapagos Islands. (compiledfrom; Simkin et a/. [1981]; MeL/efland et al.;

[1989]; Chadwick et al.; [1991]).

Date of first Numberof
Volcano Name recordederuption Eruptions

VolcanFernandina 1813 22

VolcanEcuador Not applicable 0

Volcan Wolf 1797 10

Volcan Darwin 1813 2

Volcan Alcedo 1953 2

Sierra Negra 1813 10

CerroAzul 1932 '9



Table 2.3

The dimensions of thecalderas of the shieldvolcanoes of the western Galapagos andMaunaLoa and Kilauea, Hawaii.

Volcano Maximum Minimum Depth'' Estimated AreaEncompassed Ratioof subaerial areaof shield
Name Width(km) Width (km) (m) Volume (km3)B by calderarim (km2) to areaencompassed by the

caldera rim

VolcanWolf 6.4 5.1 660 9.25 22.8 23.23

VolcanDarwin 5.6 5.5 200 4.19 23.9 26.57

Volcan Alcedo 7.4 6.1 260 7.76 41.6 16.93

SierraNegra 9.3 7.4 110 5.17 59.8 32.89

CerroAzul 4.3 3.2 480 2.84 9.7 56.25

Volcan Fernandina 6.5 4.6 1100 12.4 20.1 27.08

Kilauea,Hawaiib 5.0 3.1 140 1.39 15.5 93.55

MaunaLoa,Hawaii b 4.5 2.7 176 0.97 11.7 438.00

a. Depthmeasurements are taken from Defence Mapping Agency topographic mapswhereavailable and fromNordlie [1913J.

b. Data fromWalker [1984J. The volume of Kilauea calderawasnearly 1km3greaterin 1825. Variation in the volumeof the centralpit crater
Halemaumau has totalled 1.65 km3 since 1823 [Walker, 1984J.

\0....



Table 2.4

SPOT-l scenecollection parameters for images usedin this study.

Volcano Name SPOT-l Image
Acquisition Date

SPOT-l
SceneJD

Off-Nadir Viewing
Angle(Direction)

Sun Zenith
Angle

SunAzimuth
Angle

Volcan Ecuador 8/29/88 K6131350 14.8 (Left) 66.9 65.3

Volcan Wolf 8/29/88 K613 1350 14.8 (Left) 66.9 65.3

Volcan Darwin 8/29/88 K613 1350 14.8 (Left) 66.9 65.3

Volcan Alcedo 3(26/89 K6141351 21.6 (Right) 63.0 85.1

. Sierra Negra 4(27/88 K6141352 13.4 (Right) 62.0 57.1

CerroAzul 4(27/88 K6131352 17.9 (Right) 61.5 57.6

Volcan Fernandina 4(27/88 K6131351 17.9 (Right) 61.4 57.9

\0
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Table 2.5

A summary of the patterns of radial fissure distribution on the volcanoes of Islas Isabela and Fernandina, western Galapagos Islands.

Volcano
Name

Radial Fissure
Length (kill)

Arcuate fissure
Length (kill)

Fascicular Rift Zone
Orientation

ECUADOR 25.3 0.0 WELLDEVELOPED FASCICULAR RIFf ZONE

ALL FISSURES: WSW - ENE

WOLF 85.5 21.8 WELLDEVELOPED FASCICULAR mrr ZONES

OLD FISSURES: NW - SE (N of caldera)
SSW - NNE(N of caldera)
NW - SE (S of caldera)

INTERMEDIATE FISSURES; NE - SW (S of caldera)

YOUNG FISSURES NW - SE (S of caldera)

DARWIN 46.7 25.0 WELLDEVELOPED FASCICULAR RiFf ZONES

OLD FISSURES: SSE - NNW(N of caldera)

INTERMEDIATE FISSURES: NNE - SSW (S of caldera)

YOUNG FISSURES: NNW- SSE (S of caldera)

ALCEOO 33.1 6.7 MODERATE DEVELOPMENT OF FASCICULAR RIFf ZONES

ALL FISSURES: SE - NW(N of caldera)

\0w



Table 2.5 (continued)

A summary of thepatterns of radial fissure distribution on thevolcanoes of Islas Isabela and Fernandina, western Galapagos Islands.

Volcano Radial Fissure
Name Length (km)

SIERRA NEGRA 77.0

Arcuate fissure
Length (km)

28.8

Fascicular Rift Zone
Orientation

MODERATE DEVELOPMENT OJ' J'ASCICULAR RIFT ZONES

ALL FISSURES: ENE - WSW (E and W of caldera)

CERRO AZUL

FERNANDINA

97.4

69.5

12.3

15.7

NO FASCICULAR RIff ZONE DEVELOPMENT

MODERATE DEVELOPMENT OF FASCICULAR RIff ZONES

OLD FISSURES: NW - SE (SE and NW of caldera)
NW-SE (N and S of caldera)

INTERMEDIATE HSSlJRES: NW - SE (SI: of caldera)

YOUNG FISSURES: No fascicular rift zone development

\0
~



Table 2.6

Summary of vent typeand surface areameasurements for lavaflows mapped fromSPOT-l.data.

Volcano Radial Fissures Arcuate Fissures Surface Area(km2) Surface Area(km2)
Name Feeding flows (km) Feeding flows (km) Radial Flows (#) Arcuate flows (#)

ECUAOOR 4.0 0.0 19.2 (8) NA

WOLF 19.6 4.4 89.5 (21) 30.9 (12)

DARWIN 19.8 9.6 39.5 (4) 104.4 (11)

ALCEOO NA NA NA NA

SIERRA NEGRA 0.0 13.3 NA 373.8 (3)

CERRO AZUL 34.3 5.0 167.3 (18) 20.0 (7)

FERNANDINA 17.2 6.9 163.6 (37) 27.5 (42)

\0
l.II



Table 2.7

Data used in calculation of volumetric discharge rates duringrecent eruptions on Isla Isabela, western Galapagos.

Eruption Surface Area

of LavaFlows (km2)

Estimated Volume (106 m3)

(for5 m and 10m mean

lava flow thickness)

Eruption

Duration (days)d
Calculated Volumetric

Discharge Rate(m3 s-l)

SierraNegra 1979a 56.0 280 61 211
560 422

CerroAzul 1979b 9.1 45 35 149
90 298

Volcan Wolf 1982c 4.6 23 2 133
(flank eruption only) 46 266

a. Figure 2.13d

b. Figure 2.14d

c. Figure 2.26b

d. Eruptiondurations are fromMclelland et. al. [1985]

\0
0\
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Figure 2.1 The location and tectonic setting of the Galapagos Archipelago. Isochrons

are dated in millions of years before present, solid lines indicate areas of strong magnetic

anomalies, dashed lines areas of weak magnetic anomalies. EPR =East Pacific Rise.

GSC =Galapagos Spreading Center. 1200 fathom bathymetric contour outlines aseismic

Cocos and Carnegie ridges that are proposed to be the result of earlier hotspot volcanism

at a time when the hotspot was situated adjacent to the Galapagos Spreading Center

(GSC). Arrows indicate absolute plate motion vectors. Adapted from Hey et al. [1977].
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Figure 2.2 (A) Map of individual volcano boundaries as determined from.analysis of

SPOT-l images, and the surrounding bathymetry (in fathoms: 1 fathom = 1.83m)

modified from Houvenaghel [1978]. IP = Isla Pinta. 1M= Isla Marchena. (B) Mosaic

of SPOT-l images oflslas Isabela and Fernandina used in this study.
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Figure 2.2 (continued) (A) Map of individual volcano boundaries as determined

from analysis of SPOT-l images, and the surrounding bathymetry (in fathoms: 1 fathom

= 1.83m) modified from Houvenaghel [1978]. IP = Isla Pinta; 1M = Isla Marchena. (B)

Mosaic of SPOT-l images of Islas Isabela and Fernandina used in this study.
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A

Figure 2.3 An example of the use of SPOT-1 data to interpret the position of

indivdual shield boundaries. (A) Section of SPOT-1 scene. Location is shown in Figure

2.3b.(B) Intepretation of SPOT-1 data in Figure 2.3a. C = Clouds. The vent (V) and

lava flow (stippled pattern) from the 1979 eruption of Cerro Azul are shown. The flow

abuts an earlier flow (1952 or 1940 [McLelland et al.; 1989]). Both flows follow the line

of maximum slope flowing E from the vent region and then SE on encountering the

topographic boundary of the W flank of Sierra Negra. They delineate the topographic

saddle formed at the boundary between Cerro Azul and Sierra Negra. Inset shows

location of map and section of SPOT-1 scene.

--- --------- ------------ ------- -------
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Figure 2.3 (continued) An example of the use of SPOT-I data to interpret the

position of indivdual shield boundaries. (A) Section of SPOT-I scene. Location is

shown in Figure 2.3b.(B) Intepretation of SPOT-I data in Figure 2.3a. C =Clouds.

The vent (V) and lava flow (stippled pattern) from the 1979 eruption of Cerro Azul are

shown. The flow abuts an earlier flow (1952 or 1940 [McLelland et al.; 1989]). Both

flows follow the line of maximum slope flowing E from the vent region and then SE on

encountering the topographic boundary of the W flank of Sierra Negra. They delineate

the topographic saddle formed at the boundary between Cerro Azul and Sierra Negra.

Inset shows location of map and section of SPOT-I scene.
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Figure 2.4 (A) The classic basaltic shield profile of low angle slopes as seen looking

N towards the summit of Mauna Loa, Hawaii. Note the uniformly low angle slopes that

extend from the summit of the edifice and their resemblance to a Roman battle shield from

whence the term "shield" volcano originates [Cas and Wright, 1987]. (B) The profile of

Volcan Fernandina, Galapagos Islands looking towards the SSW Note the variation in

the slope angles and the differences between the steep (up to 32°) northern flanks and the

low angle (4-6°) slopes towards the NW tip of the island.
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Figure 2.5 The orbital characteristics of the SPOT-1 satellite [Chevrel et al., 1981].
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Figure 2.6 A comparison between the distribution of radial fissures on Volcan Wolf

mapped using (A) SPOT-1 data and (B) aerial photographs [Chadwick and Howard,

1991]. Note that although a smaller length of fissures may be mapped using the SPOT-l

data, the underlying trends identified from both datasets are the same.
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Figure 2.7 Examples of cinder cones formed by near vent pyroclastic deposition.

Such constructs are typically aligned along the trend of eruptive fissures that are mapped

in this study using SPOT-l data. Locations shown in Figure 2.15a. (A) View NW

towards Cabo Douglas, Isla Fernandina, cinder cones - 15 m high. Central depression 

20 m in diameter. (B) Cinder cones aligned along trend of eruptive vent on the flanks of

Volcan Fernandina. Vent length - 350 m. The photographs were taken during an

expedition to Isla Fernandina in September 1989.
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Figure 2.8 An example of the deterniination of the relative age of eruptive fissures

from their stratigraphic relationships as seen in the SPOT-1 image of Cerro Azul, Isla

Isabela (for explanation see section 2.3). (A) SPOT-l image. Location is shown in

Figure 2.14a. (B) Map of eruptive fissures and lava flows. Stippled flows may be

mapped from vent to terminus. Dashed flows have boundaries that are partially obscured

by younger materials and may only be mapped in part. 0-0' = Old fissure; 1-1' =

Intermediate fissure; Y-Y' =Young fissure. Location of figure is shown in inset.
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Figure 2.9 Volcan Ecuador, Isla Isabela. (A) SPOT-l image. PC =Pit Craters. (B)

Map of eruptive fissures; SP =Summit Plateau; ICB =Intra-caldera Bench. (C) Rose

diagram of radial fissure distribution. (D) Map of lava flows; PC = Pit Craters; SP =
Summit Plateau; ICB =Intra-caldera Bench; R - R' = trend of topographic ridge formed

by concentration of recent vents along a WSW - ENE trend.
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Figure 2.9 (continued) Volcan Ecuador, Isla Isabela. (A) SPOT-l image. PC =
Pit Craters. (B) Map of eruptive fissures; SP =Summit Plateau; IeB =Intra-caldera

Bench. (C) Rose diagram of radial fissure distribution. (D) Map of lava flows; PC =Pit

Craters; SP =Summit Plateau; ICB =Intra-caldera Bench; R - R' =trend of topographic

ridge formed by concentration of recent vents along a WSW - ENE trend.
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Figure 2.9 (continued) Volcan Ecuador, Isla Isabela. (A) SPOT-1 image. PC =
Pit Craters. (B) Map of eruptive fissures; SP =Summit Plateau; ICB =Intra-caldera

Bench. (C) Rose diagram of radial fissure distribution. (D) Map oflava flows; PC =Pit

Craters; SP =Summit Plateau; ICB =Intra-caldera Bench; R - R' =trend of topographic

ridge formed by concentration of recent vents along a WSW - ENE trend.
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Figure 2.9 (continued) Volcan Ecuador, Isla Isabela. (A) SPOT-l image. PC =
Pit Craters. (B) Map of eruptive fissures; SP = Summit Plateau; ICB = Intra-caldera

Bench. (C) Rose diagram of radial fissure distribution. (0) Map of lava flows; PC =Pit

Craters; SP =Summit Plateau; ICB =Intra-caldera Bench; R - R' =trend of topographic

ridge formed by concentration of recent vents along a WSW - ENE trend.
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Figure 2.10 Volcan Wolf, Isla Isabela. (A) SPOT-l image; (B) Map of eruptive

fissures; PA =Punta Albemarle (Location of Figure 2.21). rCB =Intra-caldera Bench;

ICL =Intra-caldera lava flows. Bathymetric contours in fathoms (1 fathom = 1.83 m).

(C) Rose diagram of radial fissure distribution. (D) Map of lava flows. T =Talus slope.

(E) Topographic Map; Defense Mapping Agency Sheet 22542.
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Figure 2.10 (continued) Volcan Wolf, Isla Isabela. (A) SPOT-l image; (B) Map of

eruptive fissures; PA = Punta Albemarle (Location of Figure 2.21). ICB = Intra-caldera

Bench; ICL =Intra-caldera lava flows. Bathymetric contours in fathoms (1 fathom =
1.83 m). (C) Rose diagram of radial fissure distribution. (D) Map of lava flows. T =
Talus slope. (E) Topographic Map; Defense Mapping Agency Sheet 22542.
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Figure 2.10 (continued) Volcan Wolf, Isla Isabela. (A) SPOT-1 image; (B) Map of

eruptive fissures; PA =Punta Albemarle (Location of Figure 2.21). ICB =Intra-caldera

Bench; ICL =Intra-caldera lava flows. Bathymetric contours in fathoms (l fathom =
1.83 m). (C) Rose diagram of radial fissure distribution. (D) Map of lava flows. T =
Talus slope. (E) Topographic Map; Defense Mapping Agency Sheet 22542.
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Figure 2.10 (continued) Volcan Wolf, Isla Isabela. (A) SPOT-l image; (B) Map of

eruptive fissures; PA =Punta Albemarle (Location of Figure 2.21). ICB =Intra-caldera

Bench; ICL =Intra-caldera lava flows. Bathymetric contours in fathoms (1 fathom =
1.83 m). (C) Rose diagram of radial fissure distribution. (D) Map of lava flows. T =
Talus slope. (E) Topographic Map; Defense Mapping Agency Sheet 22542.
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Figure 2.10 (continued) Volcan Wolf, Isla Isabela. (A) SPOT-1 image; (B) Map of

eruptive fissures; PA = Punta Albemarle (Location of Figure 2.21). IeB = Intra-caldera

Bench; ICL =Intra-caldera lava flows. Bathymetric contours in fathoms (l fathom =
1.8. (C) Rose diagram of radial fissure distribution. (D) Map of lava flows. T =Talus

slope. (E) Topographic Map; Defense Mapping Agency Sheet 22542.
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Figure 2.11 Volcan Darwin, Isla Isabela. (A) SPOT-l image. (B) Map of eruptive

fissures. TIC =Tagus Tuff Cone; BTC =Beagle Tuff Cone; ICB =Intra-caldera Bench.

Bathymetric contours in fathoms (1 fathom = 1.83 m). (C) Rose diagram of radial

fissure distribution. (D) Map of lava flows.
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Figure 2.11 (continued) Volcan Darwin, Isla Isabela. (A) SPOT-l image. (B) Map

of eruptive fissures. TIC =Tagus Tuff Cone; BTC =Beagle Tuff Cone; ICB =Intra

caldera Bench. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C) Rose diagram

of radial fissure distribution. (0) Map of lava flows.
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Figure 2.11 (continued) Volcan Darwin, Isla Isabela. (A) SPOT-1 image. (B) Map

of eruptive fissures. TIC = Tagus Tuff Cone; BTC =Beagle Tuff Cone; ICB = Intra

caldera Bench. Bathymetric contours in fathoms (1 fathom =1.83 m). (C) Rose diagram

of radial fissure distribution. (D) Map of lava flows.
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Figure 2.11 (continued) Volcan Darwin, Isla Isabela. (A) SPOT-l image. (B) Map

of eruptive fissures. TIC =Tagus Tuff Cone; BTC =Beagle Tuff Cone; ICB =Intra

caldera Bench. Bathymetric contours in fathoms (l fathom =1.83 m). (C) Rose diagram

of radial fissure distribution. (D) Map of lava flows.
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Figure 2.12 Volean Aleedo, Isla Isabela. (A) SPOT-l image. (B) Map of

eruptive fissures. (C) Rose diagram of radial fissure distribution.
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Figure 2.12 (continued) Volcan Alcedo, Isla Isabela. (A) SPOT-1 image. (B) Map

of eruptive fissures. (C) Rose diagram of radial fissure distribution.
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Figure 2.12 (continued) Volcan Alcedo, Isla Isabela. (A) SPOT-l image. (B) Map

of eruptive fissures. (C) Rose diagram of radial fissure distribution.
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Figure 2.13 Sierra Negra, Isla Isabela. (A) SPOT-l image. (B) Map of eruptive

fissures; SR =Sinuous ridge; nICB = Discontinuous Intra-caldera Bench; ICB = Intra

caldera Bench; PTC =Phreatomagmatic Tuff Cones. Bathymetric contours in fathoms (1

fathom = 1.83 m). (C) Rose diagram of radial fissure distribution. (D) Map of lava

flows.
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Figure 2.13 (continued) Sierra Negra, Isla Isabela. (A) SPOT-l image. (B) Map

of eruptive fissures; SR = Sinuous ridge; DICB = Discontinuous Intra-caldera Bench;

ICB =Intra-caldera Bench; PTe =Phreatomagmatic Tuff Cones. Bathymetric contours in

fathoms (l fathom =1.83 rn). (C) Rose diagram of radial fissure distribution. (D) Map

of lava flows.
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Figure 2.13 (continued) Sierra Negra, Isla Isabela. (A) SPOT-l image. (B) Map

of eruptive fissures; SR =Sinuous ridge; OICB =Discontinuous Intra-caldera Bench;

ICB =Intra-caldera Bench; PTC = Phreatomagmatic Tuff Cones. Bathymetric contours in

fathoms (l fathom =1.83 m). (C) Rose diagram of radial fissure distribution. (0) Map

of lava flows.
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Figure 2.13 (continued) Sierra Negra, Isla Isabela. (A) SPOT-1 image. (B) Map of

eruptive fissures; SR =Sinuous ridge; OICB =Discontinuous Intra-caldera Bench; ICB =
Intra-caldera Bench; PTC =Phreatomagmatic Tuff Cones. Bathymetric contours in

fathoms (1 fathom =1.83 m). (C) Rose diagram of radial fissure distribution. (D) Map

of lava flows.
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Figure 2.14 Cerro Azul, Isla Isabela. (A) SPOT-l image; Inset is area of Figure 2.8

(B) Map of eruptive fissure; T = Talus slopes; ICL = Intra-caldera lavas; ICB = Intra

caldera Bench. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C) Rose

diagrams of radial fissure distribution. (D) Map of lava flows; T =Talus slopes; ICL =
Intra-caldera lavas; ICB = Intra-caldera Bench; F = arcuate faults.
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Figure 2.14 (continued) Cerro Azul, Isla Isabela. (A) SPOT-1 image; Inset is area

of Figure 2.8 (B) Map of eruptive fissure; T = Talus slopes; ICL = Intra-caldera lavas;

ICB =Intra-caldera Bench. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C)

Rose diagrams of radial fissure distribution. (D) Map of lava flows; T =Talus slopes;

ICL =Intra-caldera lavas; ICB =Intra-caldera Bench; F =arcuate faults.
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Figure 2.14 (continued) Cerro Azul, Isla Isabela. (A) SPOT-1 image; Inset is area

of Figure 2.8 (B) Map of eruptive fissure; T = Talus slopes; ICL = Intra-caldera lavas;

ICB = Intra-caldera Bench. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C)

Rose diagrams of radial fissure distribution. (D) Map of lava flows; T =Talus slopes;

ICL =Intra-caldera lavas; ICB =Intra-caldera Bench; F =arcuate faults.
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Figure 2.14 (continued) Cerro Azul, Isla Isabela. (A) SPOT-1 image; Inset is area

of Figure 2.8 (B) Map of eruptive fissure; T =Talus slopes; ICL =Intra-caldera lavas;

ICB =Intra-caldera Bench. Bathymetric contours in fathoms (l fathom =1.83 m). (C)

Rose diagrams of radial fissure distribution. (D) Map of lava flows; T = Talus slopes;

ICL =Intra-caldera lavas; ICB =Intra-caldera Bench; F =arcuate faults.
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Figure 2.15 Volcan Fernandina, Isla Fernandina. (A) SPOT-l image (B) Map of

eruptive fissures; T = Talus slopes; ICL = Intra-caldera lavas; ICB = Intra-caldera

benches. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C) Rose diagrams of

radial fissure distribution. (D) Map of lava flows (E) Topographic Map; Defense

Mapping Agency Sheet 22452.
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Figure 2.15 (continued) Volcan Fernandina, Isla Fernandina. (A) SPOT-1 image

(B) Map of eruptive fissures; T = Talus slopes; ICL = Intra-caldera lavas; ICB = Intra

caldera benches. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C) Rose

diagrams of radial fissure distribution. (D) Map of lava flows (E) Topographic Map;

Defense Mapping Agency Sheet 22452.
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Figure 2.15 (continued) Volcan Fernandina, Isla Fernandina. (A) SPOT-l image

(B) Map of eruptive fissures; T =Talus slopes; ICL =Intra-caldera lavas; ICB =Intra

caldera benches. Bathymetric contours in fathoms (l fathom = 1.83 m). (C) Rose

diagrams of radial fissure distribution. (D) Map of lava flows (E) Topographic Map;

Defense Mapping Agency Sheet 22452.
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Figure 2.15 (continued) Volcan Fernandina, Isla Fernandina. (A) SPOT-l image

(B) Map of eruptive fissures; T = Talus slopes; ICL = Intra-caldera lavas; ICB = Intra

caldera benches. Bathymetric contours in fathoms (1 fathom = 1.83 m). (C) Rose

diagrams of radial fissure distribution. (D) Map of lava flows (E) Topographic Map;

Defense Mapping Agency Sheet 22452.
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Figure 2.15 (continued) Volcan Fernandina, Isla Fernandina. (A) SPOT-l image

(B) Map of eruptive fissures; T =Talus slopes; ICL =Intra-caldera lavas; ICB =Intra

caldera benches. Bathymetric contours in fathoms (l fathom = 1.83 m). (C) Rose

diagrams of radial fissure distribution. (D) Map of lava flows (E) Topographic Map;

Defense Mapping Agency Sheet22452.
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Figure 2.16 (A) Base surge deposits associated with the 1968 caldera collapse and

eruption of 1968 on the NW flank of Volcan Fernandina. (B) Large block deposited on

SW caldera rim of Volcan Fernandina during caldera collapse and eruption of 1968.



Figure 2.17 Profile along the vague topographic high on the SE flank of Volcan Fernandina. Photograph taken looking SSW

from Punta Espinosa region of Isla Fernandina. .....
W
-....l
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Figure 2.18 (A) The dependence of local temperature on gas content and volume flux.

(B) The dependence oflocal accumulation rate on gas content and volume flux. (C) An

illustration of the relationship between mean pyroclast temperature and pyroclast

accumulation rate and the type of near vent deposition that occurs during basaltic

eruptions (all modified from Head and Wilson [1989]).
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Figure 2.19 Examples of tuff rings constructed by phreatomagmatic activity. (A) IC =

Isla Cowley. (B) Prominent tuff cone at Cape Berkeley, Isla Isabela. (C) TC =Tagus

Cove; BC = Beagle Cove, two prominent tuff rings on the SW flank of Volcan Darwin,

Isla Isabela. (D) FRC = field of rootless cones on W shoreline of Cerro Azul, Isla

Isabela, PC =phreatomagmatic tuff ring. (E) Cerro Ballena, Sierra Negra, Isla Isabela, a

set of prominent tuff rings which have been embayed by later lavas. (F) Location map of

phreatomagmatic features on Isla Isabela.
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Figure 2.19 (continued) Examples of tuff rings constructed by phreatomagmatic

activity. (A) IC =Isla Cowley. (B) Prominent tuff cone at Cape Berkeley, Isla Isabela.

(C) TC =Tagus Cove; BC =Beagle Cove, two prominent tuff rings on the SW flank of

Volcan Darwin, Isla Isabela. (D) FRC =field of rootless cones on W shoreline of Cerro

Azul, Isla Isabela, PC =phreatomagmatic tuff ring. (E) Cerro Ballena, Sierra Negra, Isla

Isabela, a set of prominent tuff rings which have been embayed by later lavas. (F)

Location map of phreatomagmatic features on Isla Isabela.
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Figure 2.20 An usual occurrence of volcanic cones on the shoreline of Cerro Azul, Isla

Isabela. I interpret their origin as the result of phreatomagmatic activity where lava

entered a lagoonal environment and the resultant explosive activity formed many

"rootless" vents with no clear alignment along a single trend. (A) Aerial photograph

courtesy of CLIRSEN (Centro de Levantamientos Integrados de Recursos Naturales por

Sensores Remotos) Ecuador. (B) Photograph taken looking towards the E into one of the

rootless vents (photograph courtesy of Dr. D. Geist, University ofIdaho).
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Figure 2.21 Cinder cones at Punta Albemarle (Figure 2.10b), the N tip of Volcan

Wolf, Isla Isabela. Although the cones are very close to the present day shoreline their

aliginnent suggests that they are primary near-vent cones rather than littoral cones of

phreatomagmatic origin. Cones are - 25 m high. View taken looking SE.

Figure 2.22 Littoral cone (- 10 m high) on the E shoreline of Volcan Fernandina.
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Figure 2.23 View of E shoreline and flank of Volcan Wolf, Isla Isabela showing a 20

m escarpment that is cited in the text as evidence for rapid coastal erosion. This may be a

contributing factor to the observed paucity of littoral cones on Islas Isabela and

Fernandina.
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Figure 2.24 The relationship between flow length and mean flow width for lava flow

mapped on the shield volcanoes of Islas Isabela and Fernandina. (A) Volcan Ecuador.

(B) Volcan Wolf. (C) Volcan Darwin. (0) Cerro Azul. (E) Volcan Fernandina. No data

are presented for Volcan Alcedo or Sierra Negra, Isla Isabela due to the difficulty of

calculating flow dimensions on these shields. Open Circles = flows that entered the

ocean. Triangles =flows that terminate prior to reaching the coast. The relationship

serves as a guide to the volumetric flow rate at the time of flow emplacement (see text).
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Figure 2.25 The 1982 flow SE of the caldera rim of Volcan Fernandina, Isla

Fernandina. This flow is also shown in a SPOT-l image in Figure 3.7.
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Figure 2.26 The 1982 flank eruption of Volcan Wolf, Isla Isabela. (A) SPOT-1

image. (B) Map showing position of 1982 flow.
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Figure 2.27 An example of toothpaste lava texture in the Punta espinosa region of Isla

Fernandina.

Figure 2.28 An example of pahoehoe lava texture from the Punta Espinosa region of

Volcan Fernandina.
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Figure 2.29 Albedo variations within a lava flow on the N flank of Volcan Fernandina.
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Figure 2.30 Idealized representation of a fasicular distribution of eruptive fissures that

may be termed a "fasicularrift zone". C =Caldera.

Koolau

Figure 2.31 Dike propagation characteristics under the influence of the principal

tectonic stress orientations within an oceanic volcano. Modified from Walker [1987].
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(a)

Magma conduit}

(a) Schematic view of the internal
structure of the caldera area of a major
Hawaiian volcano. Caldera subsidence due to the
load of intrusions and cumulates.
(b) Schematic view showing stages in the
evolution of a major Hawaiian volcano. Under
steady state conditions the magma chamber
(located between the two arrows) remains at a
constant depth.

Figure 2.32 A model for the formation of a caldera as a consequence of loading by

shallow intrusions [Walker, 1988].
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Figure 2.33 An example of an intra-caldera bench within the caldera of Volcan

Fernandina, Isla Fernandina. Repeated accumulation of intra-caldera lavas that pond

against the caldera walls results in partial infilling of the caldera. Subsidence along

arcuate faults within the caldera rim acts to lower the surface of the bench. Photograph

taken looking from the WNW side of the caldera rim towards the SE embayment of the

caldera of Volcan Fernandina, Isla Fernandina. Top surface of intra-caldera bench is 

400 rn below calderarim
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Figure 2.34 Maps of calderas in the western Galapagos made from accompanying SPOT-1 images. Arrows point North.

Stipple = Lava flows; Solid lines = arcuate eruption source vents; Hachured lines = caldera rim and major breaks in slope; c =

clouds; ICB = intra-caldera bench; Shaded area = intra-caldera lake; Dashed area = caldera floor covered with talus. (A) Volcan

Wolf, Isla Isabela (B) Volcan Darwin, Isla Isabela, (C) Sierra Negra. Isla Isabela; DICB = Discontinuous Intra-Caldera Bench; SR

= Sinuous Ridge. (D) Cerro Azul, Isla Isabela; IVF = Inferred Vent Region for flows to the N (E) Volcan Fernandina, Isla

Fernandina. (F) Diagrammatic summary of the relationship between the presence of an intra-caldera bench and the occurrence of _

recent lava flows on the adjacent summit plateau. l:j
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Figure 2.34 (continued) Maps of calderas in the western Galapagos made from accompanying SPOT-l images. Arrows

point North. Stipple = Lava flows; Solid lines = arcuate eruption source vents; Hachured lines = caldera rim and major breaks in

slope; c = clouds; ICB = intra-caldera bench; Shaded area =intra-caldera lake; Dashed area = caldera floor covered with talus. (A)

Volcan Wolf, Isla Isabela (B) Volcan Darwin, Isla Isabela, (C) Sierra Negra. Isla Isabela; DICB =Discontinuous Intra-Caldera

Bench; SR =Sinuous Ridge. (D) Cerro Azul, Isla Isabela; IVF =Inferred Vent Region for flows to the N (E) Volcan Fernandina,

Isla Fernandina. (F) Diagrammatic summary of the relationship between the presence of an intra-caldera bench and the occurrence of ......

recent lava flows on the adjacent summit plateau. ~
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Figure 2.34 (continued) Maps of calderas in the western Galapagos made from accompanying SPOT-l images. Arrows

point North. Stipple =Lava flows; Solid lines = arcuate eruption source vents; Hachured lines =caldera rim and major breaks in

slope; c =clouds; ICB =intra-caldera bench; Shaded area =intra-caldera lake; Dashed area =caldera floor covered with talus. (A)

Volcan Wolf, Isla Isabela (B) Volcan Darwin, Isla Isabela, (C) Sierra Negra. Isla Isabela; DICB =Discontinuous Intra-Caldera

Bench; SR =Sinuous Ridge. (D) Cerro Azul, Isla Isabela; IVF =Inferred Vent Region for flows to the N (E) Volcan Fernandina,

Isla Fernandina. (F) Diagrammatic summary of the relationship between the presence of an intra-caldera bench and the occurrence of ......

recent lava flows on the adjacent summit plateau. ~
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Figure 2.34 (continued) Maps of calderas in the western Galapagos made from accompanying SPOT-l images. Arrows

point North. Stipple = Lava flows; Solid lines = arcuate eruption source vents; Hachured lines = caldera rim and major breaks in

slope; c = clouds; ICB = intra-caldera bench; Shaded area = intra-caldera lake; Dashed area = caldera floor covered with talus. (A)

Volean Wolf, Isla Isabela (B) Volcan Darwin, Isla Isabela, (C) Sierra Negra. Isla Isabela; DICB = Discontinuous Intra-Caldera

Bench; SR =Sinuous Ridge. (D) Cerro Azul, Isla Isabela; IVF =Inferred Vent Region for flows to the N (E) Volcan Fernandina,

Isla Fernandina. (F) Diagrammatic summary of the relationship between the presence of an intra-caldera bench and the occurrence of
I--'

recent lava flows on the adjacent summit plateau. ~
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Figure 2.34 (continued) Maps of calderas in the western Galapagos made from accompanying SPOT-l images. Arrows

point North. Stipple =Lava flows; Solid lines =arcuate eruption source vents; Hachured lines =caldera rim and major breaks in

slope; c =clouds; ICB =intra-caldera bench; Shaded area =intra-caldera lake; Dashed area =caldera floor covered with talus. (A)

Volcan Wolf, Isla Isabela (B) Volcan Darwin, Isla Isabela, (C) Sierra Negra. Isla Isabela; DICB =Discontinuous Intra-Caldera

Bench; SR =Sinuous Ridge. (D) Cerro Azul, Isla Isabela; IVF =Inferred Vent Region for flows to the N (E) Volcan Fernandina,

Isla Fernandina. (F) Diagrammatic summary of the relationship between the presence of an intra-caldera bench and the occurrence of
, ~

recent lava flows on the adjacent summit plateau. ~
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INTRA CALDERA MORPHOLOGY AND THE OCCURRENCE OFSUMMIT ERUPTIONS
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Figure 2.34 (continued) Maps of calderas in the western Galapagos made from

accompanying SPOT-l images. Arrows point North. Stipple =Lava flows; Solid lines

=arcuate eruption source vents; Hachured lines =caldera rim and major breaks in slope; c

=clouds; ICB =intra-caldera bench; Shaded area =intra-caldera lake; Dashed area =
caldera floor covered with talus. (A) Volcan Wolf, Isla Isabela (B) Volcan Darwin, Isla

Isabela, (C) Sierra Negra. Isla Isabela; DICB = Discontinuous Intra-Caldera Bench; SR =

Sinuous Ridge. (0) Cerro Azul, Isla Isabela; IVF =Inferred Vent Region for flows to

the N (E) Volcan Fernandina, Isla Fernandina. (F) Diagrammatic summary of the

relationship between the presence of an intra-caldera bench and the occurrence of recent

lava flows on the adjacent summit plateau.
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RATIO OF CALDERA DEPTH TO AREA ENCOMPASSED BY CALDERA RIM
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Figure 2.35 The ratio of caldera depth to area encompassed. by the caldera rim for the

shield volcanoes of Islas Isabela and Fernandina (this study) and those of other basaltic

volcanoes. Galapagos Islands: AL = Aleed.o; CA = Cerro Azul: D =Darwin; F =
Fernandina; SN =Sierra Negra; W = Wolf. AM = Ambrym, New Hebrides [McCall et

al., 1971]; AS =Askja, Iceland [Brown et al., 1991]; FO =Fogo, Cape Verde Islands

[Simkin et al., 1981]; GC =Grande Comore, Indian Ocean [Strong and Jacquot, 1971];

K =Kilauea, Hawaii [Walker, 1988]; M =Masaya [Simkin et al., 1981]; ML =Mauna

Loa, Hawaii [Lockwood and Lipman, 1987]; N = Niuafo'ou, Tonga [Simkin et al.,

1981]; Nyamuragira, Zaire[Simldn et al., 1981].
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Figure 2.36 The spectacular talus fans developed in the SW section of the caldera of

Volcan Fernandina, the depth of the caldera is -1 km.
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Figure 2.37 Ongoing caldera wall collapse at the SE end of Volcan Fernandina.

During a 3 day stay at the summit of Volcan Fernandina in September 1988 I observed

continuous debris avalanches from this segment of the caldera which was the site of a

larger collapse and intra-caldera eruption in September 1988 [Chadwick et a!., 1991] and

a major collapse of the caldera floor in 1968 [Simkin and Howard, 1970].
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DENSE LENS OF INTRUSIONS
AND CUMULATES

Figure 2.38 An idealized comparison of the proposed effect on caldera morphology of

variation in the distribution of an equal volume of magma in chambers with different

morphologies. The dense lens of intrusions and cumulates forms in association with the

magma chamber and is isostatically unstable due to its high density and thus seeks to

move downward [Walker, 1988]. The model proposed in the text suggests that the rate

and extent of downward motion is influenced by the shape of the dense lens and is

reflected in the caldera morphology.
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Figure 2.39 Small spatter ramparts adjacent to eruption source vents on the summit

plateau of Volcan Fernandina. Vents are located to the SW of the caldera rim close to the

1982 lava flow (Figures 2.25 and 3.7). Features of this size although clearly the source

vents of eruptions are too small to be mapped from SPOT-1 images.
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CHAPTER 3

THE APPLICATION OF LANDSAT THEMATIC MAPPER DATA TO THE

STUDY OF TEMPORAL PATTERNS OF VOLCANISM ON VOLCAN

FERNANDINA, GALApAGOS ISLANDS.

3.1 INTRODUCTION

Chapter 3 continues my investigation of patterns of volcanic behavior on Islas

Isabela and Fernandina, Galapagos Islands. In chapter 2, I interpreted the relative ages of

eruptive fissures in a three class scheme. This approach yielded some insight into the

interaction between the amount of eruptive activity as it changed through time, and the

morphology of individual shields (e.g., the construction of topographic highs along

trends of persistent flank activity on Volcans Wolf and Darwin (section 2.6)). However

this approach was limited to describing the relative ages of eruptive fissures based on

their morphology and stratigraphic relationships. In this chapter I present an investigation

that centers on lava flows that were produced from these vents, using surface reflectance

properties as a means of describing temporal variation in the location and magnitude of

lava flows on Volcan Fernandina.

By examining the ages of lava flows several key questions may be addressed.

Firstly, what period of time is represented by the currently exposed lava flows and, by

inference, what is the volumetric output rate of the shield? This is a question that is

currently unanswerable due to the difficulty of obtaining dates on such young rocks with

radiogenic isotope techniques, but that has a significant bearing on interpretations of each

volcano and on understanding the dynamics of the region as a whole. Secondly, are there

patterns in the distribution of lava flow sizes over the surface of the shield and through

time? Defining such patterns may becombined with the observations of individual flow

morphology made in chapter 2 to understand further the morphological evolution of the
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volcano. Thirdly, to what extent have the fascicular rift zones dominated the volumetric

output of Volcan Fernandina? By comparing the age and magnitude of the eruptions that

originated within them I aim to understand their dynamics and their importance to

morphological evolution of the volcano.

Chapter 3 is divided into two sections. Firstly, I present the hypotheses,

methodology and results of a study of the suitability of LANDSAT Thematic Mapper

(TM) data to evaluate the distribution of eruptive events through time on Volcan

Fernandina. These data and the observed stratigraphic relationships between lava flows

were analyzed to determine the manner in which the reflectance of lava flows in the

visible and near-infrared regions of the electromagnetic spectrum varies with age.

Secondly, I analyzed field radiometer spectra collected during my visit to Isla Fernandina

in September and October 1989. I collected these spectra with an instrument that I helped

to design specifically for my research. These spectra were intended to serve both as an

independent dataset to determine relative ages in the field and as a means of corroboration

for the results of the analysis of the remotely sensed data.

Much of our current understanding of temporal changes in eruptive behavior of

basaltic volcanoes is based upon historic records and either palaeomagnetic or isotopic

dating techniques. Such techniques are difficult to apply to the active volcanoes of the

Galapagos Islands. Sampling is difficult due to the rugged terrain, but there are also

problems with the available dating techniques. Low concentrations of potassium bearing

minerals have led to poorly constrained potassium-argon dates for recent flows [Cox,

1983; Simkin, 1984]. The paucity of vegetation has pre-empted the use of radiocarbon

dating on material burnt at the time of flow emplacement that has been used to date some

flows on Mauna Loa, Hawaii [Lockwood and Lipman, 1987]. No rocks older than 0.7

million years have been found on Islas Isabela and Fernandina [Cox, 1983], but it is
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unclear where the samples were collected. It is therefore hard to assess even the most

basic information as to where in the stratigraphic column the age dates are from.

There is thus a need for some alternative method for providing recent

chronological information for the Galapagos volcanoes. If a time dependent change in

their surface reflectance could be identified in currently available remotely sensed data,

then the omnipresent access and sampling difficulties could becircumvented. Available

data are limited to the previously described images collected by the SPOT HRV-l

instrument (chapter 2) and to a partially cloud free LANDSAT Thematic Mapper (TM)

scene collected in May 1985. As previously shown in chapter 2, the SPOT-l data are a

valuable tool for the interpretation of the spatial distribution of eruptive materials and in a

limited sense yield insight into temporal changes in the locus of eruptive activity. Here

the need is for more detailed spectral measurements and therefore the SPOT-l data,

collected in a single waveband (0040 JJ.m to 0.70 um), are not directly applicable. They

may however beused to assist in the interpretation of the TM data by providing a higher

spatial resolution image (10 m x 10 m nominal pixel size) to which the TM data may be

geometrically registered.

The TM, carried on board the polar orbiting LANDSAT 5 satellite collects data in

three visible, three near infrared and one thermal infrared wavebands (Table 3.1)

[Markham and Barker, 1985]. The data are collected using a mirror scanning system that

directs the incoming radiance to an array of detectors that measure a 16 line swath in each

waveband on each mirror rotation. The system has a swath width of 185 km and each

scene is 185 km long. The nominal pixel size is 30 m x 30 m in each of the 6 visible and

reflected infrared wavebands (l through 5 and 7) and 120 m x 120 m in the emitted

(thermal) infrared band 6. These are the highest spectral resolution data currently

available for the Galapagos Islands. Following is an overview of the reflectance of
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basaltic lava flows in the visible and near infrared region of the electromagnetic spectrum

and a summary of previous work that has been published concerning the use of

reflectance data as a dating technique.

3.2 THE REFLECfANCE OF BASALTIC LAVA FLOWS

The reflectance of fresh basalt in the visible and near infrared is generally low (it

is black) and spectrally featureless (Figure 3.1 [Hunt et al., 1974]). The low reflectance

is a result of the properties of opaque minerals such as magnetite (Figure 3.2) that may

dominate the reflectance of the whole rock despite being accessory components of the

bulk mineralogy [Hatch et al., 1972]. However, the lava flows of the western Galapagos

Islands have been subjected to weathering in the arid environment. Their reflectance is

thus a product of weathering processes that alter the near surface mineralogies and the

flows may exhibit distinct reflectance features in the visible and near infrared.

In arid and semi-arid terrains, where vegetation is limited to incomplete coverage

by lichens, mechanically stable lava flow surfaces undergo chemical weathering that is

dominated by the oxidation of ferrous iron (Fe2+) to ferric iron (Fe3+), which produces a

visible reddening of the flow surface [Rothery and Lefebvre, 1985; Lockwood and

Lipman, 1987], and the production of surface coatings [Farrand Adams, 1984; Curtiss et

al., 1984]. The changes in reflectance that occur as a result of iron oxidation have been

extensively studied using laboratory samples [Sherman and Waite, 1985] and through

telescopic observations of Mars [e.g., Bell et al., 1990] and I first summarize the

observed spectral features and their origin (Table 3.2).

On exposure to the atmosphere, oxidation of ferrous iron (Fe21 bearing minerals

(e.g., pyroxenes, magnetite, ilmenite) in the fresh lava produce ferric iron (Fe3+) bearing

minerals (e.g., goethite FeH02 hematite Fe203 limonite 2F~03' 3H20) that exhibit

distinct absorption features in the visible and near infrared region of the electromagnetic
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spectrum (Figure 3.2 [Hunt et al., 1971]). In the visible and near infrared wavelengths

there are two spectral characteristics of the ferric (Fe3~ ion related to electron transition

processes which are worthy of investigation because they are related to the degree of

oxidation. Firstly, there is a charge transfer process between oxygen and ferric (Fe3"1

ions that produces a distinct and strong absorption from 0.25J.lID. to 0.6 J.lID. [Sherman and

Waite, 1985]. This absorption accounts for the observed reddening on oxidized surfaces

and occurs in both crystalline and non crystalline mineral assemblages containing the

ferric ion. Beyond 0.6 urn the influence of the charge transfer absorption is absent and

light is reflected. Reflectance between 0.6 um and 0.69 urn is perceived by the human

eye as red coloration. The second feature of interest in the reflectance behavior of

minerals containing the ferric (Fe3~ ion is a transition from 6A1g ground state to 4.r19 that

produces an absorption band with a center at approximately 0.87 um in crystalline

minerals [Hunt et al., 1974]. Remotely sensed data that allow examination of these

spectral features hold potential for examining the relative ages of lava flows.

Surface coatings that develop on lavas in arid environments have been divided

into two main categories: 1) desert varnish, composed mainly of clays with minor

amounts of manganese and iron oxides and 2) silica gel coatings that are derived from

windblown material [Farr and Adams, 1984]. The manner in which such chemical

changes influence the surface behavior in the thermal infrared region of the

electromagnetic spectrum has been intensively studied on Mauna Loa and Kilauea,

Hawaii, using the Thermal Infrared Multispectral Scanner (TIMS) carried aboard a NASA

C-130 aircraft. Classification of individual flows, on the basis of the strength of spectral

features in the thermal infrared related to silica glasses, has provided a valuable aid for

unraveling complex field relationships and determining the relative ages of prehistoric

lava flows [Kahle et al., 1988; Abrams et al., 1991]. Unfortunately, thermal infrared
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data have never been collected in the Galapagos Islands and it was not possible to

investigate the method of Kahle et al. [1988].

In the visible (0.40 um to 0.70 um) and near infrared (0.71 urn to 3.0 JlIIl) the

manner in which lava flow surface reflectance changes through time has been examined

by several different authors using remotely sensed data and field radiometer

measurements. At Craters of the Moon National Monument, Idaho, pahoehoe flows

erupted between 2000 and 12000 years B.P., were found to become increasingly bright

with age, in the visible and near infrared bands of the LANDSAT Multispectral Scanner

instrument (Table 3.1) [Rothery, 1985]. The cause of this brightening was found to be

chemical weathering and the development of lichen cover. However, analysis of the

surface reflectance of flows older than 12000 years B.P. was hindered by the

development of vascular plant communities in pockets of soil that accumulated in

depressions in the flow surface.

In a study of the Greenwater Range, S. California, Crater Flat Volcanic Field in

S. Nevada and San Francisco Volcanic Field in N. Arizona, Davis et a/. [1987] detected

the variation in the concentration of iron oxides using TM data. A ratio of Band 4 (0.76

um to 0.90 urn) to Band 5 (1.55 urn to 1.75 um) was found to discriminate between

basaltic cinders and unweathered lava flows and to be correlated to ferrous (Fe2"') iron

content Low values of the ratio occur at locations where oxidation is extensive. At such

locations, the dominant iron species is ferric (Fe3"') and therefore absorption in Band 4 is

maximized and reflectance is relatively low. In comparison, locations where Fe2+

concentration is high show less absorption in Band 4 and higher values of the Band 4 to

Band 5 ratio (Figure 3.3) [Davis et al., 1987].

On Mauna Loa, Hawaii, Abrams et a/. [1991] used a similar approach to that of

Davis et a/. [1987] in combiningvisible/near-infrared/shortwave-infrared images from the



169

NS-OOI scanner (Thematic Mapper Simulator) (Table 3.1), and TIMS data collected

onboard a NASA C-130 aircraft, to map quantitatively the changes in lava flow surface

chemistry. In the visible and near-infrared wavelengths older samples measured in the

laboratory showed an increased difference between reflectance at 0.8 urn and 0.4 um

with increasing age (Figure 3.4). This is attributable to an increase in ferric (Fe3"1 iron

content and its associated broad absorption feature between 0.25 um and 0.6 urn, Thus

in the older more oxidized samples the absorption is stronger and reflectance is lower at

0.4 um thereby accounting for the increased difference between reflectance at 0.8 urn and

0.4 um with age.

The work reviewed above indicates that if iron oxidation processes dominate

chemical weathering of lava flows, then it may be possible to use their reflectance in the

visible and near-infrared to assess the relative age of each lava flow. Certain assumptions

have to be made when applying remotely sensed data to the investigation of these

chemical weathering processes. The flows must be vegetation free, chemically similar in

terms of their iron content at the time of eruption, and have undergone weathering in a

similar environment. Generally speaking the lava flows on Volcan Fernandina satisfy

these criteria. The following sections present an analysis of TM and field radiometer data

coupled with field observations, designed to extract relative ages for those flows visited

on Volcan Fernandina. The hypothesis to be tested is that a relationship exists between

the reflectance of a lava flow in TM wavebands and the age of the lava flow. Using such

a relationship it would then be possible to examine the relative ages of flows over the

entire subaerial surface of the volcano.
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3.3 IN1ERPRETATION OF LANDSATTM DATA FOR THE DETERMINATION
OF THE RELATIVE AGES OF LAVA FLOWS

The first step in analyzing the TM data (Figure 3.5) was to combine field

observations, aerial photographs and previous work to determine the stratigraphic

relationships between lava flows. I then processed the TM data using two main

approaches: non scene-dependent and scene dependent. The goal of the image processing

undertaken here was to isolate the information in the TM data that corresponds to

differences between the ferrous (Fe2"1 and ferric (Fe31 iron concentrations on the surface

of the lava flows so that each flow may then be classified by its degree of oxidation and,

by inference, its relative age. Two approaches to the raw TM data, categorized as

material reflectance and scene statistic oriented, were used to isolate this information, In

the first approach, specific spectral reflectance features are examined for lava flows. This

approach requires that the environmental influences on the signal that the sensor records

must be accounted for. In the second approach, the data are categorized on the basis of

statistics calculated for each flow within the scene. Interpretation is based upon the

statistics of the data themselves.

Common to both techniques used in this study was the selection of image pixels

on lava flows whose relative age had been estimated during fieldwork or from aerial

photographs. Selection of polygons of pixels is based on several criteria which are

intended to ensure that the surfaces being compared are alike in all respects except their

surface reflectance. Firstly, the nature of reflectance from surfaces is known to be highly

correlated with surface roughness. This effect is evident in the TM data (Figure 3.5)

where a'a flows are blue and pahoehoe and toothpaste lavas are red to orange. In order to

reduce variation in the TM data due to surface roughness I selected polygons only from

a'a flows. Secondly, the flows were required to be vegetation free because the reflectance
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of vegetation may mask the true reflectance of the lava flow. Finally, the flows were

selected so that the trend of change in reflectance with age could be determined for as

many flows as possible, particularly those for which no estimates could be made from

stratigraphic relationships. The selection of pixel values was achieved using the Land

Analysis System (LAS) computer package. Where possible a number of polygons were

selected to ensure as large a sample from each flow as possible. A description of the two

methodologies used is now presented with the basic operations outlined in flow charts in

Figure 3.6.

3.3.1 Estimating lava flowages from stratigraphic relationships

Estimates for the relative ages of lava flows on Volcan Fernandina were obtained

by three methods. Firstly, I examined the literature to try to determine the location of

historic lava flows. Secondly, and most usefully, observations made in the field during

September 1989 enabled the stratigraphic relationships between flows to be determined. I

corroborated these field observations by the interpretation of aerial photographs obtained

from CLIRSEN (Centro de Levantamientos Integrados de Recursos Naturales por

Sensores Remotos) in Quito, Ecuador. Finally, I examined the 1M data to determine the

relative ages of adjacent flows in those regions which I was unable to visit and for which

aerial photographs were not available. This really only provides a means of determining

the relative ages of pairs of adjacent flows but, given the difficulties of field access, I

considered this a worthwhile approach. I stress that the actual period of time that elapsed

between the eruption of adjacent flows is unknown and the interpretations made here are

of relative ages.

The first stage of dating the lava flows on Volcan Fernandina was to identify

recent flows from the historical record. This proved remarkably frustrating. Although

the volcano erupted 22 times since 1813, much of the effusive activity was confined to



172

the caldera. Intra-caldera lava flows were erupted in 1972, 1973 1976, 1977, 1978,

1984, 1988, and 1991 [McLelland et al., 1989; Chadwick et al., 1991]. Many flows in

the caldera are obscured in the TM data by subsequent debris deposits from the caldera

walls. During my visit in 1989 I observed a large number of debris avalanches (e.g.,

Figure 2.36) which potentially could obscure the true nature of the reflectance of a lava

flow by masking the bare lava surface and because they act to produce local variation in

the opacity of the atmosphere. Consequently I did not examine any intra-caldera flows in

this study.

Aerial photographs collected on 26th March 1982 show a lava flow that originated

from 900 m of arcuate fissure on the S rim of the caldera and fed flows both into the

caldera to the N and to the S (Figure 3.7). Although the exact date of this eruption is not

known, the flows were not seen during a field visit in 1980 [Simkin, 1984]; they were

therefore erupted between December 1980 and March 1982. This flow was one of the

sites at which spectra were collected with the field radiometer (see section 3.6). Due to

the lack of detailed records for the location of historic lava flows on the flanks of Volcan

Fernandina this was the only well constrained age available for my study. The remainder

of the lava flowages I used in my study are field estimates of relative age.

Stratigraphic relationships observed in the field enabled some assessment of the

relative age of adjacent flow units in the Punta Espinosa region of Isla Fernandina (Figure

3.8). Despite efforts by myself, Snr. Oviedo-Perez and Drs. S Rowland, P. Mouginis

Mark and L. Wilson, we could gather only a limited amount of relative age data due to the

rough terrain. It is difficult to obtain much detail regarding relative ages of flows from

the stratigraphic relationships seen in the field because of the complexity of the flow

boundaries and the uncertainty of dealing with flows that are not adjacent to each other.

The least that can be achieved is to determine the relative ages of two adjacent flows. The
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best result (obtained by combining field observations with aerial photographs) was a

determination of the relative ages of a sequence of six flows (Figure 3.9). Because I

know that the age of the flow on the SE rim of the caldera is between 1980 and 1982 then

a maximwn of seven consecutive flowages were determined. This chronology is used to

examine the relationships between TM data values and relative age. The lava flows that

were used for my analysis are shown in Figure 3.10. The location of each sample

polygon is shown in Figure 3.11. A summary of their relative ages is presented in Table

3.3.

3.3.2 Analysis of the reflectance properties of lava flows on Volcan
Fernandina

The conversion of raw TM Digital Numbers (DNs) into units of surface

reflectance requires two kinds of corrections: 1) those that are related to the instrument

itself and 2) those that are related to the transmission properties of the atmosphere and the

shape of the blackbody curve of radiation emitted by the Sun (Figure 3.12). Firstly, an

adjustment for sensor offset and gain differences between bands must be made. Natural

surfaces contain a wide range of surface materials. The aim of a remote sensing system is

to record as full a range of reflectances over as many different materials as possible.

Therefore in each waveband of the TM, the individual sensors are set at differing offsets

(zero signal level), and gains (degree of amplification of the signal). In order to calculate

ratios between bands we must convert the Digital Number (DN) values (Table 3.4) of the

individual bands for each sample polygon into a single consistent unit. This is achieved

using ancillary data provided with the TM scene that allows conversion of DN into units

of radiance for each band [Markham andBarker, 1986]. The conversion equations used

for this study are presented in Table 3.5 and the mean value of radiance for each polygon

sampled is presented in Table 3.6.
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The second type of correction that is required to calculate surface reflectance from

the TM data is related to the shape of the blackbody curve of the Sun (Figure 3.12) and to

the presence of the Earth's atmosphere. Remotely sensed data from orbital satellites are

acquired by the measurement of at sensor radiance. In the visible and near infrared, this

energy is derived from impingement of solar radiation on the Earth's surface after passage

though the atmosphere, interaction with the surface material resulting in reflectance of

varying intensity and finally, outward passage through the atmosphere [Richards, 1986].

Some consideration must be given to the fact that the amount of energy that impinges on

the Earth varies with wavelength. As can be seen in Figure 3.12, for the portion of the

visible to near infrared region of the electromagnetic spectrum covered by the TM (0.4

um- 2.35 urn), there is steep drop off in the amount of irradiance that reaches the top of

the Earth's atmosphere. Additionally, the transmission of the Earth's atmosphere varies

with wavelength and this must be accounted for when examining reflectance in different

wavebands.

The Earth's atmosphere is an extremely complex mixture of gases and aerosols

(particles) that absorb and scatter electromagnetic radiation. Absorption by electronic

vibrational and rotational processes in gaseous molecules converts incoming energy into

heat. Oxygen, carbon dioxide, ozone and water vapor all have distinct, strong absorption

bands in the visible and near infrared (Figure 3.12). These regions are not useable for

orbital satellites. Scattering is thus the main process that may distort the reflectance of a

material as recorded in remotely sensed data. Scattering is an additive process, causing

an anomalously high value to be recorded by remote sensors.

Two main types of scattering mechanism occur in the Earth's atmosphere.

Firstly, Rayleigh scattering is a product of interaction with air molecules themselves. The

amount of Rayleigh scattering is described by an inverse fourth power function of the
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wavelength of electromagnetic radiation. This relationship explains why the sky is blue

on clear days. Rayleigh scattering dominates the scattering by the atmosphere and is most

intense at shorter wavelengths. Thus blue light dominates what the human eye detects

from the sky.

Secondly, Mie scattering occurs as the result of interaction with dust particles.

Mie scattering is weakly wavelength dependent until the diameter of the particles involved

exceeds the wavelength of the light at which point such dependence disappears [Chahine,

1983]. In order to undertake band ratioing of the TM data we must have some

characterization of the atmospheric interactions that occur in each waveband that allows

calculation of the transmission of the atmosphere at different wavelengths. By adjusting

for the transmission properties of the atmosphere within each band one may then use the

DN values as a measure of surface material properties in each band without any

contribution from the atmosphere. Several different approaches to the removal of

atmospheric effects from remotely sensed data have been formulated. They fall into two

main categories; 1) image based methods that use the DN values themselves as a means of

determining band by band atmospheric corrections; and 2) radiative transfer models of the

atmosphere that may be adapted for particular local conditions at the time of data

collection.

In the first approach, the additive effects of scattering by the atmosphere are

removed by identifying pixels that are proposed to have zero reflectance, typically

shadowed areas, and examining their actual DN value. This value, often termed the

"Haze Value" is taken as the amount of radiance contributed by atmospheric scattering

and is thus subtracted from the value of each pixel prior to data analysis. As I have

previously noted, scattering effects are wavelength dependent, and therefore each band of

the remotely sensed data requires a different correction factor. This may be determined
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by the examination of the DN values in each band. Alternatively a model of the

wavelength dependency on scattering for the atmosphere may be calculated using only the

"Haze Value" from TM Band 1 as an estimateof the atmospheric conditions at the time of

data collection [Chavez, 1988]. The use of additive models is best suited to regions

where aerosols (dust) dominate the atmospheric interference with electromagnetic

radiation and to corrections in the visible portion of the spectrum [Chavez, 1988]. They

do not work well in tropical atmospheres such as that in the Galapagos region and do not

account for the absorptions and refractive variation of such atmospheres in the near

infrared region. Because my study utilizes both visible and near infrared data, I decided

to use a non scene dependent method to remove atmospheric effects. This involves the

use of a simulated atmosphere whose transmission over the wavelength region of interest

is modelled from a prior knowledge of molecular and physical processes.

A commonly available atmospheric model package developed by the U.S. Air

Force and widely applied to remotely sensed data is LOWTRAN 7. This model has the

dual function of removing the effects of variation in the solar irradiance curve and

removing atmospheric effects in one iteration of the software. The LOWTRAN package

provides for a wide range of simulated atmospheres that vary in moisture and aerosol

content and thus exhibit different scattering and refractive properties that are modelled

using radiative transfer theory. For this study I chose an atmosphere that adjusted the

raw TM values such that the spectrum of the lava flow on the SE rim of Volcan

Fernandina's caldera was a match for that of fresh basalt (e.g., Figure 3.1). This

approach circumvents to some extent the lack of detailed atmospheric measurements at the

time that the TM scene was collected (May 1985). The model used was that of a

"midlatitude summer". Each TM band is convolved with the solar spectrum across its

bandwidth and with a downward and upward transmission path for the atmosphere. This
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produces a set of coefficients that allow a comparison of the DN in each TM band in units

of scaled reflectance (Table 3.7). Mean reflectance values for each polygon are presented

in Table 3.8 and images of reflectance in each waveband are shown in Figure 3.13.

These images were then used to calculate band ratios to highlight the effects of iron

oxidation on the surface of the lava flows.

As discussed in Section 3.2, a ratio of surface reflectance values in TM Band 4 to

TM Band 5 will emphasize the variation in absorption in Band 4 that is a result of electron

shell transitions in the ferric (Fe3"1 ion in crystalline mineral assemblages (Figure 3.3)

[Davis et al., 1987]. The values of this ratio are shown in Figure 3.14a and Table 3.9.

Figure 3.14b is a plot of the ratio of reflectance in TM band 4 to reflectance in TM band 5

against relative age for the sequence of flows whose relative stratigraphic ages are known

(section 3.3.1). This figure illustrates that no significant relationship exists between the

. TM band 4 to TM band 5 ratio and lava flow relative age and it is therefore not possible to

predict the relative ages of the remaining lava flows I sampled from the TM data.

A plot of the difference between the surface reflectance values in TM Band 3 to

TM Band 1 will similarly emphasize the effect of increasing ferric iron content on the lava

flow surface in non crystalline mineral assemblages (Figure 3.4)[Abrams et al., 1991].

The values of this band combination are shown in Figure 3.15a and Table 3.10. Figure

3.15b is a plot of these values against the relative age of lava flows determined in the field

and from aerial photographs (section 3.3.1). From this figure I conclude that no

significant relationship exists between this band combination and the relative age of lava

flows sampled in this study.
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3.3.3 Multivariate statistical analysis of TM data

3.3.3.1 Methodology

I also used multivariate statistical analysis to examine specific spectral features

within the TM data. This approach does not require the rigorous corrections for

atmospheric effects when studying surface reflectance (section 3.3.2). In addition to

examining spectral features of the lava flows I also aimed to evaluate the efficiency of

multivariate statistical techniques in comparison to those that investigate surface

reflectance.

I applied an adaptation of principal components analysis (PCA) [Davis, 1986].

Although originally developed as a tool to reduce data dimensionality, recent emphasis on

the use of PCA in image processing has been on the examination the spectral character

and distribution of surficial materials. PCA is a technique that is based upon the

calculation of the eigenvectors and eigenvalues of a covariance matrix that expresses the

manner in which variables, in the remote sensing case, DN values in individual

wavebands, are correlated. The original values are re-plotted on a new set of "axes", the

Principal Components (PC), that are uncorrelated and account for successivelyless of the

variance in the dataset. The position on these new "axes" of each of the original data

values is determined by the eigenvector loadings, and the percentage of the total variance

of the original data is expressed by the eigenvalue of each PC.

The key aspect of PCA for the research presented here is the manner in which we

may interpret the transformed values in the PCs in terms of the physical properties of the

surfaces being examined. Two separate approaches have previously been developed

which utilize PCA to examine specific surface properties. Crosta and McMoore [1989]

developed a methodology called Feature Oriented Principal Components Selection

(FPCS) which examines the eigenvector loadings in four chosen TM bands. The
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loadings in the higher PCs may be interpreted as indicators of reflectance in each band.

Thus by careful selection of bands to be used in the PCA, specific spectral features may

be highlighted. Chavez andKwarteng [1989] used the term "selective" PCA to describe a

techniq~e of selecting poorly correlated pairs of TM bands to highlight spectral

information unique to each band in a single image.

The underlying principle in the FPCS PCA technique is that correlations between

bands that arise as a consequence of a spectral feature that is indicative of a particular

material will be manifested in the eigenvector loadings as moderate to high positive values

in the band where a reflectance maximum occurs and moderate to high negative values in

the band where an absorption minimum occurs. The other bands will contribute only a

small amount to the value of the PC. They will have low values that may be either

positive or negative. Interpretation of the physical parameters that cause correlations and

the strength of the correlation manifested in the PCs allows the selection of one PC as the

best indicator of the feature of interest. Thus, the dominant correlation that occurs

between bands in remotely sensed data (that due to overall brightness (albedo)

differences) is manifested in PC 1, the second strongest correlation that is a result of the

presence of vegetation is manifested in PC 2 and the higher order PCs highlight

individual spectral features of the surface materials [Loughlin, 1991].

The selective PCA approach examines bands that are uncorrelated in the original

data. By selection of band pairs with low correlation a PCA analysis will map common

spectral features to PC 1 and information that is unique within each band to PC 2. Thus

maximum contrast between areas of differing spectral properties is achieved in PC 2.

This is particularly useful if two spectral features of interest are located in different bands;

by "selective" PCA the information that relates to both features may be highlighted in one

image [Chavez and Kwarteng, 1989].
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Prior to transforming the TM data with PCA, some consideration as to the nature

of the technique and the way in which TM data are collected is necessary. The variance in

each band of the TM sensor is a function of the reflectance of the materials that fall within

the field of view, the amount of irradiance from the Sun (Figure 3.12), and the offset and

gain setting for the band. Thus as irradiance falls off at longer wavelengths (a

consequence of the Plank function that defines the shape of the emittance curve of the

Sun) the sensors in the TM wavebands are adjusted to be more sensitive so as to allow

maximum detection and discrimination of materials at all wavelengths.

The variation in irradiance, and the offset and gain of the sensors, may therefore

obscure the information in the data that is the result of reflectance differences on the

ground. How such instrument effects may dominate the result of PCA may be seen from

an examination of Table 3.lla. This table shows the mean and standard deviation for

each TM band and the results of PCA prior to any corrections being applied. In this

example the high gain ("sensitivity") for TM band 5 is responsible for the large standard

deviation in this band. This large standard deviation will result in a bias in the

eigenvector loadings for band 5 in PC 1 that will be unrelated to reflectance properties

within the scene. Examination of Table 3.lla shows this to be the case. The

eigenvector loading for TM band 5 in PC 1 is -0.80; multiplying this loading by the mean

DN value yields the value -13.86. For TM band 1 the same calculation yields a value of

18.58 thus the influence of TM band 5 on the value in PCl is almost equal to that of TM

band 1 even though the amount of reflected energy in TM band 5 is less than 25 % of that

in TMband 1.

The solution to this problem is to standardize the data from the individual TM

bands prior to undertaking PCA thereby giving each band equal mean and standard

deviation [Singh and Harrison, 1985]. The eigenvector loadings in each successive PC
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may then be interpreted in terms of the reflectance properties of the surface.

Computationally I standardized the TM data by using the calculated mean and standard

deviation values for the raw data (Table 3.lla) to redistribute the values in each band

such that their new means would be the similar (Table 3.llb). The question arises of

how similar should these recalculated means and standard deviation for each band be?

The mean and standard deviation of DN values for each band shown in Table 3.11a

indicates that the means differ widely between bands and distribution of values in each

band differs (the problem I am attempting to redress) but is very narrow. In

standardizing the band means and standard deviations the first step is to construct a

cumulative histogram for each band. The original values are then replotted onto a normal

distribution that has a minimum of zero and a maximum of 255 with the 50th percentile of

the original data assigned to the mean value of the original data. Given normally

distributed data to begin with the mean value would be 128; however in the case of the

TM data used here the data distribution is highly non-Gaussian in each band and we thus

are left with a situation where the means of the redistributed data are not 128 nor are they

identical (Table 3.l1b). Additionally, the very narrow range of DN values result in

slightly different standard deviations for each band of the redistributed data. I present my

analysis on the closest result to equalization of band means and standard deviations that I

could obtain using the software available in LAS.

In both FPCS and the "selective" PCA, specific features of interest are highlighted

with PCA by selection of bands in which we predict spectral contrast [Chavez and

Kwarteng, 1989; Loughlin, 1991]. As outlined in section 3.2, an examination of the

reflectance spectrum of Fe3+ minerals (Figure 3.2) shows that reflectance should show an

increase between TM band 1 and band 3, show a marked decrease in band 4 due to the

strong absorption band of the Fe3+ ion, and an increase in reflectance in TM band 5. I
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therefore chose combinations of bands 1 and 3, bands 3 and 4 and 4 and 5 to highlight

this spectral contrast in PC 2 of the resultant images. A second rationale for the

"selective" PCA approach is to select those bands with the lowest correlations. I selected

band 1 ~n combinations with bands 5 and 7, band 2 in combinations with bands 5 and 7

and band 3 in combinations with bands 5 and 7 separately (see correlation matrix. Table

3.12). The band statistics and PCA eigenvector loadings and eigenvalues are presented in

Table 3.13.

3.3.3.2 Results of multivariate statistical analysis

The results of PCA on the band combinations of 1 and 3, 3 and 4 and 4 and 5 are

shown in Figures 3.16. From Table 3.13 it can be seen that between 28.11 and 27.66

percent of the total variance in the two bands is contained in PC2. It is difficult to

interpret the images visually because of the large amount of noise, but generally the most

distinct tonal variations are between a'a (dark) and pahoehoe, ash deposits and vegetated

areas (light). The lack of distinction between the areas of 1968 ash deposit and those that

I observed to be covered with scrub vegetation when in the field, makes it difficult to

distinguish the true nature of the distribution of the 1968 ash deposits from the TM data.

It also precludes identification of other such ash deposits that might be incorporated as

stratigraphic markers when constructing a chronology for lava flows. Figure 3.17 shows

that for flows whose relative ages were calculated there is no relationship between age

and DN value in PC2 of any of these two band combinations.

For those combinations of two bands made on the basis of low correlation (band

1 with 5 and 7; band 2 with 5 and 7; and band 3 with band 5 and 7), the eigenvector

loadings shown in Table 3.13 show that between 33.17% and 39.97% of the total

variance in the data is contained in PC2. The images show a moderate degree of contrast

between lava flows but appear speckled and somewhat hard to interpret visually (Figures
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3.18). For those flows for which the relative ages were determined (Table 3.3) I plotted

the DN values in PC2 of each of the dual band combinations to determine if any

significant relationships existed with relative age.(Figures 3.19). These graphs indicate

that no significant relationships exists between the values in PCZ and the relative age of

lava flows.

In order to examine these characteristics of Fe3+ bearing minerals using FPCS I

used a combination of TM bands 1,3,4 and 5. Table 3.14 contains the eigenvector

loadings and eigenvalues for the PCA of this combination of 4 bands and Figure 3.20a

shows the individual PC images. The loadings may be interpreted in terms of image

values in the following manner. PC1 is an "overall brightness" or albedo image. The

approximately equal contribution to the PCl value from each of the original TM bands is

an indication of the standardization that was undertaken to remove the effects of band gain

and offset differences. The loadings in PC 4 for the TM band 1, 3,4 and 5 PCA indicate

that a dark pixel represents low reflectance in TM band 4, and high reflectance in TM

band 3 (red) and high reflectance in TM band 5 (near infrared). These are the reflectance

characteristics of high concentrations of Fe3+.

From Figure 3.20a it can be seen that discrimination between flow boundaries in

PC4 is difficult and the image is extremely speckled. For the seven flows which have

been placed in a consecutive relative age sequence (Table 2.3), the DN values in PC4 are

plotted in Figure 3020b. This graph shows that no significant relationships exist between

the DN value in PC4 and the relative age of a lava flow. My interpretation of this result is

that, although the eigenvector loadings indicate that we may isolate variance within the

original data that is the result of spectral behavior typical of ferric oxide, the amount of

variation within PC4, 11.37% (Table 3.14), is insufficient to allow the establishment of a

relationship between age and surface reflectance of the lava flows I examined.
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3.4 ANALYSIS OF FIELD RADIOMETER DATA

Field radiometry is frequently used to assist in the interpretation of remotely

sensed data that have been used to study a natural phenomenon over an extensive area

[e.g., Rothery and Lefebvre, 1985]. A field radiometer is designed to measure radiance

over small areas of the ground and these data may be converted to surface reflectance

either by using a simultaneous measurement of incoming irradiance or by comparison of

the radiance from the ground with a standard of known reflectance such as a photographic

grey level standard [Milton, 1989]. I made radiometer measurements to serve two

functions. Firstly, I attempted to characterize each of the three dominant lithological types

observed on Volcan Fernandina; a'a basalt, pahoehoe basalt and ash (base surge) deposit.

This would allow a description of each pixel in the TM data in terms of the three major

components and thereby enable an accurate mapping of the ash (base surge) deposit and

an assessment of the ratio of a'a to pahoehoe on Volcan Fernandina. Secondly, by

selecting field sites that represent successively older a'a lava flows, I might undertake an

analysis to determine how their surface reflectance changes with age. I now outline the

philosophy and practical considerations of the design of the field radiometer. The

methodology for collection of data in the field is then described. Finally the steps for

laboratory calibration and reduction of the data are presented.

3.4.1 Design of the field radiometer

The basic requirements of instrument design were that it should be transportable,

robust and mimic as closely as possible the bandwidths of the remotely sensed data

collected by the LANDSATTM (Table 3.1). An optics free field of view (FOV) of 28°

was constrained by a matt black baffle design (Figure 3.21). Two sensors were used to

measure incoming radiance from the instrument field of view; a silicon detector sensitive
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in the region 360 to 1100 om (Figure 3.22a), and a germanium detector sensitive in the

850 to 1100 om region (Figure 3.22b) A selection of 5 bands were made using wheel

mounted optical filters (Figure 3.23), to cover the band widths of bands 1 through 5 of

the LANDSAT TM instrument Matching the bandwidths of the TM exactly would have

been enormously expensive and so I based the selection of filters for the radiometer on

their match to the TM band centers. A United Detectors Technology Meter was used to

display the detected radiance as Watts cm-2 sr-l from the sampled sites. The radiometer is

light, compact and uses rechargeable nickel cadmium batteries that provide operational

power for up to 30 hours.

No attempt to cover TM bands 6 (10.4 - 12.5 urn) and 7 (2.08 - 2.35 urn) was

made for two different reasons. Firstly, investigation of the image data revealed a high

correlation (0.95) between the values in TM bands 5 and 7 (Table 3.12), and therefore

extension of the field radiometer sensor capabilities to these wavelengths, which would

have required a new sensor head, was considered to hold little potential. Secondly, the

development of a thermal infrared radiometer to cover TM band 6 (10.4-12.5 Jl.Il1) would

have required a complex cooling system and calibration source and was deemed

unnecessary to the goals of this study which center on the investigation of surface

reflectance in the visible and reflected infrared region.

3.4.2 COllection of field radiometer data

The field radiometer was mounted upon a tripod at a height of 1.26 m to maintain

consistency in the area of the ground that fell within the instrument FOV (Figure 3.24).

Great difficulty was encountered in achieving such consistency due to the uneven nature

of the terrain. Measurements of reflectance are obtained by ratioing the signal recorded

from the ground to the signal from a reflectance standard. Although this method is less
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precise than the use of simultaneous measurement of incoming irradiance, our weight and

transportability requirements precluded such an approach.

Typically, materials such as Halon or Magnesium Oxide powder are used as

reflectance standards in the laboratory because they show a high and uniform reflectance

in the visible and near infrared region of the electromagnetic spectrum. In the field,

however, maintaining such powder standards is difficult and I used Kodak Grey cards as

a reflectance standard. In order to ensure that the FOY of the instrument was filled by the

Kodak Grey Card 4 individual cards were attached to a card base creating a total surface

area of 0.11 m2 (the FOY of the instrument at 36 em below the plane of the optical sensor

is 0.026 m2). Although the reflectance of these cards is not entirely uniform throughout

the visible and near infrared region [Milton, 1989] and they do not show true Lambertian

behavior [Kimes and Kirchener, 1982; Philipson et al., 1989; Milton, 1989] correction

factors may be calculated in the laboratory to remove these effects (see Section 3.4.3.).

For each waveband, a measurement was made of the ground for 20 seconds

(Figure 3.25a) followed by a measurement of the Kodak Grey Card for 20 seconds

(Figure 3.25b). The grey card was placed horizontally at a distance of 36 em from the

plane containing the radiometer sensors in order to ensure that the FOY was filled by only

the card. This procedure was repeated 12 times for each waveband. The goal of this

procedure was to overcome the natural variability in illumination that occurs whilst

recording data at each site. By recording 12 sets of measurements I could calculate a

mean value of reflectance for each waveband. At each site a measurement of Sun Zenith

Angle and Sun Azimuth Angle (these terms are defmed in Figure 3.26) were recorded at

the beginning and end of data recording.
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3.4.3 Calibration and reduction of field radiometer data.

In order to compare the field radiometer measurements made at each site a number

of corrections are required to ensure that a true measure of surface reflectance is being

studied.' The properties of the reflectance standard and the changes in viewing and

illumination geometry must be accounted for. The reflectance properties of the Kodak

Grey Card in each of the field radiometer wavebands must be defined in order to ensure

that as accurate a measure as possible is obtained of the reflectance of each site. Previous

authors [e.g., Milton, 1989] have found that, although the cards show consistent

reflectance throughout the visible region, in the near infrared they may be highlyvariable.

Therefore each card used was calibrated against a Halon Standard using a

spectrogoniometer at the Planetary Geosciences Division, University of Hawaii. This

instrument allows a card and the standard to be viewed alternately in a variety of

illumination and viewing geometries.

3.4.3.1 Correction for Changes in Sun Zenith Angle

Kodak Grey Cards have been shown to exhibit non-Lambertian behavior in the

visible and near infrared [Kimes and Kirchener, 1982]. This means that as the Sun

Zenith Angle changes the measurement of reflectance for the card will change. The data

from Volcan Fernandina used in this study were collected at different times of the day and

thus at different Solar Zenith Angles. A correction must be applied to the data such that

the changes in reflectance of the card with changing Solar Zenith Angle are removed. The

correction curve for each waveband was calculated by using the spectrogoniometer at

Planetary Geosciences Division and is presented in Figure 3.27. For each site a

calculation of the Solar Zenith Angle was made by the following steps:

1) Calculate declination angle for location and day of year:
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Declination Angle =23.45 sin (360/365(284 + n)

where n is the day number with 1 being January 1st and 365 being December 31st

[Anderson, 1983].

2) Calculate Solar Zenith Angle for time of day that data were recorded:

The results are presented in Table 3.15

3.4.3.2 Correction for Shadows in FOV

A further correction must be applied to the radiometer data because of the effects

of shadows of the instrument that fall within the FOV during measurements (Figure

3.28). This problem arises because the instrument is mounted at a low height and

therefore at high Sun Zenith angles, and particularly with the Kodak: Grey card in use so

close to the instrument housing, shadows fall within the field of view. The normal

approach to circumventing this problem is to mount the radiometer on a tall gantry but in

this study the nature of the terrain on Volcan Fernandina prohibited use of such

equipment.

The correction for shadows within the field of view was made in two parts.

Firstly an estimation of the amount of shadow within the field of view for both the

ground and the card was made from straightforward trigonometry and secondly, a

measurement of the difference between irradiance falling within a shadow and that falling

outside of a shadow was made. This was achieved by measuring the radiance in each

waveband of the radiometer from a uniform surface, an asphalt parking lot, in full

illumination and in full shadow and calculating the difference between the measurements

for each band (Table 3.16). With the calibrated measures of the reflectance of the Kodak

Grey Cards, the calculated Sun Zenith Angle for each measurement, and the corrections

for amount of shadow within the field of view, it was then possible to calculate the

reflectance for each site in each band of the field radiometer. The measured values of
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reflectance in each band of the field radiometer for each of the 27 sites (Figure 3.29) are

presented in Table 3.17 and Figure 3.30.

3.4.4 Results

The a'a lava flows at which spectra were collected could be placed in a relative age

sequence determined from remotely sensed data and field observations (Table 3.3). I

examined their spectra for trends related to iron oxidation and by using the statistics of the

total set of spectra measurements in a cluster analysis. Plots of reflectance in field

radiometer band I minus band 3 and the ratio of reflectance in band 4 to band 5 are

shown in Figure 3.31. Each of these plots indicates that no relationship exists between

these parameters and the relative age of the lava flows sampled in the field

Cluster Analysis [Davis, 1986] was used to determine to what degree different

surface types could be discriminated This approach has the advantage of allowing all the

variables measured to be compared at one time for all the sites visited. It identifies those

sites that are similar in their reflectance in the bands of the field radiometer in groups or

"clusters" and uses the correlation coefficient as a measure of the separability of the

individual clusters. Figure 3.32 is the resultant cluster analysis of all the sites that I

sampled on Isla Fernandina. The correlation between all sites is between 0.82 and 0.99,

this means that the sites are very similar in terms of their reflectance in the bands of the

field radiometer. The sites fall into three clusters labelled A, B, and C on Figure 3.32.

However, within each cluster there are representative sites of the three main surface cover

types, base surge deposits, pahoehoe lava and a'a lava. Thus with the field radiometer

data there is no way to distinguish these cover types.

Figure 3.33 is the result of a cluster analysis of the a'a lava flows at which field

radiometer data were collected. The correlation between all sites ranges from 0.76 to

0.99 and thus these sites are very similar in terms of their reflectance in the bands of the
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Field radiometer. Additionally, 4 separate clusters labelled A, B C and D are formed by

the data. However, within clusters there is no consistent occurrence of sites from flows

of a similar age. For example Site 7 (Figure 3.29) from the a'a flow in the summit region

of Volcan Fernandina erupted sometime between December 1980 and March 1982

[Simkin, 1984] and Site 24, the oldest lava (Figure 3.8) that was visited during my

study, fall within cluster B and the correlation coefficient between them is 0.99. It is thus

not possible to establish any trend within the field radiometer data that describes the

changes in reflectance with age of the lava flows sampled on Volcan Fernandina.

3.5 DISCUSSION

In light of the well understood theoretical basis for the identification of ferric

oxides using visible and near infrared reflectance (section 3.2), and my observation in the

field that oxidation of lava flows is a omnipresent process on Volcan Fernandina, the

results of this chapter are extremely disappointing. Each of the three approaches to

investigate the relationship between the surface reflectance of recent lava flows in the

visible and near infrared wavelengths failed to identify a significant trend that might have

been used to produce a relative age chronology for the whole of Volcan Fernandina.

Without such a chronology, the major volcanological questions based upon an

assessment of the volumetric output of the volcano remain unanswered.

The practicalities of using the reflectance approach and the multivariate statistical

approach are very similar when using software packages such as LAS; neither technique

showed an advantage in terms of processing time or data volume. The reflectance

technique makes the assumption that the atmosphere is laterally homogeneous. During

my field visit to Volcan Fernandina I observed that continuous collapse activitywithin the

caldera produced a dust cloud above the caldera that subsequently was dispersed across

the northern flanks of the volcano. It is therefore possible that the assumption of a
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homogeneous atmosphere is violated at Volcan Fernandina. Although there was little

fumarolic activity at the time the LANDSAT TM data were collected, it should be borne in

mind for future remote sensing studies that this might also produce a local variation in the

transmission properties of the atmosphere, making it difficult to apply LOWTRAN

derived corrections.

The analysis ofTM data indicated that discrimination of lava flow boundaries was

possible but that the establishment of a relationship between lava flow surface reflectance

and relative age on the basis of spectral features related to ferric oxides was not. The

techniques used with the remotely sensed data have been rigorously applied after

development in areas such as Mauna Loa Hawaii, in which lava flows may bedated by

additional methods thereby corroborating, the results and thus I suggest that the surface

reflectance properties of the lava flows I used in this study are influenced by factors other

than ferrous to ferric iron oxidation. One possibility is that the microclimate regime on

Volcan Fernandina varies sufficiently to influence the chemical alteration of lavas.

Studies of surface coatings on recent lavas on Mauna Loa [Farr and Adams, 1984] have

revealed the importance of an influx of aeolian material and of variation in moisture levels

in the development of desert varnish and silica gel coatings. Such materials may

dominate the surface reflectance of lava flows on attaining thicknesses on the order of 50

urn [Buckingham and Sommer, 1983] and may mask the spectral behavior of ferric

oxides that were formed prior to the development of surface coatings. I suggest that the

location of Isla Fernandina means that considerable variation in the weather patterns may

occur on its flanks. The S and W flanks are exposed to the local south-easterly trade

winds whereas the N and E flanks are leeward of these prevailing winds [Colinvaux,

1984]. Additionally, the location of Isla Isabela may influence the amount of aeolian and
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pyroclastic material deposited on the flanks of Volcan Fernandina due to its proximity to

the eastern flank:.

My PCA analysis of the TM data indicated that although band combinationscould

be selected to highlight the spectral characteristics of ferric oxides no systematic trend

with age could be found. The eigenvector matrices and the proportion of the total data

variance contained in the higher order PCs indicated that weak correlations between the

selected bands exist. I interpret this to mean that the expected behavior of ferric oxides,

which would produce strong correlations between the selected band combinations, is not

manifest in these data. The importance of my conclusions from the analysis of TM data is

that they suggest that techniques for relative age dating based upon the reflectance

properties of lava flows in the visible and near infrared are not viable for Volcan

Fernandina. Future remote sensing missions to the islands should therefore focus on

other regions of the electromagnetic spectrum to provide useful data to interpret the

volcanology of the western Galapagos.

In the case of the field radiometer data a possible explanation for the failure of the

cluster analysis to separate a'a lava flows of different ages (Figure 3.33) may be the effect

of variation in surface roughness that produces different amounts of shadow on the flow

surface during data collection. Whilst in the field I recognized that considerable variation

occurs in the texture of a'a flows (Figure 3.34) and this may result in an inaccurate

measurement of surface reflectance. A solution to this problem would be to remove the

effects of variation in surface roughness at each site by characterizing the amount of

shadow for a given illumination geometry. Surface roughness of lava flows has

previously been described by statistics that are calculated from a sample of the mean

surface elevation at differing scales [Gaddis et al., 1990] and its effect on the radiance

from planetary surfaces has been modelled by [Hapke, 1984]. However, the problem
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has not been approached for field radiometry because the scales at which shadowing may

occur vary considerably and it is thus difficult to fully describe a surface. This problem

warrants further investigation because it is a key aspect of corroborating the

interpretations of remotely sensed data with field observations.
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Table 3.1 198

(A) Bandwidths of the LANDSAT Thematic Mapper(TM) sensorcarriedaboardthe

LANDSAT5 satellite [Markham andBarker, 1985]. (B) Bandwidths of the LANDSAT

Multispectral Scanner(MSS)sensor [Curran, 1983]. (C) Bandwidthsof the NS-0001

(Thematic MapperSimulator) an airborne sensorcarriedaboarda NASAoperatedDC-8

aircraft [Abrams et al., 1991].

A Landsat Thematic Mapper (TM) Bandwidth Characteristics.
Band Bandwidth (urn)

1 0.45 - 0.52 (Blue)

2 0.52 - 0.60 (Green)

3 0.63 - 0.69 (Red)

4 0.76 - 0.90 (Near infrared)

5 1.55 - 1.75 (Near infrared)

7 2.08 - 2.35 (Near infrared)

6 10.4 - 12.5 (Thermal infrared)

8 Landsat Multispectral Scanner (MSS) Bandwidth Characteristics

Band Bandwidth (urn)

4 (1) 0.50 - 0.60 (Green)

5 (2) 0.60 - 0.70 (Red)

6 (3) 0.70 - 0.80 (Near infrared)

7 (4) 0.80 - 1.00 (Near infrared)

C NS-OOI (Thematic Mapper Simulator) Bandwidth Characteristics

Band Bandwidth (J.Lm)

0.45 - 0.52 (Blue)

2 0.52 - 0.60 (Green)

3 0.63 - 0.69 (Red)

4 0.76 - 0.90 (Near infrared)

5 1.00 - 1.30 (Near infrared)

6 1.55 - 1.75 (Near infrared)

7 2.08 - 2.35 (Near infrared)

8 10.4 - 12.5 (Thermal infrared)
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Wavelength position of absorptions in iron oxide minerals. Band centers are indicated

where appropriate in parentheses. Data modified from [Bellet al., 1990].

Radical responsible Wavelength (J.lII1) Strength
for absorption

0 2- - Fe3+ 0.25 - 0.60 (0.40) Very Strong

Fe 3+ 0.405 Moderate

0.44 Moderate

0.53 - 0.56 Moderate

0.60 - 0.70 (0.65) Moderate

0.76 - 0.94 (0.87) Strong

Fe2+ 0.90 - 1.25 (1.00) Weak

----------------



Table 3.3

A summary of the relative agesof the lavaflowsexamined in this study.

FLOWID FLOWRELATIVE AGE COMMENTS
(Figure 3.11)

1 OLD Stratigraphically the oldest flow visited in the field. Spectrum Site # 24
2 Adjacent to Flow # 1. SpectraSites#25 and 27
3 Adjacent to Flow# 2
4 Adjacent to Flow# 3. SpectraSites# 10,11, and 12
5 Overlapping boundary of Flow# 4
6 YOUNG Overlapping boundary of Flow# 5. SpectraSites 15,16and 17

-
7 OLDER THANFLOW# 6 Adjacent to Flow# 6

8 OLD Overlain by Flow # 9
9 YOUNG Stratigraphically aboveFlow# 8

10 NOTDETERMINED Flowis not adjacentto other flows sampled in TM data\

11 NOTDETERMINED Flowis not adjacentto other flowssamplein TM data

12 OLD
13
14 YOUNG

15 OLD
16 YOUNG

17 NOTDETERMINED Flowis notadjacentto other flowssampled in TM data

18 OLD
19 YOUNG

20 OLD
21 YOUNG 8



Table 3.3 (continued)

A summary of the relativeages of the lava flows examinedin this study.

FLOWID FLOW RELATIVE AGE COMMENTS
(Figure3.11)

22 NOTDETERMINED Flowis not adjacent to other flows sampled in TMdata

23 OLD
24 YOUNG

25 OLD
26 YOUNG

27 OLD
28
29
30 YOUNG -
31 NOTDETERMINED Flowis not adjacent to otherflowssampled in TM data

32 OLD
33 YOUNG

34 NOTDETERMINED

35 NOTDETERMINED

36 NOTDETERMINED

37 OLD
38
39
40 YOUNG

41 YOUNG Flowon S rimof caldera erupted sometime between December 1980and
March 1983

~.....
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Table 3.4

Mean Digital Number (DN) values for each of the samples from lava flows (Figure 3.11) selected

for the analysis of the LANDSAT Thematic Mapper (TM) data.

SAMPLE BAND 1 BAND 2 BAND 3 BAND 4 BAND 5 BAND 7

SAl 72.55 21.75 22.13 13.66 17.08 10.75
SA2 72.95 21.95 22.69 14.27 16.31 10.11
SAJ 72.42 21.88 22.32 13.79 16.37 10.03
SA4 72.15 21.86 22.13 13.66 15.51 9.66
SA5 72.16 21. 78 22.00 13.40 16.06 9.99
SA6 72.09 21.81 22.04 13.70 16.23 10.10
SA7 80.65 28.17 32.73 20.37 20.37 11.68
SA8 72.26 21.81 21.93 13.34 16.54 10.26
SA9 72.10 21.75 21.98 13.39 14.47 9.13

SA10 72.49 21.85 22.20 13.35 14.65 9.18
SAll 72.10 21.74 21.94 13.38 14.88 9.30
SA12 74.29 22.90 23.88 14.31 15.60 9.27
SA13 74.88 23.96 25.02 14.91 16.26 9.77
SA14 72.10 21.77 21.99 13.36 13.59 8.59
SA15 71.67 21.72 21.94 13.18 14.29 9.02
SA16 71.42 21.36 21.79 12.87 13.06 8.19
SA17 74.55 23.05 24.32 14.94 14.08 8.41
SA18 71.75 22.16 22.70 13.75 14.86 9.29
SA19 71.66 21.96 22.44 13.07 14.28 8.89
SA20 71.75 22.08 22.54 13.43 14.64 9.10
SA21 71.92 22.22 22.99 13.78 14.69 9.04
SA22 70.51 21.64 21.79 12.42 12.75 7.94
SA23 71.20 21.80 22.16 13.03 14.36 8.99
SA24 71.61 21.88 22.15 13.04 13.67 8.44
SA25 71.74 21.55 22.02 13.13 14.28 8.81
SA26 71.43 21.95 22.46 13.61 15.81 9.79
SA27 71.93 22.23 23.02 14.36 17.07 10.63
SA28 71.35 21.69 22.31 13.56 15.57 9.50
SA29 71.59 21.93 22.34 13.48 14.86 9.34
SA30 72.03 22.16 22.82 14.07 15.99 9.80
SAJl 72.16 22.22 22.95 14.29 16.68 10.28
SAJ2 72.27 22.40 23.26 14.60 18.02 11.00
SAJ4 74.04 23.01 24.22 14.82 16.43 9.96
SA33 73.86 22.74 23.87 14.47 16.52 10.19
SAJ5 73.26 22.35 23.22 14.11 15.54 9.55
SA36 73.32 22.35 23.26 14.28 15.87 9.72
SAJ7 73.93 22.48 23.57 14.75 16.99 10.53
SAJ8 72.91 22.21 22.84 14.29 16.06 9.81
SAJ9 73.89 22.38 22.90 14.57 17.61 10.89
SA40 73.01 21.97 22.46 14.16 16.08 9.95
SA41 73.38 22.24 23.01 14.50 16.82 10.37
SM2 72.92 22.13 22.42 14.28 16.14 10.10
SA43 71.63 21.27 21.70 13.31 15.41 9.52
SA44 74.27 22.57 23.49 14.65 15.72 9.75
SM5 73.62 22.23 22.95 14.31 15.35 9.49
SA46 73.28 22.15 22.81 14.27 14.96 9.39
SM7 72.72 22.09 22.55 13.90 14.52 8.98
SM8 72.42 22.14 22.62 13.89 15.14 9.49
SA49 71.92 21.56 22.02 13.64 14.72 9.33
SA50 76.13 23.78 25.48 15.66 14.80 8.86
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Table 3.4 (continued)

Mean Digital Number (DN) valuesfor each of the samples from lavaflows (Figure 3.11)
selected for the analysis of theLANDSAT Thematic Mapper(1M) data.

SAMPLE BAND 1 BAND 2 BAND 3 BAND 4 BAND 5 BAND 7

SA51 76.45 24.36 26.37 15.97 15.59 9.18
SA52 76.18 24.37 26.39 15.98 15.85 9.34
SA53 76.19 24.27 26.25 15.98 15.61 9.14
SA55 75.92 23.92 25.84 16.01 16.55 9.47
SA56 73.52 23.08 23.76 14.60 14.68 9.06
SA57 72.83 22.36 22.90 13.98 13.70 8.61
SA58 72.49 22.02 22.34 13.60 13.14 7.96
SA59 72.99 22.52 23.14 14.18 13.97 8.79
SA60 72.98 22.47 23.49 14.41 14.57 8.85
SA61 72.64 22.63 23.16 13.74 12.99 7.76
SA62 73.46 22.43 23.31 15.04 18.08 11.21
SA63 73.29 22.79 24.22 15.21 18.04 10.99
SA64 72.94 22.00 22.78 15.26 19.34 11.82
SA65 73.48 22.68 23.55 15.83 20.82 12.79
SA66 75.39 23.96 25.74 16.74 20.75 12.66
SA67 74.66 23.31 24.47 15.07 15.77 9.57
SA68 75.32 23.37 24.84 15.46 16.77 10.07
SA69 76.23 23.87 25.48 15.69 15.11 9.04
SA70 75.73 23.78 25.15 15.14 13.86 8.29
SA71 74.92 23.44 24.79 14.98 14.21 8.52
SA72 74.97 23.05 23.92 14.72 13.48 8.36
SA73 75.11 23.57 24.49 14.70 13.35 8.30
SA74 82.23 28.16 32.45 20.95 23.92 13.55
SA75 80.13 27.20 29.87 18.57 19.49 11.27
SA76 74.50 23.36 24.66 15.18 15.90 9.52
SA77 75.34 23.15 24.58 15.45 16.93 9.95
SA78 78.05 26.33 29.37 20.73 32.40 18.74
SA79 75.48 25.54 28.62 22.87 41.89 20.92
SA80 76.61 23.68 25.38 15.75 17.64 10.56
SA81 77.92 24.86 26.92 16.99 18.31 10.77
SA82 79.16 25.73 28.50 18.21 20.85 12.59
SA83 81.03 27.19 30.43 19.59 23.80 13.91
SA84 77.82 24.97 27.26 17.15 18.68 11.40
SA85 81.66 29.99 36.02 25.24 34.66 20.60
SA86 81.90 28.54 32.72 23.54 34.40 18.84
SA87 75.95 23.55 25.24 15.84 18.96 11.67
SA88 72.16 24.13 27.03 17.01 19.03 11.42
SA89 76.91 24.34 27.03 17.43 22.07 13.13
SA90 77.63 24.76 27.44 17.14 18.77 10.66
SA91 74.85 23.08 24.25 14.73 15.59 9.14
SA92 74.33 22.82 24.40 14.73 13.91 8.40
SA93 74.45 23.08 24.05 14.76 14.36 8.77
SA94 77.97 26.00 29.74 20.16 25.46 13.86
SA95 73.60 22.66 24.20 15.12 16.95 10.26
SA96 70.77 21.96 22.96 14.63 16.17 10.09



Table 3.5

Equations for the conversion of TM band DN to at sensor radiance [Markham and

Barker, 1986].

Equations for Conversion of TM band DN to at sensor radiance

Band 1: Radiance =-0.15 + 0.062 DN

Band 2: Radiance =-0.28 + 0.118 DN

Band 3: Radiance =-0.12 + 0.081 DN

Band4 : Radiance =-0.15 + 0.082 DN

Band 5: Radiance =-0.037 + 0.011 DN

Band 7: Radiance =-0.015 + 0.0058 DN

204
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Table 3.6

Radiance values in mWem-1 J.lII1-1 str" for sample polygons (Figure 3.11) in TM bands 1
through 5 and 7.

SAMPLE BAND 1 BAND 2 BAND 3 BAND 4 BAND 5 BAND 7

SAl 4.2175 2.2868 1.6722 0.9700 0.1509 0.0473
SA2 4.2414 2.3104 1.7177 1.0202 0.1424 0.0436
SAJ 4.2096 2.3015 1.6879 0.9806 0.1431 0.0432
sA4 4.1933 2.2995 1.6726 0.9702 0.1336 0.0410
SA5 4.1941 2.2896 1. 6620 0.9484 0.1396 0.0430
SA6 4.1898 2.2938 1.6654 0.9731 0.14j.5 0.0436
SA7 4.7049 3.0435 2.5311 1.5202 0.1871 0.0527
sA8 4.1999 2.2941 1.6562 0.9441 0.1450 0.0445
SA9 4.1906 2.2862 1.6601 0.9480 0.1222 0.0379

SA10 4.2137 2.2985 1.6785 0.9443 0.1241 0.0382
Slll 4.1902 2.2848 1.6568 0.9468 0.1267 0.0389
SA12 4.3222 2.4226 1.8142 1.0237 0.1346 0.0387
SA13 4.3580 2.5467 1.9064 1.0727 0.1418 0.0417
SA14 4.1902 2.2888 1.6612 0.9452 0.1125 0.0348
SA15 4.1646 2.2827 1.6572 0.9310 0.1202 0.0373
SA16 4.1493 2.2408 1.6453 0.9055 0.1067 0.0325
SA17 4.3381 2.4398 1.8497 1.0753 0.1179 0.0338
SA18 4.1696 2.3348 1.7183 0.9778 0.1264 0.0389
SA19 4.1638 2.3112 1.6974 0.9219 0.1201 0.0366
SA20 4.1696 2.3253 1.7055 0.9509 0.1241 0.0378
SA21 4.1799 2.3417 1.7421 0.9801 0.1246 0.0374
sA22 4.0948 2.2737 1.6450 0.8682 0.1033 0.0310
SA23 4.1363 2.2927 1.6749 0.9188 0.12j.0 0.0371
SA24 4.1609 2.3018 1.6744 0.9194 0.1133 0.0339
SA25 4.1689 2.2633 1.6635 0.9265 0.1201 0.0361
SA26 4.1501 2.3105 1.6996 0.9664 0.1369 0.0418
SA27 4.1799 2.3436 1.7444 1.0276 0.1508 0.0467
SA28 4.1454 2.2795 1.6874 0.9616 0.1343 0.0401
SA29 4.1596 2.3078 1.6896 0.9553 0.1265 0.0391
SA30 4.1864 2.3344 1. 7282 1.0034 0.1389 0.0418
SA31 4.1942 2.3417 1. 7393 1.0217 0.1465 0.0446
SA32 4.2009 2.3638 1. 7639 1. 0475 0.1612 0.0488
SA34 4.3071 2.4358 1.8418 1.0651 0.1437 0.0428
SA33 4.2962 2.4031 1.8133 1.0368 0.1447 0.0441
SA35 4.2603 2.3576 1.7607 1.0071 0.1340 0.0404
SAJ6 4.2636 2.3569 1.7638 1.0209 0.1376 0.0414
SA37 4.3008 2.3724 1.7888 1.0593 0.1499 0.0461
SA38 4.2394 2.3406 1.7299 1.0222 0.1397 0.0419
SA39 4.2980 2.3610 1.7351 1.0450 0.1567 0.0481
suo 4.2455 2.3119 1.6995 1.0113 0.1399 0.0427
SA41 4.2672 2.3447 1.7438 1.0387 0.1480 0.0452
SU2 4.2397 2.3315 1.6959 1.0209 0.1405 0.0436
SA43 4.1624 2.2296 1.6376 0.9417 0.1325 0.0402
SA44 4.3210 2.3838 1.7825 1. 0510 0.1359 0.0416
SA45 4.2819 2.3430 1. 7389 1. 0231 0.1319 0.0400
SU6 4.2615 2.3342 1.7274 1.0204 0.1275 0.0395
SA47 4.2280 2.3267 1.7064 0.9897 0.1227 0.0371
SA48 4.2096 2.3320 1.7120 0.9886 0.1295 0.0400
SA49 4.1794 2.2637 1.6636 0.9685 0.1249 0.0391
SA50 4.4328 2.5262 1.9441 1.1337 0.1259 0.0364
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Table 3.6 (continued)

Radiance values in roW em" JlIIl-1 str" for sample polygons (Figure 3.11) in TM bands 1

through 5 and 7.

SAMPLE BAND 1 BAND 2 BAND 3 BAND 4 BAND 5 BAND 7

SA51 4.4524 2.5940 2.0160 1.1598 0.1345 0.0382
SA52 4.4361 2.5957 2.0174 1.1606 0.1374 0.0391
SA53 4.4368 2.5842 2.0061 1.1605 0.1347 0.0380
SASS 4.4205 2.5429 1.9729 1.1625 0.1450 0.0399
SA56 4.2762 2.4437 1.8047 1.0471 0.1245 0.0375
SA57 4.2341 2.3585 1.7350 0.9961 0.1137 0.0349
SA58 4.2137 2.3180 1.6897 0.9649 0.1075 0.0312
SA59 4.2442 2.3774 1.7547 1.0132 0.1167 0.0350
SA60 4.2434 2.3714 1.7827 1. 0315 0.1233 0.0363
SA61 4.2228 2.3900 1. 7557 0.9763 0.1059 0.0300
SA62 4.2726 2.3667 1.7680 1.0829 0.1619 0.0500
SA63 4.2621 2.4094 1. 8419 1.0971 _ 0.1615 0.0487
SA64 4.2411 2.3160 1.7251 1.1017 0.1757 0.0536
SA65 4.2737 2.3960 1.7877 1.1479 0.1920 0.0592
SA66 4.3885 2.5473 1.9651 1.2225 0.1913 0.0584
SA67 4.3444 2.4706 1. 8620 1.0854 0.1364 0.0405
SA68 4.3841 2.4776 1.8919 1.1181 0.1474 0.0434
SA69 4.4390 2.5366 1. 9439 1.1365 0.1292 0.0374
SA70 4.4091 2.5259 1.9167 1.0913 0.1155 0~0331

SA71 4.3603 2.4862 1.8878 1.0780 0.1193 0.0344
SA72 4.3631 2.4398 1.8179 1.0573 0.1113 0.0335
SA73 4.3715 2.5010 1. 8634 1.0556 0.1099 0.0331
SA74 4.8003 3.0433 2.5086 1.5681 0.2262 0.0636
SA75 4.6740 2.9296 2.2997 1.3730 0.1774 0.0503
SA76 4.3349 2.4768 1.8777 1.0943 0.1379 0.0402
SA77 4.3853 2.4515 1. 8713 1.1165 0.1492 0.0427
SA78 4.5488 2.8269 2.2588 1.5498 0.3194 0.0937
SA79 4.3938 2.7337 2.1981 1.7256 0.4237 0.1063
SA80 4.4620 2.5137 1.9355 1.1417 0.1571 0.0462
SA81 4.5409 2.6535 2.0607 1.2436 0.1644 0.0475
SA82 4.6155 2.7565 2.1881 1.3436 0.1924 0.0580
SA83 4.7281 2.9289 2.3450 1.4560 0.2248 0.0657
SA84 4.5347 2.6660 2.0882 1.2561 0.1685 0.0511
SA85 4.7658 3.2588 2.7976 1.9200 0.3443 0.1045
SA86 4.7804 3.0876 2.5300 1. 7802 0.3414 0.0943
SA87 4.4223 2.4986 1.9243 1.1490 0.1716 0.0527
SA88 4.1939 2.5674 2.0692 1.2451 0.1723 0.0513
SA89 4.4800 2.5923 2.0696 1.2794 0.2058 0.0611
SMO 4.5232 2.6421 2.1023 1.2551 0.1694 0.0468
SMl 4.3559 2.4440 1.8446 1.0580 0.1345 0.0380
SA92 4.3247 2.4131 1.8567 1.0575 0.1160 0.0337
SA93 4.3319 2.4436 1.8276 1.0601 0.1210 0.0359
SM4 4.5436 2.7880 2.2893 1.5028 0.2431 0.0654
SA95 4.2804 2.3937 1. 8402 1.0896 0.1494 0.0445
SA96 4.1106 2.3114 1.7394 1. 0495 0.1408- 0.0435
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Table 3.7

Coefficients calculated fromLOWTRAN-7 atmospheric transmission model to allow

comparison of scaledreflectance in eachTM band.

TMBand LOWTRAN Conversion Factor
Number (Radiance to Scaled Reflectance)

1 2.2541

2 2.2606

3 1.5269

4 1.8388

5 0.11121

7 0.01392
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Table 3.8

Reflectance valuesin each TM bandfor the samplepolygonsused in this study as

calculated usingthe LOWTRAN-7 atmospheric transmission model.

SAMPLE BAND 1 BAND 2 BAND 3 BAND 4 BAND 5 BAND 7

sAJ. 1.8709 :1..0117 1.0951 0.5275 :1..3571 3.3989
SA2 1.8815 1.0221 1.1249 0.5548 :1..2805 3.1341
SAJ 1.8674 1.0182 :1..1054 0.5332 1.2867 3.0998
SA4 1.8601 1.0173 1.0954 0.5276 1.2010 2.9472
SA5 1.8605 1.0129 1.0884 0.5158 :1..2554 3.0852
SA6 1.8586 1.0148 :I.. 0907 0.5292 :1..2727 3.1297
SA7 2.0871 1.3465 :I.. 6576 0.8267 :I.. 6820 3.7867
SA8 1.8631 1.0149 1.0847 0.5134 :1..3036 3.1954
SA9 1.8590 1.0114 :I.. 0872 0.5155 1.0987 2.7244

SAJ.O 1.8692 1.0169 :I.. 0993 0.5135 1.1161 2.7450
SAJ.l 1.8588 1.0108 :I.. 0850 0.5149 :1..1391 2.7950
SA12 1.9173 1.0718 :1..1881 0.5567 1.2106 2.7821
SAJ.3 1.9332 1.1267 1.2485 0.5833 :1..2755 2.9916
SA14 1.8588 1.0126 1.0879 0.5140 1.0112 2.4995
SA15 1.8474 :I.. 0099 1.0853 0.5063 1.0812 2.6815
SA16 1.8406 0.9913 1.0775 0.4924 0.9595 2.3322
SAJ.7 1.9244 1. 0793 1.2114 0.5848 1.0601 2.4279
SA18 1.8496 1.0329 1.1253 0.5317 :1..1366 2.7924
SAJ.9 1.8471 :I.. 0225 1.1116 0.5013 1.0797 2.6267
SA20 1.8496 :I.. 0287 1.1169 0.5171 1.1157 2.7122
SA21 1.8542 :I.. 0360 1.1409 0.5330 1.1205 2.6874
SA22 1. 8164 1.0059 1.0773 0.4721 0.9288 2.2295
SA23 1.8349 1.0143 1.0969 0.4997 1.0880 2.6657
SA24 1.8458 1.0183 :I.. 0966 0.5000 1.0192 2.4366
SA25 1.8493 1.0013 1.0894 0.5039 :I.. 0801 2.5941
SA26 1.8410 :I.. 0222 1.1131 0.5255 1.2310 2.9991
SA27 1.8542 1.0368 1.1424 0.5588 :1..3562 3.3507
SA28 1.8389 1.0085 1.1051 0.5229 1.2078 2.8810
SA29 1.8452 1.0210 1.1065 0.5195 1.1372 2.8113
SAJO 1.8571 :I.. 0327 1.1318 0.5457 :1..2489 3.0044
SAJl 1.8606 :I.. 0360 :1..1391 0.5556 :1..3171 3.2028
SAJ2 1.8635 1.0457 1.1552 0.5696 1.4497 3.5032
SAJ4 1.9106 1.0776 1.2062 0.5792 :1..2920 3.0709
SA33 1.9058 :I.. 0631 1.1875 0.5638 1.3010 3.1669
SA35 1.8899 :I.. 0430 :1..1531 0.5477 :I.. 2048 2.9015
SA36 1. 8913 :I.. 0427 :1..1551 0.5552 1.2370 2.9719
SAJ7 1.9078 :I.. 0496 1.1715 0.5760 1.3477 3.3080
SAJ8 1.8806 :I.. 0355 1.1329 0.5559 1.2562 3.0088
SAJ9 1.9066 1.0445 :1..1363 0.5683 :I.. 4093 3.4577
SA40 1.8833 :I.. 0228 :1..1130 0.5500 1.2577 3.0657
SA41 1.8929 :I.. 0373 1.1420 0.5648 :1..3310 3.2438
SA42 1.8807 :I.. 0314 1.1106 0.5551 1.2637 3.1292
SA43 1. 8464 0.9864 1.0725 0.5121 1.1911 2.8868
SA44 1. 9168 :I.. 0546 1.1674 0.5715 1.2223 2.9852
SA45 1.8995 1.0365 :1..1388 0.5563 1.1860 2.8759
SA46 1.8904 :I.. 0326 1.1313 0.5549 1.1468 2.8335
SA47 1.8755 :I.. 0293 1.1175 0.5382 :1..1031 2.6625
SA48 1. 8674 1.0317 1.1212 0.5376 1.1646 2.8747
SA49 1. 8540 1.0015 1. 0895 0.5267 1.1232 2.8092
SA50 1.9664 :1..1176 :I.. 2732 0.6165 1.1316 2.6142
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Table 3.8 (continued)

Reflectance values in each TM band for the sample polygons used in this study as

calculated using the LOWTRAN-7 atmospheric transmission model.

SAMPLE BAND 1 BAND 2 BAND 3 BAND 4 BAND 5 BAND 7

sASl 1.9751 1.1476 1.3203 0.6307 1.2092 2.7459
SA52 1.9679 1.1484 1.3212 0.6311 1.2354 2.8118
SA53 1.9682 1.1433 1.3138 0.6311 1.2112 2.7286
SASS 1.9610 1.1250 1.2921 0.6322 1.3041 2.8679
SA56 1.8969 1.0811 1.1819 0.5694 1.1194 2.6956
SA57 1.8782 1.0434 1.1362 0.5417 1.0227 2.5094
SA58 1.8692 1.0255 1.1066 0.5247 0.9668 2.2395
SA59 1.8827 1.0518 1.1491 0.5510 1.0494 2.5833
SA60 1.8824 1.0491 1.1675 0.5609 1.1086 2.6079
SA61 1.8732 1.0574 1.1498 0.5309 0.9522 2.1571
SA62 1.8953 1.0470 1.1579 0.5889 1.4554 3.5943
SAG3 1.8907 1.0659 1.2063 0.5966 1.4521 3.4995
SA64 1.8813 1.0246 1.1298 0.5991 1.5801 3.8479
SA65 1.8958 1.0600 1.1708 0.6242 1. 7263 4.2517
SA66 1.9468 1.1269 1.2870 0.6648 1.7198 4.1954
SA67 1.9272 1.0930 1.2194 0.5902 1.2267 2.9103
SA68 1.9448 1.0961 1.2390 0.6080 1.3258 3.1159
SA69 1.9691 1.1222 1.2731 0.6180 1.1618 2.6878
SA70 1.9559 1.1174 1.2553 0.5934 1. 0385 2.3760
SA71 1.9342 1.0999 1.2363 0.5862 1.0724 2.4697
SA72 1.9355 1.0794 1.1905 0.5750 1.0004 2.4058
SA73 1.9392 1.1064 1.2203 0.5740 0.9879 2.3790
SA74 2.1294 1.3464 1.6429 0.8527 2.0336 4.5662
SA75 2.0734 1.2961 1.5061 0.7466 1.5954 3.6159
SA76 1.9230 1.0957 1.2297 0.5951 1.2400 2.8904
SA77 1.9453 1.0846 1.2255 0.6072 1.3419 3.0676
SA78 2.0178 1.2506 1.4793 0.8428 2.8720 6.7292
SA79 1.9491 1.2094 1.4395 0.9384 3.8103 7.6375
SA80 1.9794 1.1121 1.2675 0.6209 1.4123 3.3214
SA81 2.0144 1.1739 1.3496 0.6763 1.4785 3.4098
SA82 2.0475 1.2195 1.4330 0.7306 1.7298 4.1654
SA83 2.0974 1.2957 1.5357 0.7918 2.0211 4.7178
SA84 2.0116 1.1794 1.3675 0.6831 1.5152 3.6705
SA85 2.1141 1.4417 1.8321 1.0441 3.0959 7.5017
SA86 2.1206 1.3660 1.6569 0.9681 3.0703 6.7693
SA87 1.9617 1.1054 1.2602 0.6248 1.5427 3.7858
SA88 1.8604 1.1358 1.3551 0.6771 1.5493 3.6817
SA89 1.9873 1.1469 1.3554 0.6958 1. 8504 4.3917
SA90 2.0065 1.1688 1.3768 0.6825 1.5236 3.3623
SA91 1.9323 1.0812 1.2081 0.5754 1.2098 2.7316
SA92 1.9184 1.0675 1.2159 0.5751 1. 0433 2.4231
SA93 1.9216 1.0810 1.1969 0.5765 1.0877 2.5779
SA94 2.0155 1.2334 1.4993 0.8172 2.1857 4.6943
SA95 1.8988 1.0590 1.2051 0.5925 1.3435 3.1980
SA96 1.8235 1.0226 1.1392 0.5707 1.2664 3.1271



Table 3.9
Values ofTM band 4 to TM band 5 ratio for sample polygons used in this study.
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SAMPLE

SAl
SA2
SA3
SA4
SA5
SA6
SA7
SA8
SA9

SA10
SAll
SA12
SA13
SA14
SA15
SA16
SA17
SA18
SA19
SA20
SA21
SA22
SA23
SA24
SA25
SA26
SA27
SA28
SA29
SA30
SA31
SA32
SA33
SA34
SA35
SA36
SA37
SA38
SA39
SA40
SA41
SA42
SA43
SA44
SA45
SA46
SA47
SA48
SA49
SA50

4/5 RAT:I:O

0.3966
0.4388
0.4208
0.4508
0.4176
0.4214
0.4933
0.3975
0.4763
0.4657
0.4581
0.4769
0.4634
0.5166
0.4737
0.5190
0.5564
0.4711
0.4699
0.4687
0.4803
0.5168
0.4658
0.4970
0.4769
0.4352
0.4190
0.4425
0.4636
0.4432
0.4274
0.3975
0.4585
0.4426
0.4673
0.4608
0.4375
0.4528
0.4081
0.4435
0.4310
0.4447
0.4384
0.4783
0.4756
0.4906
0.4957
0.4692
0.4757
0.5550

SAMPLE

SA51
SA52
SA53
SASS
SA56
SA57
SA58
SA59
SA60
SA61
SA62
SA63
SA64
SA65
SA66
SA67
SA68
SA69
SA70
SA71
SA72
SAn
SA74
SA75
SA76
SAn
SA78
SA79
SA80
SA81
SA82
SA83
SA84
SA85
SA86
SA87
SA88
SA89
SA90
SA91
SA92
SA93
SA94
SA95
SA96

4/5 RATIO

0.5264
0.5171
0.5287
0.4939
0.5187
0.5376
0.5509
0.5333
0.5153
0.5677
0.4075
0.4155
0.3863
0.3667
0.3881
0.4888
0.4659
0.5420
0.5763
0.5550
0.5843
0.5926
0.4230
0.4703
0.4873
0.4585
0.3403
0.2561
0.4453
0.4635
0.4259
0.4137
0.4555
0.3517
0.3450
0.4087
0.4421
0.3915
0.4575
0.4900
0.5617
0.5354
0.3995
0.4487
0.4575



Table 3.10
Values of reflectance in TM band 3 minus reflectance in TM band 1 for the sample

polygons used in this study.

SAMPLE TM3 -TM 1 SAMPLE TM3 - TMl

SAl -1.3434 SA50 -1.3499
SA2 -1.3267 SA51 -1.3444
SAJ -1.3341 SA52 -1.3367
SA4 -1.3325 SA53 -1.3371
SA5 -1.3447 SASS -1.3288
SA6 -1.3294 SA56 -1.3275
SA7 -1.2604 SA57 -1.3366
SA8 -1.3497 SA58 -1.3445
SA9 -1.3434 SA59 -1.3318

SA10 -1.3557 SA60 -1.3214
SAll -1.3439 SA61 -1.3423
SA12 -1.3606 SA62 -1.3064
SA13 -1.3499 SA63 -1.2941
SA14 -1.3448 SA64 -1.2822
SA15 -1.3412 SA65 -1.2716
SA16 -1.3482 SA66 -1.2820
SA17 -1.3396 SA67 -1.3369
SA18 -1. 3179 SA68 -1.3368
SA19 -1.3457 SA69 -1.3511
SA20 -1.3325 SA70 -1.3625
SA21 -1.3212 SA71 -1.3480
SA22 -1.3443 SA72 -1.3605
SA23 -1.3352 SAn -1.3652
SA24 -1.3458 SA74 -1.2767
SA25 -1.3455 SA75 -1.3268
SA26 -1.3155 SA76 -1.3279
SA27 -1.2954 SA77 -1.3381
SA28 -1.3160 SA78 -1.1751
SA29 -1.3257 SA79 -1.0107
SAJO -1.3114 SA80 -1.3585
SAJl -1.3049 SA81 -1.3381
SAJ2 -1.2939 SA82 -1.3168
SAJ4 -1.3315 SA83 -1.3056
SA33 -1.3420 SA84 -1.3285
SAJ5 -1.3422 SA85 -1. 0700
SAJ6 -1.3362 SA86 -1.1525
SAJ7 -1.3318 SA87 -1.3369
SA38 -1.3247 SA88 -1.1833
SAJ9 -1.3383 SA89 -1.2915
SA40 -1.3333 SA90 -1.3240
SA41 -1.3281 SMl -1.3569
SA42 -1.3256 SA92 -1.3434
SA43 -1.3343 SA93 -1.3452
SA44 -1.3452 SA94 -1.1983
SA45 -1.3431 SA95 -1. 3063
SA46 -1.3355 SA96 -1.2528
SA47 -1.3373
SA48 -1.3298
SA49 -1.3273
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Table 3.11
(A) TM band statistics and results of PCA on unstandardized original DN values. (B) TM band statistics

and results of PCA on standardized data.

Band TMI TM2 TM3 TM4 TM5 TM7

McanDN 74.32 23.08 24.31 15.23 17.33 10.45

Standard 3.09 2.00 3.19 2.98 6.61 3.80
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 - 0.25 - 0.14 - 0.24 - 0.30 - 0.80 - 0.37 76.44

PC2 + 0.83 + 0.21 + 0.31 +0.09 - 0.38 - 0.10 11.73

PC3 - 0.33 + 0.16 + 0040 + 0.19 - 0044 + 0.69 4.25

PC4 + 0.35 - 0.22 - 0.63 - 0.23 - 0.07 + 0.60 3.92

PC5 - 0.05 + 0.37 - 0.52 + 0.75 - 0.13 - 0.10 1.98

PC6 - 0.07 + 0.85 - 0.13 - 0.50 + 0.08 + 0.03 1.69
tv-tv



Table 3.11 (continued)
(A) TM band statistics and results of PCA on unstandardizedoriginal DN values. (B) TM band statistics and results of PCA on

standardizeddata.

Band TMI TM2 TM3 TM4 TM5 TM7

Mean DN 133.0 137.0 135.0 137.0 134.0 135.0

Standard 70.66 68.52 68.32 67.12 68.62 69.00
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 + 0.50 + 0.39 +0.37 + 0.41 + 0.38 + 0.38 43.90

pe2 - 0.56 - 0.24 - 0.12 +0.06 + 0.37 + 0.68 18.10

PC3 - 0.63 + 0.66 + 0.21 + 0.19 - 0.03 - 0.28 12.23

PC4 - 0.12 - 0.57 + 0.42 + 0.42 + 0.33 - 0.44 10.20

PC5 - 0.11 - 0.14 + 0.63 + 0.03 - 0.68 + 0.33 8.24

PC6 0.00 + 0.03 +0.48 - 0.78 + 0.39 - 0.05 7.34
N.....
w



Table 3.12

Correlation matrixcalculatedfor standardized 1M data; bands 1 through 5 and 7.

Band 1M! 1M2 1M3 1M4 1M5 TM7

1M! 1.00 0.93 0.90 0.85 0.77 0.76

1M2 1.00 0.94 0.89 0.83 0.81

1M3 1.00 0.94 0.88 0.87

1M4 1.00 0.94 0.92

1M5 1.00 0.95

1M7 1.00

N
>-'
+:>.
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Table 3.13

Selective PCA on TM data with corrected means and standard deviations (Table 3.12)

Band TMI TM3

MeanDN 133.0 135.0

Standard 70.66 68.32
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 + 0.87 + 0.49 72.18

PC2 -0.49 + 0.87 27.82

Band TM3 TM4

MeanDN 135.0 137.0

Standard 68.32 67.12
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 + 0.69 0.72 72.34

PC2 + 0.72 - 0.69 27.66
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Table 3.13 (continued)
Selective PCA on TM data with corrected means and standard deviations (Table 3.12)

Band TM4 TM5

MeanDN 137.0 134.0

Standard 67.12 68.62
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 +0.69 + 0.73 71.89

PC2 + 0.73 - 0.69 28.11

Band TMI TM5

MeanDN 133.0 134.0

Standard 70.66 68.62
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 +0.90 +0.44 65.76

PC2 -0.44 +0.90 34.24
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Table 3.13 (continued)

Selective PCA on TM data with corrected means and standard deviations (Table 3.12)

Band TM1 TM7

MeanDN 133.0 135.0

Standard 70.66 69.00
Deviation

EigenvectorLoading Matrix Eigenvalues (%)

PC 1 + 0.84 +0.55 60.13

PC2 - 0.55 +0.84 39.87

Band TM2 TM5

MeanDN 137.0 134.0

Standard 68.52 68.62
Deviation

EigenvectorLoading Matrix Eigenvalues (%)

PC 1 + 0.78 +0.63 63.55

PC2 - 0.63 + 0.78 36.45
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Table 3.13 (continued)

Selective PCA on TM data with corrected means and standard deviations (Table 3.12)

Band TM2 1M7

MeanDN 137.0 135.0

Standard 68.52 69.00
Deviation

EigenvectorLoading Matrix Eigenvalues (%)

PC 1 +0.60 +0.80 60.03

PC2 + 0.80 - 0.60 39.97

Band 1M3 1M5

MeanDN 135.0 134.0

Standard 68.32 68.62
Deviation

EigenvectorLoading Matrix Eigenvalues (%)

PC 1 + 0.66 +0.75 66.83

PC2 + 0.75 - 0.66 33.17
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Table 3.13 (continued)

Selective PCA on TM data with corrected means and standard deviations (Table 3.12)

Band TM3 TM7

MeanDN 157.0 135.0

Standard 68.32 69.00
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 + 0.46 +0.89 63.33

PC2 + 0.89 -0.46 36.37



Table 3.14

Eigenvector Loading Matrix for PCA of TM bands 1,3,4 and 5.

Band TM I TM3 TM4 TM5

MeanDN 133.0 135.0 137.0 134.0

Standard 70.66 68.32 67.12 68.62
Deviation

Eigenvector Loading Matrix Eigenvalues (%)

PC 1 - 0.64 - 0.44 - O. 47 - 0.41 53.10

PC2 - 0.72 + 0.13 + 0.34 + 0.59 21.59

PC3 + 0.26 - 0.71 - 0.22 + 0.61 13.95

PC4 0.00 - 0.53 + 0.78 - 0.33 11.37

N
No



Table 3.15
Calculated Sun ZenithAngles at the timeof field radiometer spectrum collection.

DAlE SITE # S'L"N ZENITH AJ.'l'GLE

9(17/88 1 39.97 - 46.73
2 55.99 - 61.23
3 66.18 - 71.26

9/28/88 4 17.92 - 12.38

5 4.91 - 3.73
6 15.32 - 20.63
7 26.42 - 32.08

8 39.55 - 45.08

9 52.55 - 59.43

9/30/88 10 45.13 - 37.67

11 25.10 - 18.42

12 8.15 - 13.34

13 25.48 - 32.16

14 33.95 - 39.24

10/2/88 15 44.28 - 37.73

16 35.95 - 30.61

17 27.36 - 19.30

18 7.35 - 2.96

19 5.97 - 9.46

20 24.71 - 29.70

21 32.54- 37.73

22 41.90 - 47.85

10/3/88 23 25.29 - 19.28

24 17.58 - 12.85

25 10.91 - 6.48

26 8.79 - 12.14

27 17.39 - 22.90
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Table 3.16 222

Calculation of percentage illumination within a shadow for each bandof thefield

radiometer used in this study.

Band Number Reflectance under Reflectance in I % illumination
full illumination shadow in shadow

l' 5.88 0.693 11.79

2 7.42 0.740 9.97

3 9.83 0.833 8.47

4 7.85 0.6il 8.55

5 4.38 0.332 7.58



Table 3.17 223

Reflectance in each bandof the fieldradiometerfor the sitesshown in Figure3.37.

% REFLECTANCE

SITE # BAND 1 BAND 2 BAND 3 8AND4 BANDS

1 4.423 4.840 5.150 5.312 5.914
2 9.527 12.018 12.742 18.818 20.715
3 8.148 9.962 10.913 1<1.478 24.042

4 5.175 5.313 5.875 6.681 10.795
5 4.21 <1 3.202 5.553 3.727 2.350
6 4.269 5.523 4.214 6.761 5.882
7 2.995 3.266 3.687 4.215 4.990
8 4.009 4.672 4.270 4.351 5.005
9 8.762 10.211 11.510 15.206 20.340

10 1.853 2.059 2.579 3.303 8.759
11 3.120 3.430 4.320 <1.804 12.544
12 4.920 11.660 12.410 16.110 5.477
13 2.380 2.740 2.900 3.042 2.739
14 3.123 3.192 3.165 3.004 2.390
15 2.698 2.757 3.220 3.715 3.338
16 2.398 2.754 3.175 3.345 3.419
17 2.476 3.107 3.764 4.058 5.733
18 7.625 9.555 6.175 9.799 2.074
19 4.339 4.873 4.188 4.436 10.479
20 4.726 4.669 4.234 4.163 3.288
21 2.345 2.587 2.711 2.602 1.540

22 1.854 2.061 2.264 2.314 1.744

23 4.627 4.595 4.675 5.262 4.305
24 5.139 6.568 7.646 9.903 10.433

25 4.410 4.824 5.080 3.334 2.224
26 2.830 3.432 4.105 4.717 5.799

27 2.241 2.481 2.623 3.660 2.731
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Figure 3.1 The reflectance spectra of a selection of basalts reproduced from Hunt et

al. [1974]. Particle size for all spectra 74 - 250 1lID. The spectra are displaced vertically,

and the reflectance markers are separated by 10 percent. Sample Locations: A: Jefferson

County, Colorado: B: Boulder County, Colorado: C: Somerset County, N. J.: D: Hawaii:

E: United States Bureau of Mines: F: Chaffee County, Colorado: G: Ubehehe Crater: H:

Michigan: I: Germany: J: Chaffee County, Colorado: K: United States Bureau of Mines.
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Figure 3.2 The reflectance spectra of iron oxides and hydroxides measured over the

range of grainsizes indicated on the individual plots. Modified from Hunt et al. [1971].

Magnetite is strongly opaque and its behavior dominates the reflectance of fresh basalts

(Figure 3.1). Hematite, limonite and goethite are minerals commonly formed by the

weathering of basalt and their reflectance behavior is dominated by the behavior of the

Ferric (Fe3+) ion. A strong absorption from 0.25 um to 0.60 JlII1 is caused by a charge

transfer process between oxygen and ferric ions [Sherman and Waite, 1985]. This

absorption is responsible for the red color of oxidized surfaces.
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Fransisco volcanic fields [Davis et al., 1987].
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Figure 3.5 A color composite of LANDSAT TM bands 1,4 and 5 oflsla Fernandina.

The data are in raw DN form and each band has been optimally contrast stretched to

enhance lava flow boundaries.
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Figure 3.6 (A) A summary of the methodologyfor analyzing the reflectance of lava

flows on Volcan Fernandina with LANDSAT TM data. (B) A summary of the

methodology for the use of Principal Components Analysis (peA) to investigate

differences between the surface properties of lava flows on Volcan Fernandina with

LANDSATTM data
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Figure 3.7 SPOT-1 image of the lava flow on the SE rim of the caldera of Volcan

Fernandina. Although the exact date of this eruption is undetermined the flow was not

seen during a field visit in 1980, but is visible in an aerial photograph taken in March

1982 [Simkin, 1984].
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Figure 3.8 An example of the determination of stratigraphic relationships between a'a

lava flows sampled with a field radiometer during my field work on Volcan Fernandina.

View taken looking E toward Volcan Darwin. Note the highly oxidized surface of the

oldest a'a flow sampled. Labelled flows are locations of field radiometer data collection

sites: YOUNGEST A'A: Spectra 10, 11 and 12: INTERMEDIATE A'A: Spectra 26 and

27: OLDEST A'A:Spectrum24: PAHOEHOE: Spectra 23 and 25.
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Figure 3.9 (A) Interpretive sketch map and (B) aerial photograph showing example of

a relative age scheme. Lava flows 1 - 6 are progressively younger. Field radiometer

spectra were collected at flows 1, 2, 4, and 6.



233

~--l20'

_t.,.~:::::::::=- -I --lJO'

w
00' ae- g O' 2.'

Figure 3.10 (A) Sketch map ofVolcan Fernandina showing the lava flows used in the

analysis of LANDS AT TM data. The numbers of the flows were assigned during

extraction of the image DN values.
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Figure 3.13 Images of reflectance in each TM band calculated by using the LOWTRAN model of atmospheric transmission.
tvw
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Figure 3.16 The results of Selective PCA [Chavez and Kwarteng, 1989]. (A) TM

bands 1 and 3. (B) TM bands 3 and 4. (C) TM bands 4 and 5.
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Figure 3.17 Plot of values in PC2 vs relative age class for the lava flows shown in

Figure 3.10 for Selective PCA of the TM band combinations of Figure 3.16. (A) TM

bands 1 and 3. (B) TM bands 3 and 4. (C) TM bands 4 and 5.
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Figure 3.18 The results of Selective PCA [Chavez and Kwarteng, 1989]. (A) TM

bands 1 and 5. (B) TM bands 1 and 7. (C) TM bands 2 and 5. (D) TM bands 2 and 7.

(E) TM bands 3 and 5. (F) TM bands 3 and 7.
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Figure 3.18 (continued) The results of Selective PCA [Chavez and Kwarteng,

1989]. (A) TM bands 1 and 5. (B) TM bands 1 and 7. (C) TM bands 2 and 5. (D) TM

bands 2 and 7. (E) TM bands 3 and 5. (F) TM bands 3 and 7.
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Figure 3.18 (continued) The results of Selective peA [Chavez and Kwarteng,

1989]. (A) TM bands 1 and 5. (B) TM bands 1 and 7. (C) TM bands 2 and 5. (D) TM

bands 2 and 7. (E) TM bands 3 and 5. (F) TM bands 3 and 7.
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Figure 3.23 LANDS AT TM wavebands and corresponding filter bandwidths for the

field radiometer used in this study. (A) Band 1: 0.47 J.I.II1 to 0.55 um, (B) Band 2: 0.52
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Figure 3.23 (continued) LANDSAT TM wavebands and corresponding filter

bandwidths for the field radiometer used in this study. (A) Band 1: 0.47 urn to 0.55 um,
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Figure 3.24 The set up of the field radiometer used on Volcan Fernandina.
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Figure 3.25 (A) The field radiometer in use over the 1968 base surge deposits in the

summit region of Volcan Fernandina. (B) The field radiometer in use with a Kodal Grey

Card Standard.
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Figure 3.26 A coordinate system for describing the Suns position [Anderson, 1983].



253

y. 25.8019-O.4263x. O.OOS6x"2· 2.465...5..3 R .1.00

24

" 18
ii
al

; 16

~

so4010 20 20

Sun Z8n1111 (Dogrees)

14+---.-------------.
a

Band 4 Card Rellectance via CVRF
y .30....76 ... 2.1438..2x • l.i16geoZl"2 • 2.5231........3 R"2. 0.990

32 +-_--'-__-'-_--J'--_-'-~_+

so40202010

20

22

26

28

18+---.,.---.--_.---.......--+
a

30

·uc
u

·a:

~
u.....
c·..

so40202010

25

20 +---.,.---.--__- .......--+
o

30

:IS

Band 5 Card Reflectance via CVRF
y • 46.163 • 0.184341 • 1.9074.2%"2 ... 2.99~x"3 R"Z. 0.992

so+-_--'-__-'-_--J__-'-~_+

..
...
in

~=

·uc
·a:
...
3....

Sun Zenith D.g ..... from Na:dlr
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Figure 3.28 An example of the shadowing problems experienced whilst collecting field

radiometer data on Volcan Fernandina.
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Figure 3.30 (continued) Field radiometer spectra calculated for each site.
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Figure 3.30 (continued) Field radiometer spectra calculated for each site,
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Figure 3.34 An example of the variation on surface textures amongst the lava flows at

which field radiometer data were collected. (A) Site of field radiometer spectrum #12.

(B) Site of field radiometer spectrum #24
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CHAPTER 4

AN ASSESSMENT OF THE USE OF A COMPUTER MODEL OF LAVA

FLOW TRANSPORT FOR INUNDATION PREDICTION AND THE

INTERPRETATION OF ERUPTION CHARACTERISTICS

4.1 INTRODUCTION

In this chapter, I present an analysis of the movement of lava flows using a

computer-based model oflava flow rheology to address two issues. Firstly, I examined

how the passage of a lava flow may be modelled within a computer database framework

to provide an assessment of inundation hazards. The motivation for undertaking this

research arose from my interest in the potential application of a Geographic Information

System (GIS) as an aid to coping with the unique problems posed to communities that are

threatened by volcanic activity. Secondly, I used the software to investigate how a

modelling approach may be used to interpret the eruption characteristics that produce

observed lava flow morphologies in the Galapagos Islands. By examining the shape of

lava flows that are predicted by the model for different slope geometries, I aim to

understand the characteristics of the eruptions that produced observed lava flow

morphologies on Islas Isabela and Fernandina thereby complementing the interpretations

of chapters 2 and 3 of this thesis.

A GIS provides a means of storing and manipulating large amounts of thematic

information that may be used to analyze a wide range of geographical problems. From

the volcanologist's point of view, the availability of a database that may be continually

updated with geophysical and topographic information holds the potential to make rapid

and frequent assessments of the hazards of ongoing eruptions. I address the following

questions: 1) what path will lava flows follow for vent locations within the East Rift Zone

(ERZ) of Kilauea volcano, Hawaii?; 2) how fast will a lava flow inundate specified

...............- -_.- -- _ .. - .._- --._-----
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regions for a measured volumetric discharge rate?: 3) what flow width is predicted for a

range of slope geometries, and what is the final distribution of the total volume of lava,

produced in an eruption with a known volumetric discharge rate?

The basic requirements of a GIS for use in monitoring regions of volcanic activity

are an accurate topographic database and thematic information that provides a means for

addressing the issues of hazard mitigation and damage assessment. Typically, hazard

assessment is related to human settlement; thus as a topographic base a GIS requires large

scale maps that contain accurate and updated details of man-made infrastructure such as

transport routes and land usage. Geophysical data (e.g., earthquake location, summit

region inflation) that may be used to predict the location of eruptions are used to evaluate

the short term behavior of a volcano and are required to be displayed on the same spatial

base as the topographic and thematic information. Remotely sensed data potentially could

be used to track the thermal budget of a volcano to determine eruptive precursors [Glaze

et al., 1989], and to monitor the evolution of lava flows throughout an eruption [Rothery

et al., 1988].

A unique requirement of a GIS for use in areas of active volcanism is a means to

predict lava flow emplacement during an eruption. With reliable knowledge of the way in

which lava flows travel as the result of a variety of physical variables (such as eruption

discharge rate and pre-existing topography) the data manipulation potential of a GIS may

be fully utilized for hazard and cost assessment. Several different approaches have been

used to address the issue of modelling lava flow pathways for use as a hazard mitigation

tool. The most rigorous and computationally intensive approach is to use the Navier

Stokes equations to describe mass and energy transport within viscous flows [e.g.,

Crisci et al., 1986; Ishihara et al., 1989]. This approach utilizes calculations of fluid

viscosity based upon temperature and composition and describes the movement of a fluid

-_._----- ------_._----- -------
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under the influence of gravity on an inclined plane. Because the flow is modelled over its

entire area in terms of its rheology, each time the pathway of a new volume of erupted

lava is predicted the procedure becomes increasingly computationally intensive and this is

a drawb,ack for use in hazard prediction. Additionally, the approach is not suitable for

multiphase eruptions [Ishihara et al., 1989] because it has not been designed to take

account of topographic barriers created during early phases of an episodic eruption.

Many GIS contain software that models the transport of fluids on the basis of

slope calculations made for each cell of the topographic database. Assuming Newtonian

rheology these models simplistically locate the direction of maximum gradient and size of

topographic depressions and use this information to describe a pattern of drainage

produced by a chosen volume of fluid. This approach is particularly useful for flood

management and watershed drainage studies [e.g., Palacios-Yelez and Cuevas-Renaud,

1986; Yuan and Vanderpool, 1986; Jenson and Dominigue, 1988]. An adaptation of

such an approach which takes into account the non-Newtonian behavior of lava flows is

the computer program FLOWFRONT, developed by Dr. G. Wadge and co-workers at

the Natural Environment Research Council Unit for Thematic Information Systems

(NUTIS) at the University of Reading England. My research first made an assessment of

the validity of FLOWFRONT by comparing its output with data collated from various

sources that describe and map the products of the early phases of the ongoing Pu'u 0'0 

Kupaianaha eruption at Kilauea volcano, Hawaii [Wolfe, 1988; Heliker and Wright,

1991]. Following this, I investigated the lava flow planimetric shape predicted by

FLOWFRONT for two vent locations as a means of determining the characteristics of

eruptions in the western Galapagos Islands.
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4.2 THE "FLOWFRONT"SOFIWARE

"FLOWFRONT" enables the passage of an ala lava flow to be predicted for a

chosen magma chemistry, vent location, volumetric discharge rate and total eruption

volume '[Young and Wadge, 1990]. The software was developed after extensive study of

both lava flow dynamics and the problems of integrating thematic information within a

computer database [e.g., Wadge, 1978; Kilburn and Lopes, 1988; Wadge and Isaacs,

1988; Wadge, 1988]. As with all models of complex physical phenomena certain

assumptions are made on the basis of previously observed behavior. In order to provide

an outline of the way in which FLOWFRONT works, I present a description of the

requirements of the software to simulate the passage of a lava flow. The components of

the input file "runcom" required to run FLOWFRONT are italicized in the following

sections.

4.2.1 Topographic database

FLOWFRONT distributes lava over a grid of terrain slope values (slope) that is

calculated from a Digital Elevation Model (DEM) (DEM). From this a shaded relief

image (rasjile) is made which provides a backdrop for viewing the output of

FLOWFRONT. The size of each of these raster files (x, y) is determined by the area

threatened by volcanic hazards and the resolution of the available DEM.

4.2.2 Rheological parameters

The basic rheological model used by FLOWFRONT to describe the motion of a

lava flow is that of an isothermal Bingham plastic. Such fluids only move when the

applied stresses are above a certain level of resistance termed the yield strength. The

yield strength is dependent on the chemical and physical properties of the fluid, and the

slope of the terrain over which the fluid is travelling. If all chemical parameters are
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assumed constant for a particular batch of lava, then the movement of the flow becomes

dependent on exceeding a critical thickness, such that the stress at the base of the fluid is

above its yield strength. This critical thickness may be calculated from the expression of

[Hulme~ 1974]:

dc =Yield Strength I (Gravity x Density x Slope Angle)

This model predicts the formation of channels within a lava flow because the critical

thickness is not reached at the margins of a flow but is exceeded in the central portion.

This behavior is partly due to the changes in fluid properties that occur as the flow cools.

Stagnation and levee formation constrain the hotter fluid to a central zone. To some

degree the model of Binghamian rheology is flawed for a'a lava flows because once a

central channel develops, the resulting thermal insulation and its effect on rheology may

result in Newtonian fluid properties for the proportion of the lava that flows within the

channel itself. However the advancing front of an a'a lava flow may be adequately

modelled as an isothermal Bingham plastic and this region is the main concern of the

modelling approach used by FLOWFRONT.

A variety of lava chemistries may be modelled by varying parameters defmed in

runeom. Three parameters are included in runcom that define rheological conditions for

the flow to be modelled: critical height (erit_h) and critical angle (crit_a) and minimum

height (min_h). Critical height (erit_h) is the thickness of lava flow required for basal

shear stresses to exceed the yield strength of a Binghamian fluid at a critical angle (erit_a)

thus producing movement [Hulme, 1974]. An average slope angle for the region to be

investigated is used to calculate critical height and minimum height The critical thickness

is calculated for each cell slope during each iteration of the program. Minimum height

(min_h) is the minimum volume of lava that may remain in a cell as flow movement

occurs. FLOWFRONT was developed using this simplistic set of conditions to describe
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lava flow movement, it is intended primarily as a tool for hazard monitoring and not as a

rigorous means of examining lava flow rheology. My approach extends the use of the

software to a new area rather than refining the code or the assumptions that govern its

workings.

4.2.3 Eruption parameters

The physical characteristics of an eruption that must be defined prior to running

FLOWFRONT are the vent location and the volumetric discharge rates throughout the

eruption. The source vent is defmed using the coordinates of the DEM. The projection

coordinates of the DEM are convened into a line and sample location and the entire vent

region is described by the parameter source in runcom. Pixels are defined by two codes:

a for active representing a source vent and l for locked which means that no lava may

enter the pixel. By using these two codes, the initial pathway of a lava flow may be

constrained, which is panicularly useful for vents at which cinder cones form which

subsequently breach on one side thereby restricting the initial passage of lava from the

vent to one direction.

The volumetric discharge rate of an eruption is defmed using the parameters

maxjt, incrvol and vary? Combined, these parameters may be used to break down the

total volume of magma erupted into a discrete number of iterations each involving a

portion of the total lava erupted. This is an extremely useful facet of this software

because eruptions that originate within Kilauea's ERZ frequently involve highly variable

discharge rates along the total extent of the source vent. Max_it is the number of

iterations that the program runs to describe an entire eruption. This parameter is used to

define the rate at which lava leaves the vent by combining it with incrvol, the volumetric

discharge rate for each iteration of the program. Vary? allows some visualization of the

rate at which inundation will occur because the rate of discharge may be changed for a
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chosen number of iterations. As the program runs, the iteration number is displayed and

the operator may see where lava flows have travelled after a given proportion of the total

iterations max it.

4.2.4 Predicting the passage of a lava flow with FLOWFRONT

The FLOWFRONT software "fills" individual cells of the DEM to a volume that

is calculated from the rheological parameters defmed in section 4.2.2. Each cell may be

classified into one of four categories used by the program to determine the volumetric

distribution of lava at each iteration; 1) FILLABLE: the cell is empty and may receive

lava; 2) ACTIVE: the cell contains a volume of lava greater than Vmin; the minimum

allowed for distribution. If the volume exceeds Ycrit, a critical minimum required for

flow, the cell is actively distributing the excess to its neighbors; 3) LAVA: the cell

contains a volume of lava equal to Ycrit and is no longer active; 4) LOCKED: the cell is

empty but may not receive lava. Each iteration of the software uses two values for the

volume of lava within a cell, a starting volume and a new volume calculated from the

eruption parameters and passed to the subsequent iteration.

The vent location cells are initially defined as ACTIVE and their location is

determined by the operator by the parameter source. Vmin is the minimum volume of

lava that may exist in a cell at the beginning of an iteration and is calculatedfrom min_h x

cell width x cell length. Its value is reset at the beginning of each iteration according to

the average slope value for all the active cells such that:

Vmin =Vmin (crit_a) x ACTIVE cell slope/(crit_a)

Thus if the average slope falls, Vmin is reduced and the flow will spread laterally as

predicted for the behavior of an isothermal Bingham fluid. Vcrit which is calculated from

crit h x cell width x cell length is the minimum volume of lava required in a cell before
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lava can move out of it. As crit_h will change with local slope, the critical volume for

each cell is calculated for a particular cell at location x, y:

Ycrit (x,y) = Verir(erir_a) x erir_a/ cell slope (x,y)

Verit m~y be varied to provide an approximation of the cooling related thickening that

may occur throughout an eruption.

At the beginning of each iteration the incrvol of lava is divided equally amongst

the ACTIVE cells. If the sum of excess lava over Verit in all the ACITVE cells is less

than the sum total of all the Verit values, then the flow will not advance but will spread

laterally. This condition is imposed to accommodate shallow slopes where lava flows

widen and thicken in accordance with Bingham fluid behavior. For each cell which

contains a volume greater than Verit the excess is distributed to the downslope

neighbors. Each cell may have up to eight Fll..LABLE neighbors and the amount of lava

that moves into each is proportional to the slope between itself and the ACTIVE cell.

This process is repeated for each iteration of the software and until the lava has been

distributed until the condition of no ACTIVE neighboring cells being available after the

final incremental volume of lava has been added.

4.3 APPLICATION OF FLOWFRONT TO PREDICTION OF LAVA FLOW
INUNDATION DURING THE ERUPTION OF PU'U 0'0, KILAUEA,
HAWAII

The Pu'u 0'0 - Kupaianaha eruption of Kilauea began in January 1983 and

continues today as the longest eruption in the historical record of the volcano [Helikerand

Wright, 1991]. The eruption has been highly episodic in nature and its first three years

were characterized by a pattern of brief fire fountaining episodes followed by repose

periods averaging 25 days. Maps of lava flows erupted during the early phases of the

Pu'u 0'0 eruption produced by the staff of the Hawaiian Volcano Observatory (RYO) are

contained in USGS Professional Paper 1463 and provide a superb record of their



272

planimetric shape and thickness (Figure 4.1 [Wolfe, 1988]). In addition to the maps,

many detailed field observations in USGS Professional Paper 1463 allow a

reconstruction of the volumetric discharge rate throughout the eruption. I collated the

information from episode 2 of the eruption contained in [Wolfe, 1988] to use as a test

case for the FLOWFRONT software. The reason for selecting this episode as a starting

point for testing FLOWFRONT was its simplicity: the flows are predominantly a'a, the

bulk of lava erupted from a single vent region and the flow emplacement was closely

monitored providing detailed information on the thickness and rate of travel throughout

the episode. I now describe the parameters used by FLOWFRONT in modelling episode

2 of the eruption of Pu'u 0'0.

4.3.1 The topographic database

I mosaicked a total of eight United States Geological Survey (USGS) DEM quads

(Figure 4.2 and Table 4.1) at a scale of 1:24 000 to provide a topographic base over

which lava flow transport could be modelled. The DEM was constructed using aerial

photographs collected in 1979. Thus the topography is that existing prior to the

commencement of the Pu'u 0'0 eruption sequence. Each cell within the grid is 30 m x

30 m and the vertical resolution is stated as 7 m within a total accuracy requirement for

the entire DEM that is 7 m root mean square error (RMSE) (locally vertical resolution

varies, particularly on areas of gently sloping ground where the distance interpolated

between contours is great). Due to the difficulties of applying a bi-linear interpolation

technique for contour placement on flat ground some striping arose in the NW segment of

the DEM (Figure 4.2). This striping may pose difficulties for slope calculation and,

although this region was not used in my study, this difficulty should be borne in mind for

future applications of the DEM to studies of Kilauea.
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4.3.2 Defining rheological conditions for the eruption

At the outset it is important to state that the rheological properties and flow

characteristicsof lavas are exceedingly complex and are influenced by many physical and

chemicill parameters. Fortunately, all that is required in this research is to define

boundary conditions which determine whether or not an a'a flow will move in a

subsequent iteration of the program. One approach I used was to use the rheological

properties of tholeiitic basalt to predict values ofcrith and h_min. The density of molten

tholeiitic basalt is - 2.6 g cm-3 [Murase and McBirney, 1973]. Although yield strength is

somewhat problematical to measure and varies with temperature, measured values for

tholeiitic basalt at 1050 - 11900C are around 70 - 120 N m-2 [Shaw, 1969]. The equation

for calculation of the critical depth is [Hulme, 1974]:

dc =Yield Strength I (Gravity x Density x Slope Angle)

Thus for the eruption of Pu'u 0'0 for a crit_a of 4 degrees crit _h and h min were

defined as 3.0 m and as 1.0 m.

4.3.3 Eruption characteristics

Following the cessation of episode Ion January 23rd 1983, a repose period of 18

days occurred during which the vents in the Pu'u Kahaualea region (Figure 4.1)

remained incandescent but no new lava was erupted. Between February 10th and

February 25th low level eruption produced a line of spatter cones 170 m long to the west

of the 0740 vent which was the eastern limit of the fissures formed during episode 1

(Figure 4.2). This period of episode 2 produced - 0.5 x 106 m3 of lava at an average

discharge rate of 1.4 x 103m3 hr-l • At 1123 on February 25th the main vent of episode 2

became active producing a lava pond which was enclosed on its S and SW margins.

Two main flows advanced from the 1123 vent, the first flowed S and then E to the
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vicinity of Kalalua (Figure 4.2), the second formed after lava became diverted to the SE 

1 Ian from the vent sometime between the morning of February 26th and 27th. The total

period of vigorous eruptive activity was 174 hours between 0900 February 25th and

1451 M~h 4th. A total volume of -1.36 x 106 m3 was erupted at a mean discharge rate

of 70,000 m3 hr". The volume of the main lobe of the flow to the SE was estimated to

be 11.3 x 106 m3 indicating an average discharge rate of 90 000 m3 hr-l for the 5.25 day

period of flow emplacement. The 3 sub-phases of episode 2 are summarized in Table

4.2.

The vent location to be used in FLOWFRONT was determined from the map for

the products of episode 2 presented in [Wolfe, 1988]. In order to ensure accurate

location of the vent within the DEM used by FLOWFRONT the map grid was digitized

and the vent coordinates were located within a UTM projection. The UTM coordinates

were then used to locate the cell coordinates in the DEM at which to define the eruption

source vent region (Table 4.2). Conversion between the original Geographic coordinates

to the grid coordinates of the DEM is a routine task for GIS software.

It is important to define the vent cells in a manner that takes into account the

nature of fissure eruptions. Typically a series of constructs form adjacent to the vent

during a fissure eruption and these act to direct any subsequent flow of lava. A preferred

pathway for lava flow emplacement is produced by breaches in the walls of near vent

structures and subsequent development of flow channels that transport the bulk of lava

produced during an eruption. FLOWFRONT allows the user to simulate the focussing of

lava flow emplacement at one point along an eruption fissure by the use of the LOCKED

parameter that allows cells to be excluded from receiving lava during iterations. During

the vigorous phase of episode 2 of Pu'u 0'0 that I attempted to simulate in this study, a

lava pond was developed at the vent and production of spatter and cinder ramparts
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enclosed the pond along its Sand SW rim, meaning that lava exited the pond

predominantly to the E.

4.3.4 Results and discussion

The results I obtained with the FLOWFRONT software using the parameters

defined above, and shown in the runcom me presented in Table 4.3, are shown in Figure

4.3 and maybe compared with the map of the lava flows produced in episode 2 of the

Pu'u 0'0 eruption (Figure 4.2). The software predicted the two lobes of the flow but

failed to apportion the correct volume of lava to the two main lobes, and for this reason

the simulation misrepresents the fmal planimetric shape of the lava flow. The volume of

the first lobe produced during the eruption is much larger in the predicted model outcome

than in reality, and this misapportionment of lava results in a shorter and volumetrically

smaller lobe to the SE of the vent region.

The development of the major lobe of the lava flows of episode 2 was strongly

influenced by the development of a diversion within the channel of the initial lobe that

flowed within a deep pre-existing cleft towards the NE. The cause of this diversion was

possibly related to a decrease in the lava discharge rate that allowed the NE flowing lava

river to freeze [Wolfe, 1988]. This is a condition that is extremely difficult to simulate

using the FLOWFRONT software. Although I used the runcom file (Table 4.3) to

simulate the three main phases of differing volumetric discharge rate, the software does

not adequately account for the consequences of variations such as the development of

channel blockages and subsequent flow diversion. One solution to this problem might be

to update the DEM at the end of a flow simulation run. Although only a crude approach,

this would allow individual phases of differing eruption rates to be treated separately,

taking into account the topographic barriers emplaced by the previous phase of the

eruption.
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4.4 THE USE OF FLOWFRONT TO INVESTIGATE ERUPTION
CHARACTERISTICS DURING FLOW EMPLACEMENT ON ISLAS
FERNANDINA AND ISABELA, GALAPAGOS ISLANDS.

4.4.1 Methodology

'In chapter 2, I presented an unsuccessful attempt to use the planimetric

characteristics of lava flows on Cerro Azul, Isla Isabela, to predict eruption duration

(section 2.5.2). I now present a different approach to the same problem by using the

FLOWFRONT software and areas of slopes on the flanks of Kilauea to try to simulate

observed lava flow morphologies on Islas Isabela and Fernandina that I interpreted from

SPOT-1 data. The aim is to estimate the volumetric discharge rate that would produce the

observed flow morphologies by varying the parameters used in runcom during iterations

of the FLOWFRONT software.

By selecting areas of the DEM of Kilauea that contained slope geometries similar

to those encountered by flows that originate from the summit regions of the Galapagos

volcanoes, I was able to examine the effect of varying discharge rate on flow planimetric

characteristics. I first selected an area of the Kilauea DEM that has similar slope

geometries to those that are encountered by lava flows that originate in the summit

regions of Islas Isabela and Fernandina. I located the source vent for the simulated

eruption in a region of low to moderate slopes (1-4°) situated adjacent to steep slopes

(12-30°) which are above a marked break in slope beyond which shallow angle slopes

(0-2°) are present. These three slope components were chosen to represent, respectively,

the summit plateaus, steep flanks and coastal apron of the volcanoes of the western

Galapagos. Care was taken to ensure that the cliffs of the Hilina and Holei Pali were not

included in the flow simulations. This is because their slopes (-45-90°) exceed those

seen on Islas Isabela and Fernandina.
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It was not possible to recreate accurately the complexities of the arcuate vent

systems that I mapped on the summit plateaus of these volcanoes. These vents

commonly extend over 1-3 Ian and activity along them may become focussed at several

points during an eruption [Simkin, 1984]. Additionally many small longitudinal grabens

are formed on the summit plateau by inward movement of the caldera walls and

subsidence of the caldera floor and these present topographic barriers that control flow

movement (e.g., Figure 3.7). Such features are difficult to model with FLOWFRONT

and so I took the approach of examining what would represent a single flow lobe as it

encountered the distinct profiles of the Galapagos volcanoes.

Each lava flow simulation was run using 150 iterations and with eruption rates of

5 m3 s-l, 7.5 m3 s-1 and 10 m3 S-I. These figures were selected on the basis of field

observations of volumetric discharge rates that produce a'a lavas in Hawaii [MacDonald

and Abbott, 1970; Rowland and Walker, 1990]. This range is not intended to encompass

the entire range of volumetric discharge rates that have been recorded for a'a flows, but

rather to provide a small sample of the possible values. Although time is not explicitly

accounted for in FLOWFRONT, if each iteration is considered to be one hour, then the

eruption duration is 6.25 days. Longer eruptions may be simulated by increasing the

number of iterations

4.4.2 Results and discussion

It was difficult to select FLOWFRONT simulations of lava flows that could be

used to make a comparison to the geometries that are observed in the Galapagos. Many

flows from the summit regions of Volcans Fernandina, Wolf and Darwin, for which

good topographic maps exist, do not reach the lower flanks. Additionally, flows from

the summit region that do reach to the lower flanks are frequently obscured in their lower

portion by later flows. Two examples of the results of using FLOWFRONT to
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investigate the effect of volumetric discharge rates on lava flow planimetric shape in the

Galapagos Islands are presented in Figures 4.4 and 4.5. In Figure 4.4 the vent location

is on the slopes that are to the N of steep slopes that are an eastern extension of the Holei

Pall system. This location was chosen to simulate a flow that encountered topography

(Figure 4.4a) similar to that of the eruption from the summit plateau of Volcan

Fernandina, identified in Figure 4.4b. From the edge of the summit plateau, the lava

flowed down steep slopes and then travelled over the low angle flank: of the volcano.

The simulations suggest that the lowest eruption rate (5 m3 s") (Figure 4.4c)

would form flow lobes with widths of 0.15 to 0.35 km on the 25-30° slopes. These

widths are comparable to those seen for the flow examined on the steep N flank of

Volcan Fernandina (0.1 - 0.3 km). Increasing the volumetric discharge rate to 7.5 m3 s-l

(Figure 4.4d) and 10 m3 S-l (Figure 4.4e) results in flow lobe widths of 0.8 to 1.2 km on

slopes of 25-30° and these do not match those observed in the Galapagos. It is

interesting that the model used in FLOWFRONT creates flows that are significantly wider

but not longer when volumetric discharge rates are increased. This highlights the

difficulty of simulating flow in well developed channels that develop over steep

topographic slopes.

In Figure 4.4f, the results of simulating an eruption with a volumetric discharge

rate of 5 m3 s-l that continued for 62 days is shown. In this example, extensive lateral

spreading occurs on the coastal slopes and the bulk of the total volume of the eruption is

deposited on the lower flanks of the volcano. This is the pattern I observed for the

eruptions in the Galapagos and emphasizes the conclusion that the steep slopes may be

preserved for extensive periods of time even when a large number of eruptions travel

over them.
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In Figure 4.5 the vent location was chosen such that the predicted flow path

would encounter slopes that are similar to those encountered by the 1982 flank eruption

of Volcan Wolf (Figure 4.5a). The source vent occurred on slopes of - 5-80 and the lava

flow initially travelled directly along these before encountering steeper slopes of 10-150

on the ENE flank of the volcano (Figure 4.5b). I used an eastern section of the Holei

Pali as a means of simulating this slope geometry. At low volumetric discharge rates the

FLOWFRONT simulations do not indicate that the lava flow would change direction on

encountering the steeper slopes (Figures 4.5c and 4.5d). For a discharge rate of 10 m3

s-1 a distinct change in orientation is seen at the base of the steep slopes (Figure 4.5e) and

a lobe of the flow extends along the base of the escarpment

4.5 CONCLUSIONS

The results of the FLOWFRONT simulations presented above highlight the

difficulties of modelling the transport of non-Newtonian fluids over a OEM. The

examination of the flows produced by episode two of the Pu'u 0'0 eruption indicate that

there is a need to incorporate the topography produced by eruptions that undergo

fluctuations in volumetric discharge rate. Features such as flow channel blockages that

are crucial to the transport of lava might be simulated by making a provision within the

software for updating of the topographic database at user specified intervals in the

iterations. This would severely reduce the speed at which the FLOWFRONT output is

produced and would require that successive versions of the OEM, and the slope and

aspect calculations made from it, could be stored in computer memory space.

The use of the Kilauea DEM to model the types of slope geometries encountered

by lava flows on the volcanoes of Islas Isabela and Fernandina provided a useful insight

to the volumetric discharge rates of eruptions that produce lava flows that travel over the

steep slopes that are present around portions of their summit plateaus. However, it is
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difficult to argue that they take into account the tendency for very efficient channel

development that is observed in a'a flows. Modelling this phenomenon would add great

complexity to the software as it is dependent on the dynamics of the eruption as well as

factors such as the topographic and other geomorphological features such as forest

development and roads which act to change friction conditionsat the front of a lava flow.

The thermal behavior of lava flows [Crisp and Baloga, 1990] and its attendant

influence on flow thickening and flow crust formation and subsequent breaching

[Kilburn and Lopes, 1991] poses a major problem for the approach taken in

FLOWFRONT. The nature of the terrain and the model of an isothermal Bingham fluid

are the controls upon which the flow paths mapped by FLOWFRONT are based.

However, lava flows undergo many thermal disruptions due to changes in local slope,

the encountering of groundwater and vegetation, and changes in fluid properties that

result from fluctuations in volumetric discharge rate. These disruptions may lead to

significant changes in lava surface texture and the subsequent development of lava tubes

[Rowland and Walker, 1990], exposure of a thermally insulated core to rapid cooling

[Decker et al., 1987], and reorientation or abandonment of channels [Swanson et al.;

1979]. Each of these occurrences will act to modify significantly the path of a lava flow

and the efficiency with which lava is transported from the vent region to the advancing

flow front. The simplifying assumption that lava flows are isothermal fluids imposes

limitations on the software of FLOWFRONT. Future observations of lava flow

development during eruptions which show significant variation in volumetric discharge

rate hold potential for defining in a systematic way the boundary conditions that occur as

the result of thermal changes in a flow and induce significant changes in flow direction

and morphology.
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As presented the software of FLO\VFRONT is designed to permit hazard

prediction in circumstances where time is of the essence. It is possible to make

simulations rapidly and to change the basic eruption description in terms of vent location

and variation in volumetric discharge rate thereby allowing a wide range of contingency

plans for hazard reduction. However the model works best in areas of simple terrain for

eruptions that proceed at a constant volumetric discharge rate and has limitations in the

complex topographic environment of the East Rift Zone of Kilauea that make it difficult to

justify its use as a tool for hazard prediction at the time of an eruption. The software

could be used for hazard evaluation for specified vent locations because of the rapidity

with which many iterations may be run, thereby enabling a wide range of hazard

mitigation studies to be undertaken.

Basic deduction of volumetric discharge rates from a'a lava flow morphologies

produced during unobserved eruptions in the Galapagos islands is possible with

FLOWFRONT. However, the variation in topography over which a lava flow travels is

great and it is unlikely that all the possible subtle variations that may be encountered

during the passage of a lava flow can be simulated with DEMs that have a vertical

resolution of 7 m. A lack of complete topographic information in the Galapagos poses

difficulties for extensive investigation of this problem. Although prediction of volumetric

discharge rates from lava flow widths on steep slopes was adequate, the wide range of

influences on lava flow movement that occur on lower angle slopes is difficult to

encompass with FLOWFRONT.
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Table 4.1

Quadrangle names for the 1:24000 USGS OEMs concatenated to form the topographic

model over which lava flow simulations were undertaken using the ~OWFRONT

software.

USGS DEM QUADRANGLE ill AND NAME

5818 KILAUEA CRATER

5819 VOLCANO

5820 KALALUA

5821 PAHOA SOUTH

5822 KAUOESERT

5823 MAKAOPUHI

5824 KALAPANA

5825 NALIIKAKANI POINT
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Table 4.2

Emptioncharacteristics used to simulate episode 2 of the Pu'u 0'0 eruption of Kilauea.

Sub-phase
of Episode2

1

2

3

Duration
(Hours)

350

48

126

Volumetric Discharge
Rate(103 m3 hr")

1.4

47.92

90.00

Total Volume
in Sub-phase (106 m3)

0.5

2.3

11.3
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Table 4.3

An example of a "runcom " :fileused to input emption characteristics to FLOWFRONT

software.

ras:file shade2.ras

x,y 700660

mag 1

obsras junk.ras

x,y 1 1

outfile episode2.ras

part? no

scale_o 350

y 1660

x 1700

DEM kilaueadem

slope kilauea. slope

max_it 2136

incrvol 1440

vary? 3

1st 1400 1440

2nd 192 119750

3rd 504 22500

crir h 2

crir a 3

vary? 0

min_h 1

source 208 211 211 I

source 209 210 210 I

source 209 211 211 a

source 207 212 212 I

source 208 212 212 a

source 206 213 214 I

source 207 213 214 a



288

Figure 4.1 A shaded relief image of Kilauea volcano, Hawaii, made by simulating

illumination of a Digital Elevation Model (DEM) using the Land Analysis (LAS) software

system. DEM made by concatenation of individual United States Geological Survey

(USGS) 1:24 000 map quadrangle DEMs. This relief image was used as a background

for the simulation of lava flow transport over the DEM using the FLOWFRONT

software. Sun Azimuth 90°, Sun Zenith 35°.
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Figure 4.2 The lava flows produced by episode 2 of the Pu'u 0'0 eruption between

February 10th and March 4th 1982 [Wolfe, 1988].
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Figure 4.3 The results of a simulation of episode 2 of the Pu'u 0'0 eruption using the

FLOWFRONT software package. The background is a portion of the shaded relief image

of Figure 4.1.



291

ac'

e-,,'

w

N

t

as:as-'0'

loj-----+---="---~="-----_j_-______jlO·

Figure 4.4 Example 1 of the results of a simulation of lava flow development over

slope geometries similar to those found in the western Galapagos Islands. (A) The

topography of Volcan Fernandina from Defense Mapping Agency Sheet # 22542.

Dashed contours are estimated from stereo Space Shuttle Large Format Camera (LFC)

photographs. (B) An example of a flow from the summit region of Volcan Fernandina

selected for comparison with the results of the FLOWFRONT simulation. (C) Eruption

volumetric discharge rate = 5 m3 sec": eruption duration = 6.25 days. (D) Eruption

volumetric discharge rate = 7.5 m3 sec": eruption duration = 6.25 days. (E) Eruption

volumetric discharge rate = 10 m3 sec": eruption duration = 6.25 days. (F) Eruption

volumetric discharge rate =5 ; eruption duration =62.5 days.
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Figure 4.4 (continued) Example 1 of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Fernandina from Defense Mapping Agency Sheet

# 22542. Dashed contours are estimated from stereo Space Shuttle Large Format Camera

(LFC) photographs. (B) An example of a flow from the summit region of Volcan

Fernandina selected for comparison with the results of the FLOWFRONT simulation.

(C) Eruption volumetric discharge rate =5 m3 sec": eruption duration =6.25 days. (D)

Eruption volumetric discharge rate = 7.5 m3 sec": eruption duration = 6.25 days. (E)

Eruption volumetric discharge rate = 10 m3 sec": eruption duration = 6.25 days. (F)

Eruption volumetric discharge rate = 5 ; eruption duration = 62.5 days.
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Figure 4.4 (continued) Example I of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Fernandina from Defense Mapping Agency Sheet

# 22542. Dashed contours are estimated from stereo Space Shuttle Large Format Camera

(LFC) photographs. (B) An example of a flow from the summit region of Volcan

Fernandina selected for comparison with the results of the FLOWFRONT simulation.

(C) Eruption volumetric discharge rate =5 m3 sec": eruption duration =6.25 days. (D)

Eruption volumetric discharge rate = 7.5 m3 sec": eruption duration = 6.25 days. (E)

Eruption volumetric discharge rate = 10 m3 sec"; eruption duration = 6.25 days. (F)

Eruption volumetric discharge rate =5 ; eruption duration =62.5 days.
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Figure 4.4 (continued) Example 1 of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Fernandina from Defense Mapping Agency Sheet

# 22542. Dashed contours are estimated from stereo Space Shuttle Large Format Camera

(LFC) photographs. (B) An example of a flow from the summit region of Volcan

Fernandina selected for comparison with the results of the FLOWFRONT simulation.

(C) Eruption volumetric discharge rate = 5 m3 sec"; eruption duration = 6.25 days. (D)

Eruption volumetric discharge rate =7.5 m3 sec": eruption duration =6.25 days. (E)

Eruption volumetric discharge rate = 10 m3 sec": eruption duration = 6.25 days. (F)

Eruption volumetric discharge rate =5 ; eruption duration = 62.5 days.



295

F

PACIFIC OCEAN

o 20m
"ilm",m"'"'i"',""%::rF~:c:;:':··:.

Lava Plow Thickness

Figure 4.4 (continued) Example 1 of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Fernandina from Defense Mapping Agency Sheet

# 22542. Dashed contours are estimated from stereo Space Shuttle Large Format Camera

(LFC) photographs. (B) An example of a flow from the summit region of Volcan

Fernandina selected for comparison with the results of the FLOWFRONT simulation.

(C) Eruption volumetric discharge rate = 5 m3 sec": eruption duration = 6.25 days. (D)

Eruption volumetric discharge rate = 7.5 m3 sec": eruption duration = 6.25 days. (E)

Eruption volumetric discharge rate = 10 m3 sec"; eruption duration = 6.25 days. (F)

Eruption volumetric discharge rate = 5 ; eruption duration = 62.5 days.
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Figure 4.5 Example 2 of the results of a simulation of lava flow development over

slope geometries similar to those found in the western Galapagos Islands. (A) The

topography of Volcan Wolf; Defense Mapping Agency sheet # 22543. (B) position of the

1982 flank eruption of Volcan Wolf used as a comparison to the simulation of

FLOWFRONT. (C) Eruption volumetric discharge rate =5 m3 sec": eruption duration =
6.25 days. (D) Eruption volumetric discharge rate = 7.5 m3 sec": eruption duration =

6.25 days. (E) Eruption volumetric discharge rate = 10 m3 sec": eruption duration =
6.25 days.
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Figure 4.5 (continued) Example 2 of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Wolf; Defense Mapping Agency sheet # 22543.

(B) position of the 1982 flank eruption of Volcan Wolf used as a comparison to the

simulation of FLOWFRONT. (C) Eruption volumetric discharge rate = 5 m3 sec':

eruption duration = 6.25 days. (D) Eruption volumetric discharge rate =7.5 m3 sec":

eruption duration = 6.25 days. (E) Eruption volumetric discharge rate = 10 m3 sec":

eruption duration =6.25 days.
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Figure 4.5 (continued) Example 2 of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Wolf; Defense Mapping Agency sheet # 22543.

(B) position of the 1982 flank eruption of Volcan Wolf used as a comparison to the

simulation of FLOWFRONT. (C) Eruption volumetric discharge rate = 5 m3 sec":

eruption duration = 6.25 days. (D) Eruption volumetric discharge rate =7.5 m3 sec":

eruption duration = 6.25 days. (E) Eruption volumetric discharge rate = 10 m3 sec";

eruption duration = 6.25 days.
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Figure 4.5 (continued) Example 2 of the results of a simulation of lava flow

development over slope geometries similar to those found in the western Galapagos

Islands. (A) The topography of Volcan Wolf; Defense Mapping Agency sheet # 22543.

(B) position of the 1982 flank eruption of Volcan Wolf used as a comparison to the

simulation of FLOWFRONT. (C) Eruption volumetric discharge rate = 5 m3 sec":

eruption duration =6.25 days. (D) Eruption volumetric discharge rate =7.5 m3 sec":

eruption duration = 6.25 days. (E) Eruption volumetric discharge rate = 10 m3 sec":

eruption duration =6.25 days.
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CHAPTER 5

CONCLUSIONS

This chapter concludes my Ph. D. thesis with a review of the significant findings

of my research and the directions they suggest for further work. A consideration of the

merits and drawbacks of the application of remotely sensed data and computer modelling

techniques to volcanological problems will be presented. The challenges of

understanding the physical volcanology of the Galapagos Islands are considered in terms

of the remotely sensed data that may be gathered in the future, as well as the daunting

tasks of field work and ground sensor installation for continuous monitoring.

In chapter 2, the application of SPOT-1 data to studies of the spatial distribution

of eruptive materials on Islas Fernandina and Isabela provided a wealth of new

information with which to consider the morphological and structural evolution of

individual volcanoes and the group as a whole. Fissures on the flanks of these volcanoes

occur along preferred orientations that I propose are structurally analogous to the better

known rift zones of Hawaiian shields. However, their persistence and orientation varies

within the group and no one rift zone dominates evolution of a single volcano. No

regional tectonic influence is suggested by the distribution of these fascicular rifts. An

absence of satellitic shields and the inference that brief and vigorous eruptions dominate

activity in these rift zones suggests that magma storage within them does not occur. The

lack of potential for magma storage for extended periods of a volcano's eruptive lifetime

indicates that magma is stored predominantly in a magma chamber beneath the caldera of

the Galapagos volcanoes.

The use of SPOT-1 data to map the distribution of lava flows within a consistent

map projection, and the assessment of the relative age of eruptive fissures with the aid of

lava flow stratigraphic relationships, revealed for the first time how temporal variation in

the orientation of fascicular rift zones may influence the topography of each volcano. Use
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of the morphological characteristics of eruptive products as a tool for comparing eruptive

styles in the Galapagos and in Hawaii suggests that magma supply rates to the surface of

the Galapagos volcanoes are lower than in Hawaii. This may be the result of variation in

the supply of magma from the mantle to the near surface magma system in either region,

or the consequence of the near surface structural environment in which the intrusions that

transport magma to eruption vents move.

The SPOT-1 data also provided a means to examine the influence of calderas on

the eruptive behavior of a basaltic shield. This aspect of my study revealed that caldera

morphology may influence the style and location of eruptive activity in the summit

regions of the Galapagos volcanoes. Fissure orientation and eruption location in the

summit regions of these volcanoes are inferred to be linked to the potential of the caldera

wall to move laterally, thereby providing a preferred pathway for intrusions. Variation in

caldera morphology may be explained by differences in the shape and dimensions of the

magma chamber of each volcano.

An unequivocal explanation for the steep slopes adjacent to portions of the summit

plateaus of the western Galapagos volcanoes remains elusive. A model that invokes a

preferential accumulation of material in the center of the volcano is supported by the

results of the lava flow mapping that I undertook. My analysis of lava flow planimetric

shape indicates that once formed, the mantling by successive flows does not act to lessen

the extent of the steep slopes. The existence of fascicular rift zones explains the

asymmetry in volcano profiles and does not appear to have a pronounced morphological

effect on the summit plateaus. Models of central tumescence that depend upon

accumulation of intrusions within a stress regime that favors sheet like bodies, appear to

require that a lens of dense material may form at a level within the edifice sufficient to

cause very localized uplift, at a rate that far exceeds isostatic readjustment to a lower level.

Isostatic readjustment within the linear rift zones of Kilauea proceeds at a rapid rate and
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this suggests that a similar balance between the rate at which intrusive sheets are fanned

and the rate of isostatic subsidence would occur beneath the central portion of the

Galapagos volcanoes, thereby reducing the potential for tumescence.

Exhaustive analysis of LANDSAT TM data collected over Isla Fernandina

indicated that the surface reflectance of lava flows does not show any systematic change

with age. Investigation of spectral features in the visible to near infrared, related to the

presence of ferric oxides, suggested that oxidation does not dominate the chemical

weathering of recent lava flows on the flanks of Volcan Fernandina. Multivariate

statistical analysis of the remotely sensed data and spectra collected in the field during

1989 revealed no consistent feature that varies with age. Many factors may influence the

chemical weathering of these lava flows, including variation in microclimate and variation

in the influx of aeolian and pyroclastic fall material. It appears unlikely that with such

potential for localized variation, a single remotely sensed data set will serve to analyze

relative ages.

The lack of a suitable technique for dating the lava flows of the western

Galapagos poses a major problem for furthering our understanding of these volcanoes. If

one accepts that at some point there will be the potential for extensive sampling of the lava

flows, two techniques that have recently been developed to address the wider problem of

dating recent surfaces warrant consideration. Using the ratio of (Ca + K){fi measured by

X-ray emission spectra a variety of Pleistocene and Holocene rock varnishes have been

dated based on the premise that this ratio decreases with age [Dorn, 1983]. However,

recent investigation of the effects of Ba concentration in the varnish on the accuracy of the

determination of Ti concentrations has seriously questioned the viability of this technique

[Bierman and Gillespie, 1991] and suggests that it would be unsuitable for application to

the Galapagos Islands. Analysis of the organic matter contained in rock varnishes has

also been suggested as a method for dating Pleistocene materials [Dom et al., 1989] but
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this method has inherent problems due to the range of ages over which varnishes may

form and the difficulty of obtaining samples from extremely thin coatings [Reneau et al.,

1991].

The application of remotely sensed data to studies of volcanism enabled a

complete study of each of the seven shields that comprise Islas Fernandina and Isabela.

Although certain features related to eruptive activity were not resolvable with these data,

the fissure distributions mapped in the SPOT-l data, revealed the same underlying trends

as those made previously from aerial photographs. Mapping of lava flows was possible

within a consistent and readily interpretable form. The combination of fissure and flow

mapping enabled for the first time an assessment of temporal variation in the occurrence

of eruptive activity on these volcanoes. Combination of this temporal information with

topographic maps revealed the manner in which eruptive activity may act to modify

volcano morphology. Although the use of LANDSAT TM data did not prove successful

as a tool for lava flow dating, the results indicate that oxidation of flow surfaces is not the

dominant form of chemical weathering, and in terms of priorities for future remote

sensing missions, suggest that localized variation in climate may act to hamper attempts to

date flows remotely.

The results of using remotely sensed data to interpret volcanological behavior in

regions of difficult access are not only valuable in themselves but also in the way they

point to areas which future research may address. Radar sensors on both aircraft and

orbital satellite platforms hold the potential to greatly expand the database for study of the

volcanoes because they are capable of data collection regardless of regional cloud cover.

Incomplete topographic information in the Galapagos, particularly severe in the southern

region of Isla Isabela, hampers detailed interpretation of the effects of prolonged eruptive

activity along preferred orientations on the volcano flanks. This problem may be solved

by use of the NASA aircraft-borne TOPSAR instrument that is capable of mapping
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topography to a vertical resolution of 1 m by the use of radar interferometry techniques

[Evans et al., 1992]. Such topographic data would permit a more detailed analysis of the

influence of eruption location on the morphological evolution of the Galapagos volcanoes

as well as an estimation of the volumes of eruptions that have occurred since the

topographic maps produced by the Defense Mapping Agency in 1947.

The NASA SIR-C (Shuttle Imaging Radar-C) mission to be flown in September

1993, December 1994 and June 1996 will collect C-Band (5.3 GHz) and L-Band (1.25

Ghz) data with a ground resolution of 30 m in four different polarization modes that may

assist in the mapping of surface texture units within lava flows and the distribution of ash

and tephra deposits. These data will help to clarify the important issue of the ratio of

pahoehoe to a'a on these volcanoes and the issue of how frequently low volumetric

discharge rate eruptions occur. The identification of vent systems in regions in the south

of Isla Isabela that are vegetated may also be made possible due to the penetrative

properties of radar.

Three orbital radar missions, the ERS-1 satellite launched in June 1991, the

JERS-1 launched in February 1992 and the Canadian RADARSAT planned for launch in

January 1995, also hold potential to expand the remotely sensed data base for the western

Galapagos. These instruments may be used for radar stereogrammetry to produce

topographic data for the islands, additionally there lifetime of two to five years means that

they stand a good chance of obtaining data during or shortly after eruptions. These data

may be analyzed to further understand the rates of resurfacing of these volcanoes that has

been difficult to address with the limited data on recent eruptions that is currently

available.

There is little doubt that a clearer understanding of the dynamics of the Galapagos

volcanoes would be aided by the collection of more extensive geophysical data. Much of

what the interpretation of remotely sensed data has suggested might beinvestigated by the

. - ..__..__..._------------
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acquisition of seismological, vertical displacement, and gravity survey data. The sub

surface structure of the fascicular rifts and the nature of the magma storage zones beneath

the calderas could be evaluated by monitoring of earthquake behavior and by tiltmeters.

These structures are important in the general context of understanding how basaltic

volcanoes evolve through time. Currently the database available to study them is limited

to the active examples of rift-zones in Hawaii and the deeply eroded remnants such as the

Koolau volcano on Oahu and older centers such as the Tertiary volcanic provinces of

Scotland. Airborne gravity surveys of the volcanoes hold the potential for investigating

density anomalies that may correspond to wedges of intrusions within the rift zones or

beneath the calderas. However such surveys are generally undertaken with low-altitude

aircraft with a swath width of around 5 km and consequently a major effort would be

required to obtain data for Islas Isabela and Fernandina whose total surface area is around

10 000 km2. Given the nature of the islands and the delicate ecology it is hard to imagine

that seismometers and tiltmeters could be installed over a sufficiently wide area to produce

useful monitoring without imperilling the natural ecosystem. The disruption of such a

unique example of unsullied nature seems an unreasonable gamble for even the most

fervent field geologist
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