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  CHAPTER 1 The Basics of Earthquake Seismology


  THROUGHOUT MY PROFESSIONAL CAREER AT WESTON OBSERVATORY OF Boston College, I have fielded many questions about earthquakes, particularly earthquakes in the northeastern part of the country. The most common question, one that I seem to deal with almost on a weekly basis, is, “Did we just have an earthquake?” Perhaps the inquirer’s house shook, or maybe the person heard a boom and felt a vibration. In any case I dutifully check the seismic records. If this is a single report with no other calls, the answer is almost always that no earthquake took place. Whatever shook their house was not an earthquake. Sometimes an earthquake did indeed occur, and in those cases calls from other residents soon follow. The existence of the earthquake is easily verified from the seismic records at Weston Observatory.


  Sometimes the questions are more involved. One question that I have received a number of times is, “Was there an earthquake or a tremor that just happened?” The person asking the question mistakenly thinks that the phenomenon of an earthquake is somehow different from that of a tremor. In fact, what some people perceive as a tremor is nothing more than the shaking of an earthquake felt far from its epicenter. To a seismologist like myself, a tremor is merely one manifestation of the set of phenomena that together we refer to as an earthquake. In any case a quick check of the seismic records at the time reported by the caller can verify whether or not the shaking experienced was from an earthquake.


  Another set of questions elicits a more detailed and complex answer from me. One common form of the question is, “Where is the fault in our region?” and another common form is, “Where is the closest fault to my house?” In both cases the callers think that by asking a question about faults that they will learn something about the possibilities of facing the effects of a future earthquake. To these callers I give a detailed explanation of what a fault is, what an active fault is, and the fact that at the present time no one has identified any active faults in New England. Indeed, it is not from the study of the local faults but rather from the study of the earthquakes themselves in the region that seismologists are learning the most about the possibilities of future earthquakes in places like New England. I don’t blame people for asking any of these questions, primarily because these questions are based on images that propagate through our popular media. Unfortunately, the questions and the ideas on which they are based arise from an incomplete understanding of the causes and effects of earthquakes by the public at large.


  So, if people have misunderstandings about the causes and effects of earthquakes, what is the scientific understanding of earthquakes? What causes earthquakes? How are earthquakes related to faults? What happens during earthquakes and what are the effects of earthquakes? What phenomena are observed before an earthquake, and can those observations be used to predict earthquakes? Answering these questions is what this chapter is all about. The information presented in this chapter is important to understand what happens when earthquakes occur, and it is also important because it provides the basis for understanding many of the historical earthquake reports that are presented in subsequent chapters.


  EARTHQUAKES AND FAULTS


  Laboratory experiments have shown that earthquakes occur due to differential pressures in the rock of the earth. Differential pressure refers to a situation where the strength of the pressure in the rock in one direction is different from the pressure in another direction. For example, the horizontal pressure might be much greater than the vertical pressure in the rock. One-half of the difference in pressure between the maximum direction and the minimum direction is a quantity that scientists call shear stress. Earthquakes occur when the shear stress in rock exceeds a critical shear stress that represents the breaking strength of the rock. If the shear stress equals or exceeds the rock breaking strength, the rock cracks and an earthquake initiates. A simple thought experiment illustrates this phenomenon. Imagine a standard bench vise in which a clay brick has been placed along its long axis. The vise squeezes the brick at the two sides of its long axis, whereas there is no excess pressure against the other four sides of the brick. Now imagine very slowly turning the screw on the vise, which slowly increases the squeezing of the brick. As long as the vise handle is being turned, the pressure in the one direction of the brick increases. This increases the shear stress inside the brick. At some point, as the pressure on the brick increases, the brick will no longer be able to withstand the shear stress. At this point the brick will suddenly break into two (or more) pieces as a crack forms and breaks the brick apart. The crack typically forms diagonally across the brick. The different pieces of the brick will slide past each other as the excess horizontal pressure is suddenly relieved. In fact, the brick will likely fall out of the vise because it will no longer be intact.
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  The sudden breaking of the brick is exactly the same thing that happens inside the earth when an earthquake initiates. In an earthquake a crack forms with the rock on one side of the crack sliding past the rock on the other side of the crack, and in doing so the sliding releases some of the excess pressure or shear stress that had previously built up. In the laboratory as well as in the earth, the rock always slides away from the direction of maximum pressure and toward the direction of minimum pressure. In the earth the crack along which the sliding takes place is called the fault. One popular misconception is that there must be a fault present before there can be an earthquake. This is not true. There must be differential pressures in the rock with shear stress large enough for the rock strength to be exceeded. Rock can break in an earthquake even if there is no fault present. In fact, every fault that exists in the earth today was initially formed in an earthquake that occurred in unfaulted rock. Once a fault forms, the rock is usually weaker along the direction of the fault and a new buildup of pressures in the rock in the same direction as before can cause a later earthquake slip on the same fault, and this can repeat many times on the same fault over long geologic time intervals. On the other hand, if the directions of rock pressure change over geologic time as the configuration of the tectonic plates that move over the surface of the earth evolves, then the later pressures in the earth may no longer be capable of causing rock slip along an old, existing fault. Changes in the rock pressure directions change the orientations of the faults that can be active. In summary, earthquakes are caused by pressures in the rock and not simply by the existence of local faults.


  Laboratory experiments show that the directions of the rock pressures in the earth control the orientations of the faults that have earthquakes and the directions that the rocks slip in earthquakes. In some places on the earth like California, the directions of the greatest and least pressures in the earth are horizontal. In these areas the faults tend to be vertical and the rocks slip horizontally on either side of what is called a strike-slip fault. The famous San Andreas Fault in California is one example of a strike-slip fault. Strike-slip faults are always oriented at an angle to both the maximum and minimum pressure directions. In some parts of the earth well outside of California, the maximum pressure direction is horizontal and the minimum pressure direction is vertical. In these cases the fault where an earthquake takes place dips into the earth at an angle, and the rock on the upper side of the fault is pushed up over the rock on the underside of the fault. This is called a thrust fault, and such faults typically are found in the many different places on the earth where one tec-tonic plate is pushing into another tectonic plate. The largest earthquakes globally have all taken place on thrust faults. A third situation is found at those places on the earth where two tectonic plates are pulling away from one another, such as is happening at the mid-Atlantic spreading ridge. In these places the maximum pressure direction is vertical (due to the weight of the rock), and the minimum pressure direction is horizontal because the plate movements are trying to pull the rocks apart at the plate boundary (the horizontal pressure is away from rather than toward the fault). Earthquakes that take place with these pressure directions dip into the earth at an angle, and the rock on the top side of the fault slips downward relative to the rock below the fault. These faults are called normal faults, and they are found where valleys are opening. The valleys of the East Africa rift system are forming today with normal-fault earthquakes. The directions of the maximum and minimum pressures in rocks in a region control both the orientation of the faults that have earthquakes and the directions that the rocks can slip on those faults.
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  One common misconception about faults that has become increasingly prevalent in recent years is the idea that there is such a thing as a “fault line.” As described above, a fault is a crack surface in the earth along which rock has slid during an earthquake. It is not a line, but a planar feature, just as the wall or floor of a house is a planar feature. Where, then, did the mistaken concept of a “fault line” arise? The answer comes from the fact that geologists create maps of the geology of the earth’s surface, and on those maps faults are depicted as lines. In actuality a line that represents a fault on a map shows where that fault surface intersects the surface of the earth. Indeed, the geologist who drew a fault “line” on a geologic map knew that he or she was simply representing the position of the fault on the earth’s surface and that the fault is a surface that plunges deep into the earth. Indeed, most geologic maps are accompanied by geologic cross-sections, which are drawings that show how the geology, including the faults found in that geology, project downward into the earth. People who are not geoscientists tend to ignore the cross-sectional drawings and focus only on the maps themselves, and thus they likely get the mistaken impression that faults are lines on the surface of the earthquake. The fact is, faults can extend many miles into the earth, and if those faults are not vertical faults but rather dip at some angle into the earth, then the position of a fault at some depth below the earth’s surface will not coincide at all with the surface position of that fault as drawn on the geologic map. This is an important consideration when one tries to correlate earthquake epicenters with local geology.


  Another common misunderstanding about faults that often shows up in movies is that during an earthquake a fault is a place where a large chasm opens up in the earth. The fact is that faults are not open chasms in the earth. Rather, they are places where there are thin cracks in the rock and where the rock has slid on either side of the crack. The pressures inside the earthquake act to close these cracks as much as possible, and in small faults the crack is often completely closed. Early in my days as a graduate student at the California Institute of Technology (Caltech) in Pasadena, I participated in a student field trip led by one of our faculty members, Prof. Clarence Allen. Among other things, Professor Allen was an expert on the San Andreas Fault, which he had studied throughout his professional career. One of the first stops on our field trip was at the San Andreas Fault north of Los Angeles. He led the students to a rock hill and pointed to a place within the hill where there was a boundary with noticeable change in the rock on either side of the boundary. On one side of the boundary, the rock was filled with boulders and was a light tan color, whereas on the other side of the boundary, the rock was made of fine crystals and was medium brown in color. He pointed triumphantly to the boundary zone between these two very different rock types and announced proudly, “There is the San Andreas Fault!” The fault itself was nothing more than a thin zone, about one or two inches thick, that was filled with a crumbly, rusty-colored rock that fell apart in one’s hand if it was pulled out of the hillside. I would easily have walked right by the fault without noticing it if it had not been pointed out to me. Since then, I have visited many faults in many different places, including California, New England, Germany, and Turkey. Faults, including major plate-boundary faults, are unimpressive features up close, and they are easy to miss unless one has a trained eye. Faults are nothing more than thin cracks in what was once intact rock.
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  The geology at the location where Professor Allen showed me the San Andreas Fault on our field trip gave me an important lesson on how geologists recognize faults in rock. A contrast in rock types on either side of a sharp boundary is often (but not always) indicative of a fault. The friable rock within the thin fault zone is another important clue about the existence of a fault. This material is called fault gouge by geologists, and it is one of the important indicators of past earthquake fault movements. Fault gouge forms from the rock along the fault being ground to powder due to repeated fault movements over long periods of geologic time (many thousands to millions of years). The existence of fault gouge tells a geologist that a fault has experienced a long history of earthquake slips. Some fault zones have not had enough slips for fault gouge to form, but if the fault surface is exposed, one may find parallel scratches on the rock surfaces on either side of the crack. These scratches are caused by the fault slip, where the rock on one side of the fault leaves scratches on the surface of the rock on the other side of the fault. These scratches are called slickensides, and they are a sure indicator of past earthquake slip on the fault surface. Unfortunately, although slickensides demonstrate the existence of a past earthquake, they do not indicate when that earthquake occurred.
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  An important characteristic about earthquake faults that many people do not appreciate is that once rock is cracked in an earthquake, that crack stays in the rock as long as that rock exists intact. Unlike human skin, cracks in rocks never heal, and so even very old faults can be found in the rocks of the earth today. The existence of a fault in rock is an indicator only that an earthquake slip took place at some point in the history of that rock. The earthquake slip might have taken place yesterday, or a million years ago, or even a billion years ago (if the rock is that old). Over the millions and billions of years of geologic time, all rocks experience various episodes when the rock pressures build up to the point where earthquakes can occur. Thus, all rocks found today at the surface of the earth tend to have faults in them, and usually those are old faults that have not had recent earthquake activity. It is for this reason that the relationship between earthquakes and local faults is uncertain in many parts of the world, even in places in seismically active areas where we know about many faults that have experienced earthquakes in historical times. Thus, an important goal of earthquake research is to identify those faults that are seismically active today. To an earth scientist, a seismically active fault is one that has the potential for having an earthquake in the near future. The term “near future” in geoscience refers to a time period sometime between the present and the next several thousand years. To some people the next several thousand years might seem like a long time, but compared to the total history of the earth, it is a tiny tick of time.


  The search for active faults is an important line of research that occupies many earth scientists. In fact, motivation for the research into the historic earthquakes that are described in this book ultimately involves the search for active faults in northeastern North America. Even in seismically active parts of the world, there likely are many active faults that are still to be discovered. For example, over the past century there have been several strong earthquakes in California where the active faults had not been recognized prior to the occurrences of the earthquakes. In these cases the earth scientists who had mapped the faults had not found good geologic evidence of recent slips on those faults. Earth scientists still have much work to do before they can pinpoint all of the active faults in different parts of the world. It is hoped that studies of the faults that experienced strong earthquakes in historically recent times can help identify previously unrecognized active faults.


  Confirming that a crack in rock is indeed a fault can be difficult. Rocks in the earth crack not just in earthquakes but also due to natural weathering processes. As the rock at the surface erodes due to the action of water, ice, and wind, the rock below becomes exposed. The erosion of surface rocks relieves the pressures on the rock below the surface, and this can lead to the formation of short cracks in the surface rocks that are called joints. Unlike faults where the rock pressure causes slip on faults, joints are small cracks that show no rock slip. Thus, not all cracks in rocks are faults, even if all faults are cracks in rocks.


  Even if a crack in rock can be confirmed as a fault that had one or more past earthquakes, determining when the past earthquake(s) occurred can be fraught with uncertainty. Obviously, the age of the rock gives the oldest possible time when the fault might have formed. But this does not date the earthquake itself. The only way to estimate the date when the earthquake occurred is to find different geologic layers of different ages in which the fault is found and then to find other, younger geologic layers where the fault is not found. The age of the earthquake, then, is sometime after the date of the youngest layer with the fault and before the date of the oldest layer without the fault. With luck and knowing where to look, this possible age range might be small, but often the possible time range when the fault was active might be quite large. For example, in New England the age range of many faults cannot be constrained to less than 100 million years. This is hardly useful to an earth scientist who wants to show that a fault is active today.


  Even if the time period when a fault was active cannot be determined with any certainty, some other information about its past earthquakes can be inferred from measurements taken from the fault. From scientific observations of earthquakes taken globally over the past century, seismologists have now established some scaling laws about earthquake sizes. It is now firmly established that the magnitude is related to the size of the fault surface that had rock slip during an earthquake; a larger magnitude earthquake has a longer and wider area where the fault slipped. Furthermore, a larger magnitude earthquake has a greater amount of slip of the rock on either side of the fault than does a smaller magnitude earthquake. The first scaling law is useful because it means that the maximum magnitude that could take place on an active fault can be estimated from measurements of the size of that fault. Long active faults can potentially have large magnitude earthquakes, whereas short active faults can only have small magnitude earthquakes. The second scaling law is most useful if the rock slip on a fault from a past earthquake is observed. A small amount of slip means that the past earthquake had a small magnitude, whereas a large amount of slip means that the past earthquake had a large magnitude. Thus, much can be learned about the potential magnitudes of future earthquakes if active faults can be identified.


  SEISMIC WAVES AND EARTHQUAKE SHAKING


  Although the focus of the discussion so far in this chapter has been about what happens on faults during earthquakes, this is only half the story when an earthquake occurs. When rock slips in an earthquake, the slip releases vibrational waves that spread out in all directions away from the fault. These vibrational waves are called seismic waves, and they come in two forms. In one form the rock is stretched and compressed as the wave passes. This is called a P wave, and it is the fastest seismic wave that is radiated from a fault. The second form of seismic waves causes the rock to bend sideways as the wave passes, much as a flag flutters on a flagpole when blown by the wind. This is called an S wave, and it travels at a slower speed than a P wave, although it usually has a higher amplitude than the P wave. Some P and S waves get trapped along the surface of the earth, and these are called surface waves. These usually are the highest amplitude waves generated by earthquakes, and they move slower than S waves. Thus, when an observer feels an earthquake, the person usually initially experiences a vertical shaking associated with the P wave, then a stronger horizontal shaking associated with the S wave, and finally very strong horizontal and vertical shaking associated with the surface waves.
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  Because all of these seismic waves can reverberate within the shallow rock layers in the earth, the earthquake shaking does not stop when the surface waves pass; rather, it gradually abates as the reverberations die away. These later waves that die away with time are called coda waves by seismologists. As felt by humans, earthquake ground shaking from the first P wave to the last of the coda waves lasts only a couple seconds in a magnitude 2.0 earthquake to about 15–20 seconds in a magnitude 4.5 earthquake to more than four minutes in a magnitude 8.0 earthquake. Thus, the length of time during which earthquake ground shaking is felt can be used to estimate the magnitude of the earthquake. The development of earthquake shaking differs depending on how far an observer is from the earthquake epicenter. For observers close to an epicenter, the shaking of a strong earthquake starts with great force, with the strongest shaking experienced within a few seconds of the beginning of the earthquake. On the other hand, for observers far from the epicenter, the earthquake shaking seems to gradually build up in strength over many seconds, with the strongest shaking perhaps 10–20 seconds or more after the first shaking is experienced. This means that the description of the development of earthquake shaking as experienced by an observer can give clues about how far the observer was from the earthquake epicenter.
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  P waves in the earth are the same as sound waves in the atmosphere, and for this reason earthquakes generate sounds that can be heard as the seismic waves pass. The strength and type of the sounds associated with seismic waves depends on the distance of the observer from the place in the earth where the seismic waves originate. As seismic waves pass through the earth, the higher frequency energy in the waves is preferentially absorbed. At close distances to a fault where an earthquake takes place where the travel path from the fault to the observer is short, all frequencies are transmitted with approximately equal strength, and observers report that the earthquake sounds are quite loud and can be high-pitched as well as low-pitched. However, at greater distances from the fault the high-pitched seismic energy is absorbed by the earth and only low-frequency energy makes it to the observer. In this case the observer hears only a low-pitched rumble like distant thunder. At even greater distances, the earth absorbs all of the acoustic frequencies, and so only those vibrations that are at frequencies below those of human hearing are experienced. At these distances the earthquake is experienced as a vibration with little or no sound at all, other than perhaps the rattling of windows and objects on shelves. Thus, a description of the sounds (or lack of earthquake sounds) when an earthquake is experienced can be an indicator of how far from the earthquake source the observer is located. In historic reports about earthquakes, information on the sounds (or lack of sounds) can be an important indicator of how far a person may have been from the earthquake epicenter.


  One characteristic of all seismic waves (P, S, and surface) is that the amplitudes of the waves decrease as those waves spread away from the earthquake fault. This decrease happens for two reasons. The first is that the earth absorbs some of the energy as the seismic waves pass through it. This absorption is greater for waves with higher frequencies as described above, and it explains why earthquake sounds are strongest near an earthquake fault and become weaker as those waves propagate away from the fault. The absorption of seismic waves is different in different parts of the world. In places where the rock temperatures are relatively high at depth in the earth, the rock tends to absorb larger amounts of seismic energy than in those places where the rock temperatures are lower at depth. For example, in California the rock at 6–20 miles (10–30 kilometers) deep in the earthquake is much hotter than the rock in the eastern U.S. at the same depths. There is good geologic evidence for this because in California there are a number of places where there have been volcanic eruptions during the past few thousand years. On the other hand, in the eastern U.S. the youngest volcanic rocks are over 100 million years old. It is for this reason that earthquake wave amplitudes decrease much faster with distance in California than they do in the eastern U.S. This means that an earthquake in the eastern U.S. can be felt over a much greater area than the same magnitude earthquake in California. It also means that an earthquake in the eastern U.S. has the potential to cause damage at a greater distance from the fault than the same size earthquake in California.
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  The second reason that earthquake wave amplitudes decay with distance from the fault is due to the spreading of the wave energy over greater volumes as the waves spread away from the fault. This phenomenon is familiar to anyone who has thrown a rock into a still body of water like a lake or river. Where the rock hits the water, the wave is noticeably large, with perhaps a splash of water. The water wave then spreads away from the place where the rock hit, becoming lower in amplitude as the wave spreads over ever greater circles. If the body of water is large and quite still, the wave can be seen to very large distances, although the amplitude of the wave might be barely discernible. This spreading of the seismic energy takes place in the same way in all parts of the world. Everywhere on and within the earth, seismic-wave amplitudes are affected by both rock absorption and by circular spreading. It is the combination of these two effects that controls how strongly earthquake shaking is felt at different distances from an earthquake.


  EARTHQUAKE MAGNITUDE


  The decrease in the amplitudes of seismic waves as they spread away from a fault has been known from the very early days of seismology. The early seismologists used seismic-wave observations to measure the decrease in wave amplitudes at different distances from earthquake sources. They observed that stronger seismic sources generated higher amplitude seismic waves, but they also found that the seismic-wave amplitudes decreased at the same rate away from the earthquake fault no matter how strong the earthquake was. Prof. Charles Richter at the Seismological Laboratory of Caltech was one of the seismologists making such measurements in Southern California. In carrying out his research, Richter realized that the size of the earthquake source could be computed from earthquake amplitude observations if the rate of decay of the seismic waves was known. In 1935 he developed a mathematical formula, which came to be known as the Richter scale, in which the strength of the earthquake was determined by measuring the amplitudes of the seismic waves at different seismic stations and then inputting those amplitudes into Richter’s magnitude formula. At its most fundamental level, the Richter magnitude formula extrapolates the size of the seismic waves back to the seismic source, thus providing an estimate of the strength of those waves at the source. Because the range of the amplitudes of seismic waves is extremely large for earthquakes of different sizes, Richter proposed to use a simple mathematical function called a logarithm to compress the range of earthquake sizes into a simple range of numbers. He set that range of numbers to fall between roughly 0 for the smallest earthquakes to just less than about 10 for the largest known earthquakes. Because the Richter magnitude scale is logarithmic, a change in magnitude of one unit corresponds to a change in wave amplitude of a factor of 10. Thus, the seismic waves from a magnitude 5.0 earthquake are 10 times stronger than the seismic waves from a magnitude 4.0 earthquake.


  Although Richter’s original magnitude scale was a major step forward in earthquake science, it had some major shortcomings that seismologists needed to accommodate. One shortcoming was that Richter’s magnitude formula only worked in California because implicit in that formula is the rate of seismic wave absorption for Southern California. In order to apply Richter’s idea to other parts of the world, seismologists needed to account for the different seismic-wave absorption characteristics in different parts of the world. For global earthquakes Richter teamed with Caltech colleague Prof. Beno Gutenberg in the 1930s and 1940s to develop two different magnitude scales, one based on P-wave amplitudes and one based on surface-wave amplitudes. For decades these magnitude scales have been applied to measure the sizes of earthquakes that are recorded widely across the globe. For the smaller local earthquakes in different parts of the world, seismologists were required to adapt Richter’s original formula based on local earthquake observations. For example, in 1973 Prof. Otto Nuttli of St. Louis University developed a modified version of Richter’s original magnitude scheme for use in central and eastern North America.


  Another shortcoming of Richter’s original magnitude formula as well as the P-wave and surface-wave magnitude scales of Richter and Gutenberg is that for technical reasons these methods underestimated the size of the largest earthquakes that take place on the earth. This shortcoming was resolved in the 1970s with the development of the moment magnitude scale by Prof. Hiroo Kanamori of Caltech and Dr. Tom Hanks (not the actor) of the U.S. Geological Survey (USGS). Their magnitude scale made use of new seismic data analysis methods not yet developed at the time that Richter and Gutenberg were active. Kanamori and Hanks designed their magnitude scale so that it gives moment magnitudes that are the same as the P-wave and surface-wave magnitudes of Richter and Gutenberg at lower magnitudes, but it also gives the correct magnitudes to the largest recorded earthquakes. It is for this reason that the moment magnitude scale has become the preferred earthquake magnitude scale in use by seismologists today.


  The magnitude scales just discussed are used by seismologists to rate the strengths of the seismic waves that are radiated by earthquake sources. Larger magnitude earthquakes radiate larger amplitude seismic waves from the faults where they occur. Furthermore, as discussed earlier, larger magnitude earthquakes occur on faults that are longer and wider than smaller magnitude earthquakes, and larger earthquakes also have a greater amount of rock slip on their faults than do smaller magnitude earthquakes. In addition, larger magnitude earthquakes are felt over larger areas and for longer time periods than are smaller magnitude earthquakes. On the other hand, the magnitude of an earthquake in itself cannot be used to tell how strong the earthquake ground shaking is at any individual site that experiences that earthquake. The strength of the ground shaking depends on both the magnitude of the earthquake and the distance from the earthquake fault to the location where the earthquake is experienced. Sites at different distances from the same earthquake experience different levels of ground shaking, with stronger ground shaking generally occurring closer to the fault and weaker ground shaking occurring farther from the fault.


  EARTHQUAKE SHAKING: DAMAGE TO STRUCTURES, SHAKEMAPS, AND EARTHQUAKE INTENSITY


  The strength of ground shaking is the most important indicator of the felt and damage effects due to earthquakes. At very low amplitudes of ground shaking, only a few people might even sense the ground shaking. As ground shaking amplitudes increase, more people sense the ground motions, and they become more aware of the vibrational nature of the seismic waves that are causing the ground shaking. At still higher amplitudes of ground shaking, people notice buildings, trees, and other man-made and natural structures noticeably swaying, and they may become fearful that buildings are going to be damaged. At even higher amplitudes the ground shaking can feel so violent that people in buildings report that it feels like the building is being hit by a giant sledgehammer, and they fear that collapse of the building is imminent. From decades of compiling both reports of felt effects and building damage due to earthquake shaking and instrumental recordings of the strong ground shaking at sites where felt and damage reports were collected, seismologists and earthquake engineers now can pinpoint the different amplitudes of ground shaking where felt effects occur with no building damage, where buildings start to crack, and where buildings start to collapse. This has not been a simple task because different kinds of buildings are damaged at different levels of ground shaking. Even so, the relationships between amplitude levels of earthquake shaking and potential for damage for many different kinds of buildings are now understood well enough that they are used as a basis for specifying earthquake resistance in modern building codes.


  In central and eastern North America, studies of earthquake shaking amplitudes and amounts and severity of damage in earthquake shaking have been carried out every time a damaging earthquake has taken place. Furthermore, many of the kinds of building types in central and eastern North America are also common in the western U.S., and particularly in California, where the database of earthquake ground motions and corresponding earthquake damage is very large. This database is very useful because it allows seismologists and earthquake engineers to take historic reports of earthquake damage and estimate the probable amplitude of the earthquake ground shaking that caused that damage. The database, along with the ability to estimate the amplitude of earthquake ground shaking at a site by knowing the earthquake magnitude and the distance of the site from the fault where the earthquake was centered, can also be used to estimate how damage could have occurred at a site due to an earthquake of a specified magnitude on a specified fault.


  Today, immediately following the occurrence of an earthquake, the USGS publishes what it calls a ShakeMap, which is a map of an area where the earthquake occurred that shows the epicenter of the earthquake along with colors or contours of the levels of ground shaking that are calculated to have taken place at locations surrounding the epicenter. The highest amplitudes of ground shaking are those closest to the epicenter, and the amplitudes of estimated ground shaking decrease with increasing distance away from the epicenter. The USGS also provides charts that estimate the potential for damage to buildings for the different amplitudes of ground shaking shown on their maps. Thus, the potential severity of an earthquake can now be assessed even before the first damage reports are received from the affected area.


  [image: ShakeMap showing the contours of different levels of shaking from an M6.0 earthquake at Napa, California, in 2014 FIGURE FROM THE USGS]


  Although ShakeMaps are a twenty-first-century invention, a much less sophisticated system of maps of ground shaking due to earthquakes has been around since the early 1800s. At that time seismologists started going out to places where earthquakes had recently taken place, and they compiled accounts of the locations affected by the earthquake and the kinds of effects reported at each of the locations. At some locations damage to buildings was reported, and that was so noted. At other locations people felt the earthquake but reported little or no damage. At still other locations the earthquake was barely noticed or not noticed at all. These seismologists then compiled this information on a map of the region affected by the earthquake, and from the map they were able to draw contours showing the areas where the earthquake caused significant damage, where it caused minor damage, and where it was felt but caused no damage at all. They used the term “earthquake intensity” to describe the effect that they were contouring, and the maps that they drew came to be called intensity maps. In hindsight these maps were very crude ShakeMaps. The localities with the highest intensities probably encompassed the area where the fault that slipped in the earthquake must have been located.


  [image: Isoseismal map of Modified Mercalli intensities of the Charleston, South Carolina, 1886 earthquake]


  To standardize intensity maps seismologists developed intensity scales, which are lists of the felt and damage effects of earthquakes that are divided into a number of different levels. Weak shaking noticed by only a few people was assigned one intensity level, strong shaking but with no damage was assigned another intensity level, and strong shaking with considerable damage was assigned another intensity level. Intensity-level assignments were made using Roman numerals to indicate that these are not instrumental measurements but rather subjective assignments based on subjective reports. Seismologists in different countries developed their own earthquake intensity scales. In the U.S. seismologists settled on the Modified Mercalli scale as the preferred seismic intensity scale. The Modified Mercalli intensity scale is spelled out in the appendix. Modified Mercalli values are indicated by MMI and range from MMI I (not felt) to MMI XII (total destruction). MMI values from II to V describe increasing strengths of ground shaking where no damage has occurred, whereas MMI values from VI to XII describe increasing strengths of ground shaking based on the amount of damage to buildings and other structures. Seismologists have developed relationships between MMI values and measures of ground shaking, such as peak ground acceleration. Thus, it is possible to relate seismic intensity maps to ShakeMaps and vice versa.


  One might guess that ground-shaking amplitudes and seismic-intensity values should decrease in a regular way away from an earthquake fault. On average this is true, but there can be some notable variations to this trend. One important variation arises in local areas where there are thick layers of soft soils at the surface of the earth. In general seismic-wave amplitudes tend to be lower when measured on hard rock at the earth’s surface than when measured at nearby sites that are underlain by soft soils. Because of their low seismic velocities, local soft soils tend to amplify earthquake ground shaking compared to nearby rock sites. This effect is predicted by seismic theory and is routinely observed on seismic-intensity maps where places with locally higher seismic-intensity values reflect areas where thick soil layers are found. Many instrumental measurements on soft soil sites and nearby rock sites have confirmed this effect. Thus, earthquake-shaking effects and even earthquake damage is affected by the local soils (or lack of soils) where the earthquake is experienced.


  Another reason that earthquake intensities may not always decrease in a regular way from an earthquake fault is that different kinds of buildings suffer damage at different amplitudes of ground shaking. Well-built, seismically resistant buildings require much higher amplitudes of ground shaking before they are damaged, whereas brittle buildings with little or no seismic resistance are damaged at much lower amplitudes of ground shaking. Thus, MMI VI and MMI VII intensity assignments depend on the types of local buildings as well as the strength of the seismic waves that shook those buildings. For example, building collapses are common at relatively low amplitudes of ground shaking when the buildings are made of mud-brick, which has very low seismic resistance. In the U.S. masonry buildings made of bricks and mortar with no other support are easily damaged in earthquake shaking. The problem here is that the brick walls tend to break and fall apart when subjected to horizontal shaking, with the tops of the brick walls breaking first. On the other hand, well-built wood-frame buildings tend to flex in horizontal earthquake shaking without breaking, and so it takes a higher ground-shaking amplitude to damage a wood-frame building than to damage a brick building. For the typical home in eastern North America, earthquake shaking will damage a brick chimney and brick walls before it damages the wood-frame house to which the chimney and walls are attached.


  LANDSLIDES AND LIQUEFACTION


  Strong earthquake shaking not only can damage man-made structures, but also can affect the natural landscape. In mountainous and hilly areas, landslides are common in strong earthquake shaking. Loose rocks can be shaken from unstable perches, standing rocks can be tipped over, and steep hillsides can give way in landslides. Landslides can be triggered under two different conditions. The first condition is controlled by the angle of repose of the slope of a hillside. Every earth material (soil and rock) has an angle of repose, which is simply the maximum slope angle at which that material can sit indefinitely without the danger of a landslide. A loose material like sand has a low angle of repose, whereas a hard material like granite has a very high angle of repose. If the slope of a hillside made of an earth material is less than the angle-of-repose slope, then the hillside will be stable and not slide even if affected by an earthquake. On the other hand, if the slope at some part of a hillside exceeds, even by just a small amount, the angle of repose of the earth material that makes up that hillside, then a landslide can be triggered by a stimulus such as heavy rainfall, strong winds, or earthquake shaking. A hill can sit stably for many years at a slope beyond its angle of repose, only to become unstable and slide when a sudden stimulus like an earthquake affects the hillside. Landslides are very common in mountainous areas during strong earthquakes and often can pose a greater hazard to human settlements than the earthquake shaking itself. For example, most of the 944 deaths in a moment magnitude Mw 7.7 earthquake in El Salvador in January 2001 were due to landslides from the mountains into populated areas. The earthquake epicenter was offshore, and the landslides were triggered by the strong shaking of the seismic waves as they spread onshore away from the fault.


  The second condition under which a landslide can be triggered is on hillsides where the earth materials that make up the hillside surface are sitting at a slope than is smaller than the maximum stable slope based on the angle of repose. In this case the expectation is that the slope should always be stable, even in strong earthquake shaking. However, if there is a weak layer beneath the surface that has a smaller angle of repose than for the surficial materials, then a stimulus like strong earthquake shaking can cause a landslide to initiate in the subsurface material, which then slides downhill and carries the surface materials with it. This is a hidden danger because an investigation of the surface earth materials may not reveal the weak underlying layer. It is for this reason that the danger for landslides following earthquakes is difficult to assess with high accuracy.


  Both kinds of landslides are triggered when earthquake ground shaking exceeds some minimum critical level. The critical level is somewhat different for slopes composed of different kinds of rock or soils, but below the critical level of ground shaking, no landslides are observed. Thus, the observation of the occurrences of landslides in historic earthquakes gives an indication that the ground shaking due to the earthquake exceeded the minimum critical level, and this in turn can be used to infer the minimum magnitude of that earthquake.


  In addition to landslides, another type of physical change in the local landscape that can be caused by strong ground shaking due to an earthquake fault slip is called soil liquefaction. In places where liquefaction takes place, there is a subsurface soil layer with a high sand content. Liquefaction can take place in the sandy soil layer if the layer is below the groundwater table and hence is saturated with water. Under normal conditions natural settling of the ground during the formation of the soil layers causes the layer to act as a solid that can support a surface load, much as a person standing on the wet sand of a beach does not immediately sink into the sand. However, when a water-saturated sandy soil layer is agitated by strong earthquake shaking, the pressures in the water and in gases dissolved in the water in the layer build up rapidly, much like shaking a bottle that contains a carbonated soft drink. As the pressure builds up in the shaking, the soil layer starts behaving like a liquid instead of a solid. If the sandy soil layer is at the surface of the earth, objects on the surface start sinking into the layer, much like a person who is standing on the wet sand of a beach can start sinking into the sand by wiggling his or her toes and


  [image: Sandblow that formed in the Charleston, South Carolina, 1886 earthquake]


  

  EARTHQUAKE STATISTICS
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  INTERPRETING HISTORICAL EARTHQUAKE RECORDS


  

  

  

  

  

  

  

  

  

  Appendix: The Modified Mercalli Intensity Scale of 1931


  The following is an abbreviated description of the 12 levels of the Modified Mercalli intensity scale of 1931. Each intensity value is assigned a Roman numeral to indicate that it is a rating of the local ground shaking based on the described felt and damage effects. The value in parentheses following each description of the higher intensities is approximately the lowest earthquake magnitude value at which this intensity level is observed.


  I. Not felt except by a very few under especially favorable conditions.


  II. Felt only by a few persons at rest, especially on upper floors of buildings. Delicately suspended objects may swing.


  III. Felt quite noticeably by persons indoors, especially on upper floors of buildings. Many people do not recognize it as an earthquake. Standing motor cars may rock slightly. Vibration similar to the passing of a truck. Duration estimated. (3.0)


  IV. During the day felt indoors by many, outdoors by few. At night some awakened. Dishes, windows, doors disturbed; walls make cracking sound. Sensation like heavy truck striking building. Standing motor cars rocked noticeably. (3.5)


  V. Felt by nearly everyone; many awakened. Some dishes, windows, etc., broken. A few instances of cracked plaster. Unstable objects overturned. Disturbance of trees, poles, and other tall objects sometimes noticed. Pendulum clocks may stop. (4.0)


  VI. Felt by all; many frightened and run outdoors. Some heavy furniture moved; a few instances of fallen plaster or damaged chimneys. Damage slight. (5.0)


  VII. Everybody runs outdoors. Damage negligible in buildings of good design and construction; slight to moderate damage in well-built ordinary structures; considerable damage in poorly built or badly designed structures; some chimneys broken. Noticed by persons driving motor cars. (5.5)


  VIII. Damage slight in specially designed structures; considerable damage in ordinary substantial buildings with partial collapse. Damage great in poorly built structures. Fall of chimneys, factory stacks, columns, monuments, walls. Heavy furniture overturned. Sand and mud ejected in small amounts. Changes in well water. Persons disturbed while driving motor cars. (6.0)


  IX. Damage considerable in specially designed structures; well-designed frame structures thrown out of plumb. Damage great in substantial buildings, with partial collapse. Buildings shifted off foundations. Ground cracked conspicuously. Underground pipes broken. (6.5)


  X. Some well-built wooden structures destroyed; most masonry and frame structures destroyed with foundations. Ground badly cracked. Rails bent. Landslides considerable from river banks and steep slopes. Shifted sand and mud. Water splashed (slopped) over banks. (7.0)


  XI. Few if any (masonry) structures remain standing. Bridges destroyed. Broad fissures in ground. Underground pipelines completely out of service. Earth slumps and land slips in soft ground. Rails bent greatly. (7.5)


  XII. Damage total. Waves seen on ground surfaces. Lines of sight and level distorted. Objects thrown upward into the air. (8.0)
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