Igneous activity and plate tectonics
· Most volcanoes are located within or near ocean basins
· Most of these rocks are basaltic rocks (mafic) and found in both oceanic and continental settings 
· Granitic rocks are found in the oceans
· Oceanic crust (mafic) =  (Modified) Mantle; melted version of the mantle
· Most volcanoes are located on pacific margins where you have active plate margin


Igneous activity along plate margins
· Spreading centers
· Greatest volume of volcanic rock is produced along the oceanic ridge system (divergence)

· Mechanism of (decompression) melting

· Lithosphere pulls apart
· Less pressure on underlying rocks
· Results in partial melting of the mantle
· Less quantities of basaltic magma are produced
Subduction zones

· Occur in conjunction with deep oceanic trenches (occurrence)
· Descending plates partially melts and releases water
· Magma slowly moves upward
· Magma rising can either form
· An island arc if in the ocean
· A volcanic arc if on a continental margin
· Both of them are andesitic (intermediate) composition
They are associated with the Pacific Ocean basin
· Region around the margin is known as the “ring of the fire”
· Most of the world’s most explosive volcanoes happen in these regions

Intraplate volcanism
· Activity happens within a tectonic plate
· Associated with plumes of heat in the mantle
· Form localized volcanic regions in the overriding plate called a hot spot
· Produces basaltic magma sources in the oceanic crust (e.g. Hawaii, Iceland)
· Produces granitic magma sources in continental crust (e.g. Yellowstone park)

The nature of volcanic eruptions
· Factors determining the ‘violence’ or explosiveness of a volcanic eruption
· Composition of the magma (#Si=high viscosity)
· Temperature of the magma (high T = low viscosity)
· Dissolved gasses in the magma 1-9wt% of the magma
· Which are mainly water vapor and carbon dioxide (SO2, N, Cl)
· Composition and the temperature of the magma are factors that actually control the viscosity of a give magma which in turn controls the nature of an eruption

Materials extruded from a volcanoe
Rhyolitic
· Si-rich, very viscous, high H2O and gas (pumice)
Andesitic (intermediate)
· More viscous (aa, vesicles, most explosive)
Basaltic
· Low Silica- much more fluid 
Types of basaltic flow
· Pahoehoe lava (resembled a twisted/ropey texture)
· Aa lava (rough, jagged blocky texture)
· Pillow basalts (underwater)
Pyroclastic materials- “fire fragments”
Types of pyroclastic fragments
· Ash and dust – fine glassy fragments
· Pumice – porous rock from ‘frothy’ lava
· Lapilli  - walnut sized material
· Cinders – pea sized material
Particles larger than lapilli
· Blocks – hardened or cooled lava (meters)
· Bombs – ejected as hot lava; tear drop shape

Pyroclastic flows and urges
· Mixture of hot (500-700 degrees) gas and rock that flows like an avalanche
· Material size: ash to blocks
· Velocities from 10s to 100 m/s; travel km/s – 10 km/s 
· Generally confined to valleys
· Originate from column collapse or dome collapse
Nuee ardente
· Fiery, pyroclastic flow made of hot gases infused with ash and other debris
· Move down slopes at speeds of 200 km/h
Lahar
· Water-saturated pyroclastic flow
· Melting glacier provides excess water

Volcanic eruptions
	Secondary effects
· So2+H2O-H2SO4 (acid rain)
· Dust/ash= reflects sun radiation and lowers temperature of Earth’s surface by 2-3 degrees as much as in 10 years.

Volcanoes
· Volcanic cone = hill or mountain
· Volcanic crater/ caldera = depression of surrounding vent
1) Effusive eruptions
· From/near main vent = shield volcanoes
· From fissures (linear features) on land = flood basalts
· From subaqueous (=pillow basalts) & subglacial (=lahars)
Shield volcano
· Mauna Lao is a classic shield volcano
· Slope angles are gentle, size is large
· Composition, low in silica and volatile composition

2) Pyroclastic Eruptions
· Airborne material with little or no magma
· Very viscous = tephra
· Gas-rich, viscous magma = ash flow eruption
· a) Composite cone (stratovolcano)
· Composed of interbreded lava flow and layers of pyroclastic debris
· Large, classic-shaped volcano (1000’s of m high & several km wide at base)
· Most are located adjacent to the pacific ocean
· Most violent eruption
· Often produce nuee ardente
· May also produce lahars if they have ice caps on top

b) Pyroclastic or cinder cone
· Loose, pyroclastic material; small; steep-sided, sunset crater, AZ



Lava domes	
Bulbous mass of congealed lava
Most are associated with explosive eruption of gas-rich magma
Volcanic pipes and necks: Pipes are short conduits that connect a magma chamber to the surface

Volcanic precursors
	Increase of ground water temperature (>20)
	Topographic changes (tilt/bulge)
	Increase in seismicity
	Magnetic, electrical, gravity field changes
Change in gas composition
Changes in animal behavior
Plutonic activity
Most magma is emplaced at depth in the Earth
An underground igneous body, once cooled and solidified is called a pluton
	Classification of plutons
		Shape
			Tabular (sheet like)
			Massive (irregular)
Orientation with respect to the host (surrounding rocks) 
	Discordant – cuts across rock units
	Concordant – parallel to rock units
Types of intrusive igneous features
	Dike – a tabular, discordant pluton
	Sill - a tabular, concordant pluton (e.g. palisades sill in New York)
Laccoliths
	Similar t a sill
	Lens or mushroom shaped mass
	Arches overlying strata upward. 
Intrusive igneous texture
	Batholiths
		Largest intrusive body
		Surface exposure of 100+ km^2 (smaller bodies are termed stocks)
		Frequently from the cores of mountains










	











Geologic Time (Chronology) – lecture 7
1) Relative Dating – Compare 2 or more entities to determine which is older
2) Numerical dating – specifying the actual number of years (+/ - yrs) that have passed since an event occurred (also known as absolute age dating)

Principles of relative dating
Rules to compare rocks that are not near one another
1) Principle of unifromitarism 
“Present is key to past”
Some processes act through time, but possibly at different rates
More influential than catastrophes – hurricanes, floods and impacts
1) Law of uniformatarism 
For general cases: O.K. (rivers flow downhill, volcanoes erupt lava)
Specific cases:?
There has not always been river; volcanoes not always erupt same composition lava (e.g. ancient Earth spun more rapidly than does modern Earth (440 days; v 365 days), but still useful to determine how rocks are positioned
2) Law of superposition
Most sediments settle from water/wind
Young rock materials (sediments) is deposited on top of earlier, older deposits)
3) Law of horizontality
Layers of sediments (& lava) are generally deposited in a horizontal position
When/if tilted, how to identify upper or top surface?
4) Principle of cross-cutting relationships
Intrusive formation must be younger that rock it cuts across; also used for faults
Vertical correlation
1) Superposition
2) Horizontality
3) X-cutting relations 

Correlation of rock layers
Matching of rocks of similar ages in different regions is known as correlations
Often relies upon fossils
William Smith (1700s) noted that sedimentary strata in widely separated area could be identified and correlated by their distinctive fossil content
Lithostratigraphic- matching up continuous rock sequences
Chronostratigraphic – matching up rocks of the same age; usually done with fossils using biostratigraphy
 
 Correlation often relies upon fossils
	Fossils – remains of ancient organisms or other evidence of their existence that became preserved in rock
Only 1% of all species ever existed are preserved as fossils
Use superposition & horizontality to determine age of rock/ fossil with
Relative age of fossils
5) Principle of fossil succession 
Fossil organisms succeed one another in a definite determinable order and therefore anytime period can be recognized by its fossil content
Short-lived, widespread organisms – index fossils

1) Conformable sequences – layers of rock deposited without interruption
2) Unconformity – a gap or break in the rock record produced by erosion and/or non-deposition of rock units
	Implies tectonic movements (uplift)
a) Disconformities – strata on either side of the unconformity are parallel but ages differ
· How determine? Composition change and changes in the style
b) Angular unconformity
· Tilted/folded rocks are overlain by flat lying rocks
c) Non-conformity – metamorphic or igneous rocks in contact with sedimentary strata 


Absolute numerical dating 
Sometimes relative dating is enough but other times we need to know the age (in yrs) of a rock or geologic event
Common numerical dating relies on the rate of decay of radioactive isotopes within minerals

Using radioactivity in dating
	Reviewing basic atomic structure
· Nucleus
· Protons: particles (+) with mass
· Neutrons: Natural particles with mass
· Electrons: particles (-) that orbit the nucleus
Radioactivity: Spontaneous changes (decay) in the structure of atomic nuclei
Rutherford-Soddy law: Number of radioactive atoms decaying at any time “t” is proportional to the number “n” of atoms represent.
Produces isotope – new form of element; some # protons, different # neutrons thru emission or capture of subatomic particles

Types of decay
1) Alpha emission
· Alpha particle = 2 protons & 2 neutrons (i.e. He)
· Nucleus decays (expulsion of) alpha particles
· Mass number is reduced by 4
· Atomic number is lowered by 2 (U^238- U^234)
2) Beta Emission
· Beta particles = electrons
· Originate from break down of neutron in nucleus and increases number of protons
· Increases atomic number (K^40Ca^40)
3) Electron capture
· Nucleus steals electrons from atom’s own orbiting cloud
· Creates new neutron; decreases atomic number (Ca^40-K^40)
Parent- an unstable (decaying) radioactive isotope (U^238, K^40, Rb^87)
Daughter- the isotopes resulting from the decay of a parent (Pb^206, Ar^40, Sr^87)
Half-life- defined by the decay constant for each isotope- the time required for one-half of the radioactive nuclei in a sample to decay

6) Principle of radiogenic dating
· Percentage of radioactive atoms that decay during one half-life is always the same (50%)
· However, the actual number of atoms that decay continually decreases
· Do not know exactly when the individual (kernel, atom) will convert (pop, decay)
· Do know the probability that it will occur in the next time interval
Only two measurements
· 1) Parent: daughter (measured with mass spectrometer)
· 2) Decay constant (measured with scintillometer)
7) Principle of radioactive dating
· Rates of decay have been measured and do not vary through time
· Assume closed system (initial mineral has only parent mineral forms)
· Radiometric clock in minerals starts when daughter product begins to be trapped in mineral (usually controlled thermally)
Other chronometers
· Varve chronology (layered lake sediments)
· Dendrochronology (tree rings)
· Lichenometry (lichen diameters)
· Crater impact density (surface of planets)
· Surface exposure age dating
· Intergalactic cosmic-ray bombardment of Earth’s surface
· C14 dating (bones, wood, paper, cloth); carbon -14 is produced by cosmic ray bombardment of nitrogen-14 in the atmosphere; dating is useful for about 10 half-lives or only about 57000 years.
· C-14 occurs in organic remains rather than in minerals.
· Absorbed by all living organisms from the atmosphere or the food they eat
· Clock is ‘set’ when an organism dies
· Archean Eon (>2.5 Ga): Ancient
· primitive crust preserved some
· unicellular microorganisms
· •Proterozoic Eon (2.5 Ga-543 Ma):
· More evolved rocks, oxygenation of
· atmosphere & development of more
· advanced life forms
· •Phanerozoic Eon (543 Ma- ):
· Advanced life forms; modern tectonics
· •Paleozoic Era (543-251 Ma): From
· marine invertebrates to dinosaurs
· •Mesozoic Era (251-65 Ma):
· Dinosaurs flourish & become extinct;
· reptiles evolve
· •Cenozoic Era (65 Ma- ): mammals
· flourish

































Geologic Deformation – Lecture 8
· Geologic Structure: Dynamically produced patterns or arrangements of rock or sediment that result from tectonic forces within the Earth
· Produced as rocks change shape, location & orientation in response to applied stress
· Structural geology is the study of the shapes, arrangement and interrelationships of bedrock units and the forces that cause them
· “Forces”? That which change motion or orientation of a body
· Stress is a force per unit area
Three basic types of stress
1) Compressional- shortens
2) Tensional – elongates
3) Shear – parallel slippage
· Rocks subjected to stresses greater than their own strength begin to deform
· Continuing of folding/flowing or fracturing/rupture
· Some of the stresses are dependent on rates as well as weight; shear combines both compression and tension
Rocks can behave 3 ways
· 1) If deformed materials return to original shape after stress removal, they are behaving elastically like rubber band
However, once the stress exceeds the elastic limit of a rock it deforms permanently
2) Ductile deformation involves bending plastically
3) Brittle deformation involves fracturing/rupture
· If stress results in irreversible changes in shape on size of rock
· Strain is a change in size or shape in response to stress
· Stress is the applied force – strain is the deformation
Rocks behave as elastic, ductile, brittle depending on 
       Amount & rate stress
· Low strain rates promotes ductile deformation – window glass
       Types of rock
· Mechanically weak rocks tend to deformation through ductile processes - shale
Temperature and confining pressure
· High temperature promote ductile deformation
· High confining pressure promotes ductile deformation - migmatite

Ductile deformation (flow) & folding
Folds
· Wave-like undulations in rock layers
· Mm-km scale features
· Result from horizontal or lateral compressional forces
· Described by the orientation of axial/plane
Brittle deformation (rupture) & faulting
· Loss of cohesion of a body under the influence of deforming stress
· Usually occurs along sub-planar surfaces that separate zones of coherent material
· Joints are fractures or cracks in bedrock along which essentially no movement has occurred
· Multiple parallel sets are called joint sets
· Joint is simply a fault with no movement on it
· Faults are fractures in bedrock along which measurement has occurred
· Considered “active” if movement occurred within the last 15,000 years (ice age)
Relative motion of hanging and footwall block in respect with each other
1) Dip-slip faults have movement parallel to the dip (Angle from horizontal of the fault plane)
a) Reverse faults
· HW moves up with respect to the FW 
· Older stratiographic units are placed on top of young
· Results in duplication of stratigraphic units are thickening of crust (compressional forces)
b) Normal faults
· HW moves down with respect to the FW
· Younger stratigraphic units are placed on top of old
· Results in loss of units from stratigraphic
· Section & thinning of the crust (extensions)


Brittle deformation (rupture and faulting)
2) Strike-slip/transform fault
· Dominant displacement is horizontal; HW and FW slide past each other in horizontal plane
· Produced in shear setting
· Stratigraphic order is uninterrupted 
Types of strike-slip faults
Right – lateral
Left  - lateral
What is an Earthquake?
· Produced by the movement of rock bodies past each other--- the stress has to exceed the strength of the rocks in brittle manner (cohesion is lost)
· The loci of the Earthquake movement are faults
· I.e. brittle deformation zones
· Faults come at all scales mm to separation of lithosphere plates (e.g. San Andreas) – Earthquakes can come at all scales as well
Faults and elastic rebound
Fault creep (slow migration of crust along fault plane; weak vibrations)
· Rocks bend and store elastic energy (build-up-of strain)
· Frictional resistance holding the rocks together is overcome= Earthquake
Release of strain (slippage)
· Elastic rebound of rock (as rock tries to return to original shape)
What is an Earthquake? Vibration of Earth produced by the rapid release of energy stored in rock subjected to stress
· Energy released radiates in all direction from its source the focus or hypocenter
· Location on the surface directly above the focus=epicenter
· Energy is in the form of waves measured as magnitude; felt/observed as intensity
Seismology- study of Earthquake waves
· Instrument that record seismic waves called seismographs/seismometer
· >1 type of seismograph is needed to record both vertical and horizontal ground motion
· Records of seismic waves from seismographs=seismograms
· Rely on inertia of suspended weight to record motion.
Types of seismic waves
· Body waves 
1) P waves (compressional) 6-8 km/s. Parallel to direction of movement (slinky); also called primary waves, similar to sound waves
2) S waves (shear) 4-5km/s. Perpendicular to direction of movement (rope) also called secondary waves. Results from the shear strength of materials and they don’t pass through liquids.
3) Surface waves: results in horizontal & vertical-orbital motions with long period and great amplitude; travels along outer part of the Earth
	a) Love (L) waves: Side-to-side
	b) Raleigh ® waves- like an ocean wave, most destructive
Epicenter is located using the difference in velocities of P and S waves
Locating the epicenter of an Earthquake
· A circle with a radius equal to distance to the epicenter is drawn around each station
· The point where all the three circles intersect is Earthquake epicenter
Locating the source of Earthquakes
· Earthquake belts: 95% of energy released by Earthquakes originate in a relatively narrow zones
· Major Earthquake zones include the circumpacific belt, Alpine-Himalaya chain and the oceanic ridge system
Two measurements that describe the size of an Earthquake are
1) Intensity – measure of the degree of Earthquake shaking at a given locale based on the amount of damage
2) Magnitude – estimates the amount of energy released at the source of the earthquake
Magnitude scales
1) Richter scales- based on the amplitude of the largest seismic wave recorded 100km from epicenter
· Accounts for the decrease in wave amplitude with increased distance
· Magnitudes <2.0 are not ‘felt’
· 1 unit of Richter magnitude increase = 10x increase in wave amplitude (shaking) & 33x energy increases
2) Moment-magnitude scale
· Gauges quakes total energy
· Total length of fault rupture
· Depth of fault rupture
· Total amount of slip along rupture
· Strength of rock stress=strain = moment
Earthquake destruction- amount of damage attributable to Earthquakes
· Intensity and duration of the vibrations
· Nature of the material upon which structure sets
· Design of the structure

Destruction from earthquakes
· Ground measurement and fine (building collapse)
· Floods (dam break & causes of rivers damage)
· Liquefaction: Unconsolidated materials saturated with water converts into a mobile fluid, no water added
· Seiches: The rhythmic sloshing of water in lakes reservoirs and enclosed basins (10 m hi)
· Waves can weaken reservoir walls and cause destruction
Earthquake predictions
· Rocks under stress begin to dilate (expand in volume) and produces physical changes in the crust
Short-term predictions (unreliable)
· Swarms of micro-foreshocks
· Tilt/bulge in crust
· Changes in wave velocity
· Changes in gas and ground level and chemistry
· Strain monitors
Long-term predictions
· Seismic gaps- locked segments of a fault which have been “quiet”, use of time 
· Series analysis
· Strain monitors and ground deformation 













Plate Tectonics – Lecture 9
· Early though on Earth evolution:
· Early Earth was hot and cooling through time
· Geologists thought cooling: shrinking and mountains were result of contractions
· Other geologic phenomena were random catastrophes
· 1915 Alfred Wagner proposed theory: Continental drift
· Suggested 200 m.y ago there existed single supercontinent: Pangea
· And single large ocean: panthalassa
1) Fit of continents
· Puzzle piece fit of coastlines of Africa and South America have long been known
· Pangea later separated into
· Laurasia: Northern continent containing North America and Asia minus India
· Gondwanaland: Southern continent containing South America, Africa, India, Antarctica and Australia
2) Fossil evidence
· Mesozoic fossil Mesosaurus (crocodile) found on S.America and S.Africa
· Paleozoic fossil glossopteris (sub polar fern) found on Africa, Australia, India and South America (modern subtropics) 
· Other ways to explain: rifting, land bridge and island stepping stones
3) Rock types and structure
· Correlation of strata and mountains across Atlantic
· Appalachians (North America) and caledanides (British isles and Scandinavia)
4) Paleoclimatic Evidence
· Synchronous glaciations in Southern Hemisphere (Gondwanaland) and tropical conditions (coal: paleoswamps) present in North America and Eurasia (laurasia)
· Reconstructed paleoclimates belts indicated polar wandering, potential evidence for continental drift over time
Hypothesis rejected
· Could not provide mechanism as driving force
· Centrifugal force from Earth’s rotation and the moon’s tidal pull are insufficient to plow continents through the sea floor
· Continents drift through ocean crust like ship breaking through ice
Took 50 years for theory to be accepted:
· 1937 Arthur holmes proposed convection in the mantle as driving force
· Other lines of supporting evidence for plate tectonics include:
· Studies of rock magnetism
· Paleomagnetism uses mineral magnetic alignment direction and dip angle to determine the direction and distance to the magnetic pole (close to geographic poles)
· Polar wandering curves for North America and Europe have similar paths, but are separated by about 24 degrees of longitude
· Differences between the paths can be reconciled if the continents are placed next to one another.
3) Magnetic stripes
· Marine magnetic anomalies are bands of normal and reversed magnetic field signatures
· Parallel mid-oceanic ridges
· Symmetries “bar-code” anomaly pattern reflects plate motion away from ridge coupled with magnetic field reversals
1962 Harry Hess proposed seafloor spreading
· Seafloor moves away from the mid-oceanic ridge due to mantle convection
· Convection is circulation driven by rising hot material and/or sinking cooler material
· Hot mantle rock rises under mid-oceanic ridge
· Seafloor rocks and mantle rocks beneath them cool and become more dense with distance from mid-oceanic ridge


























Lecture 09- Mineral Resources
· Evidence of flint, chert and obsidian for tools more than 160,000 years ago
· Metals were first use more than 20,000 year ago
· 6,000 years ago, copper was first extracted by smelting of sulphide ores
· 5,000 years ago smelting of lead, zinc, tin, silver and other metals began
4,000 years ago the technique of mixing metals to make alloys was developed
· Bronze composed of copper and tin
· Pewter composed of tin, lead and copper
3,000 years ago the smelting of iron ore was introduced
· At about the same-time the first use of coal instead of wood are introduced by the Chinese
Useful metals
· Most useful metals in the crust are geochemically scarce
· They are present at concentrations of <0.1 wt% 
· Most occur as atomic substitutions in more abundant rock forming minerals
Ore minerals
· Most ore minerals of the scarce metals are found as sulphides (e.g. Zns, PbS, CaFeS2)
· A few such as the ore minerals of tin and tungsten are oxides
· Ore minerals rarely occur alone
· They are mixed with other non-valuable minerals
· Collectively termed “gauge” (e.g. quartz, calcite, feldspar, mica)
Origin of mineral deposits
Minerals become concentrated in 5 ways
1) Concentration by hot, aqueous solutions, flowing through fractures and pore spaces in rock to form hydrothermal mineral deposits
2) Concentration by magmatic process within a body of igneous rock to form magmatic mineral deposits
3) Concentration by precipitation from modified sea water to form sedimentary mineral deposits
4) Concentration by flowing surface water in streams or along the shore to form placers
5) Concentration by weathering processes to form residual or supergene mineral deposits
A simple set of rules
· Source: Rocks or magma enriched in metals that can be supplied to the ore-forming system 
· (1) Layered mafic intrusions, (2) volcanic eruption, (3) erosion of a source
· Transport: melt or fluid that can carry metals from a source to a site of deposition
· Fractional crystallization, geothermal fluids, alluvial transport
· Trap: physical or chemical process that can concentrate the metals in to an ore deposit.
· Sulphide settling, hydrothermal precipitation, gravity concentration
Where are mineral deposits found?
· Some deposits are found in a variety of plate tectonic settings depending on where these processes operate
· Metallic mineral deposits
· Some of the most important accumulations of metals are associated with magma that forms igneous rock
· Different metals are naturally enriched in different types of magma (e.g. Cu and Au in felsic magma, Ni in mafic magmas), and they are further concentrated during cooling and crystallization of the magma
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