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ABSTRACT

ORIGIN AND EVOLUTION OF THE SANTIAGUITO LAVA DOME
COMPLEX, GUATEMALA
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Department of Earth Sciences, University of Oxford & St Anne’s College

Thesis submitted for the degree of Doctor of Philosophy, 17th September 2012

Subduction zone volcanoes are a major natural hazard, frequently endangering lives

and livelihoods. The eruptive history of many subduction zone volcanoes includes the

extrusion of blocky, silicic lava that forms domes or flows, but we do not yet

understand what determines the duration of dome-forming behaviour, what path

magma may take to the surface, or how these systems may change over time.

This thesis presents an investigation of the Santiaguito complex of lava domes and

flows in Guatemala, which has been erupting continuously since its inception in 1922.

The Santiaguito lavas are predominantly dacitic to andesitic, with a gradual reduction

in SiO2 content from ~66 wt% in the 1920s, to ~62 wt% in 2002. This is consistent

with a ~15% decrease in the extent of fractional crystallization over that time. The

compositions of plagioclase phenocryst cores indicate a diminished role for magma

mixing after the 1940s.

I model the Santiaguito system as progressively extracting magma from an

extensive, chemically-stratified storage zone. Petrological data are consistent with a

storage zone extending from ~25 to ~12 km depth, and magma storage temperatures

of ~940 to ~980°C. Phenocryst-hosted apatites suggest melt in this storage zone

contained 401 to 1199 ppm S, 600 to 1300 ppm F, and 4100 to 6200 ppm Cl.

Ascending magma may pass slowly through a conduit bottleneck, or plug, at shallow

depths; groundmass texture suggests that melt rigidifies at or near the base this plug.

Pre-eruptive melt volatile concentrations suggest time-averaged fluxes of 40 to 263

Mg d-1 SO2, 32 to 145 Mg d-1 HF, and 247 to 708 Mg d-1 HCl, giving ratios of 0.6 to

0.8 HF/SO2, and 2.7 to 6.2 HCl/SO2. These results are consistent with the few direct

measurements of SO2 at Santiaguito, and with measured halogen emissions from

other silicic dome-forming systems.



EXTENDED ABSTRACT

ORIGIN AND EVOLUTION OF THE SANTIAGUITO LAVA DOME

COMPLEX, GUATEMALA

Jeannie A. J. Scott

Department of Earth Sciences, University of Oxford & St Anne’s College

Thesis submitted for the degree of Doctor of Philosophy, 17th September 2012

Subduction zone volcanoes form one of the major hazards in the natural world;

their eruptions frequently endanger lives and livelihoods, and can significantly

impact on society, the environment, and the economy. The eruptive history of

many subduction zone volcanoes includes the extrusion of blocky, silicic lava

that forms domes or flows. In some cases, dome-forming activity may last only

a few weeks to years; in others, it may persist for decades. What determines

the duration, and intensity, of dome-forming behaviour is not yet understood;

neither do we understand how explosive and extrusive behaviour can occur

simultaneously, what path magma may take to the surface, or how these

systems may change over time.

This thesis presents the results of a petrological and geochemical investigation

of the Santiaguito complex of lava domes and flows in northwest Guatemala.

Santiaguito began erupting in 1922, into the crater formed by the cataclysmic

1902 eruption of its parent stratocone, Santa María; today, after 90 years of

continuous activity, it remains one of the most active volcanoes in the world.

Despite this unusual longevity and prolific eruptive record, very little scientific

research has been carried out at Santiaguito, with no petrological or

geochemical studies since the initial survey in the 1960s.

In this thesis I present a detailed geochemical and petrological description of

Santiaguito’s rocks and examine how they have changed over time, I constrain



the pressures and temperatures experienced by magma within the subsurface

plumbing system, and estimate how much sulfur, fluorine, and chlorine may

have been emitted by Santiaguito throughout its lifetime.

Fifty-five rock samples were obtained from Santiaguito, plus three from the

1902 pumice, and four from the prehistoric Santa María stratocone. Whole rock

chemistry was analyzed using x-ray fluorescence (XRF) and inductively coupled

plasma mass spectrometry (ICP-MS). Petrological data were obtained from thin

sections using an optical microscope, the scanning electron microscope (SEM)

and electron microprobe (EMP).

Whole rock analyses show that the earliest dome-forming Santiaguito rocks are

geochemically and mineralogically identical to the dacitic 1902 pumice, except

for the obvious differences in vesicularity associated with their very different

eruptive styles. Erupted lavas have become progressively less evolved, with a

decrease in whole rock SiO2 from ~66 wt% in the 1920s to ~62 wt% by 2002.

Such a decrease in SiO2 over time could be caused by mixing with a

progressively greater mafic component. Discrete enclaves of the mafic magma

considered partly responsible for triggering the 1902 eruption, are present in

early Santiaguito lavas; the bimodal compositional distribution of plagioclase

phenocryst core compositions in early Santiaguito lavas also suggests they

were strongly influenced by magma mixing. However, lavas erupted since the

1940s show a unimodal distribution of plagioclase phenocryst core

compositions, which implies that the influence of magma mixing has decreased

over time. Because the diminishing contribution of a mafic end member over

time would increase silica content of lava, the observed decrease in whole rock

SiO2 is best explained by a decrease in the extent of fractional crystallization of

the erupting lava. Geochemical modelling using whole rock trace element data

constrains this decrease to ~15%.

I model the Santiaguito system as progressively extracting magma from an

extensive, chemically-stratified storage zone thought to have formed during the

~25 ka of quiescence that preceded the 1902 eruption. All the hybridized dacite

left from the 1902 eruption appears to have extruded by the 1940s; as extrusion



continued at Santiaguito, drawdown of the stratified storage zone meant that

ascending magma became progressively less evolved. This storage zone is

thought to extend from at least ~25 km to ~12 km depth (from amphibole

thermobarometry); amphibole chemistry suggests that stored magma

experiences temperatures of ~940 to ~980°C, fO2 of NNO +0.4 to NNO +1.2,

and crystal size distribution (CSD) data indicates a growth-dominated regime

associated with phenocryst formation. Crystal nucleation overtook growth during

microlite formation (from CSD analysis); since microlite crystallization is typically

associated with ascent-related decompression at shallower levels, this suggests

there is some distinction between slow ascent through Santiaguito’s storage

zone, and ascent to the surface. The rate of ascent is constrained by amphibole

breakdown rims as ~27 to ~84 m hr-1, although complete breakdown of

amphibole in some samples suggests these constraints should be treated as

maxima.

Ascending magma may slow just before reaching the surface, forming a conduit

bottleneck, or plug. Based on matrix glass composition, microlite habit and

aspect ratio, and plagioclase microlite abundances, I suggest that ascending

melt undergoes rigidification at shallow levels, perhaps between ~200 and ~800

m; this corresponds with the base of the conduit plug. The preservation of

vesicles, the lack of alignment of tabular microlites, the lack of correlation

between groundmass textural parameters and distance of the sample from the

vent, and the symplectic texture of glass decomposition are also consistent with

rigidification prior to extrusion. In the uppermost ~200 m of the vent, matrix

glass at Santiaguito undergoes progressive decay before extruding onto the

surface as blocky lava. I suggest that experimental calibration of this decay

process may provide a quantitative proxy for extrusion rate at Santiaguito.

Extruding lava units have been classified as either domes or flows according to

their morphology, but no geochemical difference was found between dome and

flow samples. This suggests that the morphological differences are caused by

changes in the topography onto which lava is emplaced (with steeper

topography promoting the formation of flows) and/or differences in the degree of



vesicularity (with more vesicular magma fracturing more easily into blocks

capable of granular flow).

The final part of the thesis provides constraints on the volatile emissions from

Santiaguito. Few field measurements have been published to date, and the

scarcity of appropriately-preserved melt inclusions in phenocrysts prevented

use of traditional petrological methods to estimate degassing rates. Instead, I

use measurements of S, F, and Cl in apatites that are fully enclosed by

pyroxene phenocrysts, as they reflect the volatile concentrations in the melt

prior to degassing. I use existing models to estimate temperature-sensitive S

apatite-melt partition coefficients, and published, experimentally determined

apatite-melt partition coefficients for F and Cl.

Prior to degassing, I estimate that Santiaguito melts contained 401 to 1199 ppm

S, 600 to 1300 ppm F, and 4100 to 6200 ppm Cl. From the known long-term

magma flux at Santiaguito, I estimate time-averaged sulfur emission rates of 40

to 263 Mg d-1 SO2, consistent with the few direct measurements taken at

Santiaguito. Estimated long-term average halogen degassing fluxes are 32 to

145 Mg d-1 HF (which gives HF/SO2 of 0.6 to 0.8) and 247 to 708 Mg d-1 HCl

(which gives HCl/SO2 of 2.7 to 6.2). These results are similar to measured

halogen emissions from other silicic dome-forming systems. The apatite-based

petrological method may therefore provide a useful alternative for studying

volatile degassing in the absence of viable melt inclusions.

The volcanic hazards associated with Santiaguito should be reassessed based

on this new information, and the way Santiaguito is monitored can be tailored

for greater efficiency. Further research to improve our understanding of this

volcano is strongly encouraged.



ACKNOWLEDGEMENTS

This project would not have been possible without the invaluable field

assistance provided by Gustavo Chigna, Julio Cornejo Alvarado, Hilda

Amparo Perez Ixcoy, Alvaro Rojas Melendez, and Agvida Cruz. Their

generosity, friendly welcome, extensive local knowledge, and tireless

dedication was an inspiration, and will not be forgotten.

The scope of this study would have been severely limited without the

samples collected in 2009 by Jon Stone, and the many samples collected

over the years by Bill Rose. Thanks also to Bill for his help and advice, and

for the many papers he has produced on Santiaguito and Central America –

they are heavily referenced here for good reason.

Sample preparation and analysis was made possible by Norman Charnley,

Owen Green, Jeremy Hyde, Andrew Mason, John Watson, and Steve Wyatt.

Phil Holdship and Seb Watt provided advice and assistance with processing

analytical data. I am particularly grateful to Dave Sansom for teaching me to

use Illustrator, and for turning my scruffy hand-drawn sketches into a truly

spectacular poster.

The advice and support provided by Elizabeth Crowley and Jon Wade was

much appreciated. Margaret T. Mangan, Martin J. Streck, Yan Lavallée, and

Brian Jicha provided constructive reviews that greatly improved Chapters 4

and 5. I am very grateful to Madeleine Humphreys, who became my unofficial

third supervisor while writing Chapter 6; and of course to my official

supervisors, Tamsin Mather and David Pyle. Thanks also to my examiners,

Ralf Gertisser and Conall Mac Niocaill, for their thorough reviews and

constructive advice.

I also thank the administrative teams in Earth Sciences and Geography for

their support throughout this project. Permission to work in Guatemala was

granted by Eddy Hardie Sánchez Bennett, Director General of INSIVUMEH.

Funding was provided by NERC through studentship NE/G524060/1; Burdett

Coutts and St Anne’s College provided travel bursaries.



WORD & PAGE COUNT

Abstract: 298 words, 1 page

Extended abstract: 1166 words, 4 pages

Main text, excluding abstracts, indices, figures, tables, and references:

29812 words

163 pages of text, including abstracts, appendices, and references

251 pages of indices, tables and figures

414 pages in total



INDEX

CHAPTER 1:

INTRODUCTION 1

CHAPTER 2:

GEOLOGICAL BACKGROUND AND PREVIOUS RESEARCH

2.1 GEOGRAPHY 5

2.2 THE TECTONICS OF CENTRAL AMERICA

2.2.1 FAULT SYSTEMS & SEISMIC ACTIVITY 5

2.2.2 CRUSTAL BLOCKS & SEGMENTS 11

2.3 MAGMA GENESIS & EVOLUTION

2.3.1 MAGMA GENESIS 14

2.3.2 SLAB COMPONENT 15

2.3.3 MAGMA FRACTIONATION & MIXING 17

2.3.4 CRUSTAL CONTAMINATION 18

2.3.5 WEATHERING & ALTERATION 19

2.4 VOLCANOES OF CENTRAL AMERICA

2.4.1 ARC-TRENCH GEOMETRY 20

2.4.2 VOLCANIC FRONT VOLCANOES 22

2.4.2.1 The Central American volcanic front 22

2.4.2.2 Volcano pairs 23

2.5 ALONG-ARC PATTERNS 27

2.6 SANTA MARIA VOLCANO

2.6.1 REGIONAL SETTING AND PREHISTORIC ACTIVITY 27

2.6.2 THE ERUPTION OF 1902 29

2.6.2.1 Precursory activity 29

2.6.2.2 The eruption 30

2.6.2.3 Research into the 1902 eruption 33

2.7 SANTIAGUITO

2.7.1 AN INTRODUCTION TO SANTIAGUITO 40

2.7.2 ACTIVITY OF SANTIAGUITO 43

2.7.2.1 Cycles of activity 43

2.7.2.2 Explaining Santiaguito's activity 47

2.7.2.3 Observational records: <2000 to 2009 48

2.7.3 GEOPHYSICAL STUDIES AT SANTIAGUITO 50

2.7.3.1 Lava flow dynamics 50

2.7.3.2 Thermal observations 52

2.7.3.3 Seismo-acoustic studies 53



2.7.3.4 Eruption plume studies 54

2.7.3.5 Volume & deformation of Santiaguito 55

2.7.4 CHEMISTRY, MINERALOGY, & TEXTURE 56

2.8 VOLCANIC EMISSIONS

2.8.1 SULFUR 58

2.8.2 THE HALOGENS 59

2.8.3 CARBON 60

2.8.4 OTHER ELEMENTS 60

CHAPTER 3:

METHODS

3.1 SAMPLING SANTIAGUITO 61

3.1.1 ARCHIVED SAMPLES 61

3.1.2 FIELD WORK 62

3.1.2.1 Rock samples 62

3.1.2.2 Observational data 70

3.2 ANALYZING SANTIAGUITO 70

3.2.1 OPTICAL MICROSCOPY 70

3.2.2 SEM & ELECTRON MICROPROBE ANALYSIS 70

3.2.3 TEXTURAL ANALYSIS 75

3.2.4 BULK ROCK ANALYSIS 77

3.2.4.1 Rock crushing and grinding 77

3.2.4.2 Loss on ignition (LOI) 77

3.2.4.3 XRF: Major elements 78

3.2.4.4 XRF: Trace elements 78

3.2.4.5 ICP-MS: Trace elements 79

3.2.5 GEOCHEMICAL MODELLING 80

CHAPTER 4:

THE MAGMATIC PLUMBING SYSTEM BENEATH SANTIAGUITO

4.1 INTRODUCTION 82

4.2 METHODS 83

4.3 RESULTS 83

4.3.1 PHENOCRYSTS 83

4.3.2 GROUNDMASS 96

4.4 DISCUSSION 100

4.4.1 MAGMA STORAGE 100

4.4.1.1 Amphibole thermobarometry 100

4.4.1.2 Plagioclase crystal size distribution (CSD) 103



4.4.2 MAGMA ASCENT 103

4.4.2.1 Amphibole decomposition 103

4.4.2.2 Groundmass texture 107

4.4.2.3 Vesicle texture 113

4.4.2.4 Geochemistry of microlites 113

4.4.2.5 Geochemistry of matrix glass 114

4.4.3 EXTRUSION 116

4.4.3.1 Matrix glass 116

4.4.3.2 Titanomagnetites 117

4.4.3.3 Symplectic decay of amphiboles 120

4.5 CONCLUSIONS 121

CHAPTER 5:

THE GEOCHEMISTRY & EVOLUTION OF SANTIAGUITO

5.1 INTRODUCTION 125

5.2 METHODS 126

5.3 RESULTS 126

5.3.1 PETROLOGY & MINERALOGY OF SANTIAGUITO ROCKS 126

5.3.2 WHOLE ROCK GEOCHEMISTRY 132

5.3.3 SANTA MARIA LAVA & THE 1902 PUMICE 147

5.4 DISCUSSION 148

5.4.1 THE RELATIONSHIP BETWEEN THE 1902 MAGMA BODY AND

SANTIAGUITO 148

5.4.1.1 Geochemical comparison of the 1902 pumice and Santiaguito

lavas 148

5.4.1.2 Textural comparison of the 1902 pumice and Santiaguito

lavas 152

5.4.2 THE GEOCHEMICAL EVOLUTION OF SANTIAGUITO LAVAS

OVER TIME 155

5.4.2.1 Magma mixing 155

5.4.2.2 Fractional crystallization 165

5.4.3 CHANGES IN THE MORPHOLOGY OF SANTIAGUITO UNITS

OVER TIME 170

5.4.4 TEMPORAL AND SPATIAL EVOLUTION OF SANTIAGUITO

MAGMA 173

5.5 CONCLUSIONS 177



CHAPTER 6:

BEHAVIOUR OF S, F, AND CL AT

SANTIAGUITO: INSIGHTS FROM APATITE

6.1 INTRODUCTION 180

6.2 SANTIAGUITO APATITES 183

6.3 METHODS 184

6.3.1 VOLATILE PARTINTIONING IN APATITE 185

6.3.1.1 Sulfur 185

6.3.1.2 F & Cl 190

6.3.2 ANALYTICAL METHODS 191

6.4 RESULTS 192

6.4.1 APATITE COMPOSITIONS 192

6.4.2 MELT INCLUSIONS & MATRIX GLASS 198

6.5 DISCUSSION 200

6.5.1 APATITE-BASED MODELLING RESULTS 200

6.5.2 COMPARISON OF APATITE-BASED AND MELT INCLUSION-

BASED VOLATILE ESTIMATES 202

6.5.3 THE VOLATILE CONTENTS OF SANTIAGUITO APATITES AND

THEIR TEXTURAL CONTEXT 206

6.6 ESTIMATED VOLATILE FLUX FOR SANTIAGUITO 211

6.7 CONCLUSIONS 217

CHAPTER 7:

COMMENTS & CONCLUSIONS

7.1 IMPLICATIONS, QUESTIONS, & FURTHER WORK 220

7.1.1 SUB-SURFACE RIGIDIFICATION 220

7.1.2 CRYSTALLINE SILICA & VOLCANIC ASH 224

7.1.3 MAGMA STORAGE ZONES 226

7.1.4 THE HYDROTHERMAL SYSTEM 227

7.1.5 EMISSIONS & THE LOCAL ENVIRONMENT 228

7.1.6 PATTERNS OF ACTIVITY 228

7.1.7 WORK IN PROGRESS 229

7.1.8 BEYOND SANTIAGUITO 230

7.2 MONITORING & HAZARD ASSESSMENT 231

7.3 FINAL COMMENTS 234



APPENDIX A

THE PETROLOGY OF SANTIAGUITO 235

APPENDIX B 248

REFERENCES 380



INDEX OF FIGURES

CHAPTER 2

2.01 THE CENTRAL AMERICAN REGION 6

2.02 THE 2005 LANDSLIDE AT PANABAJ 10

2.03 PHYSICAL & GEOCHEMICAL VARIATIONS ALONG CAVA 13

2.04 SECTION THROUGH THE SUBDUCTING COCOS PLATE 16

2.05 CROSS-SESCTION OF THE CAVA REGION 21

2.06 THE REGIONAL SETTING OF SANTA MARIA / SANTIAGUITO 25

2.07 THE 1902 ERUPTION OF SANTA MARIA 32

2.08 A GEOLOGICAL MAP OF SANTIAGUITO 35

2.09 FIELD PHOTOGRAPHS FROM SANTIAGUITO 36

2.10 A CLOSE-UP VIEW OF AN ERUPTION AT SANTIAGUITO 42

2.11 SANTIAGUITO'S ACTIVITY OVER TIME 45

2.12 LAHARS FROM SANTIAGUITO 51

CHAPTER 3

3.01 SAMPLES TAKEN FROM SANTIAGUITO 68

3.02 UNITS EXTRUDED AT SANTIAGUITO 69

CHAPTER 4

4.01 PLAGIOCLASE CRYSTAL SIZE DISTRIBUTIONS 84

4.02 THE TEXTURES OF TITANOMAGNETITES 86

4.03 THE ABUNDANCE OF AMPHIBOLE RIM WIDTHS 87

4.04 THE BREAKDOWN OF AMPHIBOLE 88

4.05 TRANSECTS ACROSS AMPHIBOLE PHENOCRYSTS 90

4.06 THERMOBAROMETRY FOR SANTIAGUITO AND OTHER ARC

VOLCANOES 93

4.07 THERMOBAROMETRY, OXYGEN FUGACITY, AND WATER CONTENT

OF MAGMA 95

4.08 THE BREAKDOWN OF MATRIX GLASS 98

4.09 ELEMENT MAPS OF THE GROUNDMASS 99

4.10 TOTAL ALKALI-SILICA DIAGRAM OF MATRIX GLASS ANALYSES 101

4.11 AMPHIBOLE PHENOCRYSTS 105

4.12 PLAGIOCLASE MICROLITE NUMBER DENSITY VS. AREA FRACTION 109

4.13 POPULATION DENSITY OF PLAGIOCLASE MICROLITES 110

4.14 MATRIX GLASS ANALYSES ON THE HAPLOGRANITE TERNARY 115

4.15 THE ASCENT PATH OF MAGMA AT SANTIAGUITO 122



CHAPTER 5

5.01 IMAGES OF SANTIAGUITO LAVAS 127

5.02 THE ABUNDANCE OF PHENOCRYSTS OVER TIME 131

5.03 TOTAL ALKALI-SILICA DIAGRAM 133

5.04 ELEMENT CONCENTRATIONS OVER TIME 134

5.05 HARKER DIAGRAMS 142

5.06 IMAGES OF THE 1902 PUMICE 149

5.07 RARE EARTH ELEMENT SPIDERGRAMS 151

5.08 THERMOBAROMETRY FROM THE 1902 PUMICE 153

5.09 TEXTURAL COMPARISON OF THE 1902 PUMICE & SANTIAGUITO

LAVA 154

5.10 VARIATION OF MAJOR ELEMENTS WITH SILICA CONTENT 157

5.11 HARKER DIAGRAMS WITH MIXING LINES FOR SANTIAGUITO 158

5.12 COMPOSITIONAL DISTRIBUTION OF PLAGIOCLASE PHENOCRYSTS 160

5.13 ELEMENT CONCENTRATIONS OVER TIME FOR SANTIAGUITO 164

5.14 FRACTIONAL CRYSTALLIZATION MODELS 169

5.15 Cl VS. K 2 O FOR DOME AND FLOW LAVAS 172

5.16 EVOLUTION OF THE SANTA MARIA / SANTIAGUITO SYSTEM 174

CHAPTER 6

6.01 MELT INCLUSIONS & APATITES FROM SANTIAGUITO 181

6.02 F-S-Cl TERNARY PLOTS 193

6.03 ELEMENT MAPS OF APATITES 197

6.04 APATITE VOLATILE CONCENTRATIONS OVER TIME 208

6.05 VOLATILE FLUXES FROM SANTIAGUITO & OTHER VOLCANOES 216

CHAPTER 7

7.01 THE ASCENT OF MAGMA AT SANTIAGUITO - EXTENDED FIGURE 222

APPENDIX A

A.01 INCLUSIONS IN SANTIAGUITO LAVAS 244



INDEX OF TABLES

CHAPTER 2

2.01 VOLCANOES OF THE CENTRAL AMERICAN VOLCANIC FRONT 7

2.02 THE GEOGRAPHY AND HISTORY OF GUATEMALA 8

2.03 PAIRED VOLCANOES OF THE CENTRAL AMERICAN VOLCANIC ARC 24

2.04 CYCLES OF ACTIVITY AT SANTIAGUITO 44

CHAPTER 3

3.01 LIST OF SAMPLES 63

3.02 ELECTRON MICROPROBE ANALYTICAL CONDITIONS 72

3.03 THE STAGES OF MAGNETITE OXYEXSOLUTION 74

CHAPTER 4

4.01 MAGMA ASCENT RATES FOR SANTIAGUITO 89

4.02 THE TEXTURE OF GROUNDMASS 97

4.03 PROPERTIES OF MAGMATIC PLUMBING SYSTEMS AT OTHER

ARC VOLCANOES 106

4.04 SAMPLES RANKED BY ASCENT RATE AND EXTRUSION RATE 118

CHAPTER 5

5.01 GEOCHEMICAL MODELLING OF THE SANTA MARIA / SANTIAGUITO

SYSTEM 167

CHAPTER 6

6.01 PARAMETERS USED TO ESTIMATE S MELT CONCENTRATIONS 188

6.02 OBSERVATIONS FROM ELEMENT MAPPING OF APATITES 195

6.03 MATRIX GLASS & MELT INCLUSION ANALYSES 199

6.04 ESTIMATED MELT VOLATILE CONCENTRATIONS 203

6.05 PARAMETERS USED TO ESTIMATE VOLATILE FLUXES 213

6.06 FLUXES FROM SANTIAGUITO & OTHER, SIMILAR VOLCANOES 215



APPENDIX A

A.01 PHENOCRYST PHASES PRESENT IN SANTIAGUITO LAVAS 236

A.02 TEXTURAL DATA FOR 1902 AND SANTIAGUITO PLAGIOCLASE

PHENOCRYSTS 239

A.03 INCLUSIONS IN SANTIAGUITO LAVAS 242

APPENDIX B

B.01 ANALYSES: WHOLE ROCK DATA, 2009 SAMPLES 249

B.02 ANALYSES: WHOLE ROCK DATA, ARCHIVED SAMPLES 255

B.03 STANDARD ANALYSES: XRF 256

B.04 STANDARD ANALYSES: ICP-MS 259

B.05 ANALYSES: PLAGIOCLASE PHENOCRYSTS 263

B.06 ANALYSES: ORTHOPYROXENE PHENOCRYSTS 281

B.07 ANALYSES: CLINOPYROXENE PHENOCRYSTS 299

B.08 ANALYSES: HIGH AL PYROXENE PHENOCRYSTS 305

B.09 ANALYSES: AMPHIBOLE PHENOCRYSTS 308

B.10 ANALYSES: TITANOMAGNETITE PHENOCRYSTS 320

B.11 ANALYSES: PLAGIOCLASE MICROLITES 335

B.12 ANALYSES: ORTHOPYROXENE MICROLITES 341

B.13 ANALYSES: TITANOMAGNETITE MICROLITES 344

B.14 ANALYSES: ENCLOSED APATITES 346

B.15 ANALYSES: PARTLY ENCLOSED APATITES 354

B.16 ANALYSES: MICROPHENOCRYST APATITES 362

B.17 ANALYSES: PYRRHOTITE 368

B.18 ANALYSES: MATRIX GLASS 370



1

CHAPTER 1: INTRODUCTION

Volcanic eruptions frequently endanger lives and livelihoods, and can

significantly impact on society, the environment, and the economy.

Subduction zone eruptions are particularly dangerous because they are often

explosive, with numerous associated hazards including pyroclastic flows,

lahars, and ash clouds (e.g. Schmincke, 2004). Notorious examples from

recent years include the pyroclastic flows from Mont Pelée, Martinique that

killed nearly 30000 people in 1902 (e.g. Tilling, 1985); the 1991 eruption

cloud from Pinatubo, Philippines that caused a 0.5°C decrease in global

mean surface temperature and substantial ozone depletion (e.g. Parker et

al., 1996); and the 1980 eruption of Mount St Helens that cost the US

economy more than $1 billion (e.g. Tilling et al., 1984).

The eruptive history of many subduction zone volcanoes includes the

extrusion of blocky, silicic lava that forms domes or flows (e.g. Fink &

Anderson, 1999). In some cases, dome-forming activity may only last a few

weeks or years; in others, it may persist for decades. What determines the

duration, and intensity, of dome-forming behaviour is not yet understood;

neither do we understand how explosive and extrusive behaviour can occur

simultaneously, what path magma takes to the surface, or how these

systems may change over time. Nevertheless, our understanding of dome-
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forming systems has been greatly advanced by intensive study of a small

group of volcanoes including Colima, Mexico (e.g. Luhr & Carmichael, 1980;

Luhr, 2002), Mount St Helens, USA (e.g. Cashman, 1992; Rutherford & Hill,

1993), and Soufrière Hills, Montserrat (e.g. Barclay et al., 1998; Ryan et al.,

2010). Studies like these suggest that domes often form in the aftermath of a

Plinian eruption, so may represent degassed remnants of magma, and that

dome-forming activity is often cyclic, with periods of quiescence (e.g. Luhr,

2002; Clarke et al., 2007; Scott et al., 2008).

This study focuses on the Santa María-Santiaguito complex in northwest

Guatemala. The cataclysmic eruption of Santa María in 1902 was one of the

largest of the 20th century; it left a huge crater in one side of the stratocone.

The Santiaguito dome and flow complex began extruding into that crater in

1922, and today, after 90 years of continuous activity, it remains one of the

most active volcanoes in the world. This unusual longevity and prolific

eruptive record makes Santiaguito an ideal place to study dome-forming

processes, but very little scientific research has been carried out there, with

no petrological or geochemical studies since an initial survey in the 1960s

(Rose, 1972). Therefore, the major goal of this thesis was to provide a

modern overview the Santiaguito volcanic system, in a format that could be

of practical use to those monitoring the volcano, provide the basic information

needed for more in-depth scientific study, and show the scientific community

that Santa María-Santiaguito is an intriguing volcanic system worthy of their
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attention. Within this broader goal, the specific aims of the thesis are:

 To provide the first modern geochemical and petrological descriptions of

Santiaguito’s rocks;

 To place constraints on Santiaguito’s magmatic plumbing system that

may help other researchers better assess the hazards associated with

this volcano and formulate the most effective monitoring strategies;

 To identify any geochemical or petrological changes over time at

Santiaguito that may reveal potential influences that cannot be seen in the

shorter or punctuated growth histories of most domes;

 To estimate the levels of SO2, HF, and HCl in the Santiaguito system, so

that other researchers might better assess the impact of these gases on

the local environment.

With these objectives in mind, a comprehensive geological background and

literature review is provided in Chapter 2, showing that pre-1970 Santiaguito

lavas were plagioclase-dominated dacites. Lava units were classified as

domes or flows based on their morphology; flows have become longer and

more dominant over time (Rose, 1972). Chapter 3 details the rock samples

used in this study and the methods used to analyze them. Magmatic storage

conditions and ascent processes are constrained using various petrological

methods in Chapter 4; the results suggest a storage zone extends from at

least ~25 km to ~12 km beneath Santiaguito, and that rising magma rigidifies

prior to extrusion.
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In Chapter 5, the earliest erupted Santiaguito lavas are shown to be

chemically and mineralogically identical to the dacite pumice erupted in 1902.

Over time, the lavas become progressively less evolved, decreasing from

~66 wt% SiO2 in 1922, to ~62 wt% by 2002; this is best explained by a

decrease in the extent of fractional crystallization, rather than mixing of

magmas. The data suggest that Santiaguito magma is sourced from a

chemically-stratified lower crustal storage zone, as described in Chapter 4.

Measurements of S, F, and Cl in Santiaguito apatites are used alongside

previously published apatite-melt partition coefficients to give pre-eruptive

melt concentrations in Chapter 6. When combined with the total volume of

magma erupted at Santiaguito, these data suggest that throughout its

lifetime, Santiaguito has emitted 40 to 263 Mg d-1 SO2, 32 to 145 Mg d-1 HF,

and 247 to 708 Mg d-1 HCl. These petrological estimates are similar to

measured emissions from other silicic dome-forming systems.

Finally, Chapter 7 presents a summary of this thesis, a possible mechanism

allowing simultaneous explosive and effusive activity, comments on some of

the issues raised in earlier chapters, and suggestions for further work.

To make this research more widely available, this thesis has been re-written

in formats suitable for non-scientists; these can be downloaded free of

charge from http://vhub.org/resources/2268 (booklet format) and

https://vhub.org/resources/2329 (poster format).

http://vhub.org/resources/2268
https://vhub.org/resources/2329
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