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I. Spatio-Temporal Variations of Damaged Fault Zones in Recent California Earthquakes 

 

 The people living in southern California may still remember the 1992 M7.4 Landers and the 1999 

M7.1 Hector Mine in the Mojave Desert, ~150 km east to Los Angeles. These two large earthquakes 

broke the ground surface along the ~80 km- and 40-km-long fault lines, respectively, allowing us to 

record the fault-zone guided waves (a new type of seismic waves discovered in 1980s [see Li et al., 1990, 

Science]) generated by aftershocks to probe the deep structure of the earth where earthquakes occurred. 

We deployed seismic arrays at the broken fault zones immediately after the earthquakes. Observations 

and 3-D finite-difference simulations of fault-zone guided waves allow us to image the subsurface 

structure and physical properties of the faults with the resolution higher than ever before. We delineated 

100-200-m-wide highly damaged core layer on those faults broken in the Landers and Hector Mine 

earthquakes, in which seismic velocities are reduced by ~50% from wall-rock velocities to form a low-

velocity waveguide trapping seismic energy within it.  The waveguide width on the Hector Mine rupture 

zone is half that of the Landers rupture zone, roughly consistent with the proportional scaling of cohesive 

zone size to rupture length as predicted in dynamic rupture models. Fault-zone trapped waves also show 

that multiple faults were involved in these two earthquakes although some blind faults did not break to 

the surface but broke at depth in the Hector Mine earthquake. Our dynamic rupture simulations indicate 

that the multiple rupture pattern in this earthquake is consistent with basic assumptions about the physics 

of the earthquake process (see details in published papers [Li et al., 1994, Science; 1999; 2000; 2002; 

2003a]. 

 

  Faults have long been identified as the sites of localized sliding motion during earthquakes, and 

allowing relative motion between adjacent rigid crustal blocks is their most prominent role in geological 

processes. There is a growing awareness, however, that we must understand the evolution of fault 

systems on many time scales in order to relate current crustal stresses and fault motions to the geological 

structures formed in the past. Fault zone damage and healing has been documented quantitatively at 

rupture zones of the 1992 M7.4 Landers and 1999 M7.1 Hector Mine earthquakes. Repeated seismic 

surveys using near-surface explosions at these rupture zones revealed the velocity increase of seismic 

waves traveling within the fault-zone waveguide with time after the Landers and Hector Mine 

mainshocks, indicating that the fault regain the strength (i.e. fault healing) with time after its broken in 

the earthquake. The 1994 and 1996 observations of healing at Landers showed recovery of seismic 

velocity by about 2%[Li et al., 1998, Science].  Re-surveying in 1998 revealed a reduction of the healing 

rate by a factor of two between 1994-1996 and 1996-1998 [Li and Vidale, 2000]. The ratio of the rates of 
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compressional (P) and shear (S) wave speed recovery are consistent with healing caused by closure of 

partially fluid-filled cracks. The velocity increase is consistent and diminishing in rate over time across 

surveys between 1994 and 1998, most likely due to the closure of cracks that opened during the 

earthquake. Using equations for the elastic constants of fractured rock, the decrease of crack density has 

been calculated to be ~3% between 1994 and 1998, which caused ~4% increase in shear rigidity of the 

fault-zone rock, indicating that the rupture zone has been healing since the Landers earthquake. 

 

A similar experiment at Hector Mine has confirmed that healing is not unique to Landers, and reveals 

some variability in healing rates between the fault segments we have measured [Li et al., 2003]. 

However, the velocity increasing rate varied from one fault segment to another. This variation 

suggests that a fault may regain strength at a different rate. A region with larger slip and soft 

sedimentary rock would inflict greater damage due to elastic response and strong shaking, and thus 

greater healing occurred. Dynamic rupture models also help to delineate the connection between fault 

slip and the width and severity of the damage zone. We also found that the fault healing on the 

Landers rupture zone was interrupted by the M7.1 Hector Mine earthquake which occurred nearby 

Landers in 1999 and provided the most likely cause for the temporary reversal in the polarity of the 

velocity change on the Landers faults [Li and Vidale, 2003, Nature]. Most probably, the dynamic 

stresses during the strong shaking from the Hector Mine quake cracked connections in the rock. 

  The knowledge of spatial and temporal patterns of the Landers and Hector Mine rupture zones 

allowed us further understand the evolution of fault systems on many time scales in the earthquake cycle 

and will help us to predict the occurrence and hazards of future earthquakes in southern California. 

 

II. Magnitude 6 Earthquake Shakes Parkfield 

 

Scientists have waited this earthquake for 38 years since a similar M6 earthquake occurred on the 

same segment of the San Andreas fault at Parkfield, Central California in 1966. This earthquake occurred 

on September 28, 2004, nearby the tiny town of Parkfield where only seven families reside. The 

earthquake ruptured 30 km along the fault. Strong shaking during this event lasted for ~10 seconds. It is 

the seventh in a series of repeating earthquakes on this stretch of the San Andreas fault at Parkfield. The 

previous earthquakes were in 1857, 1881, 1901, 1922, 1934, and 1966. It is seldom to see a sequence of 

major earthquakes occurring at a regular frequency on the same fault segment so that the Parkfield 

becomes famous in the world and is called “Earthquake Capital”. 

 

The US National Science Foundation’s EarthScope Program in partnership with US Geological 

Survey is drilling a scientific borehole at Parkfield that will ultimately intersect the San Andreas fault at 

4-km depth. EarthScope is inspired by the need to address longstanding and fundamental questions about 

the forces that continue to shape our dynamic Earth. EarthScope's network of multipurpose geophysical 

instruments and observatories will significantly expand capabilities to observe the structure and ongoing 
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deformation of the North American continent, and will combine these geophysical measurements with 

data and observations from all disciplines of the Earth sciences, permitting enhanced analyses. Improved 

understanding of the structures and processes that affect our environment will translate into better hazards 

assessment, more precise estimates of natural resource potential and a deeper appreciation of connections 

between different aspects of our physical environment. The San Andreas fault at Parkfield has been 

selected as an ideal field laboratory to study the earthquake. An observatory deep within the fault will 

provide direct measurements of the physical state and mechanical behavior of one of the world's most 

active faults in a region of known earthquake generation. The 2004 M6 Parkfield earthquake provides us 

with a very detailed view of a large earthquake on the San Andreas fault and will provide scientists with 

new data on how such earthquakes occur and create damage.  

 

Immediately after the M6 Parkfield earthquake, Dr. Li with his students installed a dense seismic 

array of 50 seismometers at the San Andreas Fault near Parkfield co-sited with previous experiment in 

the fall of 2002 to record fault-zone guided waves generated by aftershocks. Seismometers have recorded 

more than 1000 aftershocks. Two explosions have been detonated within the fault zone at the same shot-

hole sites as in the previous experiment in 2002. The data revealed a depth-dependent highly damaged 

fault core zone (so called low-velocity waveguide) extending deeper than 5 km in the earth crust [Li et al., 

2004]. The data from repeated shots and aftershocks show both the coseismic and post-earthquake 

changes in fault-zone properties associated with this M6 earthquake. Dr. Li is writing a paper to be 

submitted to Science to report the new finding from the unique data taken from Parkfield through their 

great efforts in the past months.  

 

III. Magnitude 9.0 Earthquake off the West Coast of Sumatra, Indonesia (Citation for Public 

Knowledge) 

 

The devastating earthquake of December 26, 2004, occurred on the interface of the India and 

Burma plates and was caused by the release of stresses that develop as the India plate subducts beneath 

the overriding Burma plate. In the region of the earthquake, the India plate moves toward the northeast at 

a rate of about 6 cm/year relative to the Burma plate. This results in oblique convergence at the Sunda 

trench, which lies to the west of the earthquake's epicenter. The trench is the surface expression of the 

plate interface between the Australia and India plates, situated to the southwest of the trench, and the 

Burma and Sunda plates, situated to the northeast. The oblique motion is partitioned into thrust-faulting. 

The December 26 earthquake occurred as the result of thrust-faulting along the 1200-km-long trench with 

the width of the causative fault-rupture was likely over one-hundred km with the average displacement on 

the fault plane ~15 meters. The sea floor overlying the thrust fault would have been uplifted by several 

meters as a result of the earthquake. It is this caused the devastating Tsunami. Because there is no 

Tsunami Alarming System in India Ocean Ring, at least 200,000 people were killed by this earthquake 

and tsunami in countries around India Ocean. After this disaster, India and Indonesia Governments have 
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decided to establish the Tsunami Alarming Center like the Pacific Tsunami Warning Center, which was 

established at Hawaii in 1949 to release the loss caused by tsunamis in the Pacific Ring’s countries.   

 

The world's largest recorded earthquakes have all been mega thrust events, occurring where one 

tectonic plate subducts beneath another. These include: the M9.5 1960 Chile earthquake, the M9.1 1957 

and the M9.2 1964 Alaska, earthquakes. As with the recent event, mega thrust earthquakes often generate 

large tsunamis that cause damage over a much wider area than is directly affected by ground shaking near 

the earthquake's rupture. The historic record of tsunamis along the U.S. west coast includes mainly 

teletsunamis, generated from large earthquakes around the Pacific Rim.  Nevertheless, potentially 

tsunamigenic fault structures do exist locally offshore the U.S. west coast, most notably from the 

Cascadia subduction zone.  The Cascadia subduction zone is a 750 miles (1,200 km) long offshore fault 

that extends from northern California to southern Canada and accommodates motion between the Pacific 

and North American plates at a rate of about 40 mm/yr (1.6 inches/year). This subduction zone is thought 

to have last ruptured in a M9.0 earthquake in 1700; the resulting tsunami was recorded in northern Japan 

historical accounts. However, this fault has been quiescent since that large rupture. It has generated no 

great earthquakes (M>8) and very few large earthquakes (M>6) during the 150 years of recorded history. 

The 1992 Petrolia earthquake (M=7) is the largest modern event that is thought to have ruptured the plate 

interface. Geologic evidence of submerged vegetation indicates that large or great earthquakes (M=8-9) 

have occurred on average every 500 years along this zone. Great ruptures along this subduction zone 

would most likely cause local and possibly ocean-wide tsunamis that could affect the western United 

States. Although there is no such large subducting-type earthquake to occur offshore in California, the 

teletsunamis like the 1964 Alaska tsunami has caused the most extensive damage in California. People 

living in California coast have to pay attention to this type of natural hazard.   

 

IV. Earthquake Hazards in Southern California (adapted from SCEC)  

 

We are living on the earthquake country, California. We know that the San Andreas fault has 

produced historic large earthquakes and many other faults in southern California are also hazardous. 

However, it is often difficult to understand how to incorporate this information into our lives. It is also 

difficult to answer questions about where and how often earthquakes happen in Southern California. 

While it may seem that we know much about tectonics, faulting, and the processes that cause earthquakes, 

it is not safe to assume that we have the ability to accurately forecast earthquakes. A few examples of 

successful predictions have occurred, but many have failed, and some earthquakes have struck, with little 

to no warning, in settings similar to those where predictions had previously succeeded.  

 

The goal of earthquake prediction is to give warning of potentially damaging earthquakes early 

enough to allow appropriate response to the disaster, enabling people to minimize loss of life and 

property. The U.S. Geological Survey conducts and supports research on the likelihood of future 

earthquakes. This research includes field, laboratory, and theoretical investigations of earthquake 
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mechanisms and fault zones. A primary goal of earthquake research is to increase the reliability of 

earthquake probability estimates. Ultimately, scientists would like to be able to specify a high probability 

for a specific earthquake on a particular fault within a particular year (For example, at Parkfield). 

Scientists estimate earthquake probabilities in two ways: by studying the history of large earthquakes in a 

specific area and the rate at which strain accumulates in the rock. Scientists study the past frequency of 

large earthquakes in order to determine the future likelihood of similar large shocks (that is, just as likely 

to happen as not to happen) in the region during the certain years. Another way to estimate the likelihood 

of future earthquakes is to study how fast strain accumulates. When plate movements build the strain in 

rocks to a critical level, the rocks will suddenly break and slip to a new position. Scientists measure how 

much strain accumulates along a fault segment each year, how much time has passed since the last 

earthquake along the segment, and how much strain was released in the last earthquake. This information 

is then used to calculate the time required for the accumulating strain to build to the level that results in 

an earthquake. In the United States, only the San Andreas fault system has adequate records for using this 

prediction method. Both of these methods, and a wide array of monitoring techniques, are being tested 

along part of the San Andres fault. The main goals of the ongoing Parkfield Earthquake Prediction 

Experiment are to record the geophysical signals before and after the expected earthquake; to issue a 

short-term prediction; and to develop effective methods of communication between earthquake scientists 

and community officials responsible for disaster response and mitigation. The attached figure adapted 

from Southern California Earthquake Center shows another example for southern California earthquake 

hazards in terms of average rates and probabilities of earthquake shaking. This analysis predicts that 

somewhere in southern California should experience a M7.0 or greater earthquake seven times each 

century. The residents in these areas should make their preparedness for those pending earthquakes. 

 

Scientific understanding of earthquakes is of vital importance to the Nation. As the population 

increases, expanding urban development and construction works encroach upon areas susceptible to 

earthquakes. With a greater understanding of the causes and effects of earthquakes, we may be able to 

reduce damage and loss of life from this destructive phenomenon. 
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