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Big Bang
-  13.7 billion years ago
-  large explosion that sent all matter of the universe flying outward at incredible speeds
-  debris (mostly hydrogen and helium) cooled and condensed to create galaxies
-  orderly nature of solar system could mean all planets and sun formed around the same time and of the same material 

Nebular Hypothesis
-  bodies of our solar system evolved from a large rotating cloud called the solar nebula 
-  solar nebula was composed mostly of hydrogen and helium and partly of other heavier elements
-  5 billion years ago the cloud began to gravitationally contract 
-  as the nebula contracted it rotated faster and faster
-  rotational outward force vs. gravitational inward force found equilibrium and formed the protosun
-  gravitational energy was converted into thermal energy 
-  substances with low melting points formed asteroid sized rocks (planetesimals) and eventually grew to form the four inner planets including earth

Formation of Earth’s Layered Structure
** there are two postulates how the Earth’s layered structure was formed, both through accretion. Homogeneous accretion, and heterogeneous accretion. It is likely a combination of both concepts. **

Homogeneous Accretion:
*accretion of non-differentiated matter, later differentiated based on density and other chemical properties of materials*
-  as the matter forming the Earth accumulated the high velocity impact and the decay of radioactive material caused the temperature to increase 
-  higher temperatures melted iron and nickel which sank to the center of the planet forming the dense iron core
-  further melting caused buoyant masses of molten rock to float to the surface and solidify, forming the crust
-  the mantle is the molten layer located between the core and the crust 
-  during all of this, gasses escaped from within the debris forming the planet. These gasses formed the atmosphere

Heterogeneous Accretion:
*sequential accretion of planetesimals differing compositions*
-  gravity pulled in the most dense materials first including metallic iron and oxides
-  followed by the dense silicates
-  then the light silicates
-  and finally the atmosphere (volatile-rich planetesimals, eg. Water, ammonia, and methane)
- as the layers formed they began to cool one by one would stick to the next

Internal Structure of the Earth
The interior of the Earth can be divided into different layers based on chemical composition and physical properties.

Chemical Composition:
Crust: 
-  Earth’s thin, rocky outer layer divided into oceanic and continental crust

Oceanic Crust:
- is ~7kms thick and has a relatively homogeneous chemical composition of dark rocks called basalt
-  70% of the Earth’s surface
-  3.2g/cm^3
-  mafic (rich in magnesium and iron)
-  igneous rocks: basalt (upper part) and gabbro (lower part)
-  minerals: pyroxene, feldspar, olivine
-  blanket of sediments

Continental Crust:
- is ~35-40kms thick but can exceed 70kms in mountainous regions
-  consists of many different rock types – upper crust has composition similar to granite, where lower continental crust resembles basalt
-  30% of the Earth’s surface
-  2.7 - 3.0g/cm^3
-  felsic (rich in feldspar and silica) to intermediate > poor in magnesium and iron
-  most abundant in oxygen, silicon, and aluminum
-  minerals: quartz, feldspar, mica
-  igneous and metamorphic rocks (granite, gneiss, schist)

Mantle:
-  the largest part of the Earth’s interior, making up over 82% of the Earth’s volume
-  solid rocky shell that extends to a depth of 2900kms
-  dominant rock type is peridotite > has a more dense crystal structure deeper into the Earth
Core:
-  extremely dense iron-nickel alloy with minor amounts of oxygen, silicon, and sulphur
-  under extreme pressure

Physical Properties:
Lithosphere & Asthenosphere:
-  lithosphere consists of the crust and uppermost mantle – it is a relatively cool, rigid and brittle shell
-  averages about 100kms in depth, may be more than 250kms in depth beneath older portions of the continents, and only a few kms thick under oceanic ridges
-  the asthenosphere lies underneath the lithosphere to a depth of about 660kms
-  it is soft and weaker than the lithosphere
-  the top portion of the asthenosphere has a temperature/pressure regime that results in a small amount of melting (wax-like)
Mesosphere:
-  also known as the lower mantle – les beneath the asthenosphere
-  increased pressure counteracts the effects of higher temperature and the rocks gradually strengthen
-  from 660kms-2900kms 
-  more rigid layer but still very hot and capable of very gradual flow – an essential component of the heat transfer mechanism that drives plate tectonics
Inner and Outer Core:
-  composed mostly of an iron-nickel alloy 
-  outer core is a liquid layer 2270kms thick 
-  the convective flow of metallic iron in the outer core is what generates the Earth’s magnetic field
-  inner core is a solid sphere of radius 1216kms – solid because of the immense pressure despite the fact it has the highest temperature

Earth’s Magnetic Field
-  resembles magnetic field produced by a bar magnet
-  magnetic poles do not coincide exactly with the geological poles
-  earth’s magnetic field periodically reverses polarity (every million years or so)
-  it is believed that the gradual flow of molten iron in the outer core causes the magnetic field
-  a combination of the Earth’s rotation and the uneven heat distribution within the core causes the molten iron in the outer core to churn
-  as the iron churns it interacts with Earth’s magnetic field which produces an electric current which in turn reinforces the Earth’s magnetic field
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Plate Tectonics
-  the lithosphere is divided into 15 plates, separated by plate boundaries
-  7 major lithospheric plates – North America, South America, Pacifica, African, Eurasian, Australian-Indian, Antarctic
-  the largest is the Pacific plate which is located mostly in the Pacific ocean
-  none of the plates are defined entirely by the margins of a continent
-  plates move ont eh asthenosphere over time, at different rates 
-  accounts for occurrence of mountain ranges (earthquakes, rock deformation, mountain belts, volcanoes ect.)
-  the theory links multiple observations and has immense explanatory power

Wegner’s Evidence
-  Alfred Wegener proposed the theory of continental drift in 1912
-  his evidence included the puzzle-like fit of the continents, similarity in fossil records, and similarity of mountain ranges

Convection in the Mantle
-  convection does not have a consistent organization
-  occurs during the heat transfer between hot and cold areas in the mantle 

Divergent Boundaries
-  also known as spreading centres
-  located along the crests of oceanic ridges 
-  as the plates move away from the ridge axis, the fractures are filled with molten rock that wells up from the mantle – magma cools to produce new seafloor

Oceanic Ridges:
-  elevated seafloor along well-developed plate boundaries 
-  seafloor spreading occurs at a rate of around 5cm/year 
-  all of Earth’s basins could have formed within the last 200 million years
-  magma that is injected into the fractures forms dykes that cool from their outer boundaries inward 
-  injection and spreading rates exceed cooling rates so continued spreading produces new fractures that split the new rocks in half 
-  new material is added about equally to both sides of the diverging plates
-  ridge systems are located in the middle of Atlantic and Indian oceans and therefore are called mid-ocean ridges

Continental Rifts:
-  where a landmass may split into two or more smaller segments
-  breakup of Pangea
-  occurs where opposing tectonic forces pull the lithosphere apart 
1) rising magma upwarps the crust, causing numerous cracks in the rigid lithosphere
2) as the crust pulls apart, large slabs of rock sink, generating a rift zone (East African Rift Valley)
3) further spreading generates a narrow sea (formation of the Red Sea)
4) eventually, an expansive ocean basin and ridge are created (the breakup of Pangea)

Convergent Boundaries
-  older portions of oceanic plates return to the mantle along convergent plate boundaries
-  also known as destructive plate margins
-  as two plates slowly converge, the leading edge of one is bent downward, allowing it to slide beneath the other along a subduction zone
-  the surface expression produces by a descending plate is known as an ocean trench
-  trenches can be thousands of kilometers long, 11 kilometers deep, and up to 120 kilometers wide
-  the denser plate will subduct – older and longer will subduct beneath shorter and younger

Oceanic-Continental Convergence:
-  the buoyant continental plate remains “floating” while the denser oceanic plate sinks
-  some sediments of the subducting plate are scraped off and plastered against the overriding continental block forming an accretionary wedge – this wedge of sediment helps to lubricate the subduction process
-  when the descending plate reaches 100-150kms heat drives water and sediments into overlying mantle
-  partial melting of mantle rock generates mafic magma which will rise buoyantly 
-  eventually magma rises to the surface and sometimes will cause volcanic eruptions
-  mountains produced by this volcanic activity are called continental volcanic arcs

Oceanic-Oceanic Convergence:
-  one plate descends beneath the other initiating volcanic activity
-  volcanoes build up from the ocean floor ultimately forming a chain of volcanic islands called a volcanic island arc
-  islands are spaced about 80kms apart
-  they are built on submerged ridges of volcanic material a few hundred kms wide
-  island arcs are generally located 100-300kms from the trench axis

Continental-Continental Convergence
-  subducting plate contains continental lithosphere, continued subduction brings two continents together 
-  buoyancy of continental lithosphere prevents it from being subducted to any great depth – results in a collision between two continental blocks
-  such collisions cause continental crust to buckle, fracture, shorten and thicken in order to produce mountain ranges

Transform Plate Boundaries
-  plates move past one another without production or destruction of lithosphere
-  also known as conservative plate margins
-  part of prominent linear breaks in the ocean crust known as fracture zones
-  active transform faults only lie between two offset ridge segments where the crust is moving in opposite directions 
-  inactive zones are where there is a fracture but the crust on both sides is moving in the same direction

The Wilson Cycle
-  discovered by John Tuzo Wilson, a Canadian geophysicist
-  incorporates the major events that occur in the splitting apart and coming together of continental landmasses
A.  begins with a stable continental craton. A hot spot rises up and thins the crust, causing it to swell up, stretch and finally crack into two pieces (divergent plate boundary - continental rift) 
B.  an ocean basin forms between the two landmasses (such as the Res Sea) and the thinned edges of the continents accumulate sediments and begin to thicken
C.  the ocean basin continues to widen (such as the Atlantic Ocean) – as long as this is still occurring, we are still in the opening stage of the Wilson Cycle
D.  the closing phase begins with the formation of a subduction zone (new convergent plate boundary) anywhere in the ocean basin. Once the subduction zone is active the ocean basin will eventually disappear
E.  most of the ocean basin has subducted and the two continents are about to collide. Igneous magma is generated deep in the subduction zone and forms volcanoes, also a lot of metamorphism occurs.
F.  the two continents now collide. Sediments and slabs of crustal material are forced upon the the continental plate forming mountain ranges
G.  eventually the newly formed mountains will erode down to sea level. Since the continental rock is light weight, the doubled in size continental crust will rise as it erodes, and continue to erode until eventually the subducted crust rises to the surface again

The Breakup of Pangaea
-  Alfred Wegner’s idea 
-  began to break apart around 180 million years ago
-  began with the formation of the Atlantic Ocean – first rift developed between North America and Africa, as these separated the Atlantic ocean began to form
-  rifting that formed the South Atlantic began 130 million years ago near the tips of what are now Africa and South America – as it propagated northward the South Atlantic began to open
-  continued rifting of the southern landmass of Gondwanaland sent India northward
-  50 million years ago, Australia began to separate from Antarctica and the South Atlantic had developed into a full fledge ocean
-  at this time India also collided with Asia to form the Himalayas and the Tibetan Plateau
-  separation of Greenland from Eurasia also occurred at this time completing the breakup of the northern landmass
-  less than 10 million years ago was the formation of the Baja Peninsula along the Gulf of California 

Andes vs. Himalayans
-  the Andes formed through means of simple subduction in the collision of oceanic and continental plates
-  partial melting of the subduction slab results in magma migrating upward and thickening the continental crust
-  during development of the continental volcanic arc, sediment is scraped from the subducting plate and forms an accretionary wedge
-  these mountains contain two roughly parallel zones – one consisting of volcanic and metamorphic rocks, the other consisting of folded, faulted, and metamorphosed sediments of volcanic debris
- the Himalayas formed through means of continental-continental collision – the collision between India and Eurasia
-  most of the oceanic crust that separated these landmasses was subducted, however some of it was caught up in the squeeze and now lays high above sea level forming the Himalayan mountain range
-  India continues to thrust into Asia today

The Rock Cycle 
-  magma – molten material found in Earth’s interior where temperatures and pressures are such that rocks will melt
-  magma cools and solidifies in a process called crystallization
-  igneous rocks (ignis = fire, ous = full of) – the cooled and solidified form of magma
-  igneous rocks are exposed at the surface and undergo the process of weathering, where they disintegrate and dissolve
-  sediment – the tiny particles formed by disintegrated igneous rock, comes to rest in the bottom of the oceans, on river floodplains, swamps, desert basins, and dunes
-  sediments undergo a process called lithification, where sediment is compacted into rock by the weight of overlying layers r when cemented as percolating water fills the pores with mineral matter 
-  sedimentary rock – the rock formed from sediments that have undergone lithification 
-  sedimentary rock buried deep within the Earth may be involved in the process of mountain building, or intruded by a mass of magma – it will be subjected to high temperatures and pressure
-  metamorphic rock (meta = change, morph = form) – the product of sedimentary rock that has been subjected to high temperature and pressure
-  metamorphic rock may eventually be subjected to further high temperatures and pressure and turn into magma

** alternate paths

-  igneous rocks may remain deeply buried and subjected to high temperature and pressure, then transform directly into metamorphic rock
-  metamorphic and sedimentary rocks do not always remain buried, they may be exposed to weathering and turn into sediments 
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Texture
- intrusive texture – plutonic rock (cooled within the earth)
   - slow cooling magma (100-1000’s years)
   - coarse grains (visible to the naked eye)
   - phaneritic texture 
-  extrusive texture – volcanic rock (cooled on surface of the earth)
   - fast-cooling magma
   - fine grains (invisible/barely visible to the naked eye)
   - aphanitic texture 

Aphanitic (Fine-Grained) Texture
-  form at the surface or as small masses within the upper crust where cooling is relatively rapid 
-  poses a very fine-grained texture
-  (a = not, phaner = visible) 
-  crystals are so small, individual minerals may only be distinguished with aid of a microscope
-  mineral identification is not possible – commonly characterize fine grained rocks as being light, intermediate, or dark in colour and from there assume they are primarily composed of that colour of minerals
-  commonly contain vesicles – voids left by gas bubbles that attempt to escape as the lava solidifies (known as vesicular texture)
-  vesicular texture occurs in the upper zone f a lava flow where cooling occurs rapidly enough to “freeze” the lava

Phaneritic (Coarse-Grained) Texture 
-  large masses of magma slowly solidify far below the surface and form igneous rocks that exhibit a coarse grained texture 
-  (phaner = visible) 
-  mass of intergrown crystals roughly equal in size
-  individual minerals can be distinguished by the naked eye, without the aid of a microscope
-  exposure at the Earth’s surface results only after erosion removes the overlying rocks that once surrounded the magma chamber

Crystalization of Magma During Cooling
-  ions in the melt begin to lose their mobility and arrange themselves into orderly crystalline structures
-  generates various silicate minerals that reside within the remaining melt 
-  silicon and oxygen atoms link together first form silicon-oxygen tetrahedra
-  tetrahedral join with each other and with other ions to form embryonic crystal nuclei
-  each nucleus grows as ions lose their mobility and join the crystalline network
-  eventually all of the melt is transformed into igneous rock

** Bowen’s Reaction Series

-  minerals tend to crystallize in a systematic fashion based on their melting points
-  at one or more stages during crystallization separation of solid and liquid components of magma can occur
-  crystal settling occurs when earlier formed, denser minerals sink in the liquid portion to the bottom of the magma chamber
-  when the remaining melt solidifies it will result in a rock with a very different chemical composition from the parent magma
-  formation of one or more secondary magmas from a single parent magma is called magmatic differentiation
-  Bowen’s Reaction Series – solid components of a magma remain in contact with the remaining melt and chemically react to evolve into the next mineral in the sequence
-  assimilation occurs when a magma is migrating upwards and picks up some of the surrounding host rock
-  magma mixing occurs when one magma body intrudes another and the convective flow then combines the two magmas together 

Igneous Rocks Composition
Felsic:
-  composed almost entirely of light colored silicates: quartz and felzspar
-  10% dark silicates (biotite mica and amphibole)
-  rich in silica (70%) 
-  major constitutes of the continental crust
-  granite is the most common type of felsic rock  described as having granitic composition
Mafic: 
-  rocks that contain substantial dark silicate minerals and calcium-rich plagioclase feldspar (but no quartz)
-  high percentage of ferromagnesian minerals
-  typically darker and denser 
-  referred to as having basaltic composition because the most common rock type of this composition is basalt
-  make up the ocean floor, many of the volcanic islands, and also found in the continents
Intermediate:
-  rocks with composition between felsic and mafic
-  25% dark silicates
-  associated with volcanic activity that is typically confined to the margins of the continents
Ultramafic: 
-  perifotite – contains mostly olivine and pyroxene
-  composed almost entirely of ferromagnesian minerals
-  main constituent of the upper mantle 
-  volcanic equivalent is komatite 

Plutons
-  bodies of plutonic igneous rock, formed by the intrusion and solidification of magma at depth
-  form out of view beneath the Earth’s surface
-  can be studied only after uplift and erosion have exposed them
-  occur in a great variety of sizes and shapes 
-  some have a tabular shape and some are massive and shapeless
-  discordant if they cut across existing structures
-  concordant if they form parallel features such as sedimentary layers 

Dykes
-  tabular discordant bodies that are produced when magma is injected into fractures
-  thickness ranges from less than 1cm to more than 1km
-  most are a few meters thick and extend laterally for no more than a few kms
-  commonly found in groups
-  parent pluton is generally not observable
-  sometimes are found radiating from an eroded volcanic neck

Sills
-  tabular concordant intrusions formed when magma is injected along sedimentary bedding surfaces called sills
-  horizontal sills are the most common
-  relatively uniform thickness and large areal extent – tend to be the product of fluid mafic magmas in shallow areas
-  closely resemble buried lava flows
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Columnar joints form as igneous rocks cool and develop shrinkage fractures that produce elongate, pillar-like comumns

A mineral is a naturally occurring inorganic solid consisting of one or more chemical elements in specific proportions, whose atoms are arranged in a systematic pattern.
Criteria to be considered a mineral:
1)  Must occur naturally
2)  Must be a solid at surface temperatures and pressures 
3)  Must poses an orderly internal structure, that is, its atoms must be arranged in a definite pattern
4)  Must have a definite chemical composition that can vary within specified limits
5)  usually inorganic (although mineral formation can in some cases be mediated by biological processes)

-  created during the cooling of magma OR precipitate from a solution
-  during cooling, minerals grow and form a crystal (3-D geometric shape dictated by the arrangement of atoms)

Rocks are naturally occurring aggregates or combinations of one or more mineral(s) where each mineral retains it’s own discrete characteristics

-  over 90% of the Earth’s crust is composed of only 9 minerals
· feldspars (52%)
· quartz
· pyroxene
· amphibole
· mica
· calcite
· hematite

Crystal Habit (Shape)
-  the eternal expression of a mineral that reflects the orderly internal arrangement of atoms
-  when a mineral can form without space restrictions, it will develop individual crystals with well formed crystal faces
-  some minerals have distinctive crystal habit (ex. Quartz)
-  competition for space results in intergrown mass of crystals lacking obvious crystal habit 

Lustre
-  the appearance or quality of light reflected from the surface of a mineral crystal
-  metallic lustre looks like polished metal
-  nonmetallic lustre han be described as vitreous (glassy), pearly, silky, resinous, or earthy (dull)
-  minerals with somewhat metallic lustre are said to be submetallic

Colour
-  often obvious, but not always diagnostic
-  pure quartz is clear and colourless but with the addition of slight impurities it can appear purple, pink, yellow, brown, orange, black 

Streak
-  the colour of a mineral in its powdered form and is obtained by rubbing the mineral across a piece of unglazed porcelain known as a streak plate
-  although the colour can vary from sample to sample the streak usually does not and therefore is a more reliable property

Hardness
-  a measure of a minerals resistance to abrasion or scratching
-  given a numeric value obtained by the Mohs Scale of hardenss 
    -  Mohs scale of hardness is a scale consisting of 10 minerals arranged in order from 1(softest) to 10(hardest)
     -  any mineral can be compared with the scale minerals or other objects of known hardness to determine the hardness of the unknown mineral 

Cleavage
-  the tendency of a mineral to break along planes of weak bonding 
-  distinctive smooth surfaces when minerals are broken
-  micas have weak bonds in one planar direction so they cleave to form thin, flat sheets
-  some minerals have several cleavage planes, some only one, and some none
-  when minerals break evenly into multiple directions, cleavage is described as the number of planes exhibited and the angles at which they meet
-  when a mineral exhibits cleavage it will break into pieces that all have the same geometry

5 Ways to arrange the Silicon-Oxygen Tetrahedron 

1)  -  no sharing of the oxygen ion
     -  Si bonds with positive ions to neutralize the charge
     -  single tetrahedra
     -  ex. Olivine

2)  - each tetrahedron shares two corner oxygen ions with a neighbor tetrahedron
     -  remaining charge is bonded with various ions, creating a weaker bond
     -  single chains
     -  ex. Pyroxene

3)  -  single chain structures plus another oxygen ion shared with a neighboring chain 
     -  double chains
     -  ex. Amphibole

4)  -  all three basal oxygen ions are shared 
     -  the fourth summit ion bonds sheets together
     -  sheets
     -  ex. Micas

5)  -  all four oxygen ions are shared with neighbors
     -  creates a very strong bond
     -  three dimensional frameworks
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