 GGY 4070- IGNEOUS AND METAMORPHIC PETROLOGY


INTRODUCTION

·  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 GGY4070 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:
· Petrology, the description and systematic classification of rocks and 
· 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. 



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 many 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



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.


























Cone sheet











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. 



    


             


                           













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. 







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. 
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. 
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.    





    
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





TYPES OF EXTRUSIONS 
Extrusive 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:
· Temperature : increase of T lowers the viscosity
· Gas content  : high gas content lowers the viscosity, i.e. increases the mobility
· Silica content : Si02 – rich (granitic) melts are more viscous than Si02  poor (basaltic) melts.


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 from it. Subaerial lavas may be classified as pahoehoe lava (smooth to ropy surface), aa 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. 




       A                                                                    B


· Active pahohoe (ropy)  lava                               B. Advancing aa flow
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




 

 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.


 


 




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.



Pillow lava




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.






Sequence of events that formed Crater Lake, Oregon



Crater Lake

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.





 





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.




Composite or stratiform volcanoes



PYROCLASTIC ROCKS
Pyroclastic rock/s 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.





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. 
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. \


Nuee ardente


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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Volcanic ash from Eyjafjallajokull volcano, Iceland  (2010)
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Volcanic ash from Eyjafjallajokull volcano, Iceland  (2010)
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from Puyehue volcano, Chile, 6/2011
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Volcanic ash and much  larger blobs of lava, Iceland “E” volcano
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Mafic Purcell sill intruded into carbonate strata, ~1444 Ma
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Mafic Purcell sill intruded into carbonate strata, ~1444 Ma


Sandstone beds & basaltic sills in Antarctica







40





image1.jpeg














image21.wmf
Sandstone beds & basaltic sills in Antarctica
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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
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Intrusive rocks can form large bodies - plutons

Or, smaller intrusions occupying fractures - dikes and sills
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East face of the Sierra Nevada batholith from near Lone Pine
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East face of the Sierra Nevada batholith from near Lone Pine
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plateau (“flood”) basalts
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Mafic [L] and silicic [R] dikes now exposed at Earth’s surface.





34





image1.png







image2.jpeg









Mk L] and sici ] dikes now exposed at i arfc
















72





image1.jpeg














image40.wmf


image41.wmf


image42.wmf


image43.wmf


image44.wmf

image4.wmf
Mafic [L] and silicic [R] dikes now exposed at Earth

’

s surface.



image45.wmf


image46.wmf


image47.wmf







Plug dome (rhyolite)                         Cinder cone (basalt fragments)       

VOLCANOES



Shield volcano (basalt)          `                                             Stratovolcano (andesite)





64





image1.jpeg







image2.jpeg







image3.jpeg







image4.jpeg














image48.wmf
Plug dome (rhyolite)          

Cinder cone (basalt fragments)

VOLCANOES

Shield volcano (basalt)          `     

Stratovolcano

(andesite)



image49.wmf

