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 To our families
 
 PREFACE
 
 The idea for this book carne into being between 1981 and 1982 when J. V. W. came to Monash University to take up a Monash Postdoctoral Fellowship. During this period a short course on facies analysis in modern and ancient successions was put together, integrating J.V.W.'s extensive volcanological experience in numerous modern volcanic terrains with R.A.F.C.'s extensive sedimentological and volcanological experience in older volcanic and associated sedimentary successions in the Palaeozoic and Precambrian of Australia. The enthusiastic response from the participants to the first short course, taught in May 1982, and to subsequent annual re-runs, encouraged us to develop the short course notes into this book. The idea for both the short course and the book arose because we felt that there was no single source available that comprehensively attempted to address the problems of analysing, interpreting and understanding the complexity of processes, products and stratigraphy in volcanic terrains. Until 15 years ago, volcanic successions received attention primarily from igneous petrologists with principal interests in geochemistry, mineralogy afld magma genesis. Although a number of books covering many aspects of physical volcanology have appeared since then, none has fully treated the subject by trying to integrate approaches from both modern and ancient volcanic successions, and
 
 from volcanological and sedimentological perspectives. One of our aims in the book is to provide geologists with a sound basis for making their own well founded interpretations. For that reason we cover not only concepts about processes, and the nature of the products, but also methods and approaches that may be useful in analysing both modern and ancient successions. Most importantly, we treat the diversity of products in volcanic terrains as facies, and we use the method of facies analysis and interpretation as a means of constructing facies models for different volcanic settings. These models will, we hope, be useful as norms for comparison for workers in ancient terrains. The only publication which overlaps with this one to any extent is the excellent book Pyroclastic rocks by Dick Fisher and Hans Schmincke. Many people, organisations and institutions have directly or indirectly contributed to or made the production of this book possible. Foremost we acknowledge our PhD supervisors, George P. L. Walker CJ.V.W.) and Gil Jones (R.A.F.C.) for their enlightened and stimulating supervision, and their continued interest thereafter. If anyone in the field of physical volcanology warrants special mention as a source of inspiration through a neverending succession of outstanding contributions, it is George Walker. No other volcanologist has given so much to the science and its students. Thank you George. Financial support for our vii
 
 viii PREFACE research and other visits to volcanic regions has come from: Commonwealth Postgraduate Award, Macquarie University, Monash University, ARGS and Otago University William Evans Visiting Fellowship (R.A.F.C.), and NERC, Lindeman Trust Fellowship, University of California Santa Barbara, University of Puerto Rico, American Philosophical Society and Monash Postdoctoral Fellowship (J.V.W.). We would also like to acknowledge other colfeagues who for some years have co-operated, listened, criticised and encouraged us: Rod Allen, Brian Clough, Keith Corbett, Arthur Day, Warren Edney, Dick Fisher, Chuck Landis, Jocelyn McPhie, John Roobol, Steve Self, Alan Smith, Steve Sparks, Colin Wilson and John Wolff. This book was written in two years, imposing great personal stresses on our families in the process. In particular, Sue Cas gets special mention not only for tolerating it all, but for her constructive suggestions on style and expression when proofreading the entire manuscript. The book could not have been written in this time without the considerable financial backing resulting from the short courses. In particular, we thank the organisations (especially Aberfoyle Exploration, Broken Hill Proprietary, British Petroleum Minerals, Electrolytic Zinc, Esso Minerals, Gold Fields Exploration, Shell Minerals, Western Mining Corporation, and Zinc Corporation) and individuals who have supported the course and therefore made the book possible. Our extreme gratitude goes to many people who have assisted, always willingly, with the logistics and mechanics. In particular, Warren Edney and, in the earlier stages, Arthur Day managed and co-ordinated a large number of people in all the facets of producing the final manuscript for the publishers, induding typing, drafting, photography, copyright releases and proofreading. Without the constant help of Warren and Arthur we would still be labouring five years hence. Warren was ably assisted by Paul Dielemans, whose versatility proved invaluable. We cannot thank the following enough: Pam Hermansen, Monica Leicester and Robyn Sheehan for their impeccable typing skills and patience; Jenny Purdy and Draga Gelt for the
 
 excellent drafting; Steve Morton and Bruce Fuhrer for the skilful photography arrd the patience that all good photographers have; Tim Watson and Barbara Sandys for financial management of the resources needed· to produce the manuscript; Bretan Clifford and Stuart Bull for assistance with proofreading; and Val Muscutt of BP London for keeping the mail going between two co-authors trying to write a book from opposite sides of the globe. We also sincerely thank staff and students of the Department of Earth Sciences at Monash University for their patience, interest and encouragement, and for providing the friendly and stimulating atmosphere in which an idea was transformed into reality. In particular, we thank Bruce Hobbs, Mark Bloom, Mike Etheridge, Larry Frakes, Dave Gray, Bob Gregory, Ian Nicholls, Pat Rich and Vic Wall, for making a great department. R.A.F.C. also wishes to thank Professors C. Carron (Fribourg University, Switzerland) and D. Coombs (Otago University, New Zealand) and their departments for making facilities available whilst on study leave, to make final amendments. Although we take responsibility for the content of the book, various colleagues kindly read parts of the manuscript and offered many useful suggestions. For this we are extremely grateful to Rod Allen, Keith Corbett, Arthur Day, Warren Edney, Ian Nicholls, Steve Self, Colin Wilson and John Wolff. We also gratefully acknowledge the very constructive comments of Steve Sparks, Peter Sutdiffe and Peter Francis in reviewing the manuscript for the publisher at various stages. We also thank Pete Kokelaar, Steve Self, Steve Sparks and Colin Wilson for providing preprints of manuscripts before publication. Thanks also go to the editorial and production staff of Allen & Unwin for their punctual and friendly assistance. In particular, Roger Jones and Geoffrey Palmer and their staff are thanked for their extreme efficiency and patience. Ray Cas John V. Wright
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 CHAPTER ONE
 
 An introduction tofacies analysis in volcanic terrains Initial statement Volcanic terrains consist of a greater variety of rock types than any other surface environment on Earth. They include lavas, deposits of explosive pyroclastic eruptions, primary volcanic autoclastic deposits and deposits resulting from the very significant spectrum of sedimentary processes that operate in volcanic terrains. Until the 1960s the amount of detailed and systematic work on the physical processes producing this diversity of rock types was subordinate to studies on the chemistry, mineralogy and petrogenesis of the volcanics. The growing need to understand better the processes operating and the peculiar depositional environments of volcanic terrains, in conjunction with major advances in the field of sedimentology, have led to a major growth in research and understanding of the physical processes.
 
 Studies in both modern and ancient volcanic terrains have contributed to this growth in knowledge. The approach to describing, documenting and interpreting the rock types of volcanic terrains has benefited much from the equivalent approach in sedimentology. In particular, the facies concept is proposed as a useful means of documenting and interpreting the characteristics of rock units. The essence of facies analysis is the identification of distinctive characteristics that lend themselves to the interpretation of their origins, depositional processes and environments of deposition. I~ this chapter we introduce the facies concept, and consider the essential parameters useful in the description and interpretation of facies.
 
 3
 
 4 INTRODUCTION TO FACIES ANALYSIS
 
 1.1 Introduction Volcanic terrains are host to a greater diversity of rock types than is any other surface environment. However, until the 1960s the principal emphasis in volcanological research was on mineralogy, geochemistry and magma genesis. Since then, there has been an increasing awareness of the need to understand better the nature of the rock types, the physical processes responsible for their formation, and their significance in terms of depositional setting. This awareness has been stimulated by a diversity of needs in a number of areas, including eruption monitoring and prediction, hazard evaluation, exploration for the resources associated with volcanic terrains, geological survey mapping, academic research and petrological studies. In this book our aim is to provide a comprehensive account of the enormous range of rock types in volcanic terrains, their characteristics, associations and modes of formation, and their depositional and tectonic setting. Thus, we hope to provide readers with the sound geological approach necessary to make their own meaningful interpretations of volcanic successions. Although we have tried to provide as comprehensive and up-to-date a summary of the subject, its concepts and its literature as time and space permitted, the book should not be considered to be a treatise on volcanology. We have addressed those topics and principles which we considered to be most important to the general aims of the book and, although all developments in the subject have not been treated at the research level, we have referenced the pertinent literature to enable readers to follow up specific topics. Wherever relevant, we have drawn on our experiences and research in both modern and ancient successions and, although this inevitably introduces biases, we have tried to balance this by constant reference to the volcanological literature. Early subdivisions of the rock types in volcanic terrains into lavas and explosively erupted pyroclastics are now known to be oversimplified, and can be expanded into a fourfold subdivision of lavas, pyroclastics, autoclastic deposits and redeposited volcanic sediments or epiclastics. Lavas
 
 are now known to be diverse in character. Lavas have variable geometry, morphology, internal structure, mobility and flow behaviour eCho 4), which can be attributed to the variable physical and chemical properties of magmas eCho 2). Whereas in the past it was assumed that any fragmental rock in volcanic successions had an explosive, i.e. pyroclastic, origin, it is now generally appreciated that fragmental rocks in volcanic terrains can have diverse origins eCho 3). Pyroclastic rocks can themselves be subdivided into pyroclastic fall, flow and surge deposits (Chs 5-9). Autoclastic rocks are non-explosive in origin, originating from the quench-shattering of magma on contact with water or by brecciating during lava flow (Ch. 3). It is now also appreciated that an enormous range of normal erosional, epiclastic sedimentary processes and deposits are important elements of volcanic terrains (Chs 3 & 10-12). All fragmental volcanic rocks, irrespective of origin, can be described by the non-genetic term 'volcaniclastic'. In this book we devote more attention to volcaniclastic rocks and their origins than to coherent lavas, even though in some volcanic settings lavas are more significant volumetrically. Our emphasis on volcaniclastic deposits arises from their potentially greater importance for interpreting the palaeoenvironment in which volcanism occurred, and because volcaniclastic rocks are more significant volumetrically in the rock record than are lavas. This is in spite of the fact that in modern environments pillow and massive lavas of the basaltic oceanic crust are the most significant volcanic rock type. However, their preservation potential in the rock record is small because they are destined to be subducted at the oceanic trenches as part of the global plate tectonic system. The great diversity of rock types and processes in volcanic terrains makes the recognition of the origins of rock types in volcanic successions difficult. However, in ancient volcanic successions, recognition of original rock types may be made even more complicated by the effects of deformation, metamorphism and alteration (Ch. 14). It has also become apparent that stratigraphic relationships in volcanic terrains may be complex
 
 THE FACIES CONCEPT
 
 (Ch. 14), and that an understanding of the likely stratigraphic relationships and successions is dependent on an awareness of the different character of different volcanic centres and their stratigraphies (Chs 13 & 14) and of the tectonic settings in which volcanism occurs eCho 15). Attempts to make sense of the diversity of rocks, processes, stratigraphic models and depositional settings of volcanic successions have been aided by major advances in the field of sedimentology. In both volcanology and sedimentology a systematic approach to describing, documenting and interpreting the character of, and relationships between, rock types is necessary. Success is dependent on an awareness of the possible diversity and complexity and on a sound understanding of basic physical and sedimentological principles. In this book we hope to provide a comprehensive account of the volcanological and sedimentological concepts and principles that can be used in interpreting the complexities of both modern and ancient volcanic terrains. In this chapter we now consider the approach we think is needed to describe and document the characteristics of rock units, and also the basic principles that determine these characteristics. This is a necessary prelude to the discussion of the origins of particular deposits, because successful interpretation of the origins is dependent on making the correct observations in the first instance. Some of the descriptive characteristics of deposits discussed in this chapter are reemphasised in Chapter 14 as a preliminary step to developing general facies models for a range of volcanic settings. In the remaining chapters we address in detail aspects considered to be relevant to a full understanding of volcanic rocks, their modes of formation and depositional and tectonic setting.
 
 1.2 The facies concept Different rock types are distinguished because they are texturally or mineralogically different in hand specimen or in thin section. In outcrop they may also be distinguished by their general physical appearance; for example, the presence or absence
 
 5
 
 of some type of depositional structure such as layering, cross-stratification or grainsize grading. Alternatively, perhaps two or three rock types that are regularly interbedded and contain distinctive internal depositional structures may have a unique appearance that distinguishes them from other intervals or associations of rock types. The term 'facies' is used for such distinctive intervals or associations of rocks in outcrop. The facies approach is a convenient way of identifying, describing and interpreting distinctive intervals and/or associations of rock(s) which recur many times in a stratigraphic succession. Although the concept is most commonly applied in sedimentology (see Reading 1978, Selley 1978, R. G. Walker 1984), it is also applicable in volcanic successions, and is even used by metamorphic petrologists to distinguish different metamorphic grades based on significant marker minerals or associations of minerals. A facies is therefore a body or interval of rock or sediment which has a unique definable character that distinguishes it from other facies, or intervals of rock or sediment. The definable character may be compositional or textural, or may be based on the sedimentary structures or fossils present. A facies is the product of a unique set of conditions in the depositional environment. These conditions may be physical, chemical or biological in origin, and may include such factors as the topography and bathymetry; the mechanisms and rates of material release, transport and deposition; the climate and weather; the nature of the source materials (both chemically and physically); the prevailing chemical condition; and the floral-faunal influences. A facies can be defined at any scale. At a regional level stratigraphic units such as groups, formations or members are effectively facies because they have an overall lithological character that distinguishes them from other groups, formations or members. At a more local scale, facies may be defined at the scale of an outcrop by an interval of several or more beds which is basically uniform, or even by individual beds, or by both. The degree of detail used in subdividing a stratigraphic succession into facies will largely be controlled by the aims of the study, the information available and the level of understanding that is sought.
 
 6 INTRODUCTION TO FACIES ANALYSIS Even though associated facies may be different, they may still be genetically related as parts of the same depositional or eruptive event. For example, a single ignimbrite may contain several facies (Chs 7 & 8). An understanding of the spatial and age relationships between facies is therefore important, and success in the interpretation of facies is dependent on an awareness of the possible complications and of genetically significant associations of
 
 facies.
 
 component strata. The preserved geometry of a facies is controlled by:
 
 pre-depositional relief on the depositional surface, volume of material deposited and the way the topography accommodates that volume, physical properties of the transporting and depositional agent, post-depositional erosion and subsequent deformation
 
 Pre-depositional relief
 
 1.3 Description of facies The genetic origins (i.e. mode of formation) of a facies may not always be obvious. Initially it is therefore better to avoid genetic facies names (e. g. ignimbrite, agglomerate), which are highly interpretive, until the origins have been clearly thought out. Descriptive terms such as 'rhyolitic, matrixsupported breccia facies' are preferable initially (also see Ch. 12). Such a facies may be an ignimbrite (or part of one), a hydrothermal explosion breccia or a mud flow deposit, to name but three possibilities. To evaluate which possibility is most likely requires careful examination. This should involve description and consideration of the facies properties, derived where possible from a combination of outcrop, hand specimen and thin section observations. On-the-spot application of genetic names may, more often than not, lead to erroneous interpretations. Few approaches to facies description and analysis have been so systematic and logical as that proposed by Selley (1978). Selley nominated five facies descriptors: geometry lithology sedimentary structures palaeo currents or sediment movement patterns fossils
 
 1.3.1 GEOMETRY Geometry describes the three-dimensional form or shape (including thickness) of a facies and of its
 
 The relief on the depositional surface is controlled by the balance between erosion and deposition. Erosion will predominate where slopes are high and the relief is significantly above the base level towards which erosion is working (e.g. sea level, lake level, ocean floor). Erosion will produce negative changes in relief producing valley, gully and canyon, and ridge and plateau-like morphology. Most depositional units deposited in such a terrain will be confined within topographic lows, but some, such as air-fall deposits, may drape over irregular topography (Plate 1). Where the influence of erosion becomes subordinate to deposition, depositional processes will smooth out topographic differences, so in most instances will produce more tabular geometries for deposits (Plate 1). Relief may also be affected by contemporaneous tectonic activity and the emplacement of units with very positive relief, usually due to high bulk viscosity and internal strength (e.g. viscous lavas, debris flows, rock avalanches; see below).
 
 Volume deposited and accommodation by topography If the volume of material is low compared with the topographic relief into which it is deposited, then this volume will be entirely contained bv the topographic depression (Plate 1, Fig. l.la). if the volume is large compared with the size of topographic depressions, then the deposit will overspill the topographic low and produce major variations in thickness (e.g. lavas, debris or pyroclastic flow deposits which infill a valley and spill over onto the confining ridge interfluves as a thin veneer; Fig. l.Ib).
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 Figure 1.1 Possible relationships between the volume of topographic lows such as valleys. canyons. etc .. and the volume of material emplaced within the topographic low during a depositional or eruptive event. (a) A small-volume debris flow is entirely accommodated by a larger deep valley, producing a thick laterally discontinuous deposit. (b) The volume of the debris-flow deposit is too large to be accommodated by the valley. The deposit has an extremely variable thickness and a wider extent due to overspill of the valley margins.
 
 Physical properties of the transporting and depositional agent The principal consideration here is the rheological properties of the transporting agent (Ch. 2). For example, low viscosity depositional agents will, topography permitting, spread their load as a broad, thin sheet (e.g. turbidity currents, pyroclastic surges, basaltic lavas). High viscosity materials or those with high strength (e.g. rhyolitic lavas, see Plate 2, Ch . 2) will produce a moundlike depositional unit with very significant positive relief, which markedly changes the topography on the depositional surface.
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 Figure 1.2 Schematic representation of the possible effects of erosion on preserved depositional geometry and on facies relationships, which are highly irregular and abrupt, and make correlation and depositional sequence very difficult to determine.
 
 Post-depositional erosion The majority of volcanic terrains have relatively high slopes which are subject to severe degradation by the agents of erosion : gravity, water, ice and wind. As a consequence, many facies units emplaced during active volcanism, whether they be lavas, pyroclastic flow or fall deposits, and redeposited volcaniclastic sediment intervals originating from epiclastic processes can have their original depositional geometry dramatically modified (Fig. 1.2), or even have the record of their emplacement or eruption, or both , completely removed .
 
 Deformation Deformation may have a marked effect on the preserved geometry of a facies . The effects may range from simple block faulting to extreme strain . The latter may be especially significant where hydrothermal alteration has weakened the rock (e.g. S. F. Cox 1981). The preceding discussion suggests that geometry
 
 8 INTRODUCTION TO FACIES ANALYSIS by itself may not be a useful diagnostic characteristic of a particular facies type. Nevertheless, associations of facies constituting thick intervals may produce well defined geometries, particularly where influenced by normal sedimentary processes. In this regard, volcanic terrains will be influenced throughout their active life by surface sedimentary processes, and will contain sedimentary intervals with normal facies characteristics but consisting essentially of volcanically derived detritus.
 
 l.3.2 LITHOLOGY Lithology has three aspects:
 
 physical constituents, composition and texture. In non-volcanic sedimentary successions, all of these aspects of lithology can be very important in elucidating sediment sources and genesis, and in reconstructing the nature of the depositional environment (Selley 1982, Leeder 1982). For example the presence of certain physical components (e.g. shelly fragments, oolites, distinctive lithic fragments) can be diagnostic of depositional conditions and settings. Similarly, the presence of distinctive compositional grain-types (e.g. glauconite, phosphorite) or sediment-types (e.g. radiolarian cherts, evaporites) may be significant enough to establish the depositional setting and conditions. Textural features may also be revealing (e.g. well-rounded beach or aeolian sands, mud-supported debris-flow deposits). Similarly, primary volcanic facies may contain distinctive lithological aspects (shards, accretionary lapilli) that contribute to the understanding of their genesis and depositional setting. These aspects are as important in ancient successions as in modern ones, but may be more difficult to identify and quantify in ancient successions because of the effects of lithification, and perhaps metamorphic and structural overprinting. With regard to lithology, we will now consider the features listed above that are relevant to the understanding of volcanic successions.
 
 Physical constituents of volcanic successions Volcanic successions contain varying proportions of lava flows and fragmental or clastic rocks. The principal physical constituents of lavas are crystals or phenocrysts, smaller microscopic crystals called microlites, uncrystallised magma or volcanic glass (which forms the groundmass), vesicles (gas bubbles), xenoliths and xenocrysts. Xenoliths and xenocrysts are, respectively, foreign rocks and crystals incorporated from country rock (e.g. wall rock to the magma chamber or conduit) or from another crystallising magma. All of these components can be present in varying combinations and proportions. The clastic facies in volcanic successions consist of fragmental aggregates of magmatic clasts, foreign lithic clasts and crystals. The magmatic clasts may vary in vesicularity from dense lava fragments to vesiculated pumice and scoria. They may be glassy or variably crystallised, and of varying grainsize, ranging from large blocks many metres in diameter to micrometre-sized grains. Breakage of fragments may have occurred either during primary volcanic eruption (Ch. 3) or post-eruptively by surface processes (Ch. 10). At any time after formation, primary volcanic rocks may be eroded and the clastic components redeposited by normal surface processes. The term 'volcaniclastic' is a non-genetic term for any fragmental aggregate of volcanic parentage, irrespective of origin. 'Pyroclastic' refers only to those aggregates formed by explosive volcanic activity and deposited by transport processes resulting directly from this activity. Other types of volcaniclastic rock include those fragmented or deposited, or both, by epiclastic processes, which are normal surface processes involving weathering and erosion (Ch. 10). 'Epiclastic' is therefore used here to describe deposits or rocks that were produced by normal surface fragmentation processes (weathering, physical abrasion, gravitational collapse) or were finally deposited by normal surface processes (traction, suspension, mass flow; Ch. 10), irrespective of their fragmentation mode, or both. The usage of the term 'epiclastic' thus goes beyond the more traditional provenance sense.
 
 DESCRIPTION OF FACIES
 
 Therefore, epiclastic deposits or rocks may contain fragments with a proven primary volcanic mode of fragmentation (e.g. glass shards, pumice; Ch. 3) which have been transported and redeposited by normal surface processes (e.g. by mud-flows, river transport, turbidity currents, etc.) a long distance from the initial eruption point. We cannot stress enough, therefore, that caution is needed before deciding that fragmental aggregates or rocks with a primary volcanic fragmentation origin have also had a pyroclastic rather than epiclastic transportation mode. This must be proven rather than assumed.
 
 Composition Composition refers to the geochemical, mineralogical and petrological character of a volcanic rock, irrespective of whether it is a lava, pyroclastic or redeposited volcaniclastic. The final composition of a rock may be the end-result of a complex history of processes causing chemical and physical change. These processes include pre-eruptive magmatic processes, both chemical and dynamic (Ch. 2), and co-eruptive and post-eruptive processes that physically separate or fractionate physical constituents (e.g. glassy ash from crystals and lithics; Ch. 11). Hydrothermal activity and, in older volcanic successions, weathering, diagenesis and metamorphism, may have further altered the chemistry of volcanic rocks. In Chapter 2 we briefly consider the effects of magma composition on eruptive behaviour, and also approaches to classifying magmas and volcanic rocks according to chemical and mineralogical composition.
 
 Texture The term 'texture' encompasses the physical characteristics of the components of a deposit or rock, and also its overall characteristics or bulk properties. The textural properties of an aggregate are a reflection of inherited characteristics from the source, of the mode of fragmentation and of characteristics developed during or after transport and deposition. Anyone of these influences may produce a distinctive textural character. Aspects of texture that will be considered here in terms of their process significance or environmental significance are grainsize, rounding, sorting, shape and fabric.
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 Grainsize and the grain size characteristics of an aggregate are one of the first characteristics seen in an outcrop. The preserved grainsize of a fragmental aggregate is a reflection of the minimum grain size available at the source point, the type and efficiency of fragmentation, the competency of the transporting and depositing medium to carry that grainsize, and the degree of physical abrasion during transportion and deposition. These factors apply for both pyroclastic and epiclastic aggregates. For lavas, the size of the phenocrysts reflects physicochemical conditions in the magma chamber and during the ascent of the magma. Factors which influence crystal size include cooling rate, melt composition and structure, nucleation kinetics of each mineral type and sorting processes such as crystal settling. For fragmental aggregates, whether pyroclastic or epiclastic in origin (which has to be evaluated in each instance), grain size is therefore not a reflection of proximity to source or eruption point. For example, huge boulders, metres in diameter, can be transported tens of kilometres from source or eruption point by pyroclastic flows, debris flows, rock avalanches or glaciers. None of these transporting agents needs to produce any significant signs of abrasion or rounding. Equally significant is that very fine grainsizes are possible for ashes and pyroclastic flow deposits near vent if the explosive fragmentation during eruption has been very efficient (e.g. during some hydrovolcanic eruptions, Ch.3). Although actual grainsize has no specific value in palaeovolcanological and palaeogeographic reconstructions by itself, the use of overall grainsize population parameters has major application when dealing with modern unconsolidated volcanic successions. Through sieving, the detailed grain size characteristics of an unconsolidated aggregate can be determined (App. I), and from this information and its graphical representation, statistical grainsize parameters can be calculated. In modern successions the uses of this approach include distinguishing and classifying different types of pyroclastic deposits (Chs 5 & 6). Although such approaches have added much to understanding volcanological processes in modern
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 terrains, they are not usually applicable to lithified, consolidated successions because it is not possible to dis aggregate the rock into all of its original grains, preserving their shape and size. For these successions, only qualitative estimates of grainsize and grain size parameters are practicable. One usually has to rely on the field outcrop facies characteristics in order to determine the genesis and the palaeovolcanological and palaeogeographic significance (see App. II). Sorting is a reflection of the degree to which the transporting agent has been capable of separating grains of different hydraulic properties and depositing together grains that are hydraulically equivalent. The hydraulic behaviour of a particle is a measure of the way in which the particle responds when acted on by a fluid, whether the fluid be water, wind, mud or volcanic gas. Factors that affect the hydraulic behaviour of particles include their density, weight and shape. In normal epiclastic or terrigeneous sediments most grains, being mineral or rock fragments, have approximately equal densities and are generally equidimensional. As a result, currents acting on such a sediment population sort grains according to weight, as reflected by grainsize. In such situations it is not uncommon to talk of size sorting . However) once sediment populations of differing shape) density and weight are mixed) well developed size sorting becomes impossible even though the populations may be hydraulically well sorted. For example, a beach sediment consisting of rounded quartz grains and blade-like shell fragments is likely to be poorly sorted by size, but will be hydraulically well sorted. In volcanic settings, not only are there major variations in the shape, but also in the densities of the components (e.g. crystals, shards, pumice, lithics). As a result, volcaniclastic aggregates, whether they be pyroclastics or reworked and/or redeposited volcaniclastics, are likely to be poorly sorted according to size, but may be well sorted hydraulically. It is well known that sorting for pyroclastic deposits is poorer than for non-volcanic epiclastic equivalents of the same overall grainsize class. The short duration of many pyroclastic transportation processes also reduces the importance of hydraulic sorting. Shape is an assessment of the three-dimensional
 
 form of a grain. For non-volcanic epiclastic sediments the shape is largely inherited from the morphology of the grain in the source, and can be affected by crystallisation shape, cleavage (mineral and tectonic) and layering, whether it be sedimentary, igneous or metamorphic. For pyroclastic aggregates the mode of fragmentation may also impart distinctive shape-morphology properties (Ch. 3). Rounding is the degree to which sharp corners and edges have been abraded during transportation or deposition, or both. Generally, rounding is better in sediments that have been subjected to constant energy levels during reworking. However, rounding can also be produced by pyroclastic processes (Chs 3, 8 & 12). (Most sedimentological texts refer to 'roundness' properties rather than 'rounding' properties.) Fabric is a consideration of the relationships between, and arrangement or packing of grains in, an aggregate. Depositional fabric is clearly a reflection of the transporting mode and depositional conditions, and is mOJ;"e fully discussed in Chapter 12 and Appendix II.
 
 l.3.3 SEDIMENTARY STRUCTURES Sedimentary structures are probably the most important analytical tool in facies analysis. They are produced before deposition (e.g. erosional features), during deposition (e.g. current generated structures) and after deposition (e.g. soft-sediment deformation, bioturbation) of sedimentary aggregates, and can be referred to as being pre-, syn- and post-depositional in timing, respectively. They are extremely important because they, together with textural aspects, most immediately reflect the depositional conditions, and the modes of transport and deposition. If the structures are produced by fluid flow, then they are especially important because they reflect the fluid dynamics of the host environment and its transportational and depositional agents. As discussed in Chapter 10, particles of mineral or rock can be transported in particulate fashion (i.e. one by one) or by mass-movement (i.e. bulk aggregates of particles moved instantaneously as
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 one). Particulate movement of granular sediment (coarser than clay) produces an assemblage of tractional structures (cross-stratification, dunes, ripples, etc.). Mass-movement processes frequently deposit a massive, structureless aggregate, although low sediment concentration, low viscosity mass flows or the trailing tails of mass flows may also produce tractional sedimentary structures. Tractional sedimentary structures are therefore not exclusively associated with processes involving particulate sediment transport, or with environments that are 'shallow-water' in aspect. Each case has to be evaluated on its merits. Pyroclastic processes also involve particulate and mass-movement of clastic aggregates. The grain types and shapes are different as, frequently, are the transporting media and their fluid dynamic properties compared with those of epiclastic process regimes. Such differences should produce distinctive differences in the types of structures and textures produced, and these will be highlighted in Chapters 5-9 inclusive.
 
 l.3.4 SEDIMENT MOVEMENT PATTERNS The directions of current flow or sediment transport directions can be measured where asymmetrical structures such as ripples, dunes, angle of repose cross-stratification and imbrication, and sole structures, such as flutes, can be used to determine local directions of movement of sediment or palaeocurrent flow. Over a larger area, numerous readings can be used to reconstruct the palaeogeography, and to trace palaeogeographic changes as they have influenced current flow and sediment transport pathways. Furthermore, distinctive regional palaeocurrent patterns develop in certain sedimentary environments (e.g. radial patterns for alluvial and submarine fans and deltas, bimodal for nearshore marine settings, etc.) (Selley 1978). Flow direction indicators in primary volcanic facies can be used in the same way as structures in epiclastic sediments. However, the structures will be different, as discussed above. For example, Waters (1960) recognised that downstream trailing pipe vesicles in lavas, inclined foreset beds produced by lava deltas and quench-fragmented lavas
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 flowing into water (e.g. Fig. 4.16) can be used to assess lava flow directions for basaltic lavas. Cummings (1964) described eddies in flow banding that develop on the downstream side of inclusions in rhyolitic lavas. For pyroclastic flows, flow directions have been variously determined using pumice clast alignment and imbrication (Elston & Smith 1970, Kamata & Mimura 1983), alignment of logs (Froggatt et at. 1981) and, more commonly, by contouring average maximum lithic clast sizes (e.g. Kuno et at. 1964, G. P. L. Walker 1981a; App. I). For pyroclastic surges, structures such as dunes, low-angle cross-stratification, and chute and pool structures (Fisher & Waters 1970; Ch. 7) are useful if present. Dispersal directions for epiclastic successions are largely topographically controlled. This may also be the case for pyroclastic successions, but the flow mechanisms may be so energetic that they may largely ignore and surmount topographic highs. Nevertheless, flow directions will mainly be radial from the vent, and they may be useful in palaeogeographic reconstruction of the volcanic centre (Chs 13 & 14).
 
 l.3.5 FOSSILS The use of both body and trace fossils as palaeoenvironmental indicators is essentially the same for both volcanic and non-volcanic successions. However, the most critical thing is to establish whether the fossils are in situ or have been transported and redeposited, especially in marine successions, where downslope redeposition is common. Even redeposited fossil remains may be useful in indicating the nearby environmental conditions if the ecological affinities of the organisms are known.
 
 1.4 Facies analysis and interpretationthe importance of associations of facies Having carefully documented and described individual facies, it is also necessary to look at the association of facies and the relationships between them to evaluate to what degree they are genetically related. Different facies may be the products of one
 
 12
 
 INTRODUCTION TO FACIES ANALYSIS
 
 event (e.g. the diverse facies of ignimbrite-forming eruptions, Chs 5-9). Assessment of the spatial and age relationships is therefore important before general models of the deposits and sequence of deposits of specific events can be formulated. On a larger scale, particular types of volcanic centres and settings may consistently produce similar associations of facies which can then be used to formulate general facies and stratigraphic models for those settings (Chs 13 & 14).
 
 1.5 Summary Since there is such a diversity of rock types and processes in volcanic terrains, the interpretation of their origins has to be addressed with care. In the first instance, this is dependent on careful documentation and description, for which the approach to facies description and analysis used in sedimentology is useful. Having described and interpreted individual facies, consideration needs to be given to the spatial and age relationships between them
 
 (Fig. 1.2), and to associations of facies to assess to what degree spatially related facies are genetically related. By doing this, models of the deposits produced by particular events can be developed, and clearer pictures of the depositional processes and environments emerge.
 
 1.6 Further reading Standard texts that contain a good coverage of sedimentological principles are Blatt et al. (1980), G. M. Friedman and Sanders (1978), Leeder (1982) and Selley (1982). For detailed discussion of the facies concept see Reading (1978) and R. G. Walker (1984). For comprehensive discussion of sedimentary structures and their formation see Allen (1982), Collinson and Thompson (1982), Conybeare and Crook (1968) and Potter and Pettijohn (1963). For further, more detailed discussion of the characteristics of volcanic terrains, the processes that operate, their products and their interpretation, read on!
 
 Plate 2 Vertical aerial perspective of Big Glass Mountain, an obsidian flow complex in the Medicine Lake Highlands, east of Mount Shasta, USA. Flows have high viscosity with steep flow-fronts and irregular tops dominated by concentric ridges called ogives. (After Greeley 1977a.)
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 CHAPTER TWO
 
 Some properties ofmagmas relevant to their physical behaviour Initial statement Magmas may erupt as coherent lavas and then flow coherently or fragment during flow, or they may erupt explosively to form a range of pyroclastic products. At the time of eruption the volcanic products may range in character from pure magmatic liquid to essentially solid. If the erupted material flows, either as a coherent mass or as a particulate mass flow, then the original character of the erupted material will control the form and mobility of the resultant deposit. An understanding of why magmas erupt coherently or explosively and how they behave subsequently requires a brief review of some of the properties of magmas. In this chapter we briefly introduce the compositional variability of magmas and their classification, and then look at specific properties that are relevant to their rheological behaviour. Rheology is the
 
 study of the deformational behaviour of materials. Factors that affect the rheological behaviour of magmas include their temperature, density, viscosity, yield strength and the mechanical or tensile strength. The viscosity of magmas is controlled by many variables, including pressure, temperature, chemical composition (especially volatile and silica contents), crystal content, and bubble content. Finally, we examine the effects of some of these variables on fluid flow states in coherent lavas and particulate debris flows. From the Reynolds Number criterion for fluid turbulence, it is seen that most lavas and debris flows will flow in a laminar fashion because of their high viscosities. However, where the viscosities are relatively low (e.g. a very hot, or peralkaline lava, or a fluid-rich debris flow), or where flow velocities are high, then parts, or nearly the whole body of lavas and debris flows, may flow turbulently.
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 MAGMA PROPERTIES RELEVANT TO THEIR BEHAVIOUR
 
 2.1 Magmas - an introduction to their diversity and character Magmas are molten or partially molten rock materials. They are chemically complex, multicomponent silicate systems which have varying compositions, temperatures, crystal contents and volatile contents, and therefore varying rheological properties (McBirney & Murase 1984). These properties have an important bearing on the mode of eruption. Magmas can have widely different histories. They may be generated within the Earth's crust or upper mantle. They may then crystallise at depth as an intrusive body (to form plutonic or subvolcanic rocks), or be erupted at the Earth's surface to form volcanic rock. The erupted products may vary from pure liquids to essentially pure solids. Magmas which erupt may undergo considerable changes during their rise to the surface. They may, for instance, reside for some time in high level subvolcanic magma chambers where crystallisation may occur along the margins of the chamber, or removal of crystals (phenocrysts) from the melt may occur through settling. Petrological and chemical changes will result from such fractional crystallisation. However, it is now becoming increasingly apparent that some magmas can have much more complex histories than this. The new awareness that many magma chambers may be periodically replenished, periodically tapped and continually fractionated, and that they are open systems, questions some conventional geochemical interpretations based on closed and 'static' systems (see O'Hara & Matthews 1981). Replenishment can give rise to the mixing of magmas or the development of compositional zonation. Many volcanic products show evidence of this. Sometimes this mixing is thought to trigger eruptions (Ch. 3). Understanding the fluid dynamic behaviour of magmas in chambers is a rapidly developing field (see J. S. Turner & Gustafson 1981, Huppert & Sparks 1984). Many factors control the compositional and mineralogical characteristics of an erupted magma. These include the nature of the subsurface source rocks where melting occurs, the earlier history of
 
 that source in terms of previous thermal, metamorphic and melting events, the degree of partial melting of the source rocks, the degree of crystallisation in the magma, the extent of segregation of magma from crystals, the amount of contamination by wall rock and the degree of magma mixing before eruption. Discussion of all of these is beyond the scope of this book, but as a result of these factors volcanic rocks can have a diversity of chemical and mineralogical compositions, and physical characteristics (the reader is referred to Hargraves (1980) for a more comprehensive discussion). Two important topics that we must now consider are: classification magmatic associations
 
 2.1.1 CLASSIFICATION The classification of igneous rocks (and hence the magmas they represent) can be approached in two ways - one based on the chemistry of the magma or rock, and the other on observable modal mineralogy. Noone scheme can be regarded as ideal for all purposes, and the approach used will be governed by the desired purpose of making the classification. For a discussion of magma properties we can adopt a simple chemical classification. The most abundant chemical component in most igneous rocks is Si0 2 , which can range from 63% Si0 2), which can be called silicic or acidic. Intermediate types (52-63% Si0 2). Low silica types « 52 to >45% Si O 2 ) which can be called basic. Magmas or volcanic rocks with 68 acid
 
 63-68
 
 intermediate
 
 57-63 52-57
 
 basIc
 
 45-52
 
 ultrabasic
 
 Peraluminous*
 
 Metaluminoust
 
 rhyolite or _ _---l~~ obsidian rhyodacite -------J~~ dacite ~ latlte
 
 (CaO + Na20 + K2 0). t Molecular AI 20 3 < (CaO + Na 20 + K2 0) and AI 2 0 3 > (Na20 + K2 0). :j: Molecular AI 2 0 3 ~ (Na 20 + K20). § Molecular AI 20 3 < (Na20 + K20) Note: Basaltic rocks cover a wide compositional range and can be further subdivided. For more-comprehensive chemical classification schemes. see Yoder and Tilley (1962). Green and Ringwood (1967) and Irvine and Baragar (1971).
 
 (especially acid to intermediate rocks) is to evaluate the relative abundances of molecular Al 20 3 to total alkalis and calcium (Na20 + K 2 0 + CaO), i.e. the degree of alumina saturation (Shand 1947, K. G. Cox et ai. 1979). The common volcanic rocks are categorised in Table 2.1 using this approach. Variation in silica and alkali contents is reflected in the mineralogy, particularly the feldspars and feldspathoids. Acid and intermediate rocks such as dacites and andesites are dominated by plagioclase feldspars, whereas rhyodacites and latites have subequal proportions of potassium feldspars and plagioclase, and rhyolite and trachyte are dominated by potassium feldspars. Pantellerites and comendites are alkali-rich (peralkaline) sodic rhyolites which, compared with more aluminous rhyolites, develop Na-rich feldspars with Na-amphibole or pyroxene. The acidic and more silicic intermediate rocks (>57% Si0 2) are usually silicaoversaturated, and the acid rocks in particular will contain free quartz crystals or grains, i.e. modal quartz. Where magmas are undersaturated in SiOz, feldspathoid minerals (e.g. analcite, nepheline, leucite) may occur at the expense of some feldspar.
 
 Examples include phonolites, which have potassium-rich alkali feldspar and minor feldspathoids, basanites with plagioclase, alkali feldspar and feldspathoids, and nephelinites and leucitites, which are feldspar-free ultrabasic rocks. Within the range of basalts, tholeiites may be slightly oversaturated, while alkali basalts tend to be slightly undersaturated. A comment should be made here on the distinction between the terms 'basic and ultrabasic' and 'mafic and ultramafic'. The former terms are used to describe igneous rocks with low Si0 2 contents, the latter are used for rocks with high modal ferromagnesian mineral contents. Similarly 'silicic' and 'acidic' refer to high Si0 2 contents, whereas 'felsic' and 'salic' are used for igneous rocks with high modal contents of light coloured minerals (quartz, feldspars). Some mafic rocks can be ultrabasic (e.g. nephelinites) and ultramafic rocks can be basic (e.g. pyroxenites), but generally most basic rocks are mafic and acidic rocks are felsic or salic. For studies based on field observations of volcanic rocks, an entirely chemical approach to classification is not practical. It also ignores useful mineralogical
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 and textural information. A chemical scheme is also of limited value where rocks have undergone alteration due to hydrothermal or fumarolic activity, weathering or, in some ancient terrains, regional metamorphism. In many cases a more tangible means of classifying rocks based on mineralogy is therefore required. Even in chemically altered rocks, the primary mineralogy and textures can still be identified in many cases. Mineral types and Q
 
 pantellerite, comendite quartz tholeiite
 
 'high-AI basalt
 
 I
 
 p ~hno~eiite m---\-'.:..::..:;~:........2L....--=r"-'----L---f--f.......
 
 alkali basalt and hawaiite
 
 F
 
 loidite (analcitite nephelinite leucitite)
 
 Figure 2.1 Names and modal (mineral volume percentage) compositions of volcanic rocks recommended by the lUGS Subcommission on the Systematics of Igneous Rocks (after Streckeisen 1979) with slight amendments. Minerals at the corners of the OAPF diagram are: 0 = silica minerals (usually quartz); A = alkali feldspar (including albite); P = plagioclase; F = feldspathoids (e.g. analcite, nepheline, leucite). Rock names are determined by ignoring mafic mineral contents and recalculating quartz, plagioclase, alkali feldspar and feldspathoid contents to 100%. The sum of mafic mineral modes (M) is used to distinguish basalt (M = 35-90) from andesite (M = 0-35). and basanite (> 10% olivine) from tephrite «10% olivine). Mafic minerals include olivine, pyroxenes, amphiboles, and micas. Most mafic volcanic rocks plot along the P and F sides of the OAPF diagram.
 
 abundances not only reflect magma chemistry, but their textural relations give additional information about the eruptive and cooling history of volcanic rocks. (Useful atlases of igneous rocks and their textures include MacKenzie et al. (1982) and Moorhouse (1970), and detailed interpretations of textures can be found in Hatch et al. (1972) and K. G. Cox et al. (1979).) Rock names have traditionally been given according to mineral content, and many classification schemes have evolved. The most recent attempt at a standard scheme based on mineralogy is that presented by Streckeisen (1979) shown in Figure 2.1. Here, volcanic rock types are allocated fields on the QAPF diagram, and are classified according to the relative modal abundances of their felsic minerals. This presents problems in distinguishing the members of the maficultramafic rock spectrum. These are distinguished by the abundance of mafic minerals (Fig. 2.1). For many volcanic rocks modal mineral contents cannot be accurately determined because of the microcrystalline or glassy texture of the groundmass. Where phenocrysts are the only recognisable minerals, and if rock names are based on these alone, then the prefix 'pheno-' should be added. Thus, a rock containing plagioclase and quartz phenocrysts in an undetermined groundmass would be a 'pheno-dacite'. Where plagioclase is the sole felsic phenocryst, the rock is a 'phenoandesite' or 'pheno-basalt', even though a complete modal or chemical analysis could show it to be a dacite. On the other hand, rocks with abundant plagioclase together with clinopyroxene phenocrysts may either be andesite or tholeiitic basalt, depending on the total proportion of mafic minerals present. Some very glassy rocks (80-100% glass) are given special names such as obsidian or pitchstone, for glass of rhyolitic composition. In ancient volcanic terrains metamorphosed or meta so mati sed volcanic rocks in which feldspars are sericitised or albitised and mafic minerals replaced by chlorite, epidote, serpentine or talc, etc., may be given the prefix 'meta-' whenever original textures and mineralogy can be determined. Some special names which have been used for rocks in ancient terrains include spilite (albite-
 
 TEMPERATURE
 
 Table 2.2
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 Some measured temperatures of erupting magmas Temperature (OC)
 
 Source
 
 Volcano
 
 Composition
 
 Kilauea. Hawaii 1952-63*t
 
 tholeiitic basalt
 
 1050-1190
 
 MacDonald (1972)
 
 Mt Etna*t 1970-75
 
 hawaiite
 
 1050-1125
 
 Archambault and Tanguy (1976)
 
 Paricutin* 1944
 
 basaltic andesite
 
 943-1057
 
 Santa Maria* 1940
 
 dacite
 
 725
 
 MacDonald (1972)
 
 Mt St Helenst 1980
 
 dacite
 
 850
 
 J. D. Friedman eta!. (1981)
 
 Bullard (1947)
 
 Measured by *optical pyrometer and tthermocouple placed into lava. Those from Kilauea are largely optical measurements, and those from Etna are largely thermocouple ones.
 
 chlorite rock) for a meta-basalt, and keratophyre and quartz keratophyre (albite, quartz and minor chlorite, epidote and iron oxides) for meta-andesite or dacite. However, the rock names in Figure 2,1 should be retained where possible, regardless of alteration state or geological age.
 
 2.1.2 MAGMATIC ASSOCIATIONS Volcanic rocks can be grouped into vanous 'associations', 'series', 'suites' or 'clans' based on petrological and chemical distinctions. Examples include the tholeiitic, alkaline and calc-alkaline associations. These may have restricted spatial distributions and be restricted to specific volcanotectonic settings. For many years petrologists and geochemists have attempted to relate the petrogenesis of modern and ancient volcanics to their tectonic setting using, in particular, their trace element and isotope chemistry. We discuss relationships between volcanism and tectonic setting in Chapter 15. For a detailed consideration of the petrological characteristics of volcanic rocks, see igneous petrology texts such as Carmichael et al. (1974), K. G. Cox et al. (1979) and Hughes (1983).
 
 2.2 Temperature Magma temperatures may be estimated in a variety of ways. Direct measurements on lavas may be made, either using a thermocouple probe inserted
 
 into a lava flow or lake, or by means of an optical pyrometer (which is especially useful for measuring the temperature of lava fountains). A large amount of temperature information is available for Hawaiian lavas and some of this is summarised by MacDonald (1972). Hawaiian tholeiitic basalts approach the surface between about 1050°C and 1200°C (Table 2.2). For silicic magmas there are fewer data available because such eruptions have not frequently been observed this century. An optically determined temperature for the 1940 dacite dome of Santa Maria and a thermocouple measurement of the Mt St Helens 1980 dacite dome indicate substantially lower eruption temperatures than for basaltic lavas (Table 2.2). Estimates of the typical eruption temperatures of the major magma types are given in Table 2.3. Table 2.3 Summary of estimates of typical eruption temperatures for volcanic rocks. Rock type rhyolite dacite andesite basalt
 
 Temperature (OC) 700-900 800-1100 950-1200 1000-1200
 
 Laboratory experiments may also be used to estimate magma temperatures. Almost all volcanic rocks contain crystals in varying amounts. Therefore, by experimentally determining the liquidus temperature (the temperature above which no
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 crystals are stable) and the solidus temperature (the temperature below which there is no liquid phase) the maximum and minimum temperature limits for the existence of a silicate liquid are found. An uncertainty is introduced by H 20 content, which can strongly affect the liquidus and solidus temperatures. For rocks with a few suspended phenocrysts the liquidus temperature may be a good approximation of the eruption temperature. Crystallisation temperatures can be estimated by mineral geothermometry, which makes use of temperature-dependent compositional relationships between coexisting minerals assumed to be in mutual equilibrium. Frequently used geothermometers include magnetite-ilmenite mineral pairs (Spencer & Lindsley 1981), olivineilmenite (D. J. Anderson & Lindsley 1981) and two pyroxenes (B. J. Wood & Banno 1973). However, it must be borne in mind that laboratory estimates do not necessarily reflect emplacement temperatures. For example, lava flows may have erupted at higher temperatures than those indicated by mineral pairs which may have crystallised after eruption, and the final emplacement temperature of hot pyroclastic flows may be governed more by the extent of mixing with air and country rock than by initial magma temperature.
 
 2.3 Density There have been few measurements of the densities of igneous rocks at elevated temperatures, despite the obvious importance of such data in understanding magmatic systems. The results obtained for four volcanic rocks by Murase and McBirney (1973) are given in Figure 2.2. Densities are markedly different for the different compositional types but, as expected, all show a decrease in density with increasing temperature. Density is also dependent on pressure, increasing in proportion to the confining pressure (Stolper & Walker 1980, Kushiro 1980). Bottinga and Weill (1970) and Nelson and Carmichael (1979) considered the partial molar volumes of rock-forming oxide components in silicate liquids as a function of temperature. The
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 Temperature (Oe) Figure 2.2 Densities of some molten volcanic rocks with varying temperature at atmospheric pressure (after Murase & McBirney 1973)
 
 density of any magmatic liquid can thus be estimated from its chemical composition using the empirical methods of Bottinga and Weill (1970) and Richet
 
 et al. (1982).
 
 The effect of density on the flliid dynamical behaviour of magmas is an important petrological variable affecting their chemical characteristics. Recent exciting work has modelled the mixing of dense, ultrabasic magmas with lighter, more fractionated basaltic magmas in mid-ocean ridge magma chambers (Huppert & Sparks 1980a, b), and of heavier, wet basic magma with more silicic magma within high-level chambers typical of stratovolcanoes (Huppert et al. 1982a, J. S. Turner et al. 1983). The reader is referred to these papers, as well as the review paper of Huppert and Sparks (1984), and McBirney (1980), for an insight into this type of study and the petrological implications.
 
 VISCOSITY AND YIELD STRENGTH
 
 2.4 Viscosity and yield strength In lay terms, viscosity is a measure of the consistency of a substance. For our purposes it is a reflection of the internal resistance to flow by a substance when a shear stress is applied. In pure fluids this resistance to flow is essentially caused by molecular or ionic cohesion. In magmas it is complicated by the presence of solids (crystals) and gas bubbles (McBirney & Murase 1984). Furthermore, the processes of uprise and pressure release, crystallisation, cooling and degassing ensure that the viscosity of all magmas changes during their history. Consideration of the viscosity of magmas is important because it affects the mobility and form of unfragmented, coherently erupted lavas (Ch. 4), and because it may affect the rate of vesiculation (Ch. 3), a significant factor at a time when explosive fragmentation and eruption are imminent. These applications will be discussed further in subsequent chapters. The relevance of viscosity to fluid flow states is discussed in Section 2.5.6. To define viscosity quantitatively, we first need to consider fluid rheologies. Some fluids, such as
 
 Strain rate (dx /dt) Figure 2.3 Flow curves for a Bingham. a pseudo-plastic. and two Newtonian substances. l'Japp is the apparent viscosity of the pseudo-plastic substance at strain rate a, and of the Bingham substance at strain rate b: 00 is the yield strength of the Bingham substance. Stress and strain rate are explained in text and Figure 2.4. (After Wolff & Wright 1981)
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 und,slorled shope
 
 mg
 
 Figure 2.4 Distortion of a cube of foam rubber by an applied stress, mg. Strain is a measure of the degree of deformation, measured here as the angle B. The rate of strair, is the rate at which the foam cube deforms, and can be represented by dB/d+. (After Allen 1970a)
 
 air and water, will flow (i.e. deform) when an infinitesimally low shear stress is applied, and these are called Newtonian fluids. For Newtonian fluids the relationship between the shear stress and strain rate (rate of deformation) is linear (Fig. 2.3). Only some very fluidal, high temperature magmas with low concentrations of crystals behave in Newtonian fashion. Non-Newtonian substances are those in which the relationship between shear stress and strain rate is variable (Fig. 2.3; called pseudo-plastic substances), or in which a yield strength must be exceeded, after which the relationship between shear stress and strain rate may be linear or non-linear (Fig. 2.3). Substances for which an initial yield strength must be exceeded and after which the relationship between shear stress and strain rate is linear are called Bingham substances (Fig. 2.3). The viscosity of a substance can be quantitatively defined as the ratio of the shear stress to rate of strain. For a foam cube for example (Fig. 2.4), if a shear stress (J is applied, the viscosity of the foam, 11, is given by 11
 
 =
 
 (J
 
 I
 
 d8 dt
 
 (2.1)
 
 for which the unit is the Pa s (= 1 dyn s cm - 2 == 10 poise).
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 Figure 2.5 Diagrammatic representation of parameters used to define viscosity in a liquid. Application of a shear stress a to the upper plate confining a liquid induces a velocity gradient du/dy.
 
 For fluids it is not practical to measure dB/dt. A more practical parameter to measure is the vertical velocity gradient, du/dy, induced by applying a shear stress, 0 (= PIA), to the upper plate of two plates of known equal area (A) which confine a fluid (Fig. 2.5). The viscosity of the fluid can be written as
 
 ~=
 
 0 /
 
 ~~
 
 (2.2)
 
 This equation is valid for pure Newtonian fluids. Equation 2.2 can also be written as o =
 
 00
 
 + ~ ( ~~
 
 r
 
 stances 00 = 0 and n = 1 (Eqn 2.2); for pseudoplastic materials 00 = 0 and n < 1; and for Bingham substances 00 (= yield strength) has a finite value and n = 1. Shear stress and the yield strength of the material are usually expressed in Newtons per square metre (1 N m~2 = 1O~1 dyn cm~2); strain rate is expressed in reciprocal seconds (S~l). There are very few estimates of the viscosities of magmas. MacDonald (1972) summarised a number of measurements from lava flows. However, nearly all of these assume Newtonian rheology. In most of these cases, and in subsequent work, lava viscosities have been calculated from the Jeffreys equation:
 
 (2.3)
 
 where 0 is the total shear stress and 00 is the stress required to initiate flow (= the yield strength of a Bingham substance). For pure Newtonian sub-
 
 gQ sin ad2
 
 nV
 
 (2.4)
 
 where ~ is the viscosity, g the acceleration due to gravity, Q the density, a the slope angle of the terrain, d the thickness of flow, n = 3 for broad flows or 4 for narrow flows and V is the velocity of flow. More recent field and laboratory measurements have indicated that at sub-liquidus temperatures, lavas and common igneous melts generally have non-Newtonian rheologies (Robson 1967, Shaw et al. 1968, Shaw 1969, Murase & McBirney 1973, Pinkerton & Sparks 1978, McBirney & Noyes 1979, McBirney & Murase 1984). This behaviour is due to the presence of dispersed crystals and gas bubbles, and possibly due to the development of molecular structural units in a silicate melt. At above-liquidus (supra-liquidus) temperatures Newtonian rheology is applicable. By assuming Newtonian behaviour, lower apparent viscosities (Fig. 2.3) are calculated by the Jeffreys equation for faster-moving flows. For a non-Newtonian lava, which is say pseudo-plastic, its apparent viscosity decreases with increasing strain rate (Fig. 2.3). Hence, a fast-moving lava will appear less viscous or more fluid than when moving more slowly. The most accurate published field determinations of lava viscosity are given by Shaw et al. (1968) and Pinkerton and Sparks (1978). Shaw et al. (1968) used a rotating shear vane to measure the
 
 FACTORS CONTROLLING VISCOSITY
 
 Table 2.4
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 Results of field measurements of physical properties of basaltic lavas. Makaopuhi lava lake, Hawaii 1968
 
 Etna 1975
 
 tholeiitic basalt 1130-1135 25-35 70-120 6.5-7.5 x 10 2
 
 hawaiite 1086
 
 composition temperature (OC) phenocryst content (vol%) yield strength (N m- 2 ) (=10- 1 dyn cm- 2 ) Bingham viscosity (Pa s)
 
 45 370 9.4 x 10 3
 
 Data from the Makaopuhi lava lake are from Shaw et al. (1968) and Etna 1975 from Pinkerton and Sparks (1978). Compared with the Hawaiian lava, the Etna lava was at a lower temperature and had a higher phenocryst content, which would be responsible for its higher yield strength and plastic viscosity.
 
 viscosity in the tholeiite of the 1968 Makaopuhi lava lake, Hawaii. Although Pinkerton and Sparks (1978) used a variety of methods to measure the rheological properties of small lava flows erupted on Mt Etna in 1975, the results in Table 2.4 are only from a specially developed penetrometer. Results from both Makaopuhi and Etna indicated that the lavas behaved in a pseudo-plastic manner, but could be approximated closely to a Bingham model with a definite yield strength (Table 2.4). Bingham or plastic viscosities of the lavas have been determined (Eqn 2.3), and these are also shown in Table 2.4. There are no field measurements of Bingham viscosities for more-felsic or salic lavas. Viscosities obtained experimentally for five rocks of varying compositions at varying temperatures from Murase and McBirney (1973) are given in 1500
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 Figure 2.8 The effect of H 2 0 on the viscosity of (a) granitic and (b) basaltic melts at varying temperatures. (After Murase 1962.)
 
 as water is added, the rate of increase of hydroxyl ion concentration falls, as does the rate of decrease of melt viscosity, but the concentration of molecular water increases significantly (Stolper 1982). The effect of dissolved water on magma viscosity is therefore due more to the concentration of network-breaking hydroxyl ions than to the total dissolved water content. On a weight percentage
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 basis, it has been shown experimentally that water is more soluble in silicic melts than in mafic ones (Burnham 1979). However, on an equimolal basis the solubility of water is the same in all magma types. Furthermore, because water solubility increases with decreasing temperatures CH. Williams & McBirney 1979), most silicic magmas, because of their lower eruption temperatures, could contain more water than mafic ones do, if adequate water is available in the subsurface source area. Other factors probably also influence the actuai water content of magmas, e.g. H 2 0 is geochemically incompatible with most silicate systems, and is therefore concentrated in more-evolved magmas. Pressure is an important control on the solubility of water in a magma (H. Williams & McBirney 1979; Ch. 3). As a magma rises in the subsurface and the confining pressure decreases, water will begin to exsolve from the magma, and crystallisation occurs. The effect of this is to increase the viscosity and the strength of the magma. If the exsolved volatile content is low, then this increased viscosity may be sufficient to stop the magma from disrupting explosively, as discussed in Chapter 3. However, notwithstanding all of the foregoing, it is significant that the effect of dissolved water in lowering viscosity is greater for silicic magmas than for basic ones (Fig. 2.8) because there are more Si-O bonds to break, so an erupting silicic magma with a low water content (e.g. one that has degassed) will be more viscous than a basic one with an equivalent weight percentage water content at the same temperature. This implies that some factor other than pressure, temperature and dissolved water content affect the viscosity of magma; namely, the magma composition. The exact effects of other volatiles is poorly known, being dependent on their solubilities and abundances. Chlorine and fluorine have a marked effect on magma rheology. Peralkaline rocks have high Cl and F contents which are thought to considerably reduce viscosities and yield strengths of magmas of these compositions (Schmincke 1974, Wolff & Wright 1981, 1982). The supraliquidus viscosities of pantellerites are typically two orders of magnitude below those of calcalkaline rhyolites (Wolff & Wright 1981). Carbon
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 dioxide has a low solubility at low pressures, but its solubility increases markedly in the presence of H 20 (Mysen 1977, Burnham 1979). However, CO 2 increases polymerisation, and therefore viscosity, in melts by forming CO~- complexes (Eggler & Rosenhauer 1978, Mysen et al. 1982).
 
 2.5.4
 
 CHEMICAL COMPOSITION
 
 The overall composition of a magma affects its viscosity in a complex fashion. The elements in a magma can be divided into network formers and non-network formers. Si4 + and to a lesser extent AI3+ and Fe3+ are the principal cation network formers. Silica content is important in contributing to the viscosity of magmas, because Si-O bonds are the strongest cation-anion bonds in a magma, mineral or rock. Even well above its liquidus temperature, a magma has a well defined structure (Burnham 1979, Hess 1980, Mysen et al. 1982), and its strength and shear resistance can be attributed to intermolecular bonds, and particularly Si-O bonds. AI-O bonds are also important in this regard, since they are also much stronger than other cation-oxygen bonds, though not as strong as Si-O bonds. 0 2- is both a network and non-network former. In the former role, its principal function is to form cation-oxygen tetrahedra with Si4 +, AI3+ and Fe3+. Mysen et al. (1982) suggest that siliconoxygen tetrahedra represent the basic building block to a range of network structural units, these being SiO~- (monomers), Si20~- (dimers), Si20~ (chains), Si20~- (sheets) and three-dimensional units. Overall this sequence of units corresponds to increasing degrees of polymerisation and viscosity. The type of network structural unit present depends on the ratio of non-bridging oxygens to silicon (NBO: Si) and the types of non-tetrahedrally coordinated cations present, which are called network modifiers (Mysen et al. 1982). If the NBO : Si ratio decreases, magmas will be more polymerised. Similarly, the higher the field strength of the network modifying cations, the more polymerised the melt will be at a given NBO: Si ratio (Mysen et al. 1982). Peralkaline magmas with relatively high Na+ and K+ ion concentrations will be of relatively low viscosity
 
 because of the effect of Na+ and K+ in lowering the degree of melt polymerisation. Similarly, basic magmas (higher overall NBO: Si and more network modifiers) will have lower viscosities than acidic ones will at the same temperature and volatile contents. Some minor components can have opposing effects. For example, Ti0 2 reduces silica activity and the degree of polymerisation, whereas P 20 S increases silica activity and the degree of polymerisation (Ryerson & Hess 1980, Mysen et al. 1982).
 
 2.5.5
 
 CRYSTAL CONTENT
 
 The effect of crystals suspended in a magma is to increase the effective or bulk viscosity of the magma (discussed further in Ch. 11). The effective viscosity can be estimated from the EinsteinRoscoe equation (McBirney & Murase 1984): lJ
 
 = lJo(1
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 Figure 4.3 Simple and compound lava flows. (After G. P L. Walker 1971)
 
 extruded at low effusion rates produce flows composed of small flow units which pile up close to the vent and produce compound lavas. The Laki 1783 flow in Iceland was extruded at a relatively high effusion rate (Table 4.1), and is composed of only a few flow units, so it can be considered a simple lava. The historic lava flows of Mt Etna have been erupted at much lower effusion rates (Table 4.1), and form compound lava flows or flow-fields (Wadge 1978, Pinkerton & Sparks 1976). Wadge also demonstrated that the maximum distance attained by these lava flows increases linearly with increasing effusion rate for flows greater than 1 km long. Pinkerton and Sparks (1976) describe the formation of the 1975 flow-field (composed of many
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 thousands of flow units) and how new boccas (small openings) feeding new flow units commonly formed at the fronts of mature flow units which had otherwise ceased to flow . Large single flow unit flood basalts found in the geological record are believed to be erupted at very high effusion rates. Order of magnitude calculations by Swanson et ai. (1975) suggest that the effusion rate along the Roza fissure vent system was 1 km 3 d -1 km - 1 (d = day) for one flood basalt flow. This calculation uses an individual lava flow volume of 700 km 3 (approximately half the total volume of the Roza Member) for each of what appears to be two main lava flows (see Section 4.2), an eruption duration of seven days and a length of 100 km for the fissure vent system. This leads to an effusion rate of 1 x 106 m 3 S-1 for the whole vent system or 1 x Wi m 3 S-1 km -1. These estimates of discharge rate for the Roza flood basalt flows are comparable with those estimated for highly explosive ignimbrite-forming eruptions (1O'i_l07 m 3 S-I, Ch. 8). A survey of historic more silicic, higher viscosity lavas (Table 4.2) shows that average effusion rates are between 0.05 and 1l.6 m 3 S-I, generally a few orders of magnitude lower than those for basic lavas. More-viscous extrusions might also be expected to form compound lavas at low extrusion rates. For example, the Santiaguito dacite dome, Santa Maria volcano, Guatemala, is a compound Table 4.2 Effusion rates of some andesitic and dacitic lavas (after Newhall and Melson 1983).
 
 Eruption
 
 Average volumetric effusion rate (m 3 S-l)
 
 Santorini, Greece 1886-70 Santiaguito, Santa Maria volcano 1922-present Mt Lamington 1951-6 Bezymianny 1955-present Colima 1975-6 Augustine 1976 Mt St Helens 1980-present Usu 1910 (Meiji-Shinzan cryptodome*) Usu 1943-5 (Showa-Shinzan cryptodome) Usu 1977-present (Usu-Shinzan cryptodome
 
 * Cryptodomes are explained in Section 4.8.
 
 0.7 0.4 5.8 1.8 0.05 11.6 0.5 3.5 1.2 0.6
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 silicic lava which began in 1922 and continues to grow to date; it now consists of at least 14 recognisable flow units (Rose 1972a).
 
 4.3.2 PHYSICAL PROPERTIES Hulme (1974), who modelled lavas as Bingham substances (Ch. 2), indicated that the principal factor governing their shape was their non-Newtonian rheology. His theoretical analysis and experiments with kaolin suspensions, which are close to Bingham substances in rheology, showed that aspect ratio was mainly dependent on yield stress. For a Bingham substance to flow downhill, it must form a layer deep enough for the shear stress at the base to exceed the yield strength. Close to the lateral margins the depth is not great enough for downhill flow to occur, and dead zones of stationary fluid form levees along margins. The depth and width of a flow, and the width of each dead zone, are related to five independent initial parameters: effusion rate (F), the slope (a) and three properties of the fluid - Bingham viscosity (11), yield strength (00) and specific weight (gQ, where g is the acceleration due to gravity and Q is the density of the fluid). The critical depth (dc ) which must be exceeded for any flow to occur is given by (4.1) For lavas with higher yield strengths, de is therefore larger, and the thickness of the lava flow is greater. The aspect ratio of a lava flow can be predicted from aspect ratio
 
 =
 
 °
 
 flowing lava at any given point, and this will have a marked effect on the yield strength. An increased effusion rate would increase the temperature, and therefore reduce the yield strength, at any particular point in the lava.
 
 4.3.3 SLOPE Flow width varies inversely with ground slope (Hulme 1974). However, the effect of slope on lava length has been shown to be small compared with other factors (G. P. L. Walker 1973a).
 
 4.4 Eruption of subaerial basaltic lavas Basaltic lavas are erupted from either fissures or central (also called point source) vents. Fissure systems that feed large flood basalts may be very large (e.g. >100 km in length, Fig. 4.1b). Central vents are typical of larger basaltic volcanoes, scoria cones and other types of smaller basaltic volcanoes. However, these smaller centres are commonly associated with fissures, and even on the large volcanoes fissures may control flank eruptions. Many eruptions of basaltic lava may begin along a large length of a fissure, but activity quickly localises to a few point sources or 'nodes' (L. Wilson & Head 1981, Delaney & Pollard 1982). Even for the large flood basalts this also seems to be true eCho 13). Basaltic lavas can issue from vents as: (a)
 
 ool(Fll) 25 (gQ)075 (4.2)
 
 Aspect ratio therefore depends mainly on yield strength. Equation 4.2 predicts that lavas with low yield strengths, such as basalts, give rise to flows with lower aspect ratios, and more-silicic lavas with higher yield strengths will occur as higher aspect ratio flows, which is in general agreement with field observations (Fig. 4.2). From Equation 4.2, aspect ratio would seem to be insensitive to changes in effusion rate, but in reality this is more complicated because of the effect of temperature variations. A change in effusion rate will lead to a change in the temperature within
 
 (b)
 
 coherent flows from small boccas (openings), or from the overspill or breaching of a lava lake ponded in a crater or fire fountains of lava that reconstitute around the vent and then flow away.
 
 Many eruptions of basalt lava flows begin with a phase of fire-fountaining of gas-rich magma, succeeded by the extrusion of coherent flows of relatively gas-poor magma. There would also be periods when lava is issuing as coherent flows and fountains at the same time, either from the same vent or separately along a fissure. Flows formed from agglutinated lava spatter are associated with spatter cones and spatter ramparts (Fig. 4.1a, Chs 6
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 & 13). Lavas in which obvious spatter fragments are observed can be called clastogenic lavas; fragments will be flattened, stretched and deformed as in some welded tuffs, and in many ways they form by an analogous mechanism to welded air-fall tuffs
 
 eCh.6). Sparks and Pinkerton (1978) suggested that the loss of volatiles during lava fountaining has an important effect on the rheology of the lava. Degassing of the lava leads to considerable undercooling, rapid growth of quench crystallites, a rapid increase in the viscosity and the development of a high yield strength. Thus, highly gas-charged magmas giving rise to intense lava fountaining are likely to generate higher viscosity basaltic flows with higher yield strengths. Magmas with lower initial gas contents should therefore form morefluidal lavas from less-vigorous fire fountains or lava lakes. The lavas erupted in 1961 at Askja in Iceland changed from higher viscosity and higher yield strength aa to pahoehoe flows (Section 4.5.1) later in the eruption as the intensity of firefountaining waned (Sparks & Pinkerton 1978).
 
 4.5 Features of subaerial basaltic lava
 
 flows
 
 Many of the features of basalt lava flows have been well documented from studies in Hawaii, and we refer the reader to the descriptions and illustrations in MacDonald (1967, 1972). Basaltic lava flows contain a large array of surface features, but the preservation potential of many of these in the geological record is very limited. We shall split our description of some of the features of subaerial basaltic lavas into the following: pahoehoe and aa lavas flood basalts plains basalts
 
 4.5.1 PAHOEHOEANDAALAVAS These are the Hawaiian names given to the two main types of basaltic lava flow that have been distinguished (Figs 4.4-6). Pahoehoe lavas are
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 Figure 4.4 Longitudinal sections through the two main types of subaerial ba saltic lava flow. (After Lockwood & Lipman 1980.)
 
 characterised by smooth, billowy and sometimes ropy and 'toe' surfaces. In contrast, aa lavas have exceedingly rough spinose and fragmented surfaces. These are both end-member types with all transitions between them; slab by and block lavas resemble aa, but are less spinose, with fragments that are more regular in form. Pahoehoe and aa commonly form in the same lava flow. Pahoehoe may change downslope to aa, but the opposite has never been observed. The early character of most lavas erupted on Hawaii are almost always pahoehoe. Pahoehoe is generally a very fluid, fast flowing lava but it can also form from viscous magma at low effusion rates . Generally small, highly mobile flows advance as a coherent unit with a smooth rolling motion. Larger, less mobile flows advance by protrusion of bulbous 'toes' of lava. On Hawaii, pahoehoe is common on smooth , gentle slopes (see below), and tends to form rather thin flows (often less than 1-2 m; Figs 4.4 & Sa). Internally, pahoehoe lavas are characterised by large numbers of smooth, regular spheroidal vesicles. Many flows contain more than 20%
 
 Figure 4.5 (facing page and above) Pahoehoe lava flows. (a) Succession of five thin flow units exposed within the crater rim of Mt Hamilton, Victoria, Australia. These flow units have non-vesicular bases with narrow oxidised margins, which grade into highly vesicular upper and middle portions. White inclusions within the base of some flow units are locally derived vein quartz xenoliths. (b) Smooth, billowy pahoehoe surface of the 1975 flow in Kilauea caldera, Hawaii. (c) Shelly pahoehoe, Mauna Iki. (d) Crust of shelly pahoehoe, Mauna Iki. (e) and (f) Ropy pahoehoe, Mauna Ulu 1969-74 flows (near Mauna Ulu). (g) Pahoehoe toes in a Mauna Ulu 1969-74 flow fed by lava tubes down the Hilina fault system (about 8 km from the vent). Figure (circled) indicates scale. (h) Section through a pahoehoe toe buried within a compound lava, Mt Eccles, Victoria, Australia. (i) Weathered ropy pahoehoe surface on the 5000-6000-year-old Harman Valley flow, Wallacedale, Victoria, Australia.
 
 vesicles, though it is not uncommon to find parts of flows with 50% vesicles. Swanson (1973) described several different types of pahoehoe lava flow formed during the 1969-71 activity from Mauna VIu in Hawaii. A very vesicular, cavernous type, called shelly pahoehoe (Figs 4.5c & d), formed when gas-charged lava welled out of a fissure with little or no accompanying fountaining. A relatively smooth and denser type formed from the fall-out of fire fountains >300 m in height. The third type, characterised by overlapping, denser «20% vesicles), pahoehoe toes and lobes (Fig. 4.5g), formed when largely degassed magma issued from tubes several kilometres from the vent. The ropy type of pahoehoe (Figs 4.5e, f & i), although perhaps the most distinctive, is actually quantitatively limited in extent (MacDonald 1972). The ropes consist of a regular train of corrugations a few centimetres in height, their long axes being perpendicular to or convex to the local direction in which the flow is moving. Fink and Fletcher (1978) have done a structural analysis of these features. They can be interpreted as folds which develop at the surface of a fluid whose viscosity decreases with depth. The braided appearance and more-complex structures found in many pahoehoe flows can be explained by the superposition of two or more episodes of folding. These pahoehoe surface features generally have a
 
 low preservation potential in the geological record (e.g. Fig. 4.5i). Ropy surfaces and toes may be preserved, especially if quickly covered over by another lava flow or flow unit (e.g. Fig. 4.5h). If found, convex trains of pahoehoe ropes can be used as palaeoflow direction indicators, although caution is required in determining flow direction based on only one or two occurrences, since some pahoehoe ropes may be a response to local eddies on the flow surface (MacDonald 1972). When a thickened crust forms on a flow, lava tubes commonly form internally (Fig 4.7). Lava tubes are almost exclusively restricted to pahoehoe flows. They can range in size from less than 1 min diameter to large caves >30 m wide and 15 m high, and can form large distributary networks which can carry lava below the nearly stationary lava surface for distances of many kilometres. Some of the best examples that have been described are from the Quaternary basaltic provinces in Australia (e.g. OIlier & Brown 1965, OIlier 1969, Atkinson et al. 1975; Fig. 4.7), and Atkinson et al. (1975) report a system of lava tubes which may have extended tOr more than 100 km in north Queensland. Tubes may later collapse to produce large open channels and depressions on the surface of older flows (Figs 4.7b & c). Lava tubes are important because\ they inhibit radiative heat losses from the surface of a flow, and enable the flow to travel long distances. Tube-fed
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 (b)
 
 Figure 4.7 (a) Cave formed by lava tube on Mauna Iki. (b) Collapsed lava tube on Mauna Iki. (c) Cave exposed by collapse of lava tunnel roof. Byaduk Caves. Victoria. Australia.
 
 pahoehoe flows can achieve lengths much greater than aa flows of equivalent effusion rate. Peterson and Swanson (1974) observed lava tubes forming during the 1970-1 activity of Mauna Vlu, Hawaii. They were observed to form by: (a)
 
 (b)
 
 gradual roofing-over of a lava stream from its levees by the accretion of lava spatter along the edges and cooling of a lava surface to produce a crust, beginning at the levees and growing inward and downstream.
 
 Oilier and Brown (1965) previously suggested that thick flows would develop shear planes, and that only the hottest, thickest layers would keep flowing, leaving voids or tubes. However, Peterson and Swanson (1974) found no evidence for this in Hawaii. Other surface features that occur on pahoehoe
 
 flows are hornitos, pressure ridges and tumuli (lava blisters; Fig. 4.8). Hornitos are small, rootless spatter cones up to several metres high formed by explosions due to, for instance, trapped ground water. Pressure ridges are elongate uplifts of the lava crust, occurring subparallel to the flow direction at flow margins, but perpendicular in central portions. They are thought to be due to upward pressure from still-liquid lava flowing beneath the solidifying surface. Tumuli are small mounds or dome-like blisters up to 20 m or more in diameter on the crust of a lava flow, again caused by pressure from underflowing lava, or pressure associated with volatilisation of groundwater. Aa flows are generally thicker (from 2 to 3 m, up to about 20 m) than pahoehoe flows and advance much more slowly. The jagged flow-front (Fig. 4.4b) creeps forward and steepens until a section becomes unstable and breaks off. Collapse IS
 
 .... Figure 4.6 Aa lava flows on Hawaii. (a) 1868 lava flow on Mauna Loa. (b) Detail of fragmented clinker top to the 1868 Mauna Loa flow. (c) Spinose top of pre-Missionary flow from Mauna Loa.
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 (b)
 
 Figure 4.8 (a) Pressure ridge in a thick columnar jointed cooling crust. Wallacedale. Victoria. Australia. Uplifted columns have separated along the axis of the pressure ridge to produce radial V·shaped fractures. Tilted vesicle layers in foreground are parallel to the former flow surface. (b) Tumulus with large radial fractures formed on the 1919 pahoehoe lava flow in Kilauea caldera. Hawaii. (c) Tumulus in columnar Jointed flow surface. Wallacedale. Victoria. Australia.
 
 repeated as the flow slowly advances in caterpillartrack fashion over an auto brecciated layer of fragmented lava. Internally, aa lava is characterised by irregular elongate vesicles that are drawn out in response to internal flow, and a stratification consisting of a solid massive lava body sandwiched between layers of fragmented clinker that may be welded together (Figs 4.4b & 6). The transition from pahoehoe to aa is generally regarded to result from the increase in viscosity caused by cooling, gas loss and greater crystallinity with time. Peterson and Tilling (1980) made a detailed study of the transition, which occurs at some critical point in the relationship between viscosity and rate of shear strain. If the viscosity is low, then the transition only occurs if there is a high rate of shear; for example, as caused by flow over a steep slope. If viscosity is high, only a low rate of shear is required. At the transition, stiff clots form in parts of the flowing lava where the shear rate is greatest, and remaining fluid adheres to these. Also, fragments of solidified pahoehoe crust are incorporated into the flow, and masses and fra..g-
 
 ments of aggregate gradually complete the transition to aa. However, aa lavas also form at vent. When lavas have a moderate to high viscosity, pahoehoe lavas will only form at low effusion rates, whereas aa will form when effusion rates have exceeded a critical value (this was 2 x 10- 3 m 3 S-1 on Etna in 1975: Sparks & Pinkerton 1978). On the other hand, lavas with low initial viscosities will form pahoehoe even at high effusion rates (there is no limiting effusion rate). Both pahoehoe and aa lavas form levees. In a study of levees formed by lavas of Mt Etna, Sparks et ai. (1976) found four principal types of levees (Fig. 4.9). Initial levees are formed because of the yield strength of the lava, as indicated by the studies of Hulme (1974) (see Section 4.3.2 above). These form in both pahoehoe and aa flows. Accretionary levees were observed near boccas, and consisted of piles of clinker accreted to smooth pahoehoe lava channels. The clinkers weld themselves together to form a steep, solid levee. In flows where aa has developed fully, the flow front
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 Figure 4.9 Cross sections through four different type s of lava levee observed on Mt Etna . Heavier stipple is massive lava; sparsely stippled areas represent flowing lava. (After Sparks et al. 1976.)
 
 advances and the sides also expand by avalanching of aa debris . These rubble levees are at angles of repose of 30-35°. The fourth type, overflow levees form when lava repeatedly floods over existing rubble levees. Most levees on Mt Etna are hybrids of two or more of the four types. Thus, although Hulme's (1974) theory of levee formation was confirmed by these observations, accretionary, rubble and overflow levees nucleate and modify initial levees. 4.5.2 FLOOD BASALTS Flood basalts form extensive sheets of lava with very low aspect ratios (Plate 4, Fig. 4.10a). Compositionally, these lavas are dominantly tholeiitic (e.g. Swanson & Wright 1981) , although commonly they can be alkali basalts, e.g. in the Ethiopian province (Mohr 1983; Ch. 13) and in the Deccan Traps of India (Krishnamurthy & Udas 1981). They are pahoehoe flows , and sometimes ropy surface features are preserved . Many of the larger flows of this type must have ponded as vast lava lakes , taking years to tens of years to solidify, as indicated by the well developed massive columnar jointing (Fig . 4.10). Cooling is accompanied by contraction, and takes place from the cooling surfaces (principally the top and bottom of the flow) inwards. The
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 tensional stresses set up during contraction may produce regular joint sets perpendicular to the cooling surfaces, and usually vertical to sub-vertical in orientation. Well defined intersecting joint sets may produce regular polygonal columns. The joint faces (and columns) propagate inwards from the cooling surfaces as the 'cooling front' advances inwards . This progressive propagation may be reflected by complementary sub-horizontal joints within columns, or by a segmentation pattern on the vertical joints, reflecting successive propagation stages (Fig. 4. lOb). Columnar jointing can exhibit a two- or three-tiered arrangement (Spry 1962, MacDonald 1967, 1972; Figs 4.10b & d). The bottom consists of thick, usually well formed columns normal to the base of the flow. Above this colonnade, a layer of thinner, less regular, often chaotic columns essentially normal to the flow top, but highly irregular in structure, is found. This layer is called the entablature. There may be an upper colonnade above this. Two-tiered columnar jointing is common in the Columbia River basalts (e.g. Swanson & Wright 1981 ). Recently, Kantha (1980, 1981) proposed that columnar jointing in basalts results from a fluid dynamic process operating in the lava during cooling. Double-diffusive convective processes, due to temperature and chemical differences between the top and bottom of a stagnant melt, are thought to drive columnar 'finger' motions in the melt. When solidification eventually occurs, contraction cracks would have preferred propagation paths along the boundaries of adjacent 'basalt fingers', giving rise to columnar jointing. Similar 'salt fingers' can be produced experimentally, and also occur in nature in the oceans. Kantha (1980, 1981) pointed out the striking similarities of basalt columns to these. Although Kantha's ideas are very interesting, not all columnar jointing can be attributed to 'finger motions'. Welded tuffs, for example, often display very well developed columnar jointing (Ch. 8) which cannot be explained by this process. Lava tubes, lava channels, and other large scale flow features are generally lacking in flood basalts. This may be because they did not form, or because they were destroyed by later movements within the
 
 Figure 4.10 (a) Flood basalt lava flow of the Picture Gorge Basalt in the Columbia River basalt plateau. Oregon. (b) Icelandic flood basalt with lower columnar Jointed colonnade and upper entablature. Note hOrizontal segmentation pattern on vertical jOints (see text) (c) Top of columnar jointed flood basalt lava in Iceland showing polygonal form of columns. (d) Two-tiered columnar jointing, Campaspe River, Victoria, Australia. (e) Large uniform columns in a thick, massive flow, Organ Pipes, Victoria, Australia.
 
 SUBMARINE BASALTIC LAVAS
 
 ponded lakes of lava, perhaps by convective circulations. Large, circular down-sag structures have been described, which may result from magma withdrawal. Palaeoflow direction in flood basalts can be determined if spiracles or pipe vesicles are present. These are concentrations of vesicles in small, curved pipe-like structures found at the base of flows. They form when bubbles of steam from heated ground water rise into the lava, and are then stretched in the direction of flow as it continues to move (Waters 1960, MacDonald 1967).
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 4.6 Submarine basaltic lavas The formation of pillows or pillow lava (Figs 4.11 & 12) would generally be regarded the most distinctive feature of basaltic lavas erupted under water. From studies of the present ocean floor and of ancient successions, submarine pillow lavas are also known to be intimately associated with massive or sheet flows (Fig. 4.11). There has been considerable debate about the formation of pillow lavas (e.g. J. G. Jones 1968, J. G. Moore 1975, Vuagnat 1975, de Wit & Stern 1978). In many two-dimensional outcrops, most pillows appear to be discrete entities, although careful observation commonly reveals some interconnected pillows. However, good three-dimensional observational data show that many apparently
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 PLAINS BASALTS
 
 Although these are large basaltic flows, Greeley (1977b, 1982) grouped them as a separate type from flood basalts. Plains basalts have characteristics of both flood basalts and the smaller shield-building pahoehoe lavas, such as those in Hawaii that were discussed above (and in Ch. 13). They are typified by the Snake River Plain, in the western USA (Greeley 1977b, 1982). Lavas have been erupted from central vents to produce low coalescing shields, or from fissures to produce sheets. Lavas are compound, and flow units are up to about 10 m thick. Lava tubes and lava channels are an important means of flow propagation.
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 Figure 4.11 (a) Succession of submarine pillow lavas and sheet flows (after Hargreaves & Ayres 1979). (b) Detail of pillows. In cross section pillows can vary from 10 cm spheres to large forms several metres across. They are usually at least several tens of centimetres in diameter.
 
 discrete pillows represent cross sections through interconnected lava tubes (Fig. 4.13). Although erupted subaerially, submarine observations of the March-May 1971 Mauna Ulu flows (J. G. Moore et al. 1973) indicated that pillows formed and the lava advanced by the budding of subaqueous lava tubes. This process is therefore quite analogous to the digital advance of subaerial pahoehoe lava and the formation of pahoehoe toes, as first suggested by Lewis (1914).
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 Figure 4.12 (a) Pillows with well developed radial cracks and thin quenched margins, Boatmans Harbour, Oamaru, South Island, New Zealand. Inter-pillow spaces are filled with pelagic and skeletal carbonate sediment. (b) Steeply dipping (tectonic) pillow lavas in the Franciscan Formation, Califomia. Way up is from right to left. (c) Tropically weathered pillows in the Rio Orcovis Formation, Puerto Rico.
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 Figure 4.13 Plan view of, and three orientated cross sections through, pillow lavas. (After Hargreaves & Ayres 1979.)
 
 Palaeoflow directions in pillow lavas can be determined by measuring the direction of budding from re-entrant selvedges (Fig. 4.14). The shapes of pillows also allow the determination of younging directions in ancient deposits (e.g. Fig. 4.12b). Massive flows of basaltic lava have frequently been encountered during sea-floor drilling, and have been described as sheet flows from the Galapagos rift valley (Ballard et al. 1979). These may have a variety of surface features, including folds and whorls like subaerial pahoehoe, or they may be flat or broken. The transition from pillowed to massive morphology, within a single flow or between flows (Fig. 4.11), could reflect an increased discharge rate. Ballard et at. (1979) interpreted sheet flows as analogous to modern subaerial unchannelled pahoehoe flows erupted at high discharge rates, and pillow basalts as analogous to tube-fed pahoehoe lavas erupted at much lower discharge rates. Submarine basaltic lavas are erupted either along fissures at mid-ocean ridges or from central vents at
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 seamounts (Ch. 13). Mid-ocean ridge (MOR) volcanic activity produces quiet effusion of pillow and sheet lava flows (Bonatti 1967). There is little physical interaction between lava and sea water, and this is generally restricted to the formation of thin glassy crusts. There may be minor quench shattering and autobrecciation, or collapse pits with breccias in sheet flows (Ballard et at. 1979), but there is generally little fragmental volcaniclastic material produced (Fig. 4.11). Seamounts have been observed to have both pillow and sheet flows at their summits (Lonsdale & Batiza 1980). They also have extensive amounts of hyaloclastite (Fig. 4.15) . These may form debris flows (hyaloclastite stone streams of Lonsdale & Batiza (1980)) down (a)
 
 ( \
 
 I I
 
 ruplur'
 
 /.... y
 
 \
 
 /
 
 old~r
 
 - - - -7
 
 In S In 01 pillow
 
 /
 
 .... -.f \
 
 ,-"
 
 .-
 
 -../ (
 
 . .J
 
 ----" --- ~" _---
 
 /
 
 re - entrant
 
 ......
 
 ~/
 
 ./
 
 /
 
 /
 
 /
 
 '- ,---- -.-
 
 ......
 
 (b) tJuddln9 01 MW pillow
 
 (
 
 \
 
 ,;"---....... ,...
 
 /
 
 V --I \
 
 "---'
 
 aboul5Om
 
 Figure 4.15 Sketch of summit area of a seamount near the East Pacific Rise. (After Lonsdale & Batiza 1980.)
 
 the sides of seamounts. Some of the largest may have debouched into the ocean basin and account for the thick sequences of this type of deposit in the ocean crust found in off-axis drilling of mid-ocean ridges (Schmincke et at. 1979). Lonsdale and Batiza (1980) traced debris flows back into broken pillows and pillow lavas at the seamount summit, and suggested that they were formed, in part, by hydrovolcanic explosions. Quench-fragmentation and simple gravitational collapse are probably also important processes.
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 Figure 4.14 Cross section showing the development of reentrant selvedges by budding of a new pillow. (After Hargreaves & Ayres 1979.)
 
 When basaltic lavas flow from land into water (e.g. a lake, the sea or glacial meltwater ponds formed during the eruption of intraglacial volcanoes), lava deltas are often built out from the shore (J. G. Jones & Nelson 1970, J. G. Moore et at. 1973). In general, such deltas consist of a lower part of palagonitised hyaloclastite breccias and pillow lavas characterised by steep foreset beds (up to 40°) which have been termed flow-foot breccias (J. G. Jones & Nelson 1970; Fig. 4.16). These are capped with near flat-lying massive lavas. A passage zone between these marks the approximate water level at that time. J. G. Jones and Nelson (1970) showed how relative movements of water level and a volcanic pile or terrain over a period could be
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 Figure 4.16 Form and structure of a basaltic lava which has brecciated on flowing into water. Thickness of breccia unit as depicted is of the order of 100 m. (After J. G. Jones & Nelson 1970.) of
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 deciphered from such successions (Fig. 4.17). Furnes and Sturt (1976) described how, in macrotidal environments (tidal ranges of several metres), the rising tide would overstep advancing lava flows, producing complex relationships between different lithologies. Hyaloclastite breccias interfingering and alternating with massive lava bodies continuously build up to high tide level. The whole succession is then covered by massive subaerial lava. If a lava has a high viscosity and high yield strength, it may interact differently with water, and may flow underwater maintaining continuity. The June 1969 flow from Mauna Vlu entered the sea as a narrow flow of aa, and travelled underwater for several hundred metres without a lava delta being constructed 0. G. Moore et ai. 1973). In contrast, the lava flows erupted in March-May 1971 from Mauna VIu, which were lower viscosity pahoehoe flows, constructed a lava delta 0. G. Moore et ai. 1973), including a significant pillow lava component, when they flowed into the sea. Other features associated with the flow of basaltic lava into water are pseudocraters or littoral cones (Thorarinsson 1953, Fisher 1968; Chs 3 & 13). These are rootless vents with small craters, formed by the explosive release of steam trapped at the base of a lava flow.
 
 (e)
 
 4.8 Subaerial andesitic and dacitic lavas (d) .~.1.
 
 ~ /\~.\ ....... . :
 
 o
 
 (e)
 
 •
 
 mOS"lvt 10'11'0
 
 ~
 
 f lo w-tOOT breccta
 
 Figure 4.17 Structural relationships in successions of basalt flows which have flowed into water during periods of vertical movement of water level or of the volcanic pile. Relationships are valid for vertical scales ranging from 1 cm = 10m to 1 cm = 100 m. (After J. G. Jones & Nelson 1970.)
 
 High aspect ratio andesitic (including some basaltic andesites) and dacitic lava flows are common on stratovolcanoes (Ch. 13). On these volcanoes they can be, and often are, associated with the eruption of pyroclastic flows (Ch. 13). Eruptions of these types of lavas have been common this century and in historic times (Table 4.2). Lavas of these compositions typically occur as small-volume, short block flows (sometimes with well developed levees), and as domes (Fig. 4.18); an exception already mentioned is the large Chao dacite flow in northern Chile. Some andesite and dacite lavas form spectacular spires and pitons with very high aspect (Figs 4.1Sd & e). These lavas must have been extremely viscous and have had very
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 (b)
 
 Figure 4.18 Andesitic and dacitic lavas. (a) Andesitic block lava erupted high on Colima volcano. Mexico in 1975. Note the well developed levees. (b) Dacitic block lava on Nea Kaimeni. Santorini . (c) The 1981 Mt St Helens dacite dome (after M. & K. Kraft in Christiansen & Peterson 1981) (d) The 1902 dacitic spine of Mt Pelee (after Bullard 1976). (e) Gras Piton (dacitic). St Lucia. West Indies.
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 Figure 4.19 Section showing flow-front of pre-historic andesite lava exposed in the north crater wall of Soufriere, St Vincent. (After Sigurdsson 1981.)
 
 200
 
 high yield strengths; some even have striated and gouged margins, showing that they were nearly solid when extruded (e.g. Fig. 4.18d). These lavas generally have very high crystal contents. Andesite and dacite lavas have steep flow-fronts with screes of autobrecciated lava. Sigurdsson (1981) described the flow front of a short andesite lava on Soufriere volcano, St Vincent. This consists of columnar jointed lava lobes surrounded by a thick and irregular layer of blocky and scoriaceous lava rubble (Fig. 4.19), and forms about one-third of the 900 m flow. Expansion of the flow-front as the lava moved required the outward bulldozing of the block and scoria rubble, which is tens of metres thick. The lava lobes in the flow-front may have originated by injection of lava into the collar of rubble. Internally, behind their flow-fronts, andesitic and dacitic lavas are usually massive, with columnar or blocky jointing. Andesitic lava flows sometimes have a well developed, often flat-lying, sheeted structure with aligned tabular and platy phenocrysts. This flow foliation is generally attributed to shear partings developed during laminar flow. In ancient rocks this can sometimes be confused with textures developed in densely welded tuffs (Ch. 8). (Crystals in the lavas should have euhedral regular shapes, and not be broken and fragmented as in the pyroclastic rocks.) Dacite lavas often have a steep flow layering which may be flow folded. Andesites and dacites are also commonly em-
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 Figure 4.20 (a) Contour map of the 1945 Showa-Shinzan cryptodome of Usu volcano, Hokkaido, Japan. (b) Profiles showing growth of the cryptodome. (After Minakami et al. 1951.)
 
 placed as cryptodomes. A cryptodome is a domelike uplift of the surface rocks in a volcanic area, seemingly caused by a near-surface intrusion. Some of the best-documented occurrences of cryptodomes are those described from Usu volcano, Japan (Minakami et al. 1951; Table 4.2). This volcano has an historic record of major ground surface changes. During 1910, 1943-5 (Fig. 4.20) and 1977-8, areas of up to 1 km diameter were uplifted 150-200 m by the intrusion of lava at a shallow depth. The precise thickness of sediment overlying the 1943-5 cryptodome is uncertain, although in the final stages of its growth lava could be seen glowing through large cracks in a thin mantling layer 3-10 m thick. In this case the lava was a hypersthene dacite. Other recorded cryptodomes include the Roche's lava on Montserrat, West Indies (Rea 1974), which has locally uplifted tuffs and fossiliferous limestones on the flanks of the volcano. A similar cryptodome, Brimstone Hill on St Kitts in the Lesser Antilles (P. E. Baker 1969), has dragged up on its flanks patches of Plio-Pleistocene limestone which are now dipping outwards at about 45°.
 
 SUBAERIAL RHYOLITIC LAVA FLOW: ERUPTION
 
 4.9 Eruption of subaerial rhyolite lava flows
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 As far as we are aware, there has only been one observed historic eruption of rhyolite lava. This was during the 1953-7 activity which formed the Tuluman Islands, two new islands in the St Andrew Strait, northern Papua New Guinea CM. A. Reynolds & Best 1976, M. A. Reynolds et al. 1980). The final phase of the eruption, beginning in November 1956, produced subaerial lava flows. Earlier phases were characterised by dominantly submarine activity, and produced fields of floating, vesicular lava blocks. Many rhyolite lavas and domes often occur in arcuate distributions about central calderas or volcanic depressions, as seen, for example, in the Taupo Zone of New Zealand, the Valles and Long Valley calderas and Mono Craters in the western USA and La Primavera volcano in
 
 Mexico (Fig. 4.21a). R. L. Smith and Bailey (1968) suggested that extrusion of rhyolite lavas commonly follows resurgence of magma after climactic ignimbrite eruptions which result in caldera subsidence (Ch. 8). In many of these situations it seems that the lavas have been extruded around the ring fault or fracture on which caldera collapse took place. At Mono Craters an arcuate line of rhyolite lavas is thought to represent activity over part of an actively developing ring fracture system around the foundering roof of a large crustal magma body in a precaldera stage of evolution (Hermance 1983, Rundle & Eichelberger 1983). In some examples (e.g. La Primavera, Fig. 4.21a) the caldera may become filled with a lake, and these post -caldera rhyolites are emplaced in association with lacustrine sediments of the caldera. However, the geology of rhyolitic volcanic centres will be expanded upon later, in Chapter 13. The Tuluman Islands also
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 Figure 4.21 (a) Map of the distribution and surface features of the rhyolite lava flows of La Primavera volcano. Mexico. Some of the linear features are faults; curved features are ogives (see Plate 2 and text) (after Clough 1981). (b) Map of the rhyolite domes of southem Lipari, Aeolian Islands (after Richardson 1978).
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 seem to occur on an arcuate line of rhyolite lavas, but here M. A. Reynolds et ai. (1980) have speculated that these lie above a ring fracture developing above a mantle hot spot. In other areas, rhyolite lavas do not seem to be obviously associated with a caldera, e.g. the spectacular concentration of rhyolite domes in the southern part of Lipari in the Aeolian Islands, Italy (Fig. 4.21b), and in Papua New Guinea on the D'Entrecastreaux Islands and at Talasea in New Britain (I. E. M. Smith 1976, Smith & Johnson 1981, Lowder & Carmichael 1970).
 
 Many rhyolitic lavas are associated with pyroclastic deposits, each lava being almost invariably associated with preceding phases of explosive pyroclastic activity. The style of explosive activity can vary from mainly phreatic eruptions, producing rings of lithic breccias surrounding the lava, e.g. Panum Crater (one of the Mono Craters), to highly explosive plinian and ignimbrite-forming eruptions. During such explosive phases a pumice cone or tuff ring can be built-up around the vent (e.g. Fig. 4.22e). Even while the rhyolite lava is growing, explosive eruptions may continue, and evidence for
 
 (b)
 
 (e)
 
 Figure 4.22 Rhyolitic lavas. (a) Mt Guardia dome. Lipari (photograph by S. Hall). (b) Cerro EI Chato dome. La Primavera volcano. (c) Cerro EI Colli mesa lava, the youngest of the La Primavera lavas (after Clough 1981). (d) Mesa EI Majahuate mesa lava, La Primavera volcano. (e) Coulee of La Primavera volcano which has flowed to left from a vent at the summit of the pumice cone seen to right (after Clough 1981).
 
 SUBAERIAL RHYOLITIC LAVA FLOW: FEATURES
 
 this would be unusually large amounts of obsidian ejecta amongst the pyroclastic deposits. Also, visible craters may be present on some of the rhyolite domes, and this can be seen in some of the domes of Lipari (Fig. 4.21b). Formation of cratered domes is attributed to the late stage build-up of gas below the viscous magma, which is released in the form of an explosion with no fresh magma effusion. Most rhyolite lavas would seem to reach the surface through a circular conduit, which presents a much smaller cooling surface to the country rocks than a fissure vent. However, some of the dome lavas of La Primavera are elongate, and surface ridges are parallel to the caldera ring-fault (Fig. 4.21a), suggesting that rhyolite lavas may also be extruded along fissures (Clough 1981). The Circle Creek rhyolite in Nevada is thought to have been erupted through a large fissure system (Coates 1968). This is a rhyolite lava flow covering 130 km 2 , with multiple vents aligned on linear trends. These trends are thought to represent fissures which closed to a series of sub cylindrical vents as lava was extruded, in a similar manner to that observed in basaltic fissure eruptions. It was suggested that the motive force for this extrusion was the weight of fissured crust that down sagged into a magma chamber, thus forming a sag-basin as opposed to a caldera. In eastern Iceland, Gibson and Walker (1963) have traced composite or mixed rhyolite and basalt lavas to composite dykes which would be feeder fissures. The Tarawera Volcanic Complex of New Zealand (Cole 1970) consists of a cluster of rhyolite domes and associated pyroclastics, along a NNE trend which reflects a crustal fissure-fracture zone within the Okataina Volcanic Centre.
 
 4.10 Features of subaerial rhyolite lava flows Our description of the features of subaerial rhyolite lava flows can be subdivided into the following: shape lithology surface features growth and internal structure
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 4.10.1 SHAPE Rhyolite lavas (Fig. 4.22) can be subdivided according to their shape into:
 
 domes (or tholoids), which are circular in plan with a small surface area (Figs 4.22a & b), (b) mesa lavas, which are lavas with an approximately circular plan forming biscuit-shaped bodies (Figs 4.22c & d) and (c) coulees, which are lavas which form when flow is asymmetric and concentrated to one side of the vent producing an extrusion which IS elongate in plan (Fig. 4.22e).
 
 (a)
 
 Although these terms most commonly apply to rhyolitic lavas, they can also be used to describe the form of some dacite, and even andesite, lavas. These three lava types develop in response to the varying controlling factors discussed previously. Rhyolite lavas have a wide range in thickness from 500 m (Fig. 4.2). However, the average thickness is probably about 100 m (in descriptions in the literature and Fig. 4.2, rhyolite domes tend to be over represented compared with the thinner coulees, because domes tend to survive much longer as topographic features). Some of the thinnest rhyolite lavas known are aphyric, and have been ascribed unusually low viscosities. For example, the early rhyolites of Long Valley caldera (Bailey et at. 1976) contain some flow units only 50 m thick which have flowed up to 6 km. The aphyric condition may suggest an extremely high magma temperature at the time of eruption as the cause of the increased fluidity. Other thin rhyolite lavas recorded are the acid-basic mixed lavas of Iceland (Gibson & Walker 1963), having an average thickness of 60 m. These lavas may have had reduced yield strengths and viscosity due to superheating on contact with basic magma. One of the factors which could determine the shape of rhyolite lava flows is the presence of a confining crater built by earlier pyroclastic explosions. This is probably true for smaller rhyolite domes, but larger ones may exceed the critical crater volume and flow away from the crater area laterally. Many domes, on the other hand, do not appear to be associated with an earlier construc-
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 tiona I crater (preceding pyroclastic material being more widely · dispersed from the vent), but it is possible that such a feature could have been completely submerged beneath the succeeding dome. Rhyolite lavas also commonly form cryptodomes,
 
 which are generally termed 'intrusive rhyolites' by workers in ancient successions, based on demonstrable intrusive contacts. The Devonian Boyd Volcanic Complex in Eastern Australia shows excellent examples of such intrusive rhyolite lavas. Some of the rhyolite domes of La Primavera
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 Figure 4.23 (facing page and above)
 
 Lithologies of subaerial rhyolite lava flows. (a) Flow-banded obsidian from a glass flow, Newberry Crater, Oregon. (b) Platy jointed obsidian dome, Okataina Complex, New Zealand. (c) Interbanded obsidian and spherulitic layers, Rocche Rosse flow, northern Lipari. (d) Flow-folded obsidian (now partly perlitised), La Primavera volcano. (e) Flow-folded Upper Devonian rhyolite lava at Tathra, New South Wales, Australia (photograph by S. Raiser). (f) Stony rhyolite lava with basaltic inclusions, southern Lipari (photograph by S. Hall).
 
 volcano which are found in contact with caldera lake sediments (Fig. 4.21a) are thought to have formed as crytodomes (Clough et ai. 1981, 1982; Ch. 13). Caldera lake sediments are locally folded and faulted, and invariably dip away from the rhyolite lavas.
 
 4,10.2 LITHOLOGY In rhyolite lava flows a variety of lithologies and textural features can be found: obsidian, layers containing spherulites, pumiceous layers, horizons of stony rhyolite (lithic rhyolite), and in lavas where hydration of obsidian has occurred, perlite,
 
 Black, vitreous obsidian sometimes occurs as thick foliated layers, often interbanded or as lenses, within layers of the other lithologies (Fig, 4.23), This layering, or flow foliation, is frequently folded, Obsidian usually forms a chilled glassy carapace around rhyolite lavas, commonly about 10 m thick over the top and around the flow front, with a thinner layer along the base (Fig. 4.24). The cores of many lavas usually consist of stony rhyolite. Some of the thinner 'obsidian flows' and 'glass flows' may be obsidian throughout their interiors. Spherulites are radiating aggregates of alkali feldspar, with or without cristobalite and tridymite,
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 Figure 4.24 Schematic section showing distribution of lithologies in a rhyolite lava flow.
 
 which are commonly found in the glassy carapace (Fig. 4.25a; Ch. 14). They commonly have diameters of 0.1-2 cm, but can be much larger and occasionally grow up to nearly 10 cm. They often comprise specific flow layers (Fig. 4.23c). However, they are usually superimposed on flow structures, and the flow foliation can be traced through, and is not deflected by the spherulites, showing that crystallisation took place after flowage of the lava had nearly ceased. Factors governing the development of spherulites are discussed by Lofgren (1971a; Ch. 14). Higher water contents in some layers could promote growth rates of spherulite fibres locally. Some spherulitic growths are, in fact, lithophysae, which are radiating aggregates of fibrous crystals which have formed around an expanding vesicle (Fig. 4.25b). These vesicles have formed in a melt while it was still capable of flowing. Crusted and broken lithophysae often testify to later flowage. More-vesiculated pumiceous layers may occur interbanded with obsidian and spherulitic layers. Many rhyolite lavas are capped by blocks of pumice or more pumiceous lava (Fig. 4.24). In older flows these are unlikely to be preserved. Pumiceous breccias formed during flow can also be found at their bases (Fig. 4.24), as well as co-eruptive pumiceous pyroclastic deposits. The principal lithological component of most rhyolite lavas, especially domes, is foliated stony rhyolite (Fig. 4.23f). This is formed by posteruption crystallisation of the melt to a finely crystalline rock. This may occur during emplacement, as well as during subsequent cooling. With
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 many young rhyolite lavas, however, little of this rock is seen because erosion will have had insufficient time to cut through and expose the interiors. Bands and lenses of light grey perlite are formed by the hydration of obsidian. Obsidian adsorbs water from the atmosphere, forming an hydrated layer which thickens with time as the water diffuses into the glass. From measurements of the thickness of the hydration rind on artifacts collected from archaeological sites and experimental studies (I. Friedman & Long 1976), it is known that the square of the rind thickness is approximately proportional to time, and varies from less than 0.5 (!lm)2 per 1000 years to as much as 30 (!lm)2 per 1000 years. This variation is partly due to (0)
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 unless explosions occur in quick succession, 10 which case a maintained plume forms. L. Wilson et al. (1978) and Settle (1978) have independently shown that the maximum height of an eruption column (H T ) is proportional to the fourth root of the rate of release of energy, and hence the fourth root of the mass eruption rate. For maintained eruption columns the height can be predicted from (5.1) (after Morton et al. 1956, L. Wilson et al. 1978),
 
 where H T is the height of the column in metres and Qis the steady rate of release of energy in watts. Q is related to the eruption conditions at vent by:
 
 Q = ~vJt?s(8
 
 - 8a )F
 
 (5.2)
 
 in which ~, v, sand 8 are, respectively, the bulk density, velocity, specific heat and temperature of the erupting fluid, 8 a is the temperature to which the eruption products ultimately cool (-270 K in most cases), r is the vent radius and F is an efficiency factor (discussed below). The bulk density, ~,is related to the density of the magmatic gas,
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 Figure 5.8 Development of the eruption column, downwind plume and dispersal of pyroclasts in the 18 May 1980 eruption of Mt St Helens. (a) East-west profile schematically showing early vertical growth and lateral expansion of the plume. (b) Isochron map showing maximum downwind extent of the edge of the plume carried by the fastest-moving wind layer (as observed on satellite photographs). On the left an average wind speed profile measured at Spokane at 16.00 h is given. Circular wind diagram shows average directions to which wind was blowing at different altitudes, and were again measured at Spokane at 16.00 h. (c) Isopachs of the 18 May pyroclastic fall deposit. Note the secondary thickening of the air-fall deposit 300 km downwind; the significance of this will be discussed in Chapter 6. (After Sarna-WOjcicki et a/. 1981.)
 
 Table 5.2
 
 Some data on observed eruption columns. Eruption
 
 Hekla 1947 Hekla 1970 Soufriere 1902 Bezymianny 1956 Fuego 1971 Heimaey 1973 Ngauruhoe 1974 Santa Maria 1902 Mt St Helens 18 May 1980 Soufriere 22 Apri I 1979
 
 Average volumetric eruption rate (m 3 S-l) 17000 3333 11-15000 230000 640 50 10 120000
 
 Plume height (km) 24 14 14.5-16 34--45 10 2-3 1.5-3.7 28
 
 Duration (h)
 
 0.5 2 2.5-3.5 0.5 10 14 18-20
 
 6200
 
 16
 
 9
 
 12600
 
 18
 
 0.23
 
 Volumetric eruption rates are given in terms of dense rock equivalent (App. I). Plume heights are above the top of the volcano, not sea level. The data on Hekla 1947, refer to the first 30 min of the eruption. The data on Heimaey refer to the first few weeks of the eruption. Information is taken largely from L. Wilson et al. (1978), with data on Santa Maria (1902) from S N. Williams and Self (1983), Mt St Helens (1980) from Harris et a/. (1981) and Sarna-WojcICki et al. (1981), and Soufriere, St Vincent (1979) from Sparks and L. Wilson (1982)
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 Figure 5.9
 
 Relationship between plume height and volumetric eruption rate. The theoretical curves for F-values of 1.0, 0.7 and 0.3 are discussed in the text. Observed plume heights for ten eruptions are plotted from Table 5.1. (After L. Wilson et at. 1978.)
 
 the density of the pyroclasts, Qm, and the weight fractions of gas and pyroclasts, Nand Xm: Qg'
 
 1
 
 Xm
 
 N
 
 (5.3)
 
 -=-+B Qm Qg
 
 If it is assumed that the predominant gas is water and that the erupting fluid is at atmospheric pressure, then for 8 = 1200 K, Qg is 0.18 kg m- 3 . The thermal properties of magma are dominated by the solid phase for gas contents of a few per cent by weight, and the value of s, the specific heat, is taken as 1.1 X 10- 3 J kg- I K- 1 . The maximum height of the eruption column, H T , can also be expressed as a function of the volume discharge rate of magma (Sparks 1986; Fig. 5.9):
 
 HT
 
 = 5.773(1 + n)-3/8[a64 mm, and the deposits contain large lithic and pumice blocks and bombs. Ash-fall deposits can be formed by a whole spectrum of pyroclastic processes. Phreatomagmatic eruptions characteristically form fine-grained deposits and these often contain accretionary lapilli (Section 5.8). Co-ignimbrite ash-fall deposits can be very extensive examples. They may also contain accretionary lapilli caused by rain flushing, and would be difficult to distinguish from silicic phreatomagmatic (phreatoplinian) ash-fall deposits in the absence of field criteria (Ch. 6). Dense-clast pyroclastic flows may produce equivalent lithic ash-fall deposits. Vulcanian eruptions typically produce ash-fall deposits which may range from dense lithicrich to scoriaceous types. Close to the vent, these deposits may contain abundant ballistic blocks and bombs. Phreatic eruptions produce lithic ash-fall deposits, and ballistic blocks may be very abundant around the vent. As well as these, pumice and scoria fall deposits have ash-fall dep6sits as their distal equivalents, and their character depends on downwind aeolian fractionation processes. Air-fall ash deposits range in thickness from < 1 mm near vent, to > 1 m thick more than 100 km away for coignimbrite ash-fall deposits and phreatoplinian deposits. An alternative non-genetic approach uses lithological descriptions based on dominant grain size and component types, as shown in Tables 12.5 & 7. For example, in this case most pumice-fall deposits would be pumice lapilli deposits. Most of the coarser near-vent equivalents of the deposits dis-
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 cussed above would then be called volcanic breccias. We will discuss the use of these two terms in Chapter 12.
 
 5.4 Pyroclastic flow-forming eruptions Pyroclastic flows (Fig. 5.10) are potentially the most destructive of all volcanic phenomena, due to the large distances that some types are capable of travelling and to their high temperature. Serious loss of life has been caused by several small historic pyroclastic flows. Small historic flows have been observed to move up to about 20 km from vent at speeds as high as 60 m s - 1 (J. G. Moore & Melson 1969, D. K. Davies et al. 1978a). However, field
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 studies of older Quaternary deposits suggest that the larger flows (forming ignimbrites) have travelled distances of > 100 km from vent, and theoretical analysis based on measurements of the heights of mountains climbed by pyroclastic flows suggests that average speeds of > 100 m S-1 are common (Ch. 7). Pyroclastic flows are generated by a number of different mechanisms (Fig. 5.11). From what we understand of observed modern eruptions, these can be split initially into two main types: lava-dome or lava-flow collapse eruption column collapse
 
 Figure 5.10 Two pyroclastic flows. (a) Towering ash cloud 4000 m above a pyroclastic flow moving down the Riviere Blanche from Mt Pelee during an eruption in December 1902 (after La Croix 1904) (b) Pumiceous pyroclastic flow erupted on 7 August at Mt St Helens in 1980. This flow travelled at speeds in excess of 30 m S-1. (After P W Lipman In Rowley et al. 1981.)
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 (a) Gravitational dome collapse
 
 (e) Continuous oas streamino interrupted column collapse
 
 (b ) Explosive dome collapse
 
 (f ) Upwellino at ven t
 
 (el Landslide triooerino explosive collapse of cryptodome
 
 (0) Vertieal explosion from dome eruption column collapse
 
 (d) Discrete explosions interrupted column collapse
 
 (n) Continuous eruption
 
 Figure 5.11
 
 "i nstantaneous collapse M
 
 column collapse
 
 Mechanisms generating pyroclastic flows. The pyroclastic flow proper is a high particle concentration underflow.
 
 The ash cloud gives rise to other deposits (Fig. 5 .13).
 
 PYROCLASTIC FLOW-FORMING ERUPTIONS
 
 5.4.1 LAVA-DOMEORLAVA-FLOW COLLAPSE This mechanism typically operates on steep-sided andesitic volcanic cones, but also occurs during the eruption of silicic domes not related to major edifices. Fragmental flows of broken lava are generated when an unstable, actively growing lavadome or lava-flow collapses from the summit or high on the flanks of the volcano. Collapse may be simply gravitational (which is not strictly pyroclastic), or could be an explosively directed blast (Figs 5.11a & b). However, pressure release within a dome due to an initial gravitational collapse could lead to explosive collapse so, in some cases, both processes may have occurred. Explosions could also be triggered by contact of the growing dome with ground water. Such an eruption could therefore be considered to be phreatomagmatic. This also leads to the possibility that phreatic explosions could generate pyroclastic flows containing no juvenile fragments (e.g. Sheridan 1980). It is therefore important to realise that different processes may have occurred at about the same time, and the relative importance of each is, perhaps, difficult to distinguish. These types of pyroclastic flow we will term block and ash flows, but other terms in use are lava debris flows, hot avalanche deposits (P. W. Francis et al. 1974) and nuees ardentes (see Ch. 12). Block and ash-flows are small-volume pyroclastic flows, and even the deposits of many separate flows or flow units accumulated during the same eruption typically have volumes 1000 km 3). Few ignimbrites have been erupted this century. Those that have are only small-volume deposits (Ch. 8), and there is little observational information for these. The generally known examples are the Valley of Ten Thousand Smokes ignimbrite erupted from Katmai, Alaska, in 1912 (c. N. Fenner 1920, Curtis 1968), those formed during the eruptions of Komagatake, Japan, in 1929 (Aramaki & Yamasaki 1963) and those from Mt St Helens in 1980. Two notable, and larger, ignimbrite-forming eruptions occurred last century: Krakatau, west of Java, in 1883 (Self et al. 1981) and Tambora, also in Indonesia, in 1815 (van Bemmelen 1949, Self et al. 1984). Small-volume pumice flows, like scoria flows, are perhaps in many cases generated by interrupted column collapse. Nobody has yet observed a 1argevolume ignimbrite-forming eruption, although as early as 1960, R. L. Smith (1960a) suggested that they could be formed by an eruption column collapse mechanism, but on a larger scale. Sparks and L. Wilson (1976) and Sparks et al. (1978) presented a theoretical model for the formation of ignimbrites based on the continuous gravitational collapse of a plinian eruption column (Fig. S.l1h). This models helps to explain many features of ignimbrites (Chs 7 & 8), and has since become popular among workers in this field. Continuous collapse of plinian eruption columns from heights of several kilometres could account for the large volume and wide distribution of some ignimbrites.
 
 The model is also appealing because it explains why many ignimbrites are underlain by plinian pyroclastic fall deposits (Fig. S.6b, Chs 6 & 8). However, observations of the Mt St Helens 1980 eruption suggest that many of the pumiceous pyroclastic flows, which under our definition form ignimbrite, were not generated by collapse of a high eruption column (Rowley et al. 1981), but from low columns. Many pumice flows seemed to spread out from bulbous inflated masses of pyroclasts as they upwelled a short distance above the vent. The sequence of photographs in Figure 5.12 of activity on 22 July illustrate this particularly well, showing the development and instantaneous collapse of a fountain about 500 m high. Descriptions such as a 'pot boiling over' were given (Rowley et al. 1981), and there are obvious similarities to the eyewitness descriptions given of the Cotopaxi eruption in 1877. During other periods of activity, partial gravitational collapse of the margins of maintained columns was observed. None of the Mt St Helens pumice flows travelled very far, and all are minor in volume. These new observations suggest that column collapse as the only mechanism for the generation of ignimbrites may have been overemphasised in recent years, as suggested above. In some instances 'spluttering' or 'frothing' at the vent may be more important. We will develop and expand these ideas on eruption mechanisms of ignimbrites through Chapters 6 and 8.
 
 5.5 Pyroclastic flow deposits: types and description Most pyroclastic flow deposits are composed of more than one flow unit. Each flow unit is usually regarded as the deposit of a single pyroclastic flow (Fig. 5.13), one of perhaps several or many generated during the course of the same eruption (Sparks et al. 1973, Sparks 1976). However, it is certainly possible that as a pyroclastic flow advances it could split into several subflows (R. L. Smith 1960a; and observed at Mt St Helens), each represented in the field by a discrete depositional flow unit. In the field pyroclastic flow units may be
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 flow. No welded examples are known to us, although Sparks (pers. comm.) repon;; one on the southern flanks of Mt Pelee. Homogeneous clast composition, hot blocks and gas segregation pipes are the field criteria for distinguishing these pyroclastic flow deposits from types of sedimentary debris deposits such as rock avalanches and debris flows (Ch. 10).
 
 5.5.2
 
 Figure 5.13 Schematic diagram showing the structure and idealised deposits of one pyroclastic flow.
 
 seen to be stacked on top of each other, or be separated by other pyroclastic layers (fall or surge deposits) or reworked epiclastic deposits. From the foregoing discussion on pyroclastic flow forming eruptions, it appears that three main types of pyroclastic flow deposit are recognised in modern volcanic successions (Figs 5.14-16):
 
 SCORIA-FLOW DEPOSITS
 
 These are topographically controlled, unsorted deposits with variable amounts of basaltic to andesitic ash, vesicular lapilli and scoriaceous ropy surfaced clasts up to 1 m in diameter (Figs 5 .14b & 5 .15d-f). In some circumstances they may contain large non-vesicular cognate lithic clasts (Fig. 5.1Sf). Reverse grading of larger clasts within flow units is common, and fine-grained basal layers are sometimes found at the bottom of flow units. Gas segregation pipes and carboni sed wood may also be present. The presence of levees, channels and steep flow-fronts indicates a high yield strength during flow. Again, we know of no welded examples.
 
 block- and ash-flow deposits scoria-flow deposits pumice-flow deposits or ignimbrite
 
 5.5.1
 
 III
 
 (0 )
 
 (b)
 
 (e)
 
 BLOCK- AND ASH-FLOW DEPOSITS
 
 These are topographically controlled, unsorted deposits having an ash matrix and containing large generally non-vesicular, cognate lithic blocks which can exceed 5 m in diameter (Figs S.14a & 15a). Some of these blocks contain radially arranged cooling joints which show they were emplaced as hot blocks (Fig. 5 .15 b). Clasts should be all of the same magma type, and therefore the deposits should be, or almost be, monolithologic. Individual flow units are reversely graded in many examples (Figs 5.14a & 15a). They may contain gas segregation pipes (Figs 5.15c & d), although these are not found too commonly in block and ash deposits (Ch. 7), and carboni sed wood. Surface manifestations include the presence of levees, steep flow fronts and the presence of large surface blocks, all of which again indicate a high yield strength during
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 Figure 5.14 Idealised sections of the three main types of pyroclastic flow deposit and associated layers deposited by the mechanisms suggested in Figure 5.13. (a) Block and ash-flow deposit. (b) Scoria-flow deposit. (c) Pumice-flow deposit or ignimbrite.
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 Figure 5.15 Block- and ash-flow and scoria-flow deposits. (a) Reversely graded block and ash-flow deposit, formed by collapse of a rhyolitic lava flow. This was erupted towards the end of the 700 years BP Kaharoa eruption of the Tarawera volcanic centre. New Zealand. Top of spade handle is base of block and ash-flow deposit. other layers are earlier co-eruptive products. (b) Hot block in block and ash-flow deposit. San Pedro volcano. northern Chile (after P. W. Francis et al. 1974). (c) Gas segregation pipes in the 1902 block and ash flow deposits erupted from Mt Pelee (after Fisher & Heiken 1982). (d) Scoria flow deposit erupted from Mt Misery volcano. St Kitts. Lesser Antilles. Note the concentration zones of scoria which seem to be associated with flow unit boundaries and coarser-grained pipes which have been emphasised by rain washing. Arrow points to a carbonised log from which a 14C age of 2860 years BP was obtained (photograph by M. J. Roobol). (e) and (f) The scoria flow deposits (dark) erupted in 1975 at Mt Ngauruhoe. New Zealand. Note thin lobate flow front and dense juvenile fragments with more scoriaceous clasts.
 
 FLOW DEPOSITS: TYPES AND DESCRIPTION
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 Figure 5.16 Some general features of pumice-flow deposits. All of the photographs are from non-welded ignimbrites or nonwelded zones of welded ignimbrites. (a) Stacked thin flow units of the Rio Caliente ignimbrite, Mexico. Flow unit boundaries are picked out by fine-grained basal layers (after J. V. Wright 1981). (b) Flow units of the Rio Caliente ignimbrite interbedded with fluviatile reworked pumice (R) and erosion surfaces (E); arrow points to two flow units filling in small channels cut into the succession. No soils are present, and field evidence elsewhere shows that these erosional events must have been local and short-lived, and occurred during the same eruption. Height of cliff section is about 16 m (after J. V. Wright 1981). (c) Thick, massive flow unit of the Oruanui ignimbrite in New Zealand, which is poorly sorted and texturally very homogeneous throughout the thickness seen (horizontal lines are bulldozer scrapings). (d) Coarse, poorly sorted pumice-flow deposit on St Lucia, Lesser Antilles. (e) Close-up showing poor sorting in an ignimbrite. This is from a flow unit of the Acatlan ignimbrite. Mexico. Dark clasts are lithics.
 
 114 THREE TYPES OF PYROCLASTIC DEPOSITS ignimbrite sheets that bury all but high topographic features. Sometimes they may show one or more zones of welding eCho 8). Their common salmonpink colour, the presence of carbonised wood and a thermal remanent magnetisation are all ways of distinguishing non-welded ignimbrites from the deposits of pumiceous mud flows. Also, ignimbrites sometimes contain gas segregation pipes (Fig. 5.16f).
 
 5.6 Origins of pyroclastic surges It is now apparent that dilute, low particle concentration, turbulent, pyroclastic surges can be generated in many different ways. Volcanic base surges, first described from the ph rea to magmatic eruptions of Taal volcano, Philippines, in 1965 by J. G. Moore et al. (1966) and J. G. Moore (1967), are only one type of pyroclastic surge. Pyroclastic surges are known to form in three situations, associated with: phreatomagmatic and phreatic eruptions pyroclastic flows pyroclastic falls
 
 5.6.1 SURGES ASSOCIATED WITH Figure 5.16 continued (f) 'Fossil fumaroles'; crystal and lithic enriched gas segregation pipes in the Taupo ignimbrite, New Zealand (photograph by C. J. N. Wilson).
 
 5.5.3 PUMICE-FLOW DEPOSITS OR IGNIMBRITES
 
 Ignimbrites are typically poorly sorted, massive deposits containing variable amounts of ash, rounded pumice lapilli and blocks occasionally up to 1 m in diameter (Figs 5.14c & 16). Within flow units, larger pumice fragments can be reversely graded, while lithic clasts can show normal grading. However, ungraded flow units are as common. A fine-grained basal layer is usually found at the bottom of flow units (Fig. 5.16a). The coarser, smaller-volume deposits usually form valley infills, while the larger-volume deposits may form large
 
 PHREATOMAGMATIC AND PHREATIC ERUPTIONS
 
 These eruptions can generate a base surge which is a collar-like, low cloud expanding radially in all directions from the locus of a phreatomagmatic or phreatic explosion and/or by the collapse of the phreatomagmatic or phreatic eruption column (Figs 5.17 & 18). The term 'base surge' was originally applied to the radially outward moving basal clouds observed and photographed in nuclear explosions (Fig. 5.17), to which J. G. Moore (1967) likened similar features observed during the Taal 1965 eruptions, and some other observed historic eruptions. The eruption of Taal on 28-30 September 1965 took place when water gained access to rising basaltic magma on the southwest side of Volcano Island, Lake Taal 0. G. Moore et al. 1966, J. G.
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 Figure 5.17 Sequential diagram showing formation of a base surge after an underground explosion equivalent to 100 kilotons of chemical explosives. (After J. G. Moore 1967.)
 
 Moore 1967; Fig. 5.19). Explosions produced a series of base surges (Fig. 5.19) which spread out radially with 'hurricane velocity', causing extensive damage and loss of life. These debris-laden clouds obliterated and shattered all trees within 1 km of the explosion centre, and sandblasted objects up to 8 km away. Initially, velocities may have been as high as 100 m S-1 (J. G. Moore 1967).
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 Base surges result from the explosive interaction of magma and water and are probably in many cases 'cold and wet' (Ch. 7). In the entire area affected by base surges from the Taal1965 eruption, no evidence of charred wood was found on surviving trees or in the deposits. In the zone where ash was plastered on to objects (Fig. 5.19b) the ash must have been mixed with water rather than steam to have been so sticky, and surges would have had temperatures below lOO°C (J. G. Moore 1967). However, some phreatomagmatic eruptions have produced hot pyroclastic surges. During the phreato magmatic eruptions forming the Ukinrek maars, Alaska, in 1977 (e.g. Fig. 5.18c), pyroclastic surges charred tree branches and trunks (Self et al. 1980). As discussed in Chapter 3, Sheridan and Wohletz (1981) suggested that there is a natural division between wet and dry base surges, depending on the water: magma mass ratio in phreatomagmatic explosions (Fig. 3.9). With a low water: magma mass ratio 'dry and hot' base surges may be produced. Base surges are commonly associated with the formation of small volcanic craters, called variously maars, tuff rings and tuff cones (Ch. 13). These are common features in areas of basaltic volcanism, and without the interaction of ground or surface water or sea water, the basaltic magma would have erupted to form scoria cones and lava flows. There have been a number of eruptions of this type in the 20th century. For descriptions and analysis of this type of activity, the reader is referred to Moore (1967) and Waters and Fisher (1971), who show spectacular photographs of the eruptions of Capelinhos in 1957-8 in the Azores (Figs 5.18a & b) and Taal, Philippines, in 1965-6, and the papers by Kienle et al. (1980) and Self et al. (1980) describing the formation of the Ukinrek maars, Alaska (Fig. 5.18c). Maars and maar-like constructional landforms can be formed by eruptions of other magma types, including carbonatitic, phonolitic and rhyolitic compositions. For good descriptions of the base-surge deposits associated with prehistoric phonolitic and rhyolitic eruptions of this type see Schmincke et aI. (1973) and Sheridan and Updike (1975), respectively. Base surges are also known to be erupted from major volcanoes. They should be common products
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 Figure 5.18 Phreatomagmatic eruptions producing base surges. (a) At Capelinhos in October 1957. Height of vertical column to top of photograph is about 2200 m. US Air Force photograph (after J. G. Moore 1967). (b) Capelinhos in September 1957. Steam has blown downwind to expose a dense debris-laden central column collapsing to feed a base surge. On the right-hand side of the photograph the surge is moving across the ocean surface (after Waters & Fisher 1971). (c) East Ukinrek maar in 1977. Note chevron shape of base surge cloud (moving to the left) which in this case was directed by lows in the maar rim and shallow valleys (after J. Faro in Kienle et al. 1980).
 
 of andesitic stratovolcanoes with crater lakes, and other volcanoes with caldera lakes. Phreatic and phreatomagmatic eruptions from the crater lake of Ruapehu volcano, New Zealand, have been common this century, and base surges were observed in the eruption of April 1975 (Nairn et al. 1979). The 1979 eruption of Soufriere, St Vincent, which was through a crater lake, also produced base surges (Shepherd & Sigurdsson 1982). The Quill stratovolcano on St Eustatius, also in the Lesser Antilles, has a long history of phreatomagmatic activity, and base-surge deposits form an important part of the pyroclastic succession found in its ring plain. These vary from basaltic andesite to rhyolite in composition, and were produced by a number of eruptions over the past ~ 30 000 years as the volcano emerged from the sea and grew to its present form (Roobol,
 
 Smith & Wright unpub. data). The rhyolitic basesurge deposits form part of a thicker pyroclastic sequence generated during an ignimbrite-forming eruption. Rhyolitic base-surge deposits are also known in association with phreatoplinian phases of the Askja, Iceland, 1875 eruption and the Minoan (1470 BC) eruption of Santorini •(Self & Sparks 1978; Ch. 6). Phonolitic base surges also were generated late during the AD 79 eruption of Vesuvius, when large amounts of water from a deep aquifer under the volcano gained access to the magma chamber. The deposits are associated with phreatoplinian air-fall layers (Sheridan et al. 1981; Ch.6).
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 Figure 5.19 General distributional characteristics of the deposits of the 1965 eruption of Taal in the Philippines. Flow directions of major base surge movement in (d) were measured in the field from the sand blasting. tilting and coating of trees and houses. (After J. G. Moore 1967.)
 
 5.6.2 SURGES ASSOCIATED WITH FLOWS Thin, stratified pumice and ash deposits are often found associated with pyroclastic flow deposits of various kinds. When associated with the bases of flow units, they are called ground surges, and when associated with the tops they are called ash-cloud surges. These types have different mechanisms of
 
 generation. Compared with base surges they can be considered to be hot and dry. The term 'ground surge' was coined by Sparks and Walker (1973), but it was used by these authors to mean any type of pyroclastic surge. More recently the term has become used just for those surges found at the bases of pyroclastic flow units, or associated with some fall deposits (Section 5.6.3;
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 Fisher 1979, J. V. Wright et al. 1980). Ground surges are thought to be the same as the 'ash hurricanes' described by G. A. Taylor (1958) from the 1951 Mt Lamington eruption. Taylor observed these to form at the same time as high concentration pyroclastic flows (or his 'ponderous ash flow nuees') directly from the crater without an accompanying vertical eruption column, or from collapsing eruption columns (Fisher 1979). Ground surges are envisaged as precursors to dense, high concentration pyroclastic flows, preceding their flow-fronts. There are a number of ways in which they can be generated: (a) (b) (c)
 
 from a directed low concentration blast, out of the head of a moving pyroclastic flow or by earlier, smaller collapses of the margins of a maintained vertical eruption column.
 
 The concept of a low concentration blast preceding the main part of a pyroclastic flow stems largely from early ideas on understanding the 8 May 1902 eruption of Mt Pelee, which was thought to have been a directed blast. We have already discussed this eruption, and how it is now thought to have generated block and ash flows by collapse of an eruption column. Fisher et al. (1980) and Fisher and Heiken (1982) suggested that St Pierre was destroyed by an ash-cloud surge, although G. P. L. Walker and Me Broome (1983) suggested that it was by a violent pyroclastic flow (Ch. 7). Several historic block- and ash-flow deposits produced by explosive lava-dome collapse have obvious surge deposits associated with them, but again some of these could be ash-cloud surge deposits. However, Rose et al. (1977) described a ground surge produced by explosive collapse directed out of the lava front at Santiaguito in September 1973, and because the surge does not mantle the associated block- and ash-flow deposit, they suggest that it probably preceded it. The initial explosion of Mt St Helens was an obvious directed blast, and its effect on the forest in its path is well known. The deposits from the initial explosion certainly show some characteristics of a surge deposit, as we have alluded to previously, and this is how they have been described by J. G. Moore and Sisson (1981) and Hickson et al. (1982). However, the stratigraphy
 
 is more complicated than that of normal groundsurge deposits, and Hoblitt et al. (1981) have drawn attention to this. G. P. L. Walker (1983) suggested that the blast was a high concentration pyroclastic flow emplaced at very high velocities, like some violent ignimbrites (Chs 7 & 8). Like the Mt Pelee event, this event and its deposits are the source of much debate. Pumice flows forming ignimbrite did not begin to erupt for another four hours after the initial explosion at Mt St Helens. Studies by C. J. N. Wilson (1980, 1981, 1984) and C. J. N. Wilson and Walker (1982) suggest that the flow-heads of some pyroclastic flows (especially pumice flows) may ingest large volumes of air, and may be inflated and highly fluidised (Chs 7 & 8). At the front of the moving flow, basal friction will cause an overhang which will act as a funnel for air, in much the same way as a subaqueous mass flow incorporates water (Allen 1971, Simpson 1972). Cold air when heated would rapidly expand, and surges of highly fluidised pyroclasts would be jetted out of the head and upper parts of the flow front (Fig. 5.13; Ch. 7); material ejected at higher positions on the flowfront would contribu~e to the ash cloud. This could also be another mechanism for generating turbulent, low concentration surges continually advancing in front of some pyroclastic flows. The escaping gas and ash gives the flow-head its 'billowing' or 'sprouting' appearance, as seen, for example, by Perret (1937) in some Mt Pelee pyroclastic flows erupted during 1929-32. This type of jetting of material from the flow-head explains some other facies associated with ignimbrites, and these will be discussed further in Chapter 7. The third mechanism we can envisage for the generation of ground surges is by repeated minor collapse of a maintained eruption column before major ignimbrite-forming collapse. This could also apply for some ignimbrite-forming eruptions, and Fisher (1979) suggested such a model. Turbulent mixing and intake of cold air at the margins of the eruption column could overload parts of it, and small-scale collapse could generate precursor surges. More recently, however, G. P. L. Walker et al.
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 Figure 5,20 Distribution of the block and ash-flow and associated ash-cloud surge deposits from the 8 and 20 May 1902 eruptions of Mt Pelee, and their inferred flow directions. The main block and ash-flow lobe fills the Riviere Blanche. Note how at Fond Canonville ash cloud surges moved around the ridge and then in an opposite direction to the main flow. (After Fisher et 81. 1980, Fisher & Heiken 1982)
 
 (198Ia) and C. J. N. Wilson and Walker (1982) suggested that some crystal- and lithic-rich deposits at the bottoms of some ignimbrite flow units are generated within the flow-head. These occupy the same stratigraphic position as the ground surge, but they are not deposited from a separate, dilute lowconcentration flow, therefore not by a pyroclastic surge. G. P. L. Walker et al. (l98Ia) suggested that these deposits be called ground layers. They
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 described one from the Taupo ignimbrite (Ch. 7), and suggested that some other examples of deposits previously called ground surges were deposited by this alternative mechanism. Towards the vent, the quite remarkable ground layer of the Taupo ignimbrite passes into a coarse-grained breccia (it contains blocks> 1 m in diameter near the vent), and nearly always lacks internal stratification. On the other hand, ground surges are never as coarse-grained, and have well developed planar stratification or low angle cross-stratification. However, criteria to distinguish the deposits generated by all of these different mechanisms have not been clearly identified. Ash-cloud surges are turbulent, low density flows generated in the overriding gas and ash cloud as observed above historic pyroclastic flows (Fig. 5.10). The towering ash cloud contains material elutriated from the top of the moving pyroclastic flow, which forms a basal underflow (Figs 5.11 & 13). However, most of the ash rising into the ash cloud is deposited later as a fine-grained ash-fall deposit. In some cases ash-cloud surges could become detached from the moving pyroclastic flow and move independently . Fisher (1979) discussed the formation of ashcloud surges in the Upper Bandelier ignimbrite. Fisher et al. (1980) and Fisher and Heiken (1982) discussed their formation during the Mt Pelt.~e 1902 eruption. They suggest that block and ash flows were confined to valleys, while fully turbulent, dilute high energy ash-cloud surges moved down the mountain continually expanding outwards (Fig. 5.20). Gravity segregation within individual ashcloud surges occurred as they expanded, resulting in secondary block and ash underflows with high particle concentrations, which did not travel as far. Fragment-depleted ash-cloud surges are thought to have devastated St Pierre. Burnt wood and other high temperature effects in St Pierre indicate that the flows were hot. The deposits only had a maximum thickness of I min St Pierre, where they are fine-grained, and generally massive, but internal stratification can be found. However, G. P. L. Walker (1983) has questioned the ashcloud interpretation of these deposits, and in some ways has reverted back to older ideas by suggesting
 
 120 THREE TYPES OF PYROCLASTIC DEPOSITS they were high-concentration blasts similar to that at Mt St Helens (Ch. 7). Ash-cloud surges and their deposits were certainly observed to develop at Mt St Helens 1980, and are described by Rowley et al. (1981).
 
 5.6.3 SURGES ASSOCIATED WITH FALLS There is evidence that some pyroclastic surges, associated with magmatic ally erupted air-fall deposits, are formed by the collapse of an eruption column (or margins of it) without the generation of an accompanying pyroclastic flow. Such surges would again be termed ground surges (Fisher 1979). Roobol and Smith (1976) described prehistoric 'pumice and crystal ground surge deposits' inter-bedded with pumice fall deposits on Mt Pelee, extending up to 2 km away from the vent, and suggested that they formed by gravity collapse of plinian eruption columns. No doubt surges found interbedded with pumice-fall deposits can be generated by other mechanisms. For example, small amounts of external water gaining access to the erupting magma (from surface ground water or a deep aquifer) could generate hot, dry base surges (Sheridan & Wohletz 1981). Sheridan et al. (1981) suggested surge deposits interbedded with the early erupted pumice-fall deposit of the AD 79 Vesuvius eruption (the Pompeii pumice of Lirer et al. (1973); Ch. 6) were formed in this way; these surges were generated before the major phreatomagmatic activity which produced the wet base surges and phreatoplinian layers mentioned previously.
 
 5.7 Pyroclastic surge deposits: types and descriptions From the above description, pyroclastic surge deposits can be divided into three types: base-surge deposits ground-surge deposits ash-cloud surge deposits
 
 5.7.1 BASE-SURGE DEPOSITS Base surges produce stratified, laminated, sometimes massive deposits containing juvenile fragments, ranging from vesiculated to non-vesiculated cognate lithic clasts, ash, crystals and occasional accessory lithics. Large ballistic lithics may form bomb sags close to the vent. Surges produced in phreatic eruptions are composed almost totally of accessory lithics, plus perhaps minor amounts of accidental lithics. Juvenile fragments are usually less than 10 em in diameter, due to the high degree of fragmentation caused by the water-magma interaction. Base surges can accumulate thick deposits (> 100 m) around some phreatomagmatic craters (Ch. 13), although they thin rapidly away from the vent. Deposits found in the successions of stratovolcanoes are generally thin «5 em to t
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 Height of eru ption column ~ Figure 6.2 (a) D~F plot used to characterise different types of pyroclastic fall deposit (after G. P. L. Walker 1973b, and updated in J. V. Wright et al. 1980) (b) Cartoon explaining D~F plot in terms of eruption column height and 'explosiveness'.
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 study of the deposits well after the eruption has ended, by people who did not observe the eruption. However, many of the poorly defined terms are entrenched in the geological literature and it would be naive to assume that they could be abandoned. The only practical solution is to improve the definition of existing terms by more quantitative analysis applied to well preserved young deposits for which good accounts of the eruption are available. From these studies, better descriptions, that can be used as a guide to interpret equivalent deposits in the rock record, may result . The first serious attempt to describe and classify explosive volcanic eruptions producing pyroclastic falls quantitatively was by G. P. L. Walker (l973b). Walker's approach was based on the characteristics
 
 TERMINAL FALL AND MUZZLE VELOCITIES
 
 of the fall deposits examined in the field, and not on the characteristics of the eruptions as was generally the practice previously. This quantitative scheme (Figs 6.1 & 2,) relies on accurate mapping of the distribution of fall deposits and detailed granulometric analysis to determine two parameters: dispersal (D) and fragmentation index or degree of fragmentation of the deposit (F). The empirical measure of D used is the area enclosed by the O.OlTmax isopach (where Tmax is the maximum thickness of the deposit; Fig. 6.1a). The empirical measure of F chosen is the percentage of a deposit finer than 1 mm at the point on the axis of dispersal where it is crossed by the 0.1 Tmax isopach; this can only be determined from the sieve analysis of a sample collected either at this point or, more practically, obtained graphically from sieve analyses of a few samples collected near the dispersal axis (Fig.6.1b). G. P. L. Walker (1973b) initially characterised three types of pyroclastic fall deposit on the basis of their values of D and F: hawaiian-strombolian, surtseyan and plinian (Fig. 6.2a). A distinction between strombolian and hawaiian types based on D was proposed, and another distinction, based on F, between normal and violent strombolian, was also proposed. Also, sub-plinian was proposed as a new type, intermediate in character between strombolian and plinian. Since Walker's original plot was published, later studies have refined this, and other types of pyroclastic fall deposit have been characterised: ultraplinian, vulcanian and phreatoplinian (Fig. 6.2). The D-F plot is based on the measurable characteristics of a deposit, but it also reflects some of the essential features of the eruption, even though many changes in observed style of activity may have occurred throughout eruption. For any deposit, this plot is a reflection of not only the eruption column height, since it is this which largely controls D, but also the 'explosiveness' or degree of fragmentation of the magma (Fig. 6.2b). High F-values, for instance, may result from very high intensity eruptions (high volumetric eruption rates) or magma-water interactions. This is therefore a most useful way of making volcanological assessments of, and comparisons between, pyro-
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 clastic fall deposits whose eruptions were not observed, and whose original extent is still reasonably intact. Although the plot of D against F gives a basis for detailing types of pyroclastic fall deposits and their eruptions, it is important to point out here that further research is increasingly revealing a number of its shortcomings. The meaning of F is not as clear as was suggested above. High F-values may not prove to be the result of high degrees of fragmentation, but may also reflect 'wet' eruption plumes in which premature deposition of fines is promoted by rain-flushing. This problem is highlighted in the discussion of distal silicic ash-fall layers (Section 6.9). Also, the fields for phreatomagmatic ash-fall deposits, which are now simply divided into surtseyan and phreatoplinian, are far from satisfactory (Section 6.8). Before we describe the different types of pyroclastic fall deposit and their eruptions, two parameters that are essential to understanding the deposition and analysis of pyroclastic fall deposits need to be discussed, these being terminal fall velocity and muzzle velocity.
 
 6.2 Terminal fall velocity and muzzle velocity The distance that individual pyroclastic fragments are transported from the vent is controlled by many interacting factors. The most important are the heights to which particles are taken in the eruption column, the angle of ejection, the wind strength and the terminal fall velocity of the particles. When an object falls through the air, it accelerates until it reaches a constant or terminal velocity (TV), which is the velocity at which the force of gravity and aerodynamic drag forces are in a state of balance. Particles with smaller terminal fall velocities will travel downwind further for a given eruption column height and wind speed than larger particles with a lower terminal fall velocity. Data on the terminal fall velocities of pyroclasts are given by G. P. L. Walker et al. (1971) and in Appendix 1. G. P. L. Walker (1971) showed that for polycomponent pyroclastic fall deposits it is useful to
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 Figure 6.3 Grainsize characteristics of three samples of the Middle Pumice. a pyroclastic fall deposit on Santorini (Fig. 13.30) taken at increasing distances from the probable vent. (a) Histograms of the grain size distributions. Grainsize distributions of air-fall deposits on a weight percentage basis are a function of the terminal fall velocity of ejecta, which is controlled by both grainsize and density. Less than 3 km from source, samples of the fall deposit contain >90 wt% pumice, and have unimodal histograms and a low 0 value. The proportion of dense components (lithics and crystals) increases from source. Between 3 and 5 km from source this results in a bimodal grainsize distribution, with a coarse mode due to pumice and a fine secondary mode due to the denser components, and an increase in 0' At greater distances (>5 km) a decrease in the proportion of very coarse pumice clasts results in a restricted pumice size range with a mode closely corresponding to that of the dense components. The grainsize distribution is unimodal and sorting improves markedly. (b) Histograms of grainsize in weight percentages plotted against the terminal fall velocity of ejecta; Vis defined as -log2 TV where TV is the terminal velocity in metres per second. These group together all particles which fall at the same rate in the same class. By doing this, all the grainsize histograms become strongly unimodal.
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 plot histograms of weight percentages against terminal fall velocity, so grouping together all particles which fall at the same rate. When this is done, grain size histograms of pyroclastic fall samples become strongly unimodal (Fig. 6.3). Median terminal fall velocity in an air-fall deposit gradually decreases with distance (Figs 6.3 & 4). The slope on
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 the median terminal fall velocity-distance curve (Fig. 6.4) is controlled by eruption column height and wind speed. For the deposits shown in Figure 6.4, the wind speed was approximately the same, and the slope of the line is therefore a function of eruption column height. One of the most useful physical parameters in the
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 comparison of explosive pyroclastic fall eruptions is the initial gas or muzzle velocity at the vent. During observed eruptions this can be determined by measuring the fall times of ballistic blocks and bombs which are unaffected by the wind, or by analysing films of eruptions. In older deposits one can measure the average maximum size of the largest fragments, and if the vent location is known these sizes can be used to estimate the minimum muzzle velocity based on the calculations of 1. Wilson (1972). In 1. Wilson's (1972) paper the ranges of particles ejected from vent, and the fall times of particles released from an eruption column (or ash cloud), are computed for various values of particle radius, density, launch velocity, launch angle and release height (see App. I). For any deposit, on a plot of average maximum clast size against distance from vent, a line drawn along the top of the resulting scatter will show the maximum range of fragments of a given size (e.g. Figs 6.15 & 21, below). When maximum lithic or denser juvenile sizes are plotted. This line usually shows a sharp inflection a few kilometres from the vent, and this is thought to reflect the distance range of ballistic fragments (e.g. Figs 6.15 & 21, below). Maximum pumice sizes usually do not show this inflection, because larger pumice bombs tend to break on impact with the ground surface, and owing to their low density even the largest clasts are affected by the wind to some extent. Measurements of the largest lithic fragments are
 
 These types of pyroclastic fall deposit are the products of mildly explosive eruptions of basaltic or near-basaltic magmas. Such eruptions eject scoria and relatively fluid lava spatter, and are often accompanied by the simultaneous effusion of lava eCho 4; Plate 3). Vents for these eruptions can be fissures or simple conduits. However, observations and theoretical considerations suggest that activity along fissures is quickly localised to a number of points (1. Wilson & Head 1981). This happened, for example, during the Heimaey eruption in 1973 (Thorarinsson et al. 1973). Explosive activity builds scoria (cinder) or spatter cones, or both, at the vent, with scoria-fall deposits of limited areal extent and volume being deposited around and downwind of the vent. Scoria cones may be the sites of persistent activity over decades or longer, such as Stromboli (Chouet et al. 1974) and Northeast Crater, Mount Etna (McGetchin et al. 1974), but more generally they are monogenetic cones (Ch. 13) produced by what can be considered to be single eruptions lasting usually a few weeks to a few months, such as Heimaey in 1973 (Thorarinsson et al. 1973, Self et al. 1974).
 
 6.3.1 CHARACTERISTICS OF THE DEPOSITS Deposits of scoria cones often consist of rather poorly bedded, very coarse-grained and sometimes red (oxidised) scoria with metre-sized ballistic bombs and blocks (Figs 6.5-7). Many of the observed beds are not simply air-fall layers, but include mass-flow deposits formed by avalanching and rolling of scoria down unstable slopes as the cone built up. Such beds are laterally discontinuous. Grain flow (Ch. 10) of the loose granular material during downslope movement produces reverse grading (see Fig. 6.1Oc). A variety of bombs and blocks may be found: large scoriaceous fragments,
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 Figure 6.5 Section through uppermost part of scoria deposits at Ohakune craters, near Ruapehu volcano, New Zealand. (After Houghton & Hackett 1984.)
 
 less well vesiculated lava having spindle and cowpat shapes, sometimes bombs with breadcrusted surfaces, and dense lava blocks and slabs. Large accessory lithics of country rock are usually uncommon, but petrologically important mantlederived nodules may occur as 'cored' lithics with a rind of lava around them. Bomb sags are not a common feature. This is because ballistic bombs land in a thick accumulating bed of coarse, loosely packed, unstratified scoria (cf. surtseyan and basesurge deposits, where bomb sags are common because of the finer grainsizes and the often wet, plastic state of the ash pile). Layers of agglutinated lava spatter and scoria can be conspicuous (Fig.
 
 6.8). Complete welding-together of the clasts may occur, and this is one way in which lavas may be generated (Ch. 4). Rapid accumulation of spatter and scoria is needed to produce such agglutinated and welded layers, and clastogenic lavas (see Section 6.10 on welded air-fall tuffs). Hawaiian activity produces a much higher proportion of lava spatter at the vent, due to lava fountaining. Consequently, the formation of spatter deposits, spatter cones and ramparts at the vent (Figs 6.8g) and lava flows is likely. The downwind fall deposits are finer-grained and composed almost entirely of scoria (Figs 6.9 & 10), and are volumetrically small (Table 6.1). Closer to the vent, ballistic bombs will be found and planar stratification defining fall units may be prominent (Figs 6.10 & 5.4a). Deposits usually contain achneliths, which are juvenile fragments with smooth, glassy surfaces formed from solidified lava spray (G. P. 1. Walker & Croasdale 1972; Section 3.5). These would include the pear-shaped forms called Pele's tears, although a wide variety of shapes are possible (see Figure 3.17); the most extreme form would be the filaments of basaltic glass known as Pele's hair (Duffield et al. 1977). Achneliths are especially common in hawaiian scoria-fall deposits. Eruption column heights and muzzle exit velocities during hawaiian and strombolian activity are low. Consequently, scoria-fall deposits usually have a limited dispersal (D is low) and the fragmentation of magma is low (F is low in Fig. 6.11). Table 6.1
 
 Volume estimates of the three strombolian scoria fall deposits in Figure 6.9 (excluding volumes of the cones). Deposit
 
 Galiarte Serra Gorda Cone 301
 
 0.02 0.06 0.02
 
 0.01 0.03 0.01
 
 * Dense rock equivalent used for these basaltic deposits is 3.0
 
 g cm- 3
 
 6.3.2 MECHANISMS AND DYNAMICS In hawaiian activity the eruption column is essentially a lava 'fire' fountain formed when jets of disrupting magma are released, almost continuously
 
 Figure 6.6
 
 Cone-building strombolian scoria-fall deposits. (a) Mt Leura, Victoria, Australia and (b) Megalo Vourno, Santorini.
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 in some cases, through the vent. Lava fountain heights are generally less than about 200 m (MacDonald 1972), and in such cases magma would be ejected at velocities of a few tens of metres per second (L. Wilson & Head 1981). The predominant products of these lava fountains are large spatter pieces which fall back around the vent area. Poorly developed convective plumes above lava fountains may take the smallest ash-sized particles derived
 
 Figure 6.8 (opposite and above) Agglutinated and welded deposits from scoria cones and a spatter rampart. (a) Red Rock Complex, Victoria, Australia. Non-vesicular, banded zonation represents oxidised margins of welded spatter fragments. Interiors have vesiculated (photograph by R. Allen). (b) Coherent incipiently agglutinated scoria clasts, Mt Leura, Victoria, Australia. (c) The largely quarried strombolian cone at Ohakune, New Zealand, craters with the two agglutinated and densely welded layers shown in Figure 6.5 occurring directly below each of the benches. (d) and (e) Densely welded scoria in the cone at Balos, Santorini. Note the columnar Jointing and welding zonation in (d). (f) and (g) Agglutinated lava spatter from part of a spatter rampart at the Sproul in the San Francisco volcanic field, Arizona.
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 from lava spray up to heights of a few hundred metres, but all coarser fragments will already have fallen out of the column, The mechanisms and dynamics of strombolian activity have been discussed by E, Blackburn et al. (1976), L. Wilson (1980a) and L. Wilson and Head (1981). Eruptions consist of a series of discrete time transient explosions separated by periods of less than 0,1 s to several hours. Explosions are thought to be generated when one or a number of large gas bubbles « 1 to > 10 m in diameter) burst the magma surface (of a lava lake) at vent (E, Blackburn et al. 1976; Fig, 6.12a). These types of explosions can only occur in low-viscosity magmas in which bubbles can rise relatively rapidly and expand. Explosions are driven by the excessive pressure within each bubble. When each one bursts at the surface, it blasts off as pyroclasts the fragmented remains of the magma which formed the upper skin of the bursting bubble (E. Blackburn et al. 1976, L. Wilson 1980a). If there is a pause in activity or, as in the waning stages of an eruption, there is a pause in the activity and a crust has time to form on the magma surface, then this may be ejected during renewed bubble burst events (Fig. 6.12b), This mechanism may account for the slabby lava blocks found in some deposits (Figs 6.5 & lOb). The pressure in the bursting bubbles is related to their size and the history of their rise through the magma, both of which, in turn, are governed by the physical properties of the magma eCho 2). Theoretical analysis (L. Wilson 1980a) and observed activity (Chouet et at. 1974, Self et at. 1974, E. Blackburn et at, 1976) suggest maximum initial gas velocities in these strombolian explosions of 300 m s -1. In their analysis of 15 explosions from film of the Heimaey eruption in 1973, E. Blackburn et at. (1976) found the maximum initial velocity in one burst was 230 m s-1, but the mean was 157 m S-I, Generally, much lower initial velocities (< 100 m s -1) were observed in the activity of Stromboli in 1971 and 1975 (Chouet et al. 1974, E. Blackburn et at. 1976), Initial high gas thrust velocities rapidly decrease with height (up to heights of a few tens to one or two hundred metres), above which particles are transported in the upper part of the eruption column driven by convection
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 Figure 6.16 Thickness and grainsize characteristics of La Primavera B plinian pumice-fall deposit erupted from La Primavera rhyolite volcano, Mexico. (After G. P. L. Walker et al. 1981 d.)
 
 148 MODERN PYROCLASTIC FALL DEPOSITS Wilson 1976). Plinian eruptions are essentially relatively steady, high-energy events in which a continuous, turbulent flow of fragmented magma and gas is released through a conduit to the atmosphere. We have already discussed how fragmentation of magma occurs during this type of eruption in Chapter 3 (Fig. 3.4). Gas bubbles in rising salic magma nucleate and grow until the volume occupied by bubbles has increased (by pressure decrease and gas exsolution) to a critical value of about 70-80%, when magma disrupts (Sparks 1978a). Rapid acceleration of the disrupted magma then occurs through the conduit, which is essentially a fracture propagated to the Earth's surface from the magma chamber. The maximum velocity of the mixture as it leaves the vent is a function of gas pressure at the
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 Distance (km) Figure 6.17 Variation in maximum pumice and lithic diameter (average of the largest three or five clasts) with distance from vent for some plinian pumice-fall deposits and the Taupo ultraplinian deposit. 1 Shikotsu; 2 Askja (1875); 3 Pompeii; 4 La Primavera B; 5 Upper Toluca; 6 Fogo (1563); 7 Fogo A; 8 Lower Bandelier. (After G. P. L. Walker 1980 and Self & Wright unpub. data on the Lower Bandelier plinian deposit.)
 
 placed on the plinian field in area plots of isopleths maximum pumice (MP) , maximum lithics (ML) , and median (Md) grain sizes than on D-F plots.
 
 6.4.3 MECHANISMS AND DYNAMICS From observations of historic eruptions and analysis of plinian-fall deposits, coupled with theoretical analysis and modelling, a large amount is known about the mechanisms and dynamics of this type of eruption. The development of ideas on plinian eruption mechanisms can be traced in a number of papers based largely on the work of Lionel Wilson (L. Wilson 1976, 1980a, L. Wilson et ai. 1978, 1980, Sparks 1978a, and Sparks and L.
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 Thickness (m) Figure 6.18 Plot of the area enclosed by each isopach against thickness for some plinian fall deposits and the Taupo ultraplinian deposit. (After G. P. L. Walker 1980, 1981 b and Self & Wright unpub. data on the Bandelier plinian deposits.)
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 Figure 6.19
 
 N E .lI:
 
 Plot of the area enclosed by isopleths of median grainsize (Md). maximum pumice diameter (Mp) and maximum lithic diameter (MI). Stipple is field of plinian deposits. Deposits are labelled as in Figure 6.17 with the following additions: 9 Upper Bandelier; lOLa Primavera J; 11 Waimihia; 12 Minoan. (After G. P L. Walker 1980, 1981 b and Self & Wright unpub. data on the Bandelier plinian deposits.)
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 fragmentation level, which is the depth to the free surface of the magma where fragmentation is taking place (Fig. 3.4; and see L. Wilson 1980a for a detailed analysis). The theoretical models of L. Wilson (l980a) predict maximum plinian eruption velocities of 600 m S-l, which would agree with maximum velocities deduced from the sizes of the largest ballistic clasts ejected in these eruptions. These exit velocities indicate that the volumetric discharge rates of magma can be as high as 106 m 3 S-l (dense rock equivalent), which are substantially greater than in observed historic Table 6.3 Estimated muzzle velocities and volumetric eruption rates of some plinian eruptions.
 
 Eruption
 
 Upper Toluca Minoan Vesuvius AD 79 Askja 1875 Fogo 1563 Santa Maria 1902
 
 Maximum muzzle Average volumetric velocity eruption rate (m S-1) (m 3 S-1) 500 330 >225 380 415 >270
 
 4.4 x 104 2.8xl04 1.6 x 104 8.5 x 10 3 1.8 x 103 1.2 x 105
 
 Volumetric eruption rates are given in terms of dense rock equivalent. Data from Bloomfield et al. (1977). Sparks et al. (1981). L. Wilson (1976, 1978, 1980b). G. P L. Walker (1981b). S. N. Williams and Self (1983)
 
 10
 
 M I(cm) Table 6.4
 
 Estimated durations of some plinian eruptions.
 
 Eruption Upper Toluca (11 600 years BP) Minoan 1470 Be Vesuvius AD 79 Fogo 1563 Askja 1875 Hekla 1947 Mt St Helens 1980
 
 Duration (h)
 
 Source
 
 20-30
 
 theoretical analysis
 
 20--40 -24 -48 6.5
 
 theoretical analysis historical records historical records historical records observation observation
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 Data taken from Bloomfield et al. (1977). Sparks et al. (1981), L. Wilson (1976, 1978, 1980b).
 
 eruptions (Table 6.3). A continuous gas blast can probably not be sustained for a long time, and from the available data typical durations vary from one hour to one day (Table 6.4). The 1563 Fogo eruption lasted up to about two days overall, but its plinian eruption phase was interrupted during this time, and the deposits contain interbedded small ignimbrite flow units and other layers. The duration of large ignimbrite-forming eruptions which sometimes follow an initial plinian phase can be much longer (Ch. 8). As a plinian eruption proceeds, we can predict that two things will generally happen with time: (a)
 
 deeper, and more gas-depleted, levels of the magma chamber will be tapped and
 
 150 MODERN PYROCLASTIC FALL DEPOSITS (b) widening of the vent by wall erosion will occur. The effect of (a) is to reduce the gas velocity of the eruption column with time. The effect of (b) is to increase the mass discharge rate with time, and this will produce a column that steadily grows in height. Both (a) and (b) cause the effective density of a plinian column to increase steadily. This can continue until at some stage the density of the column becomes greater than that of the atmosphere, when gravitational collapse will occur to generate ignimbrite-forming pyroclastic flows. Models have shown that various combinations of magmatic gas content, gas velocity and vent radius produce convecting columns and others produce collapsing columns (L. Wilson 1976, Sparks & L. Wilson 1976, Sparks et al. 1978, L. Wilson et al. 1980; Fig. 6.20), and from these we can therefore predict when eruption column collapse will occur. Columns formed from magmas with high gas contents (>5 wt% water) are likely to show convective motion, whereas those with low gas contents «1 wt% water) will form collapsing columns. In magmas with intermediate gas contents, collapse will occur when the vent radius exceeds a value defined in Figure 6.20. However, not all plinian eruptions continue to the collapse or ignimbriteforming stage, and there are many examples of plinian deposits without associated ignimbrites e.g. the 1875 Askja plinian deposit (Sparks et al. 1981), the 1902 Santa Maria deposit (S. N. Williams & Self 1983) and the Upper Toluca plinian deposit in Figure 6.13d. With this theoretical background, we can now explain two common features of plinian fall deposits that have been described: reverse grading, and stratification in the upper parts of deposits. The models of L. Wilson et al. (1980) suggest that the major cause of reverse grading in plinian-fall deposits is vent-widening by wall erosion during the eruption. As an eruption continues and the vent widens, the mass discharge rate increases and, because of the increase in mass and energy flux, increased convective velocities will raise the height of the eruption column. Particles of a given size will be taken to increasing heights in the column before
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 Eruption column height as a function of the muzzle gas velocity for three different vent radii. In each case curves are given for constant values of magmatic water content. Column collapse occurs for combinations of values to the left of the broken line. (After L. Wilson 1976.)
 
 being released, and will then be transported downwind from the vent during the eruption. The increased proportion of larger clasts downwind with time will build up a reversely graded deposit. Shifts in the wind direction or speed could also have this effect, but these variables should also produce just as many examples of normally graded plinian fall deposits. This is therefore not a general mechanism to explain the common occurrence of reverse grading in many deposits. Local reverse grading could also be found in falls deposited in water, or on very steep slopes followed by secondary mass (grain) flow (see Duffield et al. 1979). Widening of the vent, together with an increased rate of erosion during the eruption, also explains why many plinian fall deposits show a vertical increase in the proportion of accessory lithics. An estimate of the lithic content therefore indicates the amount of wall erosion and the size of conduit. For example, the Fogo A plinian pumice deposit on Sao Miguel contains 0.09 km 3 of lithic fragments (14 wt%), and if the magma source was at a depth of 5 km this would be equivalent to a hypothetical cored-out cylindrical conduit of diameter 78 m. However, erosion is likely to be more important near the surface, where rocks are weak and less consolidated, and flaring of the vent is therefore probably likely (L. Wilson et al. 1980). The explanation of the stratification observed at the tops of many plinian deposits seems to be that it is caused by instabilities in a column nearing the point of collapse. Changes in wind direction and
 
 SUB-PLINIAN
 
 speed could cause stratified layers, but their common occurrence at this level, and the presence of interbedded pyroclastic flows and surges, suggests a more general mechanism, as with reverse grading. Any changes in gas velocity or mass discharge rate in a column verging on collapse will have pronounced effects on its behaviour. Small collapse events that generate pyroclastic flows and surges may occur, for instance, with a sudden increase in mass discharge rate. A convective column could then be re-established with a slight increase in gas velocity due to a small increase in gas content of the magma. Choking of the vent by collapse of the walls will also reduce mass discharge rate, re-establishing a convecting column, but after this lithic debris has been removed by ejection the wider vent will promote collapse of the column. A complex sequence of activity and of pyroclastic deposits could therefore be generated before massive collapse of the whole column occurs, leading to a major ignimbrite-forming eruption.
 
 6.5 Sub-plinian These are pumice-fall deposits which resemble plinian deposits in the field, especially near the vent, but when mapped out have a smaller dispersal and are small volumetrically. G. P. L. Walker (1973b) set arbitrary D limits for them of between 5 and 500 km 2 (Fig. 6.2). They are a common type of pyroclastic fall deposit, although only a few specific descriptions occur in the literature. This is because studies of pumice fall deposits have generally concentrated on the larger, more-dramatic examples which are usually plinian in their F and D characteristics. However, Self (1976) described a number of sub-plinian fall deposits on Terceira in the Azores (e.g. Fig. 6.21) and Booth et at. (1978) documented examples on Siio Miguel. Sub-plinian pyroclastic fall deposits are a product of rhyolite volcanoes and stratovolcanoes, like their larger plinian counterparts. Many form during an early explosive phase accompanying the effusion of a small rhyolite dome or coulee, as do the examples on Terceira. However, plinian deposits can also be erupted in this situation.
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 Sub-plinian eruptions are scaled-down plinian eruptions, and their mechanisms and dynamics can be treated as essentially the same (L. Wilson 1976, 1980b). Large lithics indicate that in some eruptions muzzle velocities are as high as in some plinian events (>400 m S-1), although the lower range is 100 m S-1 (L. Wilson 1976). Mass discharge rate is likely to be lower for sub-plinian events, and this is the main factor controlling eruption column height and dispersal. The sub-plinian pumice-fall deposits on Terceira are well-stratified and Self (1976) suggested that there were large fluctuations in the gas exit velocity, and hence mass discharge rate. This would also inhibit the development of a fully maintained convective plume, which would therefore not attain the heights associated with plinian columns. Sub-plinian eruptions can lead to the generation of ignimbrite-forming pyroclastic flows similar to the larger plinian ones. The examples mentioned above from the Azores do not show this eruption sequence. However, it is shown in the eruption of Krakatau in 1883. A pumice-fall deposit which preceded an ignimbrite erupted at Krakatau is sub-plinian rather than plinian in its characteristics (Self & Rampino 1981). A number of basaltic or near-basaltic scoria fall deposits are now also known to be sub-plinian in their dispersal characteristics, rather than strombolian. G. P. L. Walker (1973b) cites as an example the 1970 Hekla eruption, and another example is the scoria-fall deposit erupted with the formation of Sunset Crater (AD lO65) in the San Francisco volcanic field, Arizona (Amos et at. 1981; Fig. 6.11 & Plate 5). As well as producing a very widely dispersed scoria-fall deposit (deru;e rock equivalent, DRE = 0.30 km 3) the Sunset Crater eruption also built a scoria cone 300 m high (DRE = 0.15 km 3), and in this respect is more typically strombolian in its character. For such widely dispersed scoria-fall deposits, one has to envisage a fully maintained convective plume which reached greater heights than in normal strombolian eruptions. The gas thrust part of the column in the Sunset Crater eruption may have reached heights of several hundred metres, rather than the 50-200 m that is usual in normal strombolian eruptions (Amos et at. 1981). Such energetic basaltic eruption columns
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