+GGY 4070- IGNEOUS AND METAMORPHIC PETROLOGY


INTRODUCTION

1.1  WHAT IS IGNEOUS PETROLOGY?
Petrology is the study of occurrence, composition, origin and evolution of rocks. The term is derived from the Greek petra, “rock” and logos, “explanation”. As Ehlers and Blatt (1982) say: “Rocks are stuff of which the Earth is made”. A rock can be defined as an aggregate of minerals, or mineraloids (e.g. coal, glass, opal and so on). Traditionally, the rocks are divided into three categories: igneous, sedimentary and metamorphic rocks. The present course GGY4071 is subdivided into two half courses, igneous petrology and metamorphic petrology. Metamorphic geology is discussed in part II of this course book.
Petrology essentially consists of two components:
(i) Petrology, the description and systematic classification of rocks and 
(ii) Petrogenesis, which is the study of the origin and evolution of rocks.
Igneous petrology is the study of igneous (Latin ignis means fire) or magmatic rocks, which can be defined as rocks that solidified from a molten or partly molten magma. 
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Block diagram illustrating intrusive and extrusive igneous  rocks

We subdivide rocks into two large groups: the plutonic or intrusive rocks and the volcanic or extrusive rocks. Both groups have their own mineralogy, texture and large scale structural features and can be subdivided into may subgroups and rock types. The chemical composition however of a plutonic rock may be identical to that of a volcanic rock, as it depends on the composition of the magma from which the rock crystallizes.
In igneous petrology, the petrogenesis plays an important role: its aim is to explain the relation between the great variety of igneous rock types and the magmas from which they evolve. It also investigates the origin of magmas in the interior of the earth. Many new data have become available from experimental petrology over the past decades. It is obvious that the petrology student must have a knowledge of the internal structure of the earth and be familiar with the basic principle of physical chemistry. Before embarking on these subjects, a short summary of the field characteristics of igneous rock bodies is given, which must be regarded mainly as a refresher course of what should be known from the courses GG 210 and GG 310.
Intrusive rocks solidify below the surface of the earth and can only be studied by the petrologist when subsequent geological events expose them to the surface. Extrusive rocks can be readily observed at active volcanic sites, unless they are submarine. It will be apparent from the following descriptions that there is a relation between the composition of the magma and the type of intrusion or extrusion it forms. For instance, an extensive lava flow usually appears to be basaltic in composition, but a laccolith is always granitic in composition. Dykes may be either basic or acid in composition but sills are usually basic and so on
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Illustration of the main types of intrusive and extrusive bodies of igneous rocks







TYPES OF INTRUSIONS
DYKES 
Dykes (or dikes) are discordant sheet-like intrusions, cutting steeply through the country rock. They are typically related to extensional mechanisms and fill pre-existing joints or fissures. Many dykes are basic in composition (e.g. dolerite dykes, which are very abundant in Zambia), but acid dykes are also common (e.g. pegmatites, aplites, microgranites). The dykes may occur singly, or in so-called swarms, usually with a recognizable structural control on their attitude. Individual dykes are commonly quite thin, up to several metres or tens of metres wide. Dykes may be associated with volcanic rocks. Occasionally, it can be demonstrated that dolerite dykes were feeders to basalt flows. A radical pattern of dykes is sometimes seen around volcanic necks or shallow intrusions. In some cases, vertical dipping ring dykes or inward dipping cone sheets may be found around intrusions, reflecting a local stress pattern related to the rise of intrusive body. 
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Cone sheet
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SILLS
A sill is a concordant tabular intrusion in horizontal or near- horizontal sedimentary strata. It is connected below with a discordant feeder dyke, but this is rarely exposed. A succession of interconnected sills at different statigraphic horizon is also possible. Sills are generally considerably thicker than dykes are wide, the thickness varying from a few metres up to a few hundred metres and the lateral extent may amount to thousands of square kilometers. Basic sill intrusion has occurred on a gigantic scale in the Karoo of South Africa; some sills approach 500 metres in thickness, and the total volume of basic rock has been estimated at about 500.000 cubic kilometers. 
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LOPOLITHS 
The usual form of layered basic intrusions is basin or funnel shaped for which the term lopolith is used. Most lopoliths are found in unfolded or gently folded regions. Their diameter may range from tens to hundreds of kilometers with thicknesses of up to thousands of metres. One of the most famous lopoliths is the Bushveld Complex of South Africa, which is the largest known lopolith of the world and extremely rich in ore minerals. Another important African lopolith is the (wrongly named) Great Dyke of Zimbabwe which is mined for chromite. 
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SHALLOW GRANITE INTRUSIONS
The normal way in which granitic magmas are emplaced in the upper crust is by large scale magmatic stoping of the country rocks: above the rising magma a ring fracture forms causing a large cylindrically shaped block of country rock to subside into the magma while the magma squeezes up the sides of the block and fills in the vacated space above the sunken block. This process is also called cauldron subsidence. The process can be multiple with the cauldron sinking repeatedly while fresh magma surges upwards. The result is a ring complex.
A lacolith is a mushroom-shaped intrusion created when magma intruding through horizontal layers encounters a more resistant layer. It is connected with a discordant feeder dyke. Laccoliths usually have a diameter ranging between 1 and 8 km, with a maximum thickness of about 1000 metres. Most laccoliths are acid to intermediate in composition. 
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Another type of intrusion, usually at somewhat deeper levels in the crust is the phacolith. Phacoliths are intrusive concordant bodies associated with folded rocks. The magma fills the areas in the crests of folds during folding. Thus, when occurring in anticlines they are convex upward, whereas in synclines they are convex downward. 
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/7/77/Phacolith.jpg/220px-Phacolith.jpg]
[image: Phacoliths]
A phacolith is a lens-shaped igneous body located near the top of an anticline or the bottom of a syncline. A phacolith is formed much like a laccolith, but is much shallower. Deformation of a phacolith by horizontal stretching or orogenic (mountain-building) forces can lead to a sickle-shaped body known as a harpolith.
Shallow intrusive complexes are often associated with extrusive rocks, and/or with radial dykes or cone sheets. Such complexes are often called subvolcanic. 

DEEP-SEATED GRANITIC INTRUSIONS
The intrusions discussed earlier typically occur in anorogenic (i.e. unfolded / undeformed) terrains and are generally composed of homogeneous, leucocratic (light-coloured) acid and intermediate rocks. The most abundant type of granitic rocks on earth however, has a very different appearance. It is commonly inhomogeneous in composition and mineralogy, richer in mafic minerals and often foliated. It forms large intrusions of granitic granodioritic or tonalitic composition, measuring 100’s to 1000’s of km in diameter. These plutons are called batholiths (or stocks when their surface area does not exceed 100 km2. They are considered to have been emplaced in regionally metamorphosed rocks of the lower crust during or soon after a period of deformation and metamorphism.    
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Buddington (1959) proposed a threefold subdivision of granite intrusions: based on their depth of emplacement he distinguishes katazonal, mesozonal and epizonal granites. The characteristics of batholiths conform to the katazone or mesozone. In many places, these zones have been exposed to the surface by uplift and erosion. The smaller granite intrusions are usually epizonal
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TYPES OF EXTRUSIONS 
Extrusions rocks take a wide variety of forms, depending on the composition and amount of erupted material as well as on the relationships to the country rock. When magma erupts to the surface, the resultant type of volcanic activity is largely a function of its viscosity, as the mobility of the magma decreases with an increase in viscosity. The viscosity of a magma is controlled by:
(i) Temperature : increase of T lowers the viscosity
(ii) Gas content  : high gas content lowers the viscosity, i.e. increases the mobility
(iii) Silica content : Si02 – rich (granitic) melts are more viscous than Si02  poor (basaltic) melts.
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Three zones of volcanism. Two of these are plate boundaries,the third within the plates themselves
Magma extruding onto the surface of the earth is called lava. Note that the term lava is used for both the molten material at the time of eruption and for the rock that solidifies form it. Subaerial lavas may be classified as pahoehoe lava (smooth to ropy surface), a a lava (rough and fragmented surface) or block lava (irregular surface, composed of blocks), successively reflecting an increase in viscosity and decrease in mobility. A lava may grade from one type to the next due to cooling away from the source. 
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10-metre-high (33 ft) fountain of pāhoehoe lava, Hawaii, United State
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Lava flow during a rift eruption at Krafla, Iceland in 1984
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A. Active pahohoe (ropy)  lava                               B. Advancing aa flow
[image: Pahoehoe lava flow, Kilauea volcano, Hawaii, November 1985.]
[bookmark: ref884224]lava, magma (molten rock) emerging as a liquid onto the Earth’s surface. The term lava is also used for the solidified rock formed by the cooling of a molten lava flow. The temperatures of molten lava range from about 700 to 1,200 °C (1,300 to 2,200 °F). The material can be very fluid, flowing almost like syrup, or it can be extremely stiff, scarcely flowing at all. The higher the lava’s silica content, the higher its viscosity.
[bookmark: ref884225][bookmark: ref11633][bookmark: ref11632]Mafic (ferromagnesian, dark-coloured) lavas such as basalt characteristically form flows known by the Hawaiian names pahoehoe and aa (or a’a). Pahoehoe lava flows are characterized by smooth, gently undulating, or broadly hummocky surfaces. The liquid lava flowing beneath a thin, still-plastic crust drags and wrinkles it into tapestry-like folds and rolls resembling twisted rope. Pahoehoe lava flows are fed almost wholly internally by streams of liquid lava flowing beneath a solidified or partly solidified surface. Typically, the margin of a pahoehoe flow advances by protruding one small toe or lobe after another.

[image: Pahoehoe lava flow, Kilauea volcano, Hawaii, November 1985.]

[bookmark: ref11635]in contrast to pahoehoe, the surface of aa lava is exceedingly rough, covered with a layer of partly loose, very irregular fragments commonly called clinkers. Aa lava flows are fed principally by rivers of liquid lava flowing in open channels. Typically, such a feeding river forms a narrow band that is 8 to 15 metres (25 to 50 feet) wide along the centre line of the flow, with broad fields of less actively moving clinker on each side of it. At the front of the flow, clinkers from the top roll down and are overridden by the pasty centre layer, like a tread on an advancing bulldozer.
Pahoehoe and aa flows from the same erupting vent are usually identical in chemical composition. In fact, it is common for a flow that leaves the vent as pahoehoe to change to aa as it progresses downslope. The greater the viscosity and the greater the stirring of the liquid (as by rapid flow down a steep slope), the greater the tendency for the material to change from pahoehoe to aa. The reverse change rarely occurs.
[image: Lava emerging from Kilauea volcano, Hawaii Volcanoes National Park, Hawaii.]
[bookmark: ref884226][bookmark: ref11636]Lavas of andesitic or intermediate composition commonly form a somewhat different type of flow, known as a block lava flow. These resemble aa in having tops consisting largely of loose rubble, but the fragments are more regular in shape, most of them polygons with fairly smooth sides. Flows of more siliceous lava tend to be even more fragmental than block flows.
Thin basaltic lava flows generally contain many holes, or vesicles, left by bubbles of gas frozen into the congealing liquid. Thick flows, which remain hot for long periods, may lose most of their gas before the lava congeals, and the resulting rock may be dense with few vesicles.
Pyroclastic flows, which are low-viscosity, fluidized mixtures of hot but solid volcanic fragments and hot gas, are often described in newspaper accounts as lava flows. This causes much confusion. Molten lava flows are relatively high-viscosity liquids, and most of them advance slowly (a few metres per minute to less than a metre per day). Pyroclastic flows move more like a dense, low-viscosity gas pouring down a slope and even move upslope if they have enough momentum; their downslope velocities often exceed 100 km (60 miles) per hou
FLOOD BASALTS AND PILLOW LAVAS 
Lava may emerge from either a central eruption or from a long, narrow fissure. The fissure eruptions often produce huge amounts of basaltic magma of relatively large fluidity that spread out over extensive areas on the continent. These extrusions are called flood basalts. The Kafue basalts in Southern Province are an example of flood basalts of Karoo age.


Multiple flood flows
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Ethiopian Highlands basal
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Major flood basalts, large igneous provinces and trap
   




 

 The basalt columns are as a result of contraction (shrinking) of basalt during cooling. This feature is called columnar jointing and is fairly common in basaltic lava flows.
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Submarine lavas often have a pillow structure which results from the contact of hot lava with cold seawater at the time of eruption. As the oceans cover about 70% of the earth’s surface the basaltic pillow lava is the most abundant type of lava flow. However, it should be emphasized that pillows may form in any depth of water below a few metres, and even in mud and in melt waters below a glacier. Pillows may vary from a few centimeters up to several metres in size. These characteristics may be used to infer the way-up of the volcanic pile.

[image: Complete with stretch marks - Photo courtesy National Undersea Research Program][image: In a Sierra Nevada ophiolite - Photo (c) 2010 Andrew Alden, licensed to About.com (fair use policy)]
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Pillow lava
	Pillow lava 



	Pillow lavas are bulbous, spherical, or tubular lobes of lava. They form during eruptions with relatively low effusion rates. Slow extrusion gives enough time for a thick crust to form on all sides of a pillow lobe, and prevents individual pillows from coalescing into a sheet. Internally the pillows are fed via a distributary system of interconnected channels. Pillows are not typically hollow and tend to solidify all the way through. Pillows often have lineations or scrape marks on their sides that form during extrusion. Pillow flows are produced by the piling up of individual pillow lava lobes. As a pillow flow forms, the newest pillows are erupted from the top of the stack and flow outward a limited distance before freezing, a process which tends to produce steep-sided mounds or ridges which can grow to be 10's of meters thick. Within the 1998 eruption area at Axial Volcano, pillow lavas only occur along the edges of the flow, where lobate lava fronts were thin and stalled out. Castle Vent is located on an older pillow ridge that formed prior to the 1998 eruption.
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SHIELD VOLCANOES AND COMPOSITE VOLCANOES 
Eruptions from a central vent give rise to a variety of volcanic forms. The vent itself ends at the surface in a crater, which may be a small feature in young active volcanoes, but in older volcanoes collapse of its walls enlarges the crater area to form a caldera. Craters or caldera collapse may be filled with water to form a lake.
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Sequence of events that formed Crater Lake, Oregon
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Crater Lake
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	 Schematic representation of the internal structure of a typical cinder cone



Shield volcanoes are broad flat volcanoes with a slope angle of only 2 to 10 degrees, often with a large caldera in the centre. The shield volcano indicates relatively high fluidity of the magma and is hence commonly formed by basic magma. The famous volcano Mauna Loa on Hawaii is the largest active shield volcano of the world.
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Shield Volcano





 Composite or stratiform volcanoes on the other hand are steeply sloping volcanoes around a narrow central vent, produced by less fluid material. Usually this is a combination of acid fluid lava and solid volcanic material called pyroclastic or volcaniclastic material.
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Composite or stratiform volcanoes
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Composite volcanoes are constructed from multiple eruptions, sometimes recurring over hundreds of thousands of years, sometimes over a few hundred. Andesite magma, the most common but not the only magma type forming composite cones, produces lava more brittle than basaltic lava because of its higher viscosity. Although andesitic composite cones are constructed dominantly of fragmental debris, some of the magma intrudes the cones as dike or sills. In this way, multiple intrusive events build a structural framework that knits together the voluminous accumulation of volcanic rubble, which can stand higher than cones composed solely of fragmental material. Composite cones can grow to such heights that their slopes become unstable and susceptible to collapse from the pull of gravity. Famous examples of composite cones are Mayon Volcano Philippines, Mount Fuji in Japan, and Mount Rainier, Washington, U.S.A. Some composite volcanoes attain two to three thousandmeters in height above their bases. Most composite volcanoes occur in chains and are separated by several tens of kilometers. There are numerous composite volcano chains on earth, notably around the Pacific rim, known as the "Rim of Fire
[image: https://web.uvic.ca/%7Emroth/438/VOLCANO/august2.gif]
Shield volcanoes are large volcanic forms with broad summit areas and low-sloping sides (shield shape) because the extruded products are mainly low viscosity basaltic lava flows. A good example of a shield volcano is the Island of Hawaii (the "Big Island"). The Big Island is formed of five coalesced volcanoes of successively younger ages, the older ones apparently extinct.
Mauna Loa, one of the main volcanoes, has a higher elevation than any mountain on Earth -- 9090 meters (30,000 feet) from the floor of the ocean to its highest peak. Shield volcanoes have summit calderas formed by piston-like subsidence. Subsidence occurs when large volumes of lava are emptied from underground conduits; withdrawal of support leads to collapse. Many smaller pit craters also occur along fissure zones on the flanks of the volcanoes. These form by collapse due to withdrawal of magma along conduits

PYROCLASTIC ROCKS
Pyroclastic rocks are rocks composed mainly of fragmental volcanic material produced during an eruption. Sometimes, this debris is indicated by the Latin term ejecta or Greek term tephra (both meaning: “things thrown into the air”). The material can have a variety of origins such as rock fragments blown out of the vent, crystals which were floating in the magma, volcanic glass, pieces of country rock and so on. The ejected material is subdivided according to size into:
Ash 		less than 2 mm large 
Lapilli 	4 to 32 mm large 
Blocks 	more than 32 mm large 


 

Volcanic bombs are liquid when ejected and solidify in the air into more or less spherical bombs of any size.
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[image: https://upload.wikimedia.org/wikipedia/commons/thumb/b/b9/Lava-bomb-01.jpg/800px-Lava-bomb-01.jpg]
Fusiform lava bomb. Capelinhos Volcano, Faial Island, Azores.
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/8/88/VolcanicBombMojaveDesert.JPG/220px-VolcanicBombMojaveDesert.JPG]
"Almond" volcanic bomb found in the Cinder Cones region of the Mojave National Preserve
[image: volcanic bombs HERO]
The composition of the fragmental material is described as vitric (glass fragments), lithic (rock fragments) or crystals or pieces of crystals). The pyroclastic rocks are classified according to grain size and composition, very much the same as sedimentary rocks. A rock composed mainly of ash is a tuff, a lapilli rock is called lapilli stone or lapilli tuff, and blocks form a volcanic breccia. The lapilli tuff and breccias will also contain some fine-grained matrix material interstitially. If a tuff consists mainly of rock fragments, it is a lithic tuff, but when glass shards form the main component, it is called a vitric tuff, and so on. 
[image: https://upload.wikimedia.org/wikipedia/commons/thumb/9/91/Tufo_Necropoli_della_Banditaccia.JPG/220px-Tufo_Necropoli_della_Banditaccia.JPG] [image: https://upload.wikimedia.org/wikipedia/commons/thumb/6/64/Bandelier-Pockmarked_Cliff.jpg/200px-Bandelier-Pockmarked_Cliff.jpg]welded tuff
tuff
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breccia
Pyroclastic ash-fall deposits result from explosive eruption of volcaniclastic material from a volcanic vent into the atmosphere. During an eruption, the fragments fall back downwind at varying distances from the vent. The ash-fall deposits have many structures that resemble those of non-volcanic sedimentary deposits, such as graded bedding
Ignimbrites are a special case of pyroclastic rocks resulting from a “nuee ardent” (French for burning cloud) or “glowing ash flow” that consists of a mixture of gas, liquid and glowing rock fragments travelling at great speed down the flank of a volcano. The emission of gas allows the mass to behave as a fluid. A nuee ardent caused the destruction of the city of St. Pierre on the island of Martinique in 1902, killing all 30,000 inhabitants except for one prisoner kept in an underground cell for murder! The ash flow had a temperature of between 700 and 1000o C and its speed was about 150 km per hour. \
[image: C:\Users\HEAD - GEOLOGY\Pictures\2015-08-27\005.jpg]
Nuee ardente
[image: Fig 11.jpg]
When ash flows come to rest, the particles form a deposit called ash flow tuff or ignimbrite. Usually, the heat is still sufficient to weld the hot, plastic fragments together; welding and 
compaction gives way to a microstructure called eutaxitic texture, which is a typical ignimbrite texture. Characteristics of this texture are glass shards that were flattened due to compaction while they were still hot and elastic.  Usually, fragments of pumice (vesicular glass lava commonly acid in composition) are also showing strong effects of compression.
A special type of pyroclastic flow deposit which is called pyroclastic surge deposit is a ring-shaped cloud of water droplets and minor solid particles moving horizontally away from the vent (at hurricane velocities). Surges are initiated by phreatomagmatic eruptions where large volumes of water make contact with the magma) surge deposits have distinctive bedding structures.
Water-rich ash-flow deposits are often referred to as mudflows. The Indonesian term lahar is more frequently used for these poorly sorted volcaniclastic sediments, which are deposited by cool water. 
Pyroclastic flow deposits are topographically controlled; they fill valleys and other depressions around the volcano. Ash- fall deposits on the other hand, blanket the topography.
Many pyroclastic successions show(parts of) a characteristic stratigraphic sequence of deposits. This starts with a thin ash-fall deposit, followed by a pyroclastic surge deposit, then by a thick pile of pyroclastic flow deposits (which may be welded to form ignimbrities), and lastly by a fine pyroclastic fall deposit. Sometimes, the sequence is capped by a lava flow, which is especially common near the volcanic vent.
The Luapula volcanic of Luapula Province in Northern Zambia display many of the characteristics of pyroclastic deposits, although they are approximately 1800 million years old and have undergone low grade metamorphism. 
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The term pyroclastic is commonly used to refer only to volcanic materials ejected from a volcanic vent. But there are several other ways to make volcanic particles. Volcaniclastic includes all volcanic particles regardless of their origin.

LANGUAGE APPLIED TO VOLCANIC PARTICLES
A sediment may be defined as a mass of particles that has been deposited or is being transported on the earth's surface from one place to another and deposited by flow or fallout processes, a combination of these, or by chemical precipitation. By this definition, volcanic particles are deposited as sediments, the principal differences with non-volcanic sediments being in some of the physical processes by which the particles are formed. Some volcanic particles are generated by weathering and erosion (epiclastic, discussed below) and therefore differ only in composition from non-volcanic clasts. Other volcanic particles are formed instantly by explosive processes and are propelled at high velocities (>100 m/s) along the surface of the earth or high into the atmosphere (>40 km above the earth).
Generic types of Volcaniclastic Particles
· Pyroclastic particles (pyroclasts) form by disintegration of magma, as gases are released by decompression and then ejected from a volcanic vent either in air or beneath water.
· Hydroclasts form by steam explosions from magma-water interactions.
· Autoclastic fragments form by mechanical friction during movement of lava and breakage of cool brittle outer margins, or gravity crumbling of spines and domes.
· Alloclastic fragments form by disruption of pre-existing volcanic rocks by igneous processes beneath the Earth's surface.
· Epiclasts are lithic clasts and minerals released by ordinary weathering processes from pre-existing consolidated rocks. Volcanic epiclasts are clasts of volcanic composition derived from erosion of volcanoes or ancient volcanic terrains.
It is advisable to distinguish between epiclasts and other volcaniclastic fragments to determine contemporaneity of volcanism and sedimentation. Terms such as pyroclastic, hydroclastic and epiclastic refer to the processes by which the fragments originate. A pyroclast therefore cannot transform into an epiclast merely from reworking by water, wind glacial action, etc. This difference is important for reasonable interpretations because the sediment supply rates commonly differ by orders of magnitude between degrading ejecta piles and eroding epiclastic terrain.
Varieties of Pyroclastic Ejecta According to Origin
· Essential (or juvenile). These are pyroclasts derived directly from erupting magma and consist of dense or inflated particles of chilled melt, or crystals (phenocrysts) in the magma prior to eruption (phenocrysts). 
· Cognate (or accessory). Cognate particles are fragmented comagmatic volcanic rocks from previous eruptions of the same volcano. 
· Accidental. Accidental fragments (or "lithoclasts") are derived from the sub-volcanic basement rocks and therefore may be of any composition. 
Names of Pyroclasts and Deposits According to Grain Size.
Ash particles are <2 mm in diameter.
Volcanic ash is composed of vitric, crystal or lithic particles (of juvenile, cognate or accidental origin) of various proportions. Tuff is the consolidated equivalent of ash. Further classification is made according to environment of deposition (lacustrine tuff, submarine tuff, subaerial tuff) or manner of transport (fallout tuff, ash flow tuff). Reworked ash (or tuff) may be named according to the transport agent (fluvial tuff, aeolian tuff). 
Lapilli are fragments 2 mm to 64 mm in diameter.
Lapilli-size particles may be juvenile, cognate or accidental. Lithified accumulations with more than 75% lapilli are termed lapillistone. Lapilli-tuff applies to lithified mixtures of ash and lapilli, where ash-size particles are 25-75% of the pyroclastic mixture. Lapilli are commonly angular to sub-rounded. Subrounded forms are commonly of juvenile origin, but explosively broken cognate and accidental fragments may become rounded by repeated extrusion and fallback into a vent before final ejection.
Accretionary lapilli are special kinds of lapilli-size particles that form as moist aggregates of ash in eruption clouds, by rain that falls through dry eruption clouds or by electrostatic attraction (Schumacher and Schmincke, 1990).
Armored lapilli form when wet ash becomes plastered around a solid nucleus such as crystal, pumice or lithic fragments during a hydrovolcanic eruption. 
Bombs or blocks are >64 mm.
Blocks are angular to sub-angular fragments of juvenile, cognate and accidental origin derived from extrusion of lava such as in domes, or from the edifice of the volcano or from its basement.
Pyroclastic breccia is a consolidated aggregate of blocks containing less than 25% lapilli and ash.
Volcanic breccia applies to all volcaniclastic rocks composed predominantly of angular volcanic particles greater than 2 mm in size.
Bombs are thrown from vents in a partly molten condition and solidify during flight or shortly after they land. Bombs are therefore almost exclusively juvenile. Molten clots are shaped by drag forces during flight, and if still plastic, their shape can be modified by impact when they hit the ground.
Bombs are named according to shape, including ribbon bombs, spindle bombs (with twisted ends), cow-dung bombs, spheroidal bombs and so on. Bread crust patterns crusts on surfaces of bombs are caused by stretching of the solidified outer shell by expansion of gas within the still-plastic core to produce bread-crust bombs. They are most commonly produced from magma of intermediate and silicic compositions.
Basaltic bombs usually show little surface cracking, although some may have fine cracks caused by stretching of a thin, glassy surface over a still- plastic interior upon impact. Cauliflower bombs have cauliflower shapes with dense to vesicular interiors because of quick-quenching in aqueous environments. They are formed in hydrovolcanic eruptions.
Agglomerate is a commonly non-welded aggregate consisting predominantly of bombs. It contains less than 25% by volume of lapilli and ash.

Three common names of pyroclasts that depend in part on their degree of vesicularity are pumice, scoria and cinders. They are named without reference to size, but usually are in the lapilli or larger size range.
Pumice is a highly vesicular glass foam, generally of evolved and more rarely of basaltic composition with a density of <1 gm/cubic cm; bubble walls are composed of translucent glass.
Scoria (also called cinders), usually mafic, are particles less inflated than pumice. They readily sink in water. They are generally composed of tachylite, that is, glass rendered nearly opaque by microcrystalline iron/titanium oxides. 
Spatter applies to bombs, usually basaltic, formed from lava blebs that readily weld (agglutinates) upon impact and contrasts with scoria that do not stick together. Scoria (or cinder) cones, for example, are composed largely of loose particles; spatter cones are composed mainly of agglutinated blebs or larger isolated lava tongues.
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Fiqure 1-14 The evolution of the Valles Caldera.
the intruding mangma, formation of ring fractures, (b) Eruption of rhyolitic
bpyroclastic material, (c) Caldera collapse guided by existing fractures,
central block of ca. 20 kn in diameter subsided almost 1 km! (d) Partial
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Best,1982).
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Fiqure 1-15 Schematic diagram showing shield volcano which is built up from
the accumulation of thousands of thin lava flows. (from Press and Siever,1982)
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Figure 1-16 Cross section through a composite volcano, showing alternating
layers of lava and pyroclastic material. Note that lava flows are more common
near the vent, and that the pyroclastic material has been spreaded over

a
wider area. (from Best,1982).
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Volcanic ash from Eyjafjallajokull volcano, Iceland  (2010)
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Figqure 1-17 A field of volcanic bombs Figure 1-18 Volcanic breccia (from
and other ejecta, Hawaii (from Press Press and Siever,1982).
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Fiqure 1-21 Initiation of pyroclastic ash-flow (a and b), and ash-fall of
ejecta around vent (c and d); distribution of ash also dependent on wind
direction and force (from Best,1982)
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Figure 3 Schematic cross section of a lopolith (from Press and Siever,1982)
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Mafic Purcell sill intruded into carbonate strata, ~1444 Ma
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Sandstone beds & basaltic sills in Antarctica
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km?  (B) Mesozonal, conmtacts partially discordant,
partially concordant; contact metamorphism is present
and flow structure; size 100-500 km?. (C) Catazonal,
contacts generally concordant, but may be discordant.
a wide zone of migmatite is present; size 50-1,000

km® (from Ehlers and Blatt,1982).





image37.emf
The largest plutons (with exposed surface areas > 40 square

miles) are called batholiths; plutons with a smaller surface

area are called stocks.  California has one of the world

’

s

largest batholithic complexes — the Sierra Nevada batholith


Microsoft_PowerPoint_Slide4.sldx
The largest plutons (with exposed surface areas > 40 square

 miles) are called batholiths; plutons with a smaller surface

 area are called stocks.  California has one of the world’s

largest batholithic complexes — the Sierra Nevada batholith









42





image1.png

Volcanic plu
yoe plug














image38.emf
Intrusive rocks can form large bodies -

plutons

Or, smaller intrusions occupying fractures -

dikes 

and 

sills


Microsoft_PowerPoint_Slide5.sldx


Intrusive rocks can form large bodies - plutons

Or, smaller intrusions occupying fractures - dikes and sills





35





image1.jpeg









O smalle intusions ocaupying ractures - dikes andsils





image39.emf
Foliated gneisses cut by dike 1, 1 cut by dike 2, 2 cut by 3

gneiss


Microsoft_PowerPoint_Slide6.sldx








Foliated gneisses cut by dike 1, 1 cut by dike 2, 2 cut by 3

gneiss





37





image1.png









Noleslgueie=y 008 rithey S B3 mlt oyt






image40.emf
East face of the Sierra Nevada batholith from near Lone Pine


Microsoft_PowerPoint_Slide7.sldx


East face of the Sierra Nevada batholith from near Lone Pine
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