Instructor’s Manual to Accompany Abbott/Natural Disasters, 6/e


Chapter 1 Natural Disasters and the Human Population
Overview

Natural disasters occur worldwide, causing tens, even hundreds, of thousands of deaths, and tens of billions of dollars of damage per year. Such events include earthquakes, volcanic eruptions, tsunami, floods, landslides, wildfires, hurricanes, and tornadoes. While fatalities tend to be greatest in densely populated areas, financial and insurance losses from natural disasters are greatest in wealthy countries with more infrastructure to be damaged and where insurance coverage is greater. Knowledge of the size and frequency (or the inverse, return period) of past events helps in assessing the likelihood of future disasters and is essential in the development of mitigation strategies to minimize death and damage. Another part of the puzzle is accurate analysis of both benefits and costs of possible mitigation strategies.

The number of human beings on Earth has increased astronomically over time. The growth can be described as exponential growth, wherein the rate of population increase at any time depends on the population at that time. This produces ever more rapidly increasing numbers of people. A rule of thumb is that the time to double the population is roughly 70/growth rate (percent/year). Since the present-day growth rate is about 1.2%/year, this rule predicts that Earth’s population should double in 58 years. The consequences of population increase include famine and increases in crime, pollution, disease, and overcrowding. Examples from history, such as the events on Easter Island, tell us that we have already reached the carrying capacity in some smaller regions and lead us to consider what the carrying capacity of the Earth is, in total, for humans.

Moreover, the growth rate itself has increased, from perhaps 0.0015%/year 10,000 years ago to its present rate of 1.2%/year. This is most likely due to increases in technology that have allowed people over the centuries to progressively improve their housing, improve food and water supplies, fight disease, and survive childbirth. An increasing growth rate produces super-exponential population growth (population increases even faster than exponentially). 

Today, the growth rate has decreased or is remaining constant in most developed countries, but it continues to rise in underdeveloped regions. This contrast might lead to optimism that underdeveloped countries, if we can increase their standard of living, might be able to reduce their population growth rates and achieve a stable population by reducing birth rates along with death rates. However, one must also consider the demographics. If a greater part of the population is young (of child-bearing age or younger), it is probable that population will increase rapidly even if birth rates are low.

Learning Objectives

1. Know the common types of natural disasters.

2. Understand the concepts of magnitude, frequency, and return period.

3. Understand the concepts of exponential growth and carrying capacity.

4. Be able to explain the factors that have led to increased growth rates over the millennia since human beings first evolved.

Changes to the 6th Edition

1. Line art and photos are now in color. 
2. Several new figures and photos added; some old ones deleted. 
3. Tables updated through 2005.
4. New sections on Great natural disasters; Pakistan earthquake; Demographic divide.
Critical Thinking Questions

1. What natural disasters are your hometown prone to? Research and discuss your town’s history of disasters over the last 100 years.

2. Discuss why there have been rapid and very large increases in economic and insurance losses from natural disasters over the last 50 years. 

3. There is an old story about a man who did a favor for a king, thereby saving the kingdom and preserving the king’s reign. When the king asked what the man wanted for a reward, the man replied that he would like as many gold pieces as could cover a chess board, in the following scheme: one piece of gold would be placed on the first square, and for each successive square the gold pieces should be doubled: two on the second square, four on the third, etc. The king laughed loud and long at this response, thinking that he was paying off his debt to the man very cheaply. After all, how many gold pieces could it possibly take to cover a chessboard?

a) Answer the king’s question: how many gold pieces would he need to pay? Did he get off cheaply?

b) What is the doubling “interval” (expressed in chessboard squares) of the gold? Discuss how this story relates to the concept of exponential growth discussed in Chapter 1.

4. Consider population distribution, i.e., the relative numbers of people of different ages in a population. For a population of a given size, what distribution would produce the lowest growth rate? What distribution would produce the highest growth rate? Is there a distribution that could maintain a stable population? Discuss. 

Chapter 2 Energy Flows in Earth History and Natural Disasters

Overview

The most basic divisions of the Earth are crust, mantle, and core. The core is the innermost and densest region, composed mainly of iron with a solid inner part and a liquid outer part. Circulation in the outer core creates the Earth’s magnetic field. The rocky mantle, extending from close to the Earth’s surface to roughly half the Earth’s radius, is the second densest region. The shallowest and least dense part of the solid Earth is the rocky crust. 

With the exception of the uppermost part, the mantle is hot enough that it flows in a ductile manner even though it is mostly solid. This ductile region is called the asthenosphere. The lithosphere floats buoyantly on top of the asthenosphere like icebergs float in seawater. Loads, such as those due to ice sheets or mountain belts, change the pressure in the underlying asthenosphere and cause it to flow; the crust is thus made to move up or down. This process of buoyancy-driven vertical motion of the surface of the Earth is known as isostasy.

The concept of Uniformitarianism, first discussed by James Hutton, suggests that the gradual processes we observe today, operating over immense time spans, are responsible for the major changes and events we see in the geological record. Thus the present is the key to the past.

Natural disasters necessarily involve the concentration and release of energy. Sources of energy include impacts of extraterrestrial objects, gravity, the Earth’s internal heat generated from radioactive decay, and the Sun. 
Energy and mass are transferred from place to place within the Earth, oceans, and atmosphere, driving the rock and hydrologic cycles and changing the surface of the Earth. In the rock cycle, rocks are eroded to sediments, perhaps buried and cemented to form sedimentary rocks or heated and deformed to make metamorphic rocks, or melted to magma, which later crystallizes as igneous rock. Any of these might subsequently be exposed anew to the Earth’s surface to be eroded. Water evaporates, falls back to the Earth as rain or snow, flows over land or underground to rivers, lakes, and oceans, where it may be evaporated again and undergo another round through the rock cycle. The release of energy from the Earth’s interior drives the creation of topography. Competing with this is the destruction of topography caused by the motion of water and wind across the Earth’s surface. 
Learning Objectives

1. Know the basic divisions of the Earth (crust, mantle, core; lithosphere, asthenosphere).
2. Be able to explain the difference between brittle, ductile, and elastic deformation. Suggest places in the Earth (e.g., surface, at depth) where each style of deformation is likely to be dominant.

3. Understand how the principle of Uniformitarianism provides a means for understanding the geological past through observing present-day processes.

4. Understand energy concepts: where does the energy for natural disasters come from?

5. Understand how water and rock move through the hydrologic and rock cycles, respectively.

Changes to the 6th Edition

1. Expanded discussion of elastic, ductile, brittle deformation styles; new discussion regarding hotter regions of Earth (e.g., asthenosphere), which can flow as fluids even though they are not molten. 
2. New sections with color line-art figures on incoming solar radiation and outgoing terrestrial radiation.

3.  All energy-based discussions are unified in this chapter.

4.
Section on energy with color photos has been reorganized, with internal sources of energy first (impacts, gravity, tides, radioactive decay) followed by external energy sources (solar).

5.  Rock and water cycles are discussed in the context of energy flow and exchange. 
6. New table on albedos.

Critical Thinking Questions

1. There are three different styles of rock deformation: brittle, ductile, and elastic. Can you identify various common objects (e.g., foods) that show these styles of deformation?

2. Describe and discuss a plausible history of a rock as it passes through the rock cycle. Be sure to discuss how and when it interacts with the water cycle. At various stages in its history the rock might participate in various natural disasters; identify the type of disaster and how the rock takes part.

Chapter 3 Earthquakes and Plate Tectonics
Overview

The outermost region of the Earth (crust plus uppermost mantle) is cold and strong, and is organized into a number of thin but very wide lithospheric plates. According to the theory of plate tectonics, the relative motions of these plates are responsible for most earthquakes, volcanic eruptions, and mountain-building on Earth. A new plate is formed by up-welling and solidification of magma at divergent plate boundaries, and old plates are recycled into the mantle at subduction zones, one type of convergent plate boundary. Evidence for plate tectonics includes the shape of continental outlines, fossil correlations, sea-floor magnetization, earthquake locations, locations of mid-ocean ridges and trenches, deep earthquakes defining subduction zones, the distribution of sea-floor of different age, hot-spot tracks, thickness of marine sediments, and the distribution of ocean water depth.

Earthquakes occur at plate boundaries. At spreading centers (divergent plate boundaries), the high temperatures near the Earth’s surface preclude the occurrence of very powerful or deep earthquakes, though numerous moderate and shallow earthquakes occur. In contrast, the deepest earthquakes and the most powerful earthquakes occur at convergent boundaries (subduction zones and continent-continent collision zones). Large earthquakes can also occur at transform plate boundaries.

Learning Objectives

1. Understand the concepts of plate tectonics (nature of plates, how they move, evidence supporting plate tectonics). Know that earthquakes mostly occur at plate boundaries where plates move past, toward, or away from each other.

Changes to the 6th Edition

1. Discussion of 21st century earthquakes in Indonesia, Pakistan, India, and Iran. 

2. Expanded discussion of Earth’s magnetic field.

3. New color line art explaining plate tectonics.

4. Several new color figures added; some old ones deleted.

Critical Thinking Questions

1. The lithospheric plates move around the surface of the Earth, but the surface area of the Earth has not changed over geological time. If a new spreading center (divergent plate boundary) were to develop, what other plate changes might also occur at the same time?

2. Figure 3.14 shows the evolution of the continents with time. Using these to extrapolate, what do you think the continental configuration will look like 50 million years in the future?

3. Ancient mythological and religious tales often ascribe catastrophic events to the anger of God or the gods. Do you think any of these catastrophes might actually be natural events? Which ones?

Chapter 4 Basic Principles of Earthquake Geology and Seismology
Overview

Faults are fractures across which there has been relative motion. Faults can be dip-slip (reverse or normal) or strike-slip (left-lateral or right-lateral). Earthquakes occur when motion suddenly occurs across a fault; the energy of motion is released as waves which travel away from the fault and are felt at the Earth’s surface as earthquakes. 
Seismic waves are described by their frequency, period, and amplitude. Short-period (high-frequency waves) body waves are of two types, P and S. P waves travel fastest and the motion of the material through which they pass is in or opposite to the direction of wave propagation. S waves travel somewhat slower, and the motion of the material through which they pass is perpendicular to the wave propagation direction. Longer-period (lower-frequency) surface waves, called Love or Rayleigh waves, travel near the Earth’s surface. 
Earthquake epicenters can be determined if the distance from the earthquake to at least 3 seismic stations can be determined. This distance is determined from the difference in time of arrival of P and S waves; the larger the distance, the greater the time difference.

There are several ways of describing the size of earthquakes. The logarithmic and open-ended Richter magnitude (also called local magnitude) scale uses the amplitude of short-period body waves; for every 10-fold difference in amplitude the Richter magnitude changes by 1, once a correction for distance is made. Other magnitude scales include the body wave and surface wave magnitudes. The Richter scale is not effective for distant or very large earthquakes; instead, seismic moment or moment magnitude is used. The effects of earthquakes on people and buildings are quantified by the 12-level Mercalli intensity scale.

Learning Objectives

1. Know the different types of faults--strike-slip (both right- and left-lateral) and dip-slip (both reverse and normal)--and their motions.

2. Be able to define period, frequency, and amplitude of waveforms.

3. Know the basic types of body and surface waves and their relative frequencies and velocities.

4. Know how to use P and S travel times to determine distance of a seismic station from an earthquake.

5. Know how earthquake epicenters are determined.

6. Know how Richter magnitude is determined, why its use is restricted now, and what other magnitude scales are preferred instead. 
7. Know how Mercalli intensity is determined and why it is still used, despite the existence of several magnitude scales.

Changes to the 6th Edition

1. Tsunami discussion has been expanded and incorporated into a new Chapter 5 called Tsunami. 

2. Several new color pieces of line art and new color photos.
3. New expanded text section on Building in Earthquake Country, with new photos and new line art, replaces old sidebar.

Critical Thinking Questions

1. Assume that a fault has stored up enough energy to cause one magnitude 7 earthquake. How many smaller earthquakes, say magnitude 3, would it take to release all this energy? Given your answer, discuss the feasibility of preventing large and potentially devastating earthquakes by dissipating the energy in smaller earthquakes.

2. Chapter 3 discussed waves in the context of earthquakes and music. Identify other wave phenomena with which you are familiar, and describe the wavelength and frequency ranges characteristic of these phenomena.

3. Discuss the similarities and differences you would observe at the Earth’s surface from a magnitude 7.5 earthquake at 10 km depth versus the same earthquake at 100 km depth. Be sure to mention amplitude and frequency of seismic waves’ effect on buildings of different size. Would the Mercalli intensity differ for these two earthquakes?

Chapter 5 Tsunami

Overview
Tsunami are powerful, long-period waves generated when sudden impulses of energy are put into a water body by fault movements of the sea floor, by volcanic eruption or collapse, by sub-sea mass movements, and by asteroid or comet impact. Tsunami are distinct from wind-blown waves and from tidal waves. The common usage in the media of the term tidal wave as a synonym for tsunami is deplorable. Tidal waves draw their energy from gravitational attraction; tsunami do not.

Tsunami can travel almost 500 mph and can have periods up to one hour. Tsunami have such long wavelengths that they drag across even the deepest ocean floor. As tsunami enter shallower water their velocities slow but they build higher. The term “tsunami” means harbor wave, referring to the greater heights the waves can reach in enclosed areas. Although their height is feared by the public, it is their long periods that cause most of the problems. Tsunami come ashore with powerful momentum and velocities in the tens of mph, and then can run inland as long as 30 minutes. Tsunami are better visualized as the leading edge of an extensive water mass unlike the familiar solitary wind-blown waves of our daily experience.

Seiches are oscillating waves that slosh back and forth within an enclosed body of water such as a lake, bay, or swimming pool. They are caused by strong winds, ground movements, or seismic waves.

Learning Objectives

1. Know and be able to explain the differences between tsunami, seiches, tidal waves, and wind-blown waves.

2. Understand the velocities and periods of tsunami.

3. Understand the danger that tsunami momentum brings across the shore and well inland.

Changes to the 6th Edition
1. Tsunami are now treated as a stand-alone chapter. The core of this chapter is drawn from 5th edition Chapter 4, augmented by text, line art, and photos from 5th edition Chapters 1, 5, 6, and 9.

2. There are several new pieces of line art (in color), many new photos, and new tables.

3. All 5th edition topics have been expanded.

4. Lessons are taught through usage of 10 new case histories.

5. A section entitled Tsunami and You explains step by step how to recognize that a tsunami may be coming and what actions to take, as explained in a prioritized list.

Critical Thinking Questions
1. Explain the difference between tsunami, seiche, tidal wave, and wind-blown wave.

2. How could you tell that a tsunami might be on its way?

3. When a tsunami is seen, what should you do?
Chapter 6 Earthquakes in Western North America

Overview
Western North America is subject to earthquakes due to 1) the subduction of the Pacific plate under Alaska, 2) the subduction of the Juan de Fuca plate under Oregon, Washington, and southern British Columbia, 3) subduction of the Cocos plate under Mexico, 4) the strike-slip motion of the Pacific plate relative to North America in California and northern British Columbia, and 5) divergence of Pacific and North American plates in the Salton Trough and the Gulf of California.

The largest earthquakes tend to be those related to subduction. One example is the 9.2 magnitude Good Friday earthquake of 1964, which caused great destruction even in a sparsely populated region, due to shaking, earthquake-induced landslides, and tsunami. The 1980 Mexico City earthquake provides a lesson about resonance of seismic waves: it occurred 350 km from Mexico City, yet caused immense destruction as seismic waves were amplified in the soft sediments under the city and in improperly designed buildings. The Pacific Northwest has experienced at least one M9 earthquake (in the year 1700) and is believed to be capable of another, a significant hazard for Seattle, Victoria, and other cities in the region.

The San Andreas and related faults in California constitute the transform plate boundary between the Pacific and North American plates. Different segments of these faults behave in different ways. Some segments creep almost continuously, causing frequent small earthquakes; other segments lock, accumulating high stress levels that are relieved in major earthquakes. Major earthquakes include the 1906 San Francisco earthquake and the 1989 Loma Prieta (World Series) earthquake. Restraining bends in these strike-slip faults provide zones where thrust faulting can occur, such as in the Northridge earthquake of 1994.

The elastic rebound theory of earthquake generation was developed after the 1906 San Francisco earthquake. Though largely accepted as an excellent first-order approximation, recent studies of the Landers earthquakes of 1994, the Hector Mines earthquake of 1999, and other earthquakes have provided a more detailed view.

Paleoseismology is the study of ancient earthquakes, through dating and analysis of sediments disrupted by faulting. Such information can be used to estimate recurrence intervals for major earthquakes.

Learning Objectives
1. Know the configuration of plates and be able to make predictions of the most likely type of faulting to occur in various areas of western North America.

2. Know what lessons have been learned from some of the large earthquakes that have occurred in western North America (e.g., the importance of building design and materials and ground type, learned from the Loma Prieta and Mexico City earthquakes). 

3. Be familiar with the elastic-rebound theory and modern understanding of the earthquake process.

Changes to the 6th Edition

1. Several new photos and pieces of line art, all in color.

2. Expanded discussion of the 1906 San Francisco earthquake reflecting new knowledge gained during centennial investigations.

3. Expanded discussion of short-term earthquake prediction including the failure of the well-financed Parkfield, California study.

4. Added discussion of amplification of seismic waves, and Shake Maps.

Critical Thinking Questions

1. You are an urban planner for the city of Seattle. What information would you need in order to plan for safe future growth of the city? What criteria would you use to decide whether development should be encouraged or restricted in a particular area of the city?

2. Which would be the better of the following two bad scenarios for Los Angeles: a magnitude 6 earthquake on the Newport-Inglewood fault running through the heart of downtown Los Angeles, or the “Big One,” a magnitude 8 earthquake rupturing all of the southern San Andreas, but occurring more than 50 km from the city center? Why?

3. If you had to evaluate a novel method for short-term earthquake prediction, what criteria would you use? In other words, how well or poorly should the method perform before you judge it a reliable method or a failed method?

Chapter 7 More Lessons from U.S. and Canadian Earthquakes

Overview

Earthquakes occur in a number of regions in North America. Most occur in the tectonically active western regions and Hawaii, but the tectonically inactive central and eastern areas are not immune.

In the Pacific Northwest of the United States and southwestern Canada, earthquakes occur on or near the subducting Juan de Fuca plate and on shallow faults accommodating compression of the continental margin. Several significant earthquakes have shaken the Seattle area and there is significant concern about major earthquakes that will occur in the future.

Seismically active areas in the interior of the western United States include the Western Great Basin Seismic Trend and the Intermountain Seismic Belt. These zones bound, on the west and east respectively, the actively stretching Basin and Range Province. Earthquakes in this region are dominantly extensional. Cities in Utah are particularly at risk for major earthquakes on the Wasatch fault system.

The New Madrid Seismic Zone in the central United States produced several M7+ earthquakes in 1811-12. These earthquakes may be related to a 550-million-year-old rift zone which for unknown reasons is still active today, albeit at a low rate.

Major earthquakes in the east are rare but not unknown (e.g., Cape Ann, MA, earthquake of 1755; Charleston, SC, earthquake of 1886; earthquakes in the St. Lawrence Valley, Canada). The cold crust in the east transmits seismic energy more efficiently than the warm crust in the west of the continent, so wider areas of the east may be at risk even though the frequency of major earthquakes is much lower than in the west.

Hawaiian earthquakes are related to magma motion and accommodation of the crust to volume changes associated with magma ascent.

Humans, as well as tectonics, can cause earthquakes, though the quakes tend to be relatively small. Mechanisms shown to induce earthquakes include injection of fluids into the subsurface, impoundment of reservoirs behind dams, and powerful bomb blasts.

Learning Objectives

1. Summarize the regions in North America where major earthquakes have occurred or are likely to occur.

2. For these regions, provide a plausible explanation of the cause(s) of the seismicity.

3. For each region, give at least one example of a significant earthquake.

Changes to the 6th Edition

1. Expanded discussion of non-plate tectonic earthquakes in the U.S. and Canada.

2. Several new tables plus new line art and photos.

3. Seiches moved to Chapter 5 with tsunami.

Critical Thinking Questions

1. How might you test the hypothesis that earthquakes on the East Coast are related to crustal weaknesses aligned with oceanic fracture zones? What data would you need to perform such a test?

2. How might earthquake activity be related to the rate of crustal extension in the Basin and Range? The rate of extension has varied since the Basin and Range first began extending tens of millions of years ago. How might the magnitude or frequency of earthquakes have varied to reflect such changes in rate?

3. The Connecticut River and the Hudson River flow from north to south, and their river valleys are remarkably linear. These rivers follow ancient rifts, comparable, perhaps, to the present-day Rio Grande Rift. Could the Connecticut or Hudson River areas be potentially seismically active? What information would you want to know to assess seismic potential?

Chapter 8 Volcanic Eruptions: Plate Tectonics and Magmas

Overview

Magma viscosity, volatile content, and volume (the 3 V’s) determine the style of an eruption and the resulting volcanic products and landforms. High viscosity and high concentration of volatiles create explosive eruptions; the greater the volume of magma involved, the greater the likelihood of extensive destruction and loss of life. Viscosity, which describes the ability of magma to flow, depends on silica content, crystal content, and temperature. Dissolved volatiles provide the explosive force for an eruption. When volatiles come out of solution they form bubbles with a huge volume increase. If the magma is too viscous for the bubbles to escape easily, they will escape explosively, blowing the magma apart and creating a violent eruption.

The plate tectonic setting influences the composition, temperature, and gas content of magmas and thereby controls the eruptive style of volcanoes and the landforms that result from eruptions. Volcanic activity is generally absent at transform plate boundaries. Eruptions at spreading centers produce most of the Earth’s volcanic products. The decompression melting of mantle rock produces high temperature, low viscosity, low silica magma with relatively low volatile content, and therefore spreading center volcanism is generally nonexplosive. At subduction zones, the dehydration of subducted slabs releases water to the mantle. Addition of water to mantle rock causes partial melting to make volatile-rich magma. Mixing of such magma with crustal rock produces a range of magma composition, but is generally between andesitic and rhyolitic. Because the magma has a relatively high volatile content and high viscosity, eruptions at subduction zones tend to be violent. Volcanoes also occur above hot spots, where hot mantle material rises through the mantle and impinges on the base of the lithosphere. Examples include Hawaii and Yellowstone. 

A variety of volcanic landforms exist. Repeated low-viscosity lava flows create gently sloping shield volcanoes, while composite volcanoes (stratovolcanoes) are created by high viscosity magmas erupted peacefully as lava flows or explosively as pyroclastic materials. In order of increasing explosivity, eruptions may be described as Icelandic (Hawaiian), Strombolian, Volcanian, Plinian, or caldera-forming. The volcanic explosivity index (VEI) is a semi-quantitative scale that provides a relative measure of eruption size.

Learning Objectives

1. Know how the process of decompression melting produces magma.

2. Understand the factors controlling magma viscosity and magma volatiles, and know how these factors are determined by the plate tectonic environment.

3. Know how the characteristics of eruptions depend on the three Vs (viscosity, volatiles, and volume).

4. Understand the similarities and differences between volcanic eruptions and geyser eruptions.

5. Understand how the volcanic explosivity index (VEI) is determined for an eruption.

6. Know the descriptive terms for eruptive style.

Changes to the 6th Edition

1. All line-art pieces are improved.

2. Expanded discussion of the role water in magma plays in the explosivity of eruptions.

3. Photos are in color: 18 new ones, 9 old ones deleted.

Critical Thinking Questions

1. Analyze the plate tectonic environment and thereby make predictions for magma composition and volcanic landforms that would be found at the following locations. Be sure to justify your predictions.

a. Seattle, WA

b. Reykjavik, Iceland

c. Catania, Italy (below Mt. Etna)

2. Rank in order of increasing explosivity, and explain your reasoning.

a. Basaltic magma with moderate amount of dissolved gases.

b. Rhyolitic magma with no dissolved gases.

c. Andesitic magma with high dissolved gas content.

Chapter 9 Volcano Case Histories: Killer Events

Overview

This chapter follows from the previous chapter, providing more extensive description of volcanism at spreading centers and subduction zones, providing explanations and illustrations of specific volcanic hazards, and finally, briefly analyzing examples of failure and success in eruption prediction.

Because magma is generally low-viscosity, Icelandic and Hawaiian eruptions tend to be peaceful, with lava extruding from fissures and flowing broadly away. In Iceland, an eruption which melts large amounts of water stored in snow and ice can produce a jokulhlaup, a short-lived but intense flood of meltwater.

At subduction zones, eruptions are often explosive, with significant effects on people, both near the volcano, and in some cases, worldwide. Associated hazards can include pyroclastic flows and falls, lava flows, lahars and floods, landslides and avalanches, ash fall, emission of poisonous or suffocating gases, tsunami, climate change, famine, lightning, and earthquakes.

Prediction of volcanic eruptions has had mixed success. At the resort town of Mammoth, CA, the issuing of a low-level alert caused the housing market to collapse and met with widespread recrimination when no eruption ensued. On the other hand, warnings and evacuations before the eruption of Mt. Pinatubo (Philippines) saved thousands of lives and hundreds of millions of dollars in potential property loss.

Learning Objectives

1. Know the potential hazards from a volcanic eruption (phenomena that can cause property damage or loss of life). Be able to provide specific examples/occurrences of these phenomena.

2. Appreciate the difficulties of prediction of volcanic eruptions: the potential public backlash if erroneous predictions are made and the potential loss of life or property if predictions are not made and an eruption does ensue.

Changes to the 6th Edition

1. Increased coverage of eruption prediction via USGS Volcano Observatories, and new Table on Volcanic Alert Levels.
Several new color photos. 

2. Critical Thinking Question
Moderate eruptions of the volcano Popocatepetl threaten nearby small villages, and a major eruption could affect Mexico City. If you were responsible for monitoring the volcano in order to predict its eruptions, what sorts of monitoring instruments would you want to install and what data would you want to collect? What aspects of the data you collect might signal to you that the volcano is preparing an eruption, and how might you predict the size of the eruption?

Chapter 10 Mass Movements

Overview

Gravity drives downslope motion of soil, rock, snow, and ice. Such movement is resisted by inertia, geometric factors such as low slope, and the inherent strength of soil or rock. Mass movements can be slow (e.g., creep) or catastrophically fast.

A variety of factors contribute to slope instability, including favorably oriented bedding, the presence of old slip surfaces or weak layers, and the presence of weathered or disintegrated materials.

Mass movements can be triggered by a variety of changes. Human activity can result in steepening or adding mass to a slope, or removing material from the base of a slope, all of which decrease slope stability. Slope materials can be weakened through addition of water to fill pore spaces and decrease cohesion. Extra water also increases the weight of slope materials. Weathering can decrease the strength of soils and rock.

Mass movements can be classified into falls, flows, slides, and subsidence. Mass movement is not restricted to sub-aerial surfaces; rather, there have been many undersea or underwater mass movements. Some of the latter have triggered tsunami.
Learning Objectives

1. Understand the factors that increase the instability of slopes and that can trigger mass movements. 

2. Know how mass movements are classified into flows, falls, slides, and subsidence, and be able to cite examples of each type of mass movement.
Changes to the 6th Edition

1. Added 13 color photos; deleted some old black and white ones. 

2. New section on mitigation with new figures.

3. Six new pieces of line art; three old pieces deleted. 

4. Increased discussion in text on: Friction; Water in its external roles; Water table; Jointing; Slumps.

5. Expanded discussion of snow avalanches as loose powder and slabs. 

Critical Thinking Questions

1. A variety of strategies have been attempted to prevent or mitigate mass movements. For each of the following, research the method and describe how it works, discuss the type(s) of mass movement it is designed to prevent, and critically analyze the advantages and disadvantages of the method. [photos included below are for illustration only and no permission has been requested]

a. The Beartooth Highway, Montana/Wyoming (US Highway 212) is a spectacularly scenic highway serving as the northeast entrance to Yellowstone National Park. It is among the highest elevation highways in the country. Concerns about mass movements led engineers to completely cover large exposed areas above the road with a concrete layer or with chicken wire. 

b. Terracing has been used for millennia to create farmland on steep slopes.

c. The Old Man of the Mountain is a symbol of New Hampshire; his silhouette spectacularly overlies cliffs on Cannon Mountain in the middle of the state. He would have fallen years ago onto the talus slope (pile of rocks at the base of the cliffs) had engineers not installed compression bolts.

d. On some slopes, engineers drill horizontal holes and insert perforated pipes to remove water from the soil and rock.

e. Loud noises, such as explosions or cannon fire, are used to trigger small snow avalanches in avalanche-prone areas.

2. Given the following scenarios, what sort of mass movement (fall, slide, flow, or subsidence) would you think most likely and why?

a. A tropical mountain slope with thick clayey soil developed over highly weathered granite. No particular planes of weakness or fractures are apparent in the granite. In contrast to the heavy, lush vegetation found elsewhere in the vicinity, this slope has recently been clear-cut and there are wide areas of exposed soil where logging machinery drove across or where tree trunks were dragged away. Other nearby hills show bumpy, hummocky regions along their lower slopes.

b. A mountainous area with sedimentary rocks complexly folded and faulted so that they can be found dipping in many directions. Most of the rocks are fragile shales, which break easily along the thin bedding planes. There are a few clay layers between shale beds. Along some mountainsides the ends of the rock layers are exposed, showing that the rocks dip downhill within 20 degrees of the angle of the mountain slope. It has rained intensely for a week and a number of ephemeral streams spring out of the ground partway up the mountain slopes and flow down to the valley.

c. A flat, monotonous plain underlain by thick limestone deposits. Occasionally, round depressions can be found, some with ponds in their centers, some empty. Rivers flow across the plain, but sometimes disappear into the ground and re-emerge elsewhere. Tourists flock to a number of spectacular caves in the area.

Chapter 11 Atmosphere, Oceans, and Long-Term Climate Change

Overview

Several processes redistribute solar energy around the Earth. Moving air and water masses carry energy with them through their specific heat. On a global scale, air and water currents transfer solar radiation from warm equatorial regions to cold polar latitudes. Rising and sinking air or water masses transfer energy vertically in the atmosphere or ocean (convection). Energy can be exchanged between air and water masses through changes in state: evaporation, condensation, freezing, thawing, sublimation, and deposition. 
The Coriolis effect describes the tendency of air and water to move in curved paths on the rotating Earth: such masses are deflected to the right in the northern hemisphere and to the left in the southern hemisphere. The Coriolis effect also causes the rotation of atmospheric winds around low- and high-pressure centers.

The combination of equator-to-pole energy transfer and the Coriolis effect causes the global pattern of winds, including the jet streams (bands of high-velocity, high-altitude winds blowing from west to east), and the global movement of air masses of varying temperatures and moisture contents, which meet along fronts.

The Earth’s climate has varied drastically over time since Earth’s formation. This chapter discusses these changes, which have occurred over a range of different time scales, and also presents current understanding of their nature and causes. The principal factors determining climate are the amount of solar energy retained by the Earth and how that energy is distributed around the Earth. Atmospheric and oceanic circulation are the principal agents of the redistribution of energy. A complex feedback exists, because atmospheric and oceanic circulation in turn are controlled by global climate.

The earliest climate on Earth was probably extremely hot, due to the CO2-rich atmosphere that trapped solar radiation. However, certainly in the last billion years, and most likely much sooner as CO2 was removed from the atmosphere by chemical and biological precipitation of CaCO3, the climate was cooler, to the point that a number of global glacial intervals have been identified.

The Milankovitch theory proposes that climate varies due to several astronomical cycles with periods of a few tens to hundreds of thousands of years. These cycles include the eccentricity of the Earth’s orbit, the tilt of the Earth’s axis, and the precession of the equinoxes.

Learning Objectives

1. Understand the ways in which climate has varied over a) millions of years, b) thousands of years. Know how scientists are able to infer climate change over geological time, and how they can measure the magnitude of such change.

2. Understand the ways that energy can be redistributed in the atmosphere (convection, conduction, and changes in state).

3. Understand the concept of relative humidity and how the relative humidity of an air mass is affected by changes in temperature and pressure.

4. Be able to explain the Coriolis effect and predict the curvature of paths of moving air or water masses. Also understand how it contributes to rotation of winds around high and low pressure centers.

5. Be able to explain how solar heating of the Earth and atmosphere, plus the Earth’s rotation, determine global wind patterns.

Changes to the 6th Edition

1. Increased text section on: Temperature and humidity; Layering of the atmosphere; Differential heating of land and water; Ferrel and polar cells added to Hadley cells.

2. Several new color photos and line art added; some old ones deleted. 

3. Topics moved into this chapter: El Nino/La Nina; Pacific Decadal Oscillation; Volcanism and climate.

4. Added Canadian Humidex system.

Critical Thinking Questions

1. Given each of the following scenarios, what might be the consequences for climate? What further information would you want to know before making your prediction?

a. Impact of a large meteorite from space throws up huge quantities of fine dust into the upper atmosphere, which remain for several years before falling back to the Earth’s surface.

b. Continental drift results in the continents being positioned so as to completely block pole-to-equator ocean currents.

c. Clouds cover the entire Earth for more than a year.

2. If the Earth did not rotate, what would global wind patterns look like? Draw a diagram to indicate the winds, and explain your reasoning. Also describe the resulting weather: What areas would have predominantly warm or dry climates? What areas might be dry or humid? How might the incidence of severe weather differ from what it is on a rotating Earth? Why?

3. The terms “sea breeze” and “land breeze” refer to winds that blow from the sea to the shore during the day and from the land to the sea at night. These occur because the specific heat of rock and soil is much less than water, so that solar radiation changes the temperature of the land much more quickly than ocean water. Based on this information, plus what you have learned about the response of air masses to warming (especially see text section on atmospheric heating) can you speculate on the cause of sea and land breezes? Explain your reasoning.

Chapter 12 Short-Term Climate Change and Severe Weather

Overview

Climate change on time scales of hundreds of years includes events that have influenced human history and been recorded in historical records, such as the Medieval Maximum and the Little Ice Age. 

On an even shorter time scale, that of a few years, El Niño and droughts are two examples of climate change. Volcanic eruptions can also change climate over these short time scales, by emitting ash or aerosols to the upper levels of the atmosphere. 
Humans have had an increasing influence on climate through their production of greenhouse gases such as carbon dioxide, methane, and chlorofluorocarbons. There has already been a measurable increase in global average temperatures due to the “greenhouse effect” and this will continue through the 21st century. 

Adverse weather can occur near low-pressure centers (cyclones). Examples include nor’easters, with associated blizzards, ice storms, wind, and high seas, and hurricanes (discussed in Ch. 13). Severe weather, such as thunderstorms, along with lightning, microbursts, high winds, heavy rains and flash floods, hail and tornadoes, tend to form along cold fronts.

Tornadoes in particular are capable of intense localized damage and loss of life. Particularly prevalent in the middle of the North American continent and in the southeastern United States in spring and early summer, they cause hundreds of deaths per year. Their magnitude is described by the Fujita scale, a number from 0 to 6 based on wind speed.

Learning Objectives

1. Understand the ways in which climate has varied over a) the last few thousand years, and b) the last few years. Be able to provide examples of each. Know how scientists are able to infer climate change over geological time, and how they can measure the magnitude of such change.

2. Understand the relationship between volcanism and climate.

3. Know what greenhouse gases contribute to global warming over the last and next century.

4. Understand the atmospheric factors leading to the development of: a) mid-latitude cyclones and associated severe weather, and b) thunderstorms and tornadoes. Be able to provide examples of severe weather and explain how dangerous their occurrence is.
Changes to the 6th Edition

1. Added new text sections on tipping points and Doppler radar. 
2. Expanded coverage of lightning and of derechos.

3. Increased coverage of Atlantic Ocean circulation and possible changes. 

4. Expanded and combined coverage of drought and famine with heat wave.

5. Added 13 new color photos and 6 new pieces of line art, with deletion of several old figures.

Critical Thinking Questions

1. For each of the basic physical concepts below, explain how it works, and explain how it is relevant to the severe weather discussed in this chapter (tornadoes, thunderstorms, nor’easters, high winds).
· latent and specific heat of water

· convection

· Coriolis effect

2. With earthquakes and volcanic eruptions, one method of mitigating their adverse effects is to limit population and infrastructure in areas of greatest concern. However, with a global phenomenon such as climate change due to the increase in emission of greenhouse gases, there are no localized areas of risk; the entire Earth is affected. In light of this, what mitigation strategies might you envision, and how would they differ from those you might suggest for earthquakes or volcanic eruptions? Why?

Chapter 13 Hurricanes and the Coastline

Overview

The largest storms on Earth, hurricanes are enormous low-pressure systems generated in tropical latitudes. A hurricane may persist for days or even weeks. The energy of hurricanes comes from the warm ocean water where they form. This water evaporates easily and then is carried as water vapor with the circulating air in the hurricane. The subsequent rise and condensation of this vapor creates the heavy rains associated with hurricanes. Even more importantly, the condensation releases large quantities of latent heat, which fuels the hurricane, creating the high winds and churning waves characteristic of a hurricane. The Coriolis effect influences hurricanes in two ways: first, it causes the winds in a hurricane to spiral counterclockwise (clockwise in the Southern Hemisphere) in toward the hurricane’s eye, and second, it causes the path of the hurricane to be curved toward the right (to the left in the Southern Hemisphere).

Every year, up to 20 or so tropical storms and hurricanes form in the Atlantic and Caribbean. The frequency of storms is linked to several factors, including annual precipitation in West Africa, sea surface temperatures, and El Niño/La Niña conditions.

Although fatalities due to hurricanes have decreased substantially in the last few decades due to improved forecasting and warning, damage and financial losses have increased drastically, due to development in coastal areas. Sea level rise due to global warming and other factors will exacerbate the problem in the 21st century. Damage occurs from storm surge, heavy rain and flooding, and wind. Mitigation strategies focus on building codes, land-use planning, and zoning restrictions along coastal areas.

Coastal areas are at risk from more than hurricanes; the everyday processes at work on coastlines also affect people and property, even if these processes are more gradual so their effects are less obvious than that of hurricanes. 
Waves constantly pound the coast; most are small but occasional rogue waves can occur. While waves in summer tend to deposit sand, winter wave action tends to erode beaches. Long-shore drift transports sediment from point to point along coastlines. Submarine canyons act as funnels, transporting sand from near-shore environments to deep water locations where it is effectively removed from the shore environment.

Human interaction to prevent or control coastal erosion includes groins, jetties, breakwaters, and addition of riprap. All of these strategies, while effective in certain circumstances, may have unforeseen consequences at later times or at other locations.

Learning Objectives

1. Be able to describe the conditions necessary for hurricane formation and growth.

2. Several basic physical principles, for example latent heat and the Coriolis effect, are essential to understanding how a hurricane works. Be able to explain these principles and how they relate to hurricanes.

3. Understand how hurricane winds, waves, rain, and storm surge can cause damage and the strategies people can adopt to minimize such damage.

4. Know the factors that influence wave height, wavelength, breaking, and refraction.

5. Understand the ways in which waves remove and deposit sediment along coastlines, and the advantages and drawbacks of the methods people have used to control beach erosion and sand transport.

Changes to the 6th Edition

1. New sidebar on the role of global warming in hurricane frequency and intensity. 

2. Extensive coverage of Hurricane Katrina. 

3. Added 12 color photos plus new line art and two new tables; deleted several photos and line art pieces.

Critical Thinking Questions

1. If your friends or relatives were house-hunting in South Florida, what would you, as someone informed about hurricane hazards, advise them to look for or avoid in the houses and locations they visit? Why?

2. If the Earth did not rotate, so that there was no Coriolis effect, would we have hurricanes? If the Earth rotated faster than it does, how might hurricanes differ from the way they actually are? Explain.

3. Why do hurricanes frequently affect the East Coast and Gulf of Mexico coasts of the United States, but rarely touch the West Coast?

Chapter 14 Floods

Overview

Flooding occurs when a stream’s normal capacity to carry water is exceeded by the quantity of water present. To understand flooding, one must first understand what “normal” is, and thus one must understand how rivers and streams normally work.

The equilibrium profile of a stream, from source to mouth, is concave up with a steep gradient upstream and a gentler gradient downstream. Rapid changes to a profile--for example, construction of a dam, an increase in sediment supply, draining of a lake-- result in changes in erosive power, channel pattern, or discharge, all of which eventually act to return the stream to an equilibrium profile.

Several styles of flooding can occur. Intense precipitation in a limited area, or dam failure, can cause flash flooding. Steady, prolonged precipitation over days or weeks can result in widespread regional flooding that persists for weeks or even months.

Flood frequency (or its inverse, flood recurrence interval) can be estimated from past records of yearly peak discharge. Such information is critical to planning for actuarial purposes, town zoning policy, and other matters of public concern. However, humans can change stream behavior in a number of ways, with the unexpected consequence that flood frequency analysis based on earlier data may not provide useful or accurate extrapolations into the future. Human activities such as construction of levees, channelization or straightening of streams, and urbanization tend to shorten the lag time and increase the peak discharge of streams in response to a given precipitation event, thereby decreasing the recurrence interval.

Strategies to minimize damage, fatalities, and monetary loss due to flooding include sandbagging, construction of dams and levees, improved weather forecasting, implementation of zoning and land use policies, and insurance coverage.

Learning Objectives

1. Know how streams respond to changes in sediment load, base level, or discharge in order to maintain an equilibrium profile.

2. Know how flood recurrence intervals are determined and be able to construct a flood frequency curve given peak yearly discharge data for a stream.

3. Know at least one example of a flash flood and a prolonged regional flood. For each, be able to discuss a) the cause(s) and/or exacerbating factor(s), b) mitigation efforts that were taken and their effectiveness, and c) mitigation strategies that should be adopted in the future.

4. Understand how human activities can change the flooding behavior of a stream.

Changes to the 6th Edition

1. Added new text on meanders and cutoffs, and on Mississippi delta lobes.

2. Expanded text on Mississippi River history.

3. Several new color photos and line art; deletion of some old ones.

Critical Thinking Questions

1. If the last 100-year flood on a particular river was 50 years ago, when might one expect the next 100-year flood? Explain your answer.

2. Find discharge records for a stream or river with which you are familiar (perhaps one in your hometown or near your college or university). You can search the United States Geological Survey’s database for discharge records from its gauged streams at http://www.usgs.gov/nwis/annual. Using all available data for peak yearly discharge, construct a flood frequency curve. 

a. Also construct two other flood frequency curves, one with only the earlier half of the data, and the other with only the later half of the data. Compare the three-flood frequency graphs. How confident would you feel about extrapolating your data to predict discharges of floods with a particular recurrence interval? What differences/changes do you see? If you see differences, to what factors might you attribute them?

b. Using historic records (e.g., old newspaper records, state geological survey reports, town records), research the history of flooding of your stream. At what discharge did your stream overflow its banks? Has this changed since records were first available? Has the incidence of flooding changed as the area has been developed? What, if any, strategies have been adopted to mitigate the effects of flooding?

Chapter 15 Fire

Overview

Fire is a chemical reaction between carbon, hydrogen, oxygen, and other elements in organic materials which produces energy in the form of heat and light. During burning, organic compounds are broken down to simpler compounds; carbon dioxide and water are the ultimate products of burning if all compounds are completely broken down. The heat generated by fire is released via convection, conduction, and radiation.

Though we generally think of it as destructive, wildfire has benefits. It is necessary for the germination of the seeds of some plants, controls parasites, influences insect behavior, and controls the buildup of remains of dead plants and trees. 

Weather strongly influences wildfires. Lightning is a common fire-starter; drought produces conditions favorable for the generation and spread of fires. Winds from cold fronts, foehn (also called Chinook, Santa Ana, Diablo), and local conditions also help spread fires.

The spread of fire depends on the kinds and distribution of fuel, the presence or absence of wind, and the topography. Fires can feed back on themselves; for example, they can produce, via convection, winds that then spread the fire to as-yet unburned areas.

Humans have affected the incidence and destructive capacities of wildfires. A practice during the first part of the 20th century of fighting all fires, no matter the size or the cause, resulted in forests with much greater tree density and the buildup of dead underbrush. This accumulation ultimately fueled large, uncontrollable fires in the summers of 1988, 2000, and ongoing. Alternatively, some foresters have advocated setting small, controlled fires to reduce forest density, and thus the incidence of large destructive fires. However, this strategy can also have unexpected and unwelcome consequences, particularly if the prescribed fires are timed or set poorly. 
Learning Objectives

1. Know the necessary constituents for fire (the fire triangle), the sorts of chemical reactions that occur during combustion, and the stages of fire.

2. Be familiar with how conditions of wind, weather, topography, and fuel can influence the spread of fire.

3. Be able to discuss various strategies that have been used to reduce the negative effects of wildfire on people and properties. Know how and whether these practices have been effective, and what unintended consequences each may have brought about.

Changes to the 6th Edition

1. New text section The Fuels of Fire: Grasses; Shrubs; Forest with new color photos.

2. Numerous new color photos and line art; deletion of some old photos and figures. 

Critical Thinking Questions

1. For all the types of natural disasters you have studied to this point, magnitude scales (e.g., moment magnitude, VEI, Fujita scale, Saffir-Simpson) have been defined so that any particular disaster can be quantified. Given what you’ve learned about how magnitudes are defined and determined, design a magnitude scale for wildfires. Discuss what criteria would be important for defining the scale and what observations would need to be made in order to assign a magnitude to any particular wildfire.

2. Convection, conduction, and radiation are processes that transfer heat. 

a. Discuss how they transfer heat during combustion of natural materials.

b. Discuss, compare, and contrast how these three processes are significant for earlier natural hazards you have studied (in particular, earthquakes, volcanic eruptions, and weather-related disasters).

Chapter 16 The Great Dyings

Overview

Mass extinction events have occurred repeatedly in Earth’s history. Such events, in which many or even most species died out, are distinct from the normal background pattern of evolution in which small numbers of species go extinct and are replaced by new species. Major extinction events occurred at the end of the Permian period (~251 Ma) and Cretaceous period (65 Ma). More recently in the Quaternary (last 1.8 Ma), it is possible that humans, through hunting and other activities, have caused the extinction of several species.

Principles such as the Law of Superposition, Law of Faunal Succession, and Law of Faunal Assemblages help paleontologists to decipher the fossil record in rocks and establish the sequence of evolution: the types of species and when they were present.

Organisms are classified in a hierarchical scheme, with interbreeding populations constituting the lowest level (species), similar species grouped into genera, and on up through families, orders, classes, phyla, and kingdoms. Extinctions and evolution both occur at the species level but the effects can also be seen at higher levels. As with other natural disasters, there is an inverse relationship between the magnitude of an extinction event (as quantified by the percent of species going extinct) and the frequency of the event.

Possible causes of extinction events include changes in sea-floor spreading rates or distribution of continents, massive volcanic eruptions, changes in oceanic circulation, temperature, or composition, meteorite impacts, supernova explosions, human predation, disease, and random chance.

Learning Objectives

1. Appreciate the distinction between an extinction event and normal background levels of species extinction.

2. Be able to describe the Permian and Cretaceous extinction events, in terms of the types of organisms that died out and the possible causes.

3. Know how geologists assess the relative ages of rocks and fossils using the Law of Superposition, Law of Faunal Succession, and Law of Faunal Assemblages, and the absolute ages using radiometric dating.

Changes to the 6th Edition

1. New text sections: a) Sidebar: The Wilding of North America, b) a Shelley poem.

2. Expanded text on fossilization.
3. Added eight new color photos.

Critical Thinking Questions

1. Extinctions have occurred in the geologic past and, according to Uniformitarianism, should occur in the future. Speculate on the next major extinction event. What might be its cause(s), what species or groups of species might become extinct, and what groups might survive? Why?

2. If the Greenland and Antarctic ice sheets were to melt (as a result of global warming or some other cause), sea level would rise about 65 m. Speculate on the nature of any extinctions such as sea level rise might trigger.

Chapter 17 Impacts with Space Objects

Overview

Meteorite impacts are obvious on other solar system moons and planets, where millions of craters scar the surfaces. Impacts are much less evident on Earth because plate tectonics, erosion and sedimentation, and vegetation erase or obscure their traces, but Earth is no less vulnerable than its neighbors in the solar system. 
Potential impactors include comets and asteroids. Most meteoroids originate in the asteroid belt between the orbits of Mars and Jupiter. Several families of asteroids have orbits that cross the orbits of Mars or Earth; these families provide the most likely candidates for impacts.

Today about 100-1000 tons of extraterrestrial material impacts the Earth every day. Most of this comes in the form of particles so small (<10-6 m in diameter) that they rain down unnoticeably as dust. Somewhat larger particles heat up due to friction during their passage through the atmosphere and are completely vaporized. These are seen as meteors (shooting stars). Yet larger particles survive passage through the atmosphere and impact the Earth’s surface. Some of these meteorites have been recovered and provide an important source of information about the nature of the asteroid belt and early solar system history. The largest meteorites are the rarest, but they are the most worrisome, because their energy of impact is extremely large and concentrated in a small area. Their effects, depending mostly on size, can range from locally destructive to globally catastrophic. 

A globally catastrophic impact of a 10-km body occurred 65 million years ago at the end of the Cretaceous Period. Many pieces of evidence from rocks of that age support an impact, including high iridium levels, shocked quartz grains and high-pressure forms of silica (SiO2), spherules of melted rock, anomalous ratios of isotopes of rhenium and osmium, and high carbon contents. The “smoking gun” was found when a 200-km diameter buried impact crater was discovered near the town of Chicxulub on the Yucatan Peninsula of Mexico.

The consequences of such a massive meteorite impact are dire: the impact itself would be equivalent to a magnitude 11+ earthquake and could produce tsunami several hundred meters high. Short-term consequences include darkness, acid rain, and cold. On a longer term, global warming by 10˚C could occur.

Even a smaller impact could be locally catastrophic. The event at Tunguska, Siberia, in 1908 was probably the result of a comet disintegrating in the atmosphere. Had it occurred in a populated area rather than a wilderness with very low population density, it could have killed millions of people.

Large meteoroid impacts are unlikely events but they have extremely serious consequences. Given this, it’s important to know the frequency of impacts. Evidence from the Moon gives an indication of rates of occurrence, but it’s also important to know what celestial objects might be near Earth and might be potential threats. The Spaceguard Survey was established to find near-Earth objects and to determine their orbits, in order to predict future collisions and thus have an opportunity to prepare for, mitigate, or prevent a collision.

Learning Objectives

1. Know the types and general locations of solar system objects that may be potential impactors.

2. Know how we can assess the frequency of past collisions and thus estimate recurrence intervals.

3. Know the types of evidence left in the rock record by impacts, both large and small.

4. Understand how impacts might contribute to mass extinction events.

5. Understand why the Spaceguard Survey is tracking near-Earth objects (NEOs).

Changes to the 6th Edition

1. Expanded text on our defense against large impacts.
2.   Several new color photos.
Critical Thinking Questions

1. The Alvarez group was able to estimate the size of the meteoroid that impacted 65 million years ago by using the abundance of iridium in clay layers around the Earth. From the concentration of iridium (ratio of grams of iridium to grams of rock) and the thickness and lateral extent of the clay layer, it’s estimated that the clay layers hold about 7 x 107 kg of iridium. All of this iridium presumably came from the impacting meteoroid. 
a. If iridium usually makes up 4.7 x 10-5 % (by mass) of meteorites, what would have been the total mass of the impacting meteoroid?

b. Since the density of meteorites has been estimated at about 2.2 x 103 kg m-3 and density = mass*volume, what is the volume of the meteorite?

c. Assume that the meteorite was approximately spherical. The volume of a sphere is 4/3**r3, where r is the radius, and diameter is twice the radius. What was the diameter of the impacting meteorite?

d. It’s quite possible that not all the material from the impacting body was deposited in the clay layer; quite a bit was probably vaporized, for example. It’s been estimated that only 20% of the iridium from the meteorite is contained in the clay layer. If this is true, what would the diameter of the impacting meteorite have been?

e. What other ways might you estimate the size of the K/T impactor? How might you estimate the size of smaller impacting bodies for which there might be no global clay layer with anomalous Ir? Explain.

2. How could you distinguish between a volcanic crater and an impact crater, if you found a crater on the Earth’s surface? What types of geological evidence would you look for to help you decide? Discuss and explain your reasoning.

3. Which would you worry about more, dying from an impact event or from a tornado (see Table 17.6)? Why?

