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I. Introduction

Purpose and Objective

As the global demand for energy increases, it is evident that geothermal energy cannot play a significant part in meeting this demand unless the commercial resource base can be expanded by an order of magnitude or more. The geothermal resource is extremely large, and eventually this potentially-economic resource must be accessed. The United States Geological Survey (USGS) estimates that in the 48 contiguous states alone, there are 300,000 quads of energy in the 200˚C heat sources down to 6 km. Obviously, because the U.S. uses only 100 quads per year, the potential of geothermal energy is enormous. To access this energy, both sufficient fluid and permeability must be present in the heated rock. Each may exist together, or separately, or not at all. Thus, the need exists to enhance permeability and/or fluid content, to enhance geothermal systems. As with any development of new technology, some aspects of the new technology have been accepted by the general public, but some have not yet been accepted and await further clarification before such acceptance is possible. One of the issues associated with Enhanced Geothermal Systems (EGS) is the role of microseismicity during the creation of the underground reservoir and the subsequent extraction of the geothermal energy. 

Microseismicity has been associated with the development of production and injection operations in a variety of geothermal regions. In most cases, there have been no or few adverse effects on the operations or on surrounding communities. Still, concern over the possible amount and magnitude of the seismicity associated with current and future EGS has pointed out the need to involve the operators, the government, and the general public in open discussions on the risks (if any) and even possible benefits of microseismicity associated with EGS. 

Microseismicity has been successfully dealt with in a variety of nongeothermal environments. Cypser and Davis (1998) set out the legal responsibilities of petroleum, mining, and reservoir impoundment, as well as geothermal operations. As these authors pointed out, geoscientists should use their role as investigators, educators, and advisors to provide scientific evaluations that could recognize potential problems before they arise, as well as inform the work of other researchers at other sites. 

Therefore, the primary objectives of this white paper are to present an up-to-date review of the state of knowledge about induced seismicity during the creation and operation of enhanced geothermal systems, and to point out the gaps in knowledge that if addressed will allow an improved understanding of the mechanisms generating the events as well as develop successful protocols for monitoring and addressing community issues associated  with  such induced seismicity. 

History and Motivation for Study

Hydrothermal systems provide the easiest method of extracting heat from the earth, but the total resource and its availability tends to be restricted to certain areas. Their development occurs where situations are ideal for extraction at an economic cost. Hydrothermal systems are sometimes difficult to locate, and they also carry a high risk of not being economically feasible if the in situ conditions are not favorable. 

Reasons for pursuing the development of the EGS technology are two-fold: (1) to see if the uneconomic hydrothermal systems can be brought into production by improving underground conditions (stimulation); and (2) to engineer an underground condition that creates a hydrothermal system, whereby injected fluids can be heated by circulation through a hot fractured region at depth and then produced to deliver heat to the surface for power conversion. The second approach expands the available heat resource quite significantly and reduces the uncertainty of exploitation costs.

To create a hydrothermal system, the permeability of an underground rock mass may have to be enhanced significantly, by pumping fluid under high pressure to open up the joints and to prop them open—thus leaving permanently dilated joints through which water can circulate and extract the heat. This process of enhancing the permeability and the subsequent extraction of energy may often create microseismic events. Although the chances of one of these events being large enough to cause any appreciable structural damage is very low, there is a perception by the public that these events can cause structural damage. Research, education, and public awareness will be necessary to reduce public concern.

Induced seismicity is an important reservoir management tool, especially for EGS projects, but it is also perceived as a problem in some communities near geothermal fields. Events of magnitude 2 and above near certain projects (e.g., Soultz project in France—Baria et al., 2005) have raised residents’ concern for both damage from single events and their cumulative effects (Majer et al., 2005). Some residents believe that the induced seismicity may cause structural damage similar to that caused by larger natural earthquakes. There is also fear that the small events may be an indication of larger events to follow. A related concern is that not enough resources have been invested in trying to answer some of the questions associated with larger induced events, and in providing for independent monitoring of the seismicity.

Recognizing the potential of the extremely large resource worldwide, and recognizing the possibilityof misunderstanding about induced seismicity, the Geothermal Implementing Agreement under the International Energy Agency (IEA) initiated an international collaboration. The purpose of this collaboration is stated in the “Environmental Impacts of Geothermal Development, Sub Task D, Seismic Risk from Fluid Injection Into Enhanced Geothermal Systems Geothermal Implementing Agreement (IEA/GIA)” as follows:

Participants will pursue a collaborative effort to address an issue of significant concern to the acceptance of geothermal energy in general but EGS in particular. The issue is the occurrence of seismic events in conjunction with EGS reservoir development or subsequent extraction of heat from underground. These events have been large enough to be felt by populations living in the vicinity of current geothermal development sites. The objective is to investigate these events to obtain a better understanding of why they occur so that they can either be avoided or mitigated. Understanding requires considerable effort to assess and generate an appropriate source parameter model, testing of the model, and then calculating the source parameters in relation to the hydraulic injection history, stress field and the geological background. An interaction between stress modeling, rock mechanics and source parameter calculation is essential. Once the mechanism of the events is understood, the injection process, the creation of an engineered geothermal reservoir, or the extraction of heat over a prolonged period may need to be modified to reduce or eliminate the occurrence of large events.

As an initial starting point for achieving a consensus, three international workshops were organized with participants from various backgrounds, including geothermal companies and operators (Majer et al., 2005; Baria et al. 2006). Presented here are the results of these three workshops, along with further integration  and recommendations.

II. Relevant Seismological Concepts

Seismicity occurs over many different time and spatial scales. Creep on a fault could be considered seismicity just as much as a sudden loss of cohesion on a fault. Growth faults in the overpressurized zones of the Gulf Coast of the United States are one example of a slow earthquake, as is creep along an active fault zone (Mauk et al., 1981). With respect to induced seismicity, as defined here, we will only deal with movements that are sudden and that cause “earthquakes.” The reason for this sudden movement is that an imbalance of stresses has developed, while concurrently the forces holding the earth in place are not strong enough to prevent failure. (Note that we use the term “movement” rather than “slippage” because slippage may imply that a fault plane already exists—whereas in fact, in some cases, new faults or fractures may be created.)

If we could examine the subsurface in sufficient detail, we would find fractures, joints, and/or faults almost anywhere in the world. A fault is not defined in terms of size; however, most mapped faults range in size from a few meters to hundreds of kilometers in length. The size of an earthquake (or how much energy is released from one) depends on how much slip occurs on the fault, how much stress there is on the fault before slipping, how fast it fails, and over how large an area it occurs (Brune and Thatcher, 2002). Damaging earthquakes (usually greater than magnitude 4 or 5—Bommer et al., 2001) require the surfaces to slip over relatively large distances (kilometers). For slip to occur, there must also be an imbalance in the stresses and forces acting within the earth. In other words, if there is no imbalance in the forces in the subsurface, then there is no net force available to cause slip, i.e., to cause a sudden release of stored energy. The forces that act to deform the earth, and that result in an excess energy accumulation, are of course forces fundamentally generated by the dynamic nature of the earth as a whole. In most regions where there are economic geothermal resources, there is usually tectonic activity, such as plate boundaries. These areas of high tectonic activity are more prone to seismicity than more stable areas, such as the central continents (Brune and Thatcher, 2002). (Note, however, that one of the largest earthquakes ever to occur in the U.S. was the New Madrid series of events in the early 1800s in the center of the  nation). It must also be noted that seismic activity is only a hazard if it occurs above a certain level and close enough to a community. There is seismic activity to some degree almost everywhere.

Another factor to consider is that the earth is not a homogeneous medium. Over millions of years of movement, the surface of the earth has been deformed and broken. In some areas where there has been consistent movement, large fault systems have formed. If the forces are still present, then there is a potential for earthquakes to occur. The San Andreas Fault system in California is one example. As pointed out above, however, the slip does not have to occur in discrete or sudden events. For example, there are many places along the San Andreas Fault where the fault is creeping without the occurrence of large earthquakes, without jumping in a “stick-slip” type of movement. This finding partially accounts for the high level of seismicity in some areas of California and the low level in other areas. The significant factor is that in general, there are about ten times fewer magnitude 5 earthquakes than magnitude 4, and one hundred times fewer 6s than 4s—and so forth. 

Large or damaging earthquakes tend to occur on developed or active fault systems. In other words, large earthquakes rarely occur where no fault exists, and the small ones that do occur do not last long enough to release substantial energy. Also, it is difficult to create a large, new fault, because there is usually a pre-existing fault that will slip first. For example, all significant historical activity above magnitude 5.0 that has been observed in California has occurred on preexisting faults (bulletins of the Seismographic Stations, University of California). It is important to recognize that earthquake shaking intensity and potential for damage at a given site is a function of earthquake magnitude, earthquake-receptor distance, local geologic conditions, and quality of construction at the site. 

One last important feature to note regarding earthquake activity is that the size of the fault (in addition to the forces available) and the strength of the rock determine how large an event may potentially be. It has been shown that in almost all cases, large earthquakes (magnitude 6 and above) start at depths of at least 5 to 10 km (Brune and Thatcher, 2002). It is only at depth that sufficient energy can be stored to provide an adequate amount of force to move the large volumes of rock required to create a large earthquake.

Dynamic Loading and Structural Damage Criteria

Manmade and natural structures can be affected by a dynamic wave, produced by explosive, large, vibrating machines or seismic events. All structures have a natural resonance frequency at which they become unstable and may collapse, depending on the characteristic of the imposed shockwave. In mining and civil engineering industries, rules have been established for guidelines regarding the safety of operating equipment and explosives. 

III. History of Induced Seismicity in Nongeothermal Environments

Seismicity has been linked to a number of human activities. For example, mining activities in the deep gold mines of South Africa have produced large “rock bursts” when the removal of rock relieves the stress (Richardson and Jordan, 2002). In other cases, seismicity occurs because of a volume reduction in the subsurface—i.e., material is removed and a collapse occurs (McGarr, 1976). Seismicity is also associated with the collapse of the cavity created as a result of an underground nuclear explosion (Boucher et al., 1969). Fluid extraction can also be a cause of induced activity. The most famous case of this type is the Wilmington, California, oil field events in the 1940s and 1950s, but there have been many other oil- and gas-related cases (Grasso, 1992; Segall, 1989; Segall et al., 1994). A third type of induced seismicity has been associated with fluid injection. One of the most notable examples of this type was the seismicity associated with the fluid disposal operations at the Rocky Mountain Arsenal near Denver, Colorado (Raleigh et al., 1972). In that case, seismicity increased as the rate of fluid injection increased. Lastly, an increase in seismicity has also been observed when reservoirs are impounded behind dams (Simpson, 1976).

Water injection seems to be one of the most common causes of induced seismicity. Hubbert and Rubey (1959) suggested over 40 years ago that a pore pressure increase would reduce the effective strength of rock and thus weaken a fault. The seismicity ( many events over a 10 year period with  the largest having a magnitude 5.3) associated with the Rocky Mountain Arsenal fluid disposal operations ( injection rates  of up to  eight millions gallons per month over a four year period) was directly related to this phenomenon, involving a significant increase in the pore pressure at depth, which reduced the “effective strength” of the rocks in the subsurface (Brune and Thatcher, 2002). Pore pressure is the value of the fluid pressure within the pores and fractures of the rock matrix in the subsurface. The magnitude of the pressure is normally just the weight of the water column at any particular location and depth. The deeper one goes in the earth, the higher the natural pore pressure. As pointed out before, a fault will slip (i.e., an earthquake will occur) when the forces acting to cause slip are greater than the forces keeping the two sides of the fault  together. The forces keeping them together are friction, the inherent strength of the rock, and the forces acting perpendicular to the fault surface. An increase in pore pressure, such as that caused by nearby injection of fluid, facilitates slip by reducing friction and so reducing the net effect of the forces acting perpendicular to the direction of slip. In a very porous, permeable material, the injected fluid will flow easily away, and the pressure buildup will be small. In other cases, where the rock is less porous and less permeable, a substantial amount of pressure may be required to inject fluids, causing a large pore-pressure buildup. The size, rate, and manner of seismicity is controlled by the rate and amount of fluid injected in the subsurface, the orientation of the stress field relative to the pore pressure increase, how extensive the local fault system is, and, last (but not least), the deviatoric stress field in the subsurface, i.e., how much excess stress there is available to cause an earthquake (Cornet et al., 1992, Cornet and Scotti, 1992, Cornet and Julian, 1993, Cornet and Jianmin, 1995, Brune and Thatcher, 2002). 
The two main mechanisms that have been hypothesized to cause induced seismicity due to reservoir impoundment are rapid stress buildup caused by reservoir loading, and the effective reduction in strength caused by pore-pressure buildup, in turn caused by the loading. In general, the first effect is characterized by a rapid response to reservoir filling (Simpson, 1976). Once the load is increased by the introduction of a large body of water on the surface, the earth will usually respond in a relatively quick fashion. The seismicity in most of these cases is shallow, small magnitude, and spatially related to the reservoir. It usually subsides after the earth has adjusted to the load, i.e., there occurs a temporary redistribution of the stress field. The second effect of increased pore pressure is usually a delayed effect, because it takes time for the pore pressure to diffuse to depth. The amount of pressure built up depends entirely upon the height of the water column, i.e., the depth of the reservoir. Therefore, large-magnitude events are not a common phenomenon, but some of the most damaging known cases of induced seismicity have been associated with the impounding of dams, one of the most notable being the Koyna Dam event in India, a magnitude 6.5 event (Simpson, 1976).

IV. Description of Enhanced Geothermal Systems (EGS)

An Enhanced Geothermal System (EGS) is an engineered subsurface heat exchanger designed to either extract geothermal energy under circumstances in which conventional geothermal production is uneconomic, or to improve and potentially expand the production operations so that they become more economic. Most commonly, EGS is needed in cases where the reservoir is hot but permeability is low. In such systems, permeability may be enhanced by hydraulic fracturing, high-rate water injection, and/or chemical stimulation (Allis, 1982; Batra et al., 1984; Beauce et al., 1991; 1984; Fehler, 1989). Once the permeability has been increased, production can be sustained by injecting water (supplemented as necessary from external sources) into injection wells and circulating that water through the newly created permeability, where it is heated as it travels to the production wells. As the circulating water cools, the engineered fractures, induced seismicity, and chemical dissolution of minerals may also create new permeability, continually expanding the reservoir and exposing more heat to be mined. 

Other EGS schemes focus on improving the chemistry of the natural reservoir fluid. Steam impurities such as noncondensable gases decrease the efficiency of the power plants, and acid constituents (principally HCl and H2SO4) cause corrosion of wells, pipelines, and turbines (Baria et al., 2005). Water injection is again an important EGS tool to help manage these fluid chemistry problems.

Induced Seismicity within EGS Applications

Each of the major EGS techniques—hydrofracturing, fluid injection, and acidization—has been used to some extent in selected geothermal fields, and in most cases there is some information on the seismicity (or lack thereof) induced by these techniques. Specific examples are discussed in the Case Histories section below. 

Hydrofracturing, by definition and design, is a form of induced seismicity. Hydrofracturing has been used extensively in the oil and gas industry to engineer permeability in low-permeability rock formations. Hydrofracturing occurs when the fluid-injection pressure exceeds the rock fracture gradient and tensile failure occurs, creating a “driven” fracture. The failure should end when the pressure is no longer above the fracture gradient. However, shear failure has also been observed associated with hydrofracturing operations. In fact, in many instances, because of the very high frequency signals of tensile failure (seismic source at the crack tip only), only shear failure is observed by microseismic monitoring. We do not know of any cases of hydofracturing inducing damaging earthquakes (Majer et al., 2005; Baria et al., 2006).

Injection at subhydrofracture pressures can also induce seismicity, as documented in a number of EGS projects (Ludwin et al., 1982; Mauk et al., 1981; O’Connell and Johnson, 1991; Sherburn, 1990; Stevenson, 1988). These studies of low-pressure injection-induced seismicity in geothermal fields have concluded that the seismicity is predominantly of low magnitude. (The largest recorded event has been a 4.6 at The Geysers field in northern California in the 1980s, when production was at its peak. Since then, there have been a few more magnitude 4 events, but none as large as the event in the early 1980s. Almost all other seismicity at other geothermal fields has been in the range of magnitude 3 or less).

Mechanisms of Induced Seismicity in Geothermal Environments

In the geothermal world, induced seismicity has been documented in a number of operating geothermal fields and EGS projects. In the most prominent cases, thousands of earthquakes are induced annually. These are predominantly microearthquakes (MEQs) that are not felt by people, but also include earthquakes of magnitudes up to the 4–5 range. At other sites, the induced seismicity may be entirely of very low magnitudes, or may be a short-lived transient phenomenon. In the majority of the dozens of operating hydrothermal fields around the world, there is no evidence whatsoever of any induced seismicity causing significant damage to the surrounding community (Majer, 2005; Baria, 2006). 

There are several different mechanisms that have been hypothesized to explain these occurrences of induced seismicity in geothermal settings:

1. Pore-Pressure Increase: As explained above, in a process known as effective stress reduction, increased fluid pressure can reduce static friction and thereby facilitate seismic slip in the presence of a deviatoric stress field. In such cases, the seismicity is driven by the local stress field, but triggered on an existing fracture by the pore-pressure increase. In many cases, the pore pressure required to shear favorably oriented joints can be very low, and vast numbers of microseismic events occur as the pressure migrates away from the well bore in a preferred direction associated with the direction of maximum principal stress. In a geothermal field, one obvious mechanism is fluid injection. Point injection from wells can locally increase pore pressure and thus possibly account for high seismicity around injection wells, if there are local regions of low permeability. At higher pressures, fluid injection can exceed the rock strength, actually creating new fractures in the rock (as discussed above).

2. Temperature Decrease: Cool fluids interacting with hot rock can cause contraction of fracture surfaces, in a process known as thermoelastic strain. As with effective stress, the slight opening of the fracture reduces static friction and triggers slip along a fracture that is already near failure in a regional stress field. Alternatively, cool fluids interacting with hot rock can create fractures and seismicity directly related to thermal contraction. In some cases, researchers have detected nonshear components, indicating tensile failure, contraction, or spalling mechanisms.

3. Volume Change Due to Fluid Withdrawal/Injection: As fluid is produced (or also injected) from an underground resource, the reservoir rock may compact or be stressed. These volume changes cause a perturbation in local stresses, which are already close to the failure state (geothermal systems are typically located within faulted regions under high states of stress). This situation can lead to seismic slip within or around the reservoir. A similar phenomenon occurs where solid material is removed underground, such as in mines, leading to “rockbursts” as the surrounding rock adjusts to the newly created void.

4. Chemical Alteration of Fracture Surfaces: Injecting non-native fluids into the formation (or allowing fluids to flow into the reservoir due to extraction) may cause geochemical alteration of fracture surfaces, thus reducing or increasing the coefficient of friction on the surface. In the case of reduced friction, MEQs (smaller events) would be more likely to occur. Pennington et al. (1986) hypothesized that if seismic barriers evolve and asperities form (resulting in increased friction), events larger than MEQs may become more common. 

All four mechanisms are of concern for EGS applications. The extent to which these mechanisms are active within any specific situation is influenced by a number of local and regional geologic conditions that can include the following: 

1. Orientation and magnitude of the deviatoric stress field in relation to existing faults.

2. Extent of faults and fractures: The magnitude of an earthquake is related to the area of fault slippage and the stress drop across the fault. Larger faults have more potential for a larger event, with dominant frequency of the seismic event related to the length of the shearing fault (i.e., the larger the fault, the lower the emitted frequency and therefore the greater likelihood of structural damage). Large magnitude can also be generated by high stress drop on smaller faults, but the frequency emitted is too high to cause structural damage. As a general rule, EGS projects should be careful with any operation that includes direct physical contact or hydrologic communication with large active faults.

3. Rock mechanical properties such as compaction coefficient, shear modulus, and ductility.

4. Hydrologic factors such as the static pressure profile, existence of aquifers and aquacludes, and rock permeability and porosity.

5. Historical natural seismicity: In some cases, induced seismicity has occurred in places where there was little or no baseline record of natural seismicity. In other cases, exploitation of underground resources in areas of high background seismicity has resulted in little or no induced seismicity. Still, any assessment of induced seismicity potential should include a study of historical earthquake activity. 

Consequently, it is easy to see why the occurrence of large magnitude events is not a common phenomenon. In fact, a variety of factors must come together at the right time (enough energy stored up by the earth to be released) and in the right place (on a fault large enough to produce a large event) for a significant earthquake to occur. It is also easy to see why seismicity may take the form of many small events. 

As stated above, several conditions must be met for significant (damaging) earthquakes to occur. There must be a fault system large enough to allow significant slip, there must be forces present to cause this slip along the fault (as opposed to some other direction), and these forces must be greater than the forces holding the fault together (the sum of the forces perpendicular to the fault plus the strength of the material in the fault). Also, as pointed out above, the larger earthquakes that can cause damage to a structure usually can only occur at depths greater than 5 km. 

V. Geothermal Case Histories

Several case histories are presented to demonstrate the different experiences with, and the technical and public perception issues encountered with, EGS systems. These represent a variety of different conditions.
The main issues to be addressed are:

Technical Approach

The objective of the injection is to increase the productivity of the reservoir. Each case history will have different technical specifications and conditions. Important parameters in the design of injection programs are: 

1. Injection pressure

2. Volume of injection 

3. Rate of injection

4. Temperature of fluids

5. Chemistry of fluid

6. Continuity of injection

7. Location and depth of injections

8. In situ stress magnitudes and patterns

9. Fracture/permeability of rocks

10. Historical seismicity

Public Concerns 

Each site will also differ in the level and types of public concerns. Some sites are very remote, and thus there is little public concern regarding induced seismicity. On the other hand, some sites are near or close to urban areas. Felt seismicity may be perceived as an isolated annoyance, or there may be concern about the cumulative effects of repeated events and the possibility of larger earthquakes in the future.

Commonalities and Lessons Learned

In order to recommend how to best mitigate the effects of induced seismicity, we must examine the common aspects of the different environments and what has been learned to date. For example, a preliminary examination of data in certain cases has revealed an emerging pattern of larger events occurring on the edges of the injection areas, even occurring after injection has stopped. In other cases, there is an initial burst of seismicity as injection commences, but then seismicity decreases or even ceases as injection stabilizes.

In this study, the case histories included are: 

1. The Geysers, USA: A large body of seismic and production/injection data has been collected over the last 35 years, and induced seismicity has been tied to both steam production and water injection. Supplemental injection projects were faced with substantial community opposition, despite prior studies predicting less than significant impact. The opposition has abated somewhat because of improved communication with residents and actual experience with the increased injection.
2. Cooper Basin, Australia: This is an example of a new project that has the potential for massive injection. Test injections have triggered seismic events over magnitude 3.0. The project is, however, in a remote area, and there is little or no community concern.

3. Berlin, El Salvador: This was an EGS project on the margins of an existing geothermal field. The proponents have developed and implemented a procedure for managing injection-induced seismicity that involves simple criteria to determine whether to continue injection or no (see detailed  case history  below)t. This procedure may be applicable to other EGS projects.

4. Soultz, France: This is a well-studied example, with many types of data collected over the last 15 years in addition to the seismic data. EGS reservoirs were created at two depths (3,500 and 5,000 m), with the deeper reservoir aimed at proving the concept at great depth and high temperature (200ºC). Concern about induced seismicity has curtailed activity at the project, and no further stimulations are planned until the issue with the local community —associated with microseismicity and possible damage to structures from an event of around 2.9 ML—is resolved

The Geysers Geothermal Field in Northern California, U.S.A.

The Geysers geothermal field is located in Northern California, about 120 km north of San Francisco. The field is in the coastal ranges and is influenced by the general strike-slip tectonics of Northern California. Oppenheimer (1986) describes the tectonic setting as extensional, with the regional stress field predominating over locally induced stresses, mainly as a result of reservoir contraction. Note that while there are several faults nearby, there are no mapped through-going faults at this site. 

The Geysers is a good case study for several reasons. Seismicity has been monitored for a number of years at this location, providing one of the most complete data sets available. In addition, two large injection projects over the last nine years have provided the opportunity to examine the seismicity and changes in seismicity resulting from large influxes of water. Last but not least, seismic arrays have been deployed over the entire Geysers field, not just the planned injection region, to examine the field-wide response to injection. The increased microearthquake activity results from a diverse set of mechanisms. That is, there is not one “triggering” mechanism but a variety of mechanisms in operation, working independently, together, or superimposed on one another to enhance or possibly reduce seismicity. For example, as water is injected into the reservoir, there is obvious cooling, a change in pore pressure (at least locally around the well), and possibly wider ranging stress effects. A long-held hypothesis is that volume change due to withdrawal (or injection) causes local stress redistribution. In an area already near to failure, MEQ activity could therefore be activated.

Injection has occurred at The Geysers for many years, but since the mid 1980s, there have been two large increases in the injection rates. The first started in 1997 when a 46.4 km long pipeline began delivering treated wastewater and lake water from Lake County (to the north) at a rate of about 22 million liters/day. The second started in 2003 with the delivery of about 30 million liters/day of treated wastewater from the City of Santa Rosa to The Geysers through a 40-mile-long pipeline. Vapor-dominated and very hot “sealed” geothermal reservoirs such as The Geysers, by their very nature, are water-short systems. Without injected water, the thermal capacity of The Geysers will be underutilized. High-temperature water-short systems are prime candidates for enhanced geothermal activities. These increases in injection rates and the spatial extent of injection, however, have raised community concerns regarding the societal and economic impact of injection-related seismicity. 

Many studies have demonstrated that MEQs at The Geysers geothermal area are associated with both water injection and steam extraction (Majer and McEvilly, 1979; Eberhart-Phillips and Oppenheimer, 1984; Oppenheimer, 1986; Enedy et al., 1992; Stark, 1992; Kirkpatrick et al., 1999; Smith et al., 2000; Stark, 2003; Mossop and Segall, 2004; Majer and Peterson, 2005). These studies conclude that there is a definite correlation of spatial and temporal MEQ distributions with injection/production data. In a recent paper, Mossop and Segall (2004) make a comprehensive correlation study based on induced seismicity and operational data from 1976 to 1998. They found three types of induced seismicity of high significance: (1) shallow, production-induced seismicity that has a long time lag (on the order of 1 year); (2) deep, injection-induced seismicity with a short time lag, <2 months; and (3) deep, production-induced seismicity with short time lag, <2 months, that appears to diminish in the late 1980s. Studying one specific case in detail, they found that shallow MEQs are well correlated to injection, rather than production, and with a relatively short time lag of about 1 week. For shallow MEQs, there might be a long-term effect caused by the overall steam production and local short-term responses related to injections. 

Figure 1 shows the historical seismicity of Northern California over the last 100 years between magnitude 3.0 and 5.0(there have been no events located at The Geysers greater than 5.0). As can be seen, the historical seismicity of events over 3.0 at The Geysers has not been high over the last 100 years. Figure 2 shows the seismicity since 1965 (roughly the date of significant production at The Geysers.). This figure shows the seismicity below magnitude 3.0 increasing significantly over the years since 1965. The production and seismicity trends clearly diverge after additional sources of water (other than condensed steam) were used for injection, starting in the late 1980s. From this chart, it appears that the level of seismicity is now shown to have very little (if any) direct relationship with production. Also, the “injection” chart is scaled such that the injection and seismicity values, at the time of the injection peak in 1998, plot more or less together. What is striking is that the injection and seismicity plots are now shown to be very similar for every year thereafter (including the recent period of increasing Santa Rosa pipeline deliveries), as well as shown to be generally quite similar for all of the years previous to 1998. This clearly indicates the really remarkably strong correlation of seismicity with injection that has been rather consistent throughout all of the past 30 years.
These data seem to confirm that shallow and deep induced MEQs occurring after the 1980s are correlated to local injection rates with some time lag (Stark, 1992; Enedy et al., 1992; Romero et al., 1995; Kirkpatrick et al., 1999; Smith et al., 2000; Stark, 2003). For example, Stark (1992) showed that plumes of MEQs are clustered around many injection wells, and the seismic activity around each injection well correlates with its injection rate. 

Figure 3 shows The Geysers field, the location of injection wells, the injection pipelines and wells for the two large injection projects over the last seven years, and the location of the various seismic arrays: the USGS array, the geothermal operator’s array (Calpine), and the recently (2001) installed Lawrence Berkeley National Laboratory (LBNL) array. Each array was designed for a different sensitivity and purpose. As can be seen from Figure 2, as the injection increases, the seismicity increases, but not at all levels. If one looks only at the larger events (magnitudes about 3), the seismicity has stayed fairly constant since 1985. 
In terms of data at The Geysers from the LBNL array, definite patterns have been forming. Figure 4 shows all of the events located by the LBNL array in October 2003, i.e., one month prior to the start of injection. Figure 5 shows the seismicity in March of 2004. (Also shown in these figures is the location of the magnitude 4.4 event on February 18, 2004.) The October and March time periods were chosen because the seismic array was fully operational during these times, with the October period before the injection and the March period after the injection startup in December of 2003. These plots clearly show an increase in overall seismicity in the injection area. As stated before, this is typical of seismicity at The Geysers, and some or all of the increase may just be normal seasonal variation as the non-Santa Rosa water injection ramps up. Low-magnitude seismicity increased in the SE Geysers when supplemental injection began there (Kirkpatrick et al., 1999; Beall et al., 1999; Smith et al., 2000), and it is not surprising that it is occurring now. If past experience is any indication, the system will reach an equilibrium as time proceeds, and seismicity will level off and possibly decrease. It has been our experience that the initial injections will perturb the system, cause an increase in seismicity, then level off and/or decrease. The time period will be a function of the size of the disturbance and the volume of the affected area. Rate seems to be an important factor also. One hypothesis worth considering is that if the rate of increase in injections is varied (giving the system a chance to equilibrate), there may be less initial seismicity. Also, as pointed out with respect to the historical seismicity at The Geysers, the yearly energy release is actually decreasing. The recent injections may reverse this trend, but it is too early in the monitoring process to draw conclusions. 

Last but not least, what will be the trend of the maximum event size? The maximum recorded event at the Geysers occured in 1982 (4.6), but in the past year there have been three events of magnitude greater than 4.0 (see Figure 2). The maximum event will depend upon the size of the fault available for slippage, as well as the stress redistribution caused by injection and production. To date, there have been no faults mapped in The Geysers that would generate a magnitude 5.0 or greater. This is not an absolute guarantee that one would not happen but does lower the likelihood of larger events.
In terms of public response, the community has become more and more concerned about the number of events and the largest magnitude event. To that end, a consensus opinion was presented to the local seismic advisory board by David Oppenheimer of the USGS, Ernest Majer of LBNL, Mitch Stark of Calpine (a local operator) and William Smith of NCPA (a local operator). It reflects their current understanding of Geysers seismicity and should be considered a “work in progress.” As more data is collected, interpretations may change. Please note that these observations have not received the endorsement of their respective agencies. They represent their professional opinions, based on many years of studying and publishing on Geysers seismicity.

1. The region surrounding the Geysers is tectonically stressed, cut by numerous faults, and subject to a high level of earthquake activity. In the Geysers field, there are no mapped faults active in the last 10,000 years. The Collayomi Fault, running approximately 1 mile NE of the field limit, is mapped as an inactive fault. The nearest active fault is the Mayacamas Fault, located 4 miles SW of the field limit. On the Lake County side, the active Konocti Bay fault system is located approximately 8 miles north of the field limit.

2. Preproduction baseline datasets, though incomplete, strongly indicate that little seismicity occurred in the field for at least 10 years prior to the 1960 startup of commercial production.

3. Seismicity has become more frequent and has expanded as field development expanded. Scientists who have studied Geysers seismicity universally agree that most of these earthquakes have been induced by geothermal field operations. It is likely that both injection and production operations have contributed to induced seismicity. 

4. Geysers earthquake frequency and magnitude distributions have been approximately stable since 1985. Since 1980, two to three events of magnitude >4.0 per decade have occurred, along with an average of about 18 events of magnitude >3.0 per year. In the last two years since the Santa Rosa injection has started, the ML >4.0 events have increased. The largest Geysers earthquake ever recorded was a magnitude 4.6 in 1982. Because of the intensive fracturing, lack of continuous long faults, and lack of alignment of earthquake epicenters, it has been tentatively inferred that the largest earthquake possible at the Geysers would be of magnitude 5.0 (South East Geyser Injection Project Environmental Impact Review [SEGEP EIR]).

5. Production-induced seismicity is very evident on a field-wide scale, but is not tied to specific wells. That is because there are hundreds of production wells, and the mechanical effects of steam production (principally reservoir pressure decline and heat extraction) are diffuse and spread out into the reservoir. Indeed, seismicity occurs in regions of the reservoir well beyond the location of geothermal production and fluid injection wells. Since 1987, steam production has declined substantially, but seismicity has remained stable.

6. Injection-induced seismicity is observed in the form of “clouds” of earthquakes extending primarily downward from some injection wells. At such a well, the cloud generally appears shortly after injection begins, and earthquake activity within each cloud shows good temporal correlation with injection rates. It has been demonstrated in several published scientific papers and environmental analyses that injection-induced seismicity is generally of low magnitudes (<3.0). On a fieldwide basis, seismicity of magnitudes >1.5 has generally followed injection trends, but this correlation has not been observed for earthquakes of magnitudes >3.0.

7.  Seismicity in the vicinity of Power Plant 15, which ceased production in 1989, also ceased by the end of 1990. However this has not been the case in the vicinity of the CCPA plant, where production ceased in 1996, but seismicity has continued up to the present.

8. Since 1989, the SE Geysers study area has experienced a long-term increase in earthquakes of magnitude >1.5. Magnitude 1.5 is the minimum magnitude of uniform detection threshold since 1979. The same general trend has been observed in the part of the SE Geysers study area within 3.2 km of Anderson Springs.

9. In the SE Geysers study area, injection rates doubled starting in late 1997, owing to the introduction of SE Geysers Effluent Pipeline water from Lake County. This did not lead to any significant change in the continuing rate of increase of seismic events of magnitude M >1.5 in the SE Geysers study area. Events of magnitude 2.5 and greater initially continued at about the prepipeline rate for the next 4 years, but they have increased more recently, along with events of magnitude 1.5 and greater, even though injection in the area has been reduced. Consequently, the seismicity being observed in this area over the past six years is apparently not directly related to the injection of wastewater from these pipeline operations. 

10. A preliminary analysis of the amplitudes of recorded earthquakes in the Anderson Springs area suggests that theoretically, shaking large enough to be felt by residents occurs about 1.5 times per day on the average. Measured peak accelerations are generally consistent with the observations reported by residents, in the range MMI II to VI. However, reports of higher-intensity damage, such as the fall of a large tree and a retaining wall, are clearly not consistent with seismicity as the singular cause.

Cooper Basin in Australia

Cooper Basin is an example of a developing resource. Water is injected into a hot zone to induce fracturing. The project is located in Australia in a sparsely populated region. In 2003, Geodynamics Limited, Australia, drilled the first injection well (Habanero‑1) into a granitic basement to a depth of 4,421 m (754 m into granite) at Cooper Basin. The main stimulation of Habanero-1 took place after several tests to initiate fractures (fracture initiation tests: FIT) and evaluate their hydraulic characteristics (long-term flow test: LFT). The total amount of liquid injected was 20,000 m3, with a highest pumping rate of 48 L/s. The entire open-hole section was pressurized in the first and main stimulation. A second stimulation was performed through perforated casing above the open-hole section, but this stimulation was dominated by fluid flow back into the main stimulated zone below. Seismic events were detected by the network from the initial stage of the FIT, where the pumping rate was around 8 L/s. Seismic signals were recorded by the deep detector and in most cases also by the near-surface stations, with clear onsets of P and S waves. Asanuma et al. (2005) recorded 32,000 triggers, with 11,724 of these located in 3D space and time on site during the stimulations.

During the FIT, LFT, and the main injection, Asanuma et al. (2005) observed several events with higher magnitude. The largest event occurred at 00:03 on November 14, 2003. This event was detected by the Australian national earthquake monitoring network of Geoscience Australia (GA) and had a moment magnitude of Mw 3.0. Because of the unexpectedly large seismic vibration, the trace was saturated just after the P wave onset, and most of the information on the trace after the saturation was lost. Therefore,  the length of the coda was used  to estimate the local magnitude and calibrated to the moment magnitude by using two reference events. One is the largest event, moment magnitude M 3.0, estimated by GA with a duration time of 180 sec. The other reference event was one that had a critical amplitude for saturation with a duration time of 63 sec. From experience with the same detectors at Japanese Hot Dry Rock (HDR) sites, where the configuration of seismic source and the detector is similar to the Cooper Basin site, such critically saturated events have a moment magnitude of M 1.0, although the attenuation in the Australian site may differ from the Japanese site. These results were used to estimate the moment magnitude of all the events to the frequency distribution of the moment magnitude. Following the Gutenberg-Richter law, the accumulated histogram of event magnitudes plotted on a logarithmic scale should define a linear relationship. However, in this case there is an apparent inflection point at around M 1.0, suggesting that the seismic origin or mechanism may be different for events with higher magnitude than M 1.0. Thus the designation of such events as “big-events”—30 such-events in the FIT and LFT were analyzed in which rapid and heterogeneous reservoir extension was clearly observed.
Microseismic events were manually clustered in the FIT and LFT by their location and the origin time, because the extension of the seismic cloud at the Cooper Basin site was heterogeneous. An example of the location of the events before and after the big events, where extension of the seismic cloud was clearly seen after the big event, is shown in Figure 6. The size of the circle at the location of the microseismic events shows the source radius of the event estimated from the moment magnitude. In this case, the seismic cloud subsequently extends beyond the big events, which occurs at the edge of the seismic cloud.

In view of the above, the physical processes responsible for the big events at the Cooper Basin site are similar to those responsible for the smaller events—namely: 

· The induced slip of the existing subhorizontal fracture at this site can be modeled by slip on a plane containing heterogeneously distributed asperities. It has been revealed that the size of asperity is correlated to the moment magnitude of the earthquake in the case of repeating earthquakes at a plate boundary. In the same manner, the magnitude of the events may be correlated to the size of the asperity, and the “aftershock” events within the source radius of the big events may be correlated to the nongeometrical shape of the asperity or remaining asperities present after the big events. 

· It is reasonable to assume that prior to the big events, water cannot easily flow beyond the asperity, and that the subsequent extension of the seismic cloud beyond the big events shows improvement in permeability. 

· The fact that big events occurred after shut-in supports the idea that the initial stress state of the fractures is critical/overcritical.

There was no visible clear change in the well-head pressure associated with the big events. This finding may indicate that the capacity of the reservoir at this site is very large compared to the improvement of permeability caused by a big event.

In terms of public acceptance, the site is remote, with few inhabitants in the vicinity, and thus little cause for concern.

Berlin, El Salvador

This example is a case history of a project for which a warning system was developed to provide a means to quantify the risk associated with induced seismicity as well as provide a system to control that risk. Bommer and co-workers developed this approach, as summarized here; full details can be found in Bommer et al. (2006).

In 2003, hydraulic stimulations were carried out in El Salvador's Berlin geothermal field as part of a project to explore the feasibility of commercial hot fractured rock (HFR) energy generation. The HFR project in Berlín, in the province (departamento) of Usulután, El Salvador, presented an unusual problem in terms of the possibility of induced ground shaking. El Salvador is a region of very high seismic activity, affected by two principal sources of earthquakes: the subduction of the Cocos plate beneath the Caribbean plate in the Middle America Trench, producing Benioff–Wadati zones, and shallow crustal events coincident with the chain of Quaternary volcanoes (e.g., Dewey et al., 2004). Large-magnitude earthquakes in the subduction zone tend to cause moderately intense shaking across large parts of southern El Salvador, the most recent example of such an event being the Mw 7.7 earthquake of January 13, 2001. The Berlín geothermal field is not in the vicinity of the larger destructive earthquakes that have affected other locations along the volcanic chain in El Salvador.

The Berlín geothermal field, located on the flanks of the inactive volcano Cerro Tecapa (last eruption thought to have been in 1878), was developed in the 1990s. The current 66 MWe (i.e., MW of electricity, the actual useful output) of installed power plant capacity was brought onstream by CEL (Comisión Hidroeléctrica del Rio Lempa), the state electricity company, between 1992 and 2000. At the time of this report, 54 MWe were being generated from eight production wells, with the fluid exhausted from the power plant water at 183°C being disposed of via a reinjection system comprised of 10 injection wells. Depths of the field wells range from about 700 m for some of the shallow injection wells down to some 2,500 m for the deeper production and injection wells.

Part of the geothermal field development activities has been the installation of a surface seismic monitoring array—the Berlín Surface Seismic Network (BSSN)—that was brought into use in 1996 to monitor seismicity in and around the field. Since long-term seismic monitoring and extraction from the field started at about the same time, it is difficult to say with any confidence whether the observed seismic activity is triggered by the ongoing geothermal extraction and injection, or is rather a manifestation of the hydrothermal activity around the volcano. There is the suggestion within the BSSN catalogue that increased seismicity rates correlate with increased production and injection rates, but this conclusion is itself clouded by chance events—mainly, increased production in the field shortly preceding the large earthquakes of January 13 and February 13, 2001—and these events led to a step change in the observed local seismicity rate. The second possibility, that local seismicity is a manifestation of the field's natural hydrothermal state, supports the idea that in a fracture-dominated geothermal field, it is only the still-seismically-active faults or fractures that will remain permeable, by virtue of their continued movement (rather than becoming sealed by mineralization). In this way, it can be argued that microseismic monitoring can be used as an exploration tool in a geothermal field area.

In 1999, CEL's geothermal interests were spun off as a separate company, Gesal (subsequently renamed LaGeo), and in 2001, Shell negotiated a joint cooperation agreement with LaGeo to carry out a hot fractured rock (HFR) trial project. The well selected by Shell's Geothermal Team and LaGeo as the best candidate for an attempted HFR stimulation was TR8A, an injector north of the main production zone, the low injectivity of which was recognized as severely restricting its ability to accept injectate. The objective was to stimulate the subsurface fracture network around the well to increase its permeability, thus creating a large-capacity heat exchanger at depth—an HFR geothermal reservoir. If successful, this would extend the productive zone of the Berlín geothermal field beyond its current northern boundary.

Studies of the tectonic stress regime in the Berlín area suggested that the fracture network would develop in a NNW–SSE orientation and intersect one of three wells some 500 m away from TR8A. The stimulated well would thus become the injector in an HFR doublet, with the well intersected by the fractured region being the producer. In such an HFR system, heat can be extracted from the hot reservoir rock by circulation of water from the injector, through the reservoir, to the producer. In this way, the project set out to employ the techniques developed at the Soultz-sous-Forêts site in the Alsace region of France, where HFR development and testing has taken place for a number of years.

The fracture stimulation was expected to generate only small-magnitude earthquakes, if any, and the project took place in a region of very high seismic activity that had been strongly shaken by major earthquakes less than 3 years earlier. However, the need to ensure that the HFR geothermal project would be environmentally friendly in all aspects, and the highly vulnerable nature of the local building stock, made it necessary to consider any perceptible ground motions that might be generated locally by the rock fracturing process. A key requisite was that the induced seismicity associated with the reservoir stimulation at depths of 1–2 km should not produce levels of ground shaking at the surface that would present a threat or serious disturbance to those living in and around the field.

The specific context and conditions of the Berlín HFR project required the development of a calibrated control system, dubbed “traffic light,” in order to enable real-time monitoring and management of the induced seismic vibrations. An important factor in this case is the high natural seismicity of the region and the fact that it is perfectly feasible for an earthquake to occur during or after the pumping operations without any direct connection to the injections. The most delicate issue would be if damage occurred due to such a natural earthquake, because it would be difficult to establish the degree to which the damage was exacerbated by weakening of the houses in the area resulting from any ground shaking induced by the injection process up to that time. Similarly, if a natural earthquake causes damage, the vulnerability assessment that has informed the baseline seismic risk assessment and the upper thresholds on the traffic lights may need to be revised. Cypser and Davis (1998), in their discussion of liability under U.S. law for the effects of induced seismicity, state the following: “Seismicity induced by one source might accelerate failure of support originating from another source, leaving both of the parties at fault proportionally liable to the injured parties.”

The first step was to estimate the likely dominant frequency of any ground motions that might occur as a result of the HFR project. Accelerograph recordings of small-magnitude earthquakes were used for this purpose, particularly those recorded in the 1985 swarms in Berlín and Santiago de María. The response spectra from these recordings consistently showed a pronounced peak at a period close to 0.1 sec; hence, 10 Hz was adopted as the central frequency and used to infer thresholds. This may appear to be a rather high frequency for buildings, but it is appropriate to the heavy low-rise dwellings common in the area.

The final stage was then to infer a series of Peak Ground Velocity (PGV) thresholds based on those indicated in Figure 7 for lower levels of shaking (controlled by human response) and from vulnerability curves defined for the local buildings for the higher levels (controlled by structural damage). In both cases, the inferred levels were checked against the implied intensity levels for each PGV threshold and the consequent human or structural responses, using the data and relationship of Wald et al. (1999). There was inevitably a significant degree of “expert judgment” involved in making these inferences, and in the face of uncertainty, conservative decisions were made; this was particularly the case since, as explained below, the traffic light operated on the basis of median predicted PGV values and did not account for the aleatory variability in the ground-motion prediction.

The seismic monitoring system (supplied by ISS International) deployed around TR8A allowed real-time monitoring and processing of the recorded seismicity, so that the traffic light program could be executed automatically at specified time intervals, reading the event catalogue for a specified number of days up to the time of execution. For each event, a PGV-equivalent magnitude, Mequiv, was calculated using a predictive equation for peak ground velocity (PGV) derived using recordings from seismic swarms in El Salvador. The median values of the equation, which relates PGV to magnitude and hypocentral distance, were used to estimate the magnitude—Mequiv—required for an event located at a depth of 2 km to produce an event’s observed epicentral PGV. A Gutenberg–Richter type plot of log10[N(Mequiv)] against Mequiv was then constructed for the data read and plotted in a window on the monitoring system's computer. The “=” thresholds of PGV were expressed in terms of Mequiv, so that they could then be displayed on this pseudo-Gutenberg-Richter plot to allow a rapid assessment of the pumping operation's ongoing environmental compliance (Figure 8). The boundaries on the traffic light were then interpreted as follows, in terms of guiding decisions regarding the pumping operations:

• Red: The lower magnitude bound of the red zone is the level of ground shaking at which damage to buildings in the area is expected to set in. Pumping suspended immediately.

• Amber: The amber zone was defined by ground motion levels at which people would be aware of the seismic activity associated with the hydraulic stimulation, but damage would be unlikely. Pumping proceeds with caution, possibly at reduced flow rates, and observations intensified.

• Green: The green zone was defined by levels of ground motion that are either below the threshold of general detectability or, at higher ground motion levels, at occurrence rates lower than the already-established background activity level in the area. Pumping operations proceed as planned.

The sloping part of the boundary between the green and amber zones reflects the recurrence data for a 30-day period for the background seismicity prior to the initiation of the HFR project. The rationale behind this boundary was that if the induced activity did not exceed the natural levels of microseismicity, there would be no problem with continuation of the hydraulic stimulations.

Preliminary analysis of the seismicity and injection rates in the Berlín field showed an approximate doubling of the seismic event rate during periods of pumping. However, a much less convincing correlation between seismicity and injection was observed than in the Soultz case. This finding was in part reflected in the conservative decision to consider a large area of interest for the traffic light calculations, because of possible general ambiguity regarding the cause of seismic events in the geothermal field. Closer inspection of the seismicity revealed two distinct zones of activity, one in the general area of the producing geothermal field and another (which only became notably active during pumping operations) directly around TR8A. Plotting the cumulative seismic moment release of this cluster of events around the injection well, against the cumulative pumped volume for the three periods of injections between July 2003 and January 2004, showed a remarkable correlation (Figure 9), leaving little doubt that this seismic activity was induced directly by the fluid injection aimed at rock fracture stimulation. 

The strongest recorded ground motion was produced by a 4.4 ML event on September 16, 2003, occurring ~3 km to the south of the injection well, 2 weeks after shut-in of the second period of injection. This large event had a preferred fault-plane solution corresponding to a nearly east–west right-lateral strike-slip rupture. An important question that arises is whether this event, located on the opposite side of the producing hydrothermal field from well TR8A, could nevertheless have been triggered by the pumping operations in well TR8A. Given the location, timing, and low level of induced seismicity observed around well TR8A, this seems unlikely—but also of relevance in this respect is the observation that in some other reported cases of injection-induced seismicity, the largest triggered events have been observed after the shut-in of pumping operations (Raleigh et al., 1972).

During the stimulation activities, generally a much lower level of induced seismicity was encountered than had been anticipated, such that the boundaries of the traffic light system were not tested. The major shortcoming of this type of approach is that it does not address the issue of seismicity that occurs after the end of the pumping operation.

The results of the Berlin study show that the seismic hazard presented by ground shaking caused by small-magnitude earthquakes induced by anthropogenic activities presents a very different problem from the usual considerations of seismic hazard for the engineering design of new structures. On the one hand, the levels of hazard that can be important, particularly in an environment such as rural El Salvador (where very vulnerable buildings are encountered), are below the levels that would normally be considered of relevance to engineering design. Indeed, in probabilistic seismic hazard analysis (PSHA) for engineering purposes, it is common practice to specify a lower bound of magnitude 5, on the basis that smaller events are not likely to be of engineering significance (e.g., Bommer et al., 2001). On the other hand, unlike the hazard associated with natural seismicity, there is the possibility to actually control, to some degree, the induced hazard by reducing or terminating the activity generating the small events.

The European Hot Dry Rock  (HDR) Programme at Soultz-sous-Forêts, France

The research at the European HDR site at Soultz started in 1987, following encouragement by the European Commission to pool France’s limited available national funds to form a coordinated multinational team. The main task was to develop the technology needed to access the vast HDR energy resource. The European HDR research site is situated at Soultz-sous-Forêts in Alsace, France, on the western edge of the Rhine Graben, about 50 km north of Strasbourg (Figure 10). Baria et al. (1993), Garnish et al. (1994), Baria et al. (1995), Baumgaertner et al. (1995), and Baumgaertner et al. (1998) give a brief summary of the various stages of the development of this technology at Soultz since 1987. It must be recognized that the site is situated in a zone of minor natural earthquake hazard, as defined by the seismic risk authority in France (Figure 11).

Geology

The European HDR test site is in the Northern flank of the Rhine Graben, which is part of the Western European rift system (Villemin, 1986). The rift extends approximately N-S for 300 km from Mainz (central Germany) to Basel (Switzerland). The Soultz granite is part of the same structural rock that forms the crystalline basement in the Northern Vosges and intrudes into Devonian–Early Carboniferous rocks.

The geology of the Soultz site and its tectonic setting have been described by Cautru (1987). The pre-Oligocene rocks that form the graben have been down-thrown by a few hundred meters during the formation phase of the graben. The Soultz granitic horst (above which the site is located) has subsided less than the graben. The graben is about 320 million years old and is covered by sedimentary layers about 1,400 m thick at the Soultz site.

Boreholes

The eight boreholes available at the site, shown in Figure 12, range in depth from 1,400 m to 5,000 m. The five boreholes #4601, #4550, #4616 and EPS-1 are old oil wells that have been extended to 1,600 m, 1,500 m, 1,420 m, and 2,850 m respectively, to deploy seismic sondes in the basement rock. Additionally, the well OPS4 was drilled in 2000 to a depth of 1,800 m.

The first purpose-drilled well (GPK1) was extended from 2,000 m to 3,590 m in 1993 (Baumgärtner et al., 1995) and has a 6 1/4-inch open hole of about 780 m. GPK1 was used for large-scale hydraulic injection and production tests in 1993, 1994, and 1997, but presently it is used as a deep seismic observation well. GPK2, about 450 m south of GPK1, was drilled in late 1994 to a depth of 3,890 m and subsequently deepened to 5,000 m in 1999. GPK3 is a 5,000 m deviated well with the bottom hole located about 600 m south of GPK2 (Figure 12).

Temperature Gradient

In the Soultz area, the temperature trend has been determined using numerous measurements in the boreholes. The variation in temperature gradient can be roughly described as 10.5°C/100 m for the first 900 m, reducing to 1.5°C/100 m down to 2,350 m, then increasing to 3°C/100 m from around 3,500 m to the maximum depth measured (5,000 m). The mean temperature at 5,000 m depth is 201°C.

Joint Network

Information on the joint network at the Soultz site has been obtained from continuous cores in EPS1 and borehole imaging logs in GPK1 (Genter and Traineau, 1992a; 1992b). The observations suggest that there are two principal joint sets striking N10E and N170E and dipping 65° W and 70° E, respectively. The granite is pervasively fractured, with a mean joint spacing of about 3.2 joints/m, but with considerable variations in joint density.

Stress Regime

At the Soultz site, the stress regime was obtained using the hydrofracture stress measurement method. The stress magnitude at Soultz as a function of depth (for 1,458–3,506 m depth) can be summarized as:

(Min. horizontal stress) Sh = 15.8 + 0.0149 . (Z - 1458)} 

(Max. horizontal stress) SH = 23.7 + 0.0336 . (Z – 1458)}

(Overburden) Sv = 33.8 + 0.0255 . (Z - 1377)}


Sh, SH, Sv in MPa and Z = depth (m)

The recent interpretation of the data suggests that overburden stress may still be the maximum stress up to 5,000 m depth and very close SH.

Microseismic Network

A microseismic network has been installed at the site for detecting microseismic events during fluid injections and locating their origins (Figure 12). The equipment consists of three 4-axis accelerometer sondes and two 3-axis geophone sondes, linked to a fast seismic data acquisition and processing system. The sondes were deployed at the bottoms of wells #4550, #4601, EPS1, OPS4, and GPK1. The depth of the sondes varies from 1,400 m (120°C) to 3,600 m (160°C).

In addition, a surface network consisting of around 35 stations was installed by EOST to be able to characterize larger events. 

Project History

The geothermal research program at Soultz started in 1987 by drilling the well GPK-1 down to 2002 m depth under the management of the Bureau de Recherches Géologiques et Minères (BRGM). Subsequently, the program was transferred to SOCOMINE, a subsidiary of BRGM. In 1990, an attempt was made to carry out continuous coring to a depth of 3,200, but the drilling program had to be abandoned at a depth of 2,227 m because the well (EPS1) had deviated in excess of 20o. In 1992, the well GPK-1 was deepened to 3,590 m depth and stimulated in 1993. In 1995, the well GPK-2 was drilled down to 3,876 m, approximately 450 m south of GPK-1. GPK2 was stimulated in 1995 and 1996. Stimulations of GPK-1 and GPK-2 had increased the injectivity of the reservoir at 3,200 m depth to ~0.4 (l/s)/bar—the best achieved for an HDR/EGS project at that time (Baria, 1999). The first successful forced circulation test of 4 months duration was performed in 1997 between GPK-1 and GPK-2. This test demonstrated that the HDR/EGS concept works with a well separation in excess of 400 m (Baria et al., 1997; Baumgärtner et al., 1998). It was possible to circulate continuously about 25 kg/s of brine, at more than 140oC, between two boreholes 450 m apart, without any water losses and requiring only 250 kWe pumping power, compared with a thermal output of up to 10 MW. Tracer tests indicated a breakthrough volume of some 6,500 m3, a factor of 20 higher than that achieved in Rosemanowes (UK) and a factor of ~70 higher than in the Hijiori (Japan) project (Baria et al., 1999).

An industrial consortium decided that a temperature of ~200oC would be more appropriate for producing electrical power, and therefore it was decided to drill deeper. In 1999, GPK-2 was deepened to 5,084 m, where a temperature of 202oC was encountered. In 2000, the open-hole section of GPK-2 (4,431–5,084 m depth) was stimulated. Approximately 23,000 m3 of water was injected in steps of 30, 40, and 50 L/s for 7 days. After ~7 days, on July 16, 2002, a microseismic event of magnitude 2.4 M occurred, during a small volume reinjection test (Figures 13 and 14). The local inhabitants heard and felt it, and they were concerned by the incident. A public meeting was held with the support of local mayors, during which the public was assured that further felt events would be prevented, if possible. The injectivity of GPK-2 was improved from 0.02–0.03 (L/s)/bar to ~0.4–0.6 (L/s)/bar after stimulation. 

In 2001, the industrial consortium expanded to five members. It was named the European Economic Interest Grouping “GEIE Exploitation Minière de la Chaleur” (“EEIG Heat Mining”). This consortium acquired the site facilities and took over the management of the Soultz project. 

The three-well module (triplet) is considered to be the optimum base for a commercially viable energy generation from HDR/EGS systems. This configuration has not been field tested, but it is expected that this will be carried out at Soultz. Following the stimulation of GPK2 in 2000, GPK3 was targeted on the basis of the information gathered from various methods (including microseismic, hydraulic, stress, and jointing). GPK3 was drilled to 5,000 m depth with the casing shoe set at 4,556 m depth. 

Following the triggering of the 2.4 M microseismic event in July 2002, during the stimulation of GPK2, a committee of  experts was set up to investigate the event and come up with ways to avoid similar microseismic events in the future. One of the various findings was that the larger microseismic events were generated by a sharp increase or decrease in pressure. This was written into the procedure required from the stimulation of GPK3, although no evidence was given to substantiate the recommendations. Abiding by the ruling, the subsequent stimulation of GPK4 took longer and used significantly more fluid. Around 40,000 m3 of water was injected into the reservoir at 20–80 L/s over ~11 days. During this injection, in excess of 400 events were generated above 1.0 ML and around 30 events were above 2.0 ML. The largest 2.9 ML event (Figures 15 and16) occurred around 2 days after the shut-in on June 10, 2003, at 22:54 (GMT time).

These later events caused even greater unrest with the local residents. Various public meetings were held to explain the situation, but this left the project with a credibility problem that has been difficult to overcome. Fortunately, no structural damage was caused by these events, but a number of residents did put in claims to insurance companies, which were turned down after close examination. Seismic data from the downhole sensors indicated that the predominant frequency was around 90 Hz, which is unlikely to cause any structural damage. The reservoir was put into production to alleviate the pressure within the reservoir and thus reduce the likelihood of generating further large microseismic events. Not surprisingly, the incident has made project management extremely sensitive to the generation of larger events. The consequence has been that the stimulation of the third deep well GPK4 (or the second production well) has been unsuccessful, because of the curtailed stimulation and the issues raised in trying to find alternative ways of improving the connection between GPK3 and GPK4 (Baria et al., 2006). 

Consequently, after breaking new ground in Hot Dry Rock technology for years, the Soultz project is now beginning to falter, largely because of the public outcry over the triggered seismicity.

VI. Gaps in Knowledge

As stated above, following the three international workshops held on induced seismicity under the auspices of IEA/GIA, it has been shown that existing scientific research, case histories, and industrial standards provides a solid basis for characterizing induced seismicity and the planning of its monitoring . Therefore, the focus for additional study should be on the beneficial use of induced seismicity as a tool for creating, sustaining, and characterizing the improved subsurface heat exchangers, whose performance is crucial to the success of future EGS projects. Following is a list of the primary scientific issues that were discussed at the workshops. These are in no particular priority and are not meant to exclude other issues, but were the ones most discussed:
1. Do the larger seismic events triggered during EGS operations have a pattern with respect to the general seismicity? It was pointed out that at Soultz, The Geysers, and other sites, the largest events tend to occur on the fringes, even outside the “main cloud” of events and often well after injection ceases. Why is this and what is the relation of this finding to the smaller events and to the EGS reservoir? Moreover, large, apparently triggered events are often observed after shut-in of EGS injection operations, making such events still more difficult to control. The fact that such events are often the largest events seen in a particular seismic catalogue means that it is essential to develop a solid understanding of the processes underlying the occurrence of post shut-in seismicity. The development and use of suitable coupled reservoir fluid flow/geomechanical simulation programs will be a great help in this respect, and advances are being made in this area; see, for example, Hazzard et al. (2000) Cornet and Julien (1995)). Building detailed subsurface models, and then running numerical simulations of a stimulating fluid front’s progress through these models—with simultaneous calculation of the corresponding triggered seismicity—would enablecircumstances in which large post-shut-in events could occur to be identified. By looking at an extensive suite of such models, it should be possible to identify what features are necessary for the occurrence of this phenomenon. Laboratory acoustic emission work would greatly help in this effort, by complementing the numerical studies and helping to calibrate the models used.

2. What are the source parameters and mechanisms of induced events? The issue of stress drop versus fault size and moment is important. There is some evidence that large stress drops may be occurring on small faults, resulting in larger-magnitude events than the conventional models would predict (Brune and Thatcher, 2002 ). It was pointed out that stress heterogeneity may be a key to understanding EGS seismicity. Results have been seen that support this hypothesis (Baria et al., 2005). For example, the regional stress field must be determined before any stability analysis is done, which (it was concluded) requires integration of various techniques such as borehole stress tests and source mechanism studies. It was also found that induced seismicity does not prove that the rock mass is close to failure; it merely outlines local stress concentrations (Cornet et al., 1995). In addition, it was found that at Soultz, it took 4 to 5 MPa pore-pressure increase over in situ stress, at around 3,500 m depth, to induce seismicity into a fresh fault that ignores large-scale pre-existing fractures . Finally, it is difficult to identify the failure criterion of large-scale pre-existing faults, many of which do not have significant cohesion.

3. Are there experiments that can be performed that will shed light on key mechanisms causing EGS seismicity? Over the years of observing geothermal induced seismicity, many different mechanisms have been proposed. Pore-pressure increase, thermal stresses, volume change, chemical alteration, stress redistribution, and subsidence are just a few of the proposed mechanisms. Are repeating events a good sign or not? Do similarity of signals provide clues to overall mechanisms? One proposed experiment is to study the injection of hot water versus cold water to determine if thermal effects are the cause of seismicity. If we can come up with a few key experiments to either eliminate or determine the relative effects of different mechanisms, we would be heading in the right direction. 

4. How does induced seismicity differ in naturally fractured systems from hydrofracturing environments? The variability of natural systems is quite large: they vary from systems such as The Geysers to low-temperature systems, each varying in geologic and structural complexity. Do similar mechanisms apply, will it be necessary to start afresh with each system, or can we learn from each system, such that subsequently encountered systems would be easier to address?

5. Is it possible to mitigate the effects of induced seismicity and optimize production at the same time? In other words, can EGS fracture networks be engineered to have both the desirable properties for efficient heat extraction (large fracture surface area, reasonable permeability, etc.) and yet be generated by a process in which the associated induced seismicity does not exceed well-defined thresholds of tolerable ground shaking? The traffic light system developed by Bommer and co-workers (Bommer et al (2006)) goes some way to achieving this end, but the idea of fracture network engineering (as introduced in Hazard et al. (2002)) should be further investigat ed . Microearthquake (MEQ) activity could be a sign of enhanced fluid paths, fracture opening/movement, and possibly permeability enhancement (especially in hydrofracture operations) or a repeated movement on an existing fault or parts of a fault. The generation of seismicity is a measure of how we are perturbing an already dynamic system as a result of fluid injection or extraction.

6. Does the reservoir reach an equilibrium? Steady state may be the wrong term, but energy can be released in many different ways. Steam/hot water releases energy, as does seismicity, creep, subsidence, etc. (local and regional stress are the energy inputs or storage). It has been pointed out that while the number of events at The Geysers is increasing, the average energy release (as measured by cumulative magnitude of events) is actually constant or slightly decreasing (Majer and Peterson, 2005). If this decrease in energy occurs as the result of many small events, then this is good; if it occurs as the result of a few big events then this is undesirable. Thus, an understanding of magnitude distribution in both space and time is necessary.

VII. Summary and Conclusions/Way Forward

Three international workshops have been convened to date to address the issue of EGS induced seismicity. It is clear from these workshops that EGS Induced seismicity  does not poses any threat to the development of  geothermal resources. In fact, induced seismicity provides a direct benefit because it can be used as a monitoring tool to understand the effectiveness of the EGS operations and shed light on the mechanics of the reservoir. It was pointed out many times in these workshops that even in non-geothermal cases where there has been significant induced seismicity (damming (Koyna), hydrocarbon production (Gazli), and waste disposal activities (Rocky Mountain Arsenal)) effects of induced seismicity has been dealt with in a successful manner as not to hinder the objective of the primary project. 

 During these workshops, scientists and engineers working in this field have guided us towards a short and long term path. The short-term path is to ensure that there is open communication between the geothermal energy producer and the local inhabitants. This involves early establishment of a monitoring, and reporting plan, communication of the plan to the affected community, and diligent follow-up in the form of reporting and meeting commitments. The establishment of good working relationships between the geothermal producer and the local inhabitants is essential. Adoption of best practices from other industries should also be considered. For example, in the Netherlands, gas producers adopt a good neighbor policy, based on a proactive approach to reporting, investigating. Similarly, geothermal operators in Iceland have consistently shown that it is possible to gain public acceptance and even vocal support for field development operations, by ensuring that local inhabitants see the direct economic benefit of those activities (CalPine , pers. comm.) .

The long-term path must surely be the achievement of a step change in our understanding of the processes underlying induced seismicity, so that any associated benefit can be correctly applied and thus reducing any risk. At the same time, subsurface fracture networks with the desired properties must be engineered. Seismicity is a key piece of information in  understanding fracture networks and is now routinely being used to understand the dynamics of fracturing and  the all important relationship between the  fractures and the fluid behavior. Future research will be most effective by encouraging international cooperation through data exchange, sharing results of field studies and research at regular meetings, and  engaging industry in the  research projects. Additional experience and the application of the practices discussed above will provide further knowledge, helping us to successfully utilize EGS-induced seismicity and achieve the  full potential of EGS.  
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Figure 1. Map of the locations of events less than 5.0 and greater than 3.0 in northern California from 1900 to the present (source: the Berkeley Seismographic Lab)
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Figure 2. Historical seismicity from 1965 to the present at The Geysers. Data are from the NCEDC. The two arrows show the 1997 and 2002 increase in injections.
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Figure 3. Location of seismic stations, pipelines, and injection wells at The Geysers
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Figure 4. Location of all events on October 2003, two months prior to Santa Rosa injection. Blue squares are the location of the injection wells. The yellow star is the approximate location of the magnitude 4.4 on February 18, 2004.
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Figure 5. Seismicity on March 2004. The blue squares are the injection wells; the yellow star is the magnitude 4.4 that occurred on Feb 18, 2004.

[image: image3.emf]-200 0 200 400 600 800

-600

-400

-200

0

200

400

EW(m)

N

S

(

m

)

-600

-400

-200

0

200

400

N

S

(

m

)

-200 0 200 400 600 800

EW(m)


Figure 6. Plan view of seismicity associated with the injections at Cooper Basin
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Figure 7. Left: recommended levels of human sensitivity to vibration due to blasting from the USACE (1972); middle: reference levels for vibration perception and response from traffic, adapted from Barneich (1985); right: thresholds for vibrations due to pile-driving from Athanasopoulos and Pelekis (2000) (from Bommer et al., 2006).
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Figure 8.“Traffic light” boundaries superimposed on recurrence defined in terms of magnitudes adjusted to produce the same epicentral PGV if their focal depth were exactly 2 km. The triangles represent the cumulative recurrence data from the three episodes of pumping (totalling 54 days of pumping) normalized to a period of 30 days, from Bommer et al. 2006.
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Figure 9. Comparison of cumulative pumped volume at the Berlin field and induced seismicity expressed in terms of cumulative seismic moment, using seismicity data from the immediate vicinity of the injection well (Bommer et al., 2006)
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Figure 10. The location of the HDR project at Soultz
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Figure 11.  Position of the Soultz project relative to seismically active zones
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Figure 12. Layout of the boreholes in 2004
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Figure 13. GPK2 stimulation seismicity


Figure 14. Hydraulic and microseismic data for the stimulation of GPK2
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Figure 15. GPK3 stimulation seismicity


Figure 16. Hydraulic and microseismic data for the stimulation of GPK3
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�How about developing some of these and inserting here? Would be a good research topic for the GIA. Would show the GIA as being proactive.
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Annual Data

		Table 1:  Production- Injection History of The Geysers Field																		38901.45547233796

										1000				0

		Year		Average		Gross Steam		Gross Steam		Gross Steam		Gross Steam		Av. Number		Injected		Injected		Percent		Cumulative		Injected		Cumulative		percent

				Number of		Production		Production		Production		Production		Active Inj.		Water		Water		Injected		steam Prod.		Water		Injection		Cum. inj														flow rate

				Producing		(Billion Kg)		(mgd equiv)		(Billion Lbm)		(avg mpd)		Wells		(Billion Kg)		(mgd)				(Billion lbm)		(Billion Lbm)		(Billion lbm)				YEAR												Million lbm/hr

		0.5		Wells		0.0000		gallons per kg								0.0000		gallons per kg

																																																Steam Production		Total Water Injection		Condensate Injection

		1960.5		-		0.000		0.00		0.595		1.63		-		0						0.001		0.000		0.000		0.00%		June-60												0.00				1960		0.595				0.000

		1961.5				0.001		0.00		2.216		6.07										0.003		0.000		0.000		0.00%		June-61												0.00				1961		2.216				0.000

		1962.5				0.001		0.00		2.216		6.07										0.005		0.000		0.000		0.00%		June-62												0.00				1962		2.216				0.000

		1963.5				0.002		0.00		4.283		11.73										0.009		0.000		0.000		0.00%		June-63												0.00				1963		4.283				0.000

		1964.5				0.002		0.00		4.836		13.24										0.014		0.000		0.000		0.00%		June-64												0.00				1964		4.836				0.000

		1965.5				0.002		0.00		4.836		13.24										0.019		0.000		0.000		0.00%		June-65												0.00				1965		4.836				0.000

		1966.5				0.002		0.00		4.836		13.24										0.024		0.000		0.000		0.00%		June-66												0.00				1966		4.836				0.000

		1967.5				0.004		0.00		8.050		22.04										0.032		0.000		0.000		0.00%		June-67												0.00				1967		8.050				0.000

		1968.5		13		3.516		0.00		7.751		21.22		0		0				0		0.040		0.000		0.000		0.00%		June-68		68.4959										0.00				1968		7.751				0.000

		1969.5		26		6.813		0.00		15.019		41.12		1		0.411		0.00		6.03%		0.055		0.906		0.001		1.66%		June-69		69.4938										0.00				1969		15.019				0.906

		1970.5		27		6.457		0.00		14.236		38.98		1		0.847		0.00		13.12%		0.069		1.868		0.003		4.03%		June-70		70.4945										0.00				1970		14.236				1.868

		1971.5		30		7.814		0.00		17.226		47.16		2		1.225		0.00		15.67%		0.086		2.700		0.005		6.36%		June-71		71.4952										0.00				1971		17.226				2.700

		1972.5		45		15.777		0.00		34.783		95.23		3		2.905		0.00		18.41%		0.121		6.404		0.012		9.83%		June-72		72.4959										0.00				1972		34.783				6.404

		1973.5		60		21.464		0.00		47.320		129.55		4		4.065		0.00		18.94%		0.168		8.961		0.021		12.39%		June-73		73.4938										0.01				1973		47.320				8.961

		1974.5		72		26.329		0.00		58.045		158.92		5		5.364		0.00		20.37%		0.226		11.826		0.033		14.44%		June-74		74.4945										0.01				1974		58.045				11.826

		1975.5		84		30.515		0.00		67.272		184.18		5		7.473		0.00		24.49%		0.294		16.476		0.049		16.74%		June-75		75.4952										0.01				1975		67.272				16.476

		1976.5		92		31.995		0.00		70.536		193.12		6		7.717		0.00		24.12%		0.364		17.013		0.066		18.17%		June-76		76.4959										0.01				1976		70.536				17.013

		1977.5		95		32.527		0.00		71.709		196.33		6		7.496		0.00		23.05%		0.436		16.526		0.083		18.97%		June-77		77.4938										0.01				1977		71.709				16.526

		1978.5		95		27.623		0.00		60.896		166.73		6		6.522		0.00		23.61%		0.497		14.379		0.097		19.54%		June-78		78.4945										0.01				1978		60.896				14.379

		1979.5		123		36.138		0.00		79.670		218.12		9		8.724		0.00		24.14%		0.576		19.232		0.116		20.18%		June-79		79.4952										0.01				1979		79.670				19.232

		1980.5		150		46.967		0.00		103.542		283.48		10		10.866		0.00		23.14%		0.680		23.955		0.140		20.63%		June-80		80.4959										0.01				1980		103.542				23.955

		1981.5		165		52.864		0.00		116.544		319.08		12		13.595		0.00		25.72%		0.796		29.972		0.170		21.37%		June-81		81.4938										0.01				1981		116.544		29.972		29.1359970238

		1982.5		174		48.174		0.00		106.204		290.77		11		13.550		0.00		28.13%		0.903		29.872		0.200		22.17%		June-82		82.4945										0.01				1982		106.204		29.872		26.5511171737

		1983.5		225		65.893		0.00		145.267		397.72		15		19.082		0.00		28.96%		1.048		42.067		0.242		23.11%		June-83		83.4952										0.02				1983		145.267		42.067		36.3167482363

		1984.5		253		80.067		0.00		176.515		483.27		17		23.312		0.00		29.12%		1.224		51.394		0.294		23.97%		June-84		84.4959								Million lbm		0.02				1984		176.515		51.394		44.1286921296

		1985.5		309		95.815		0.00		211.232		578.32		22		26.517		0.00		27.68%		1.436		58.459		0.352		24.52%		June-85		85.4938		Di		De		Actual		Actual		0.02		Flow ratio		1985		211.232		58.459		52.808064925

		1986.5		354		106.562		0.00		234.925		643.19		23		30.772		0.00		28.88%		1.671		67.839		0.420		25.13%		June-86		86.4945		6.00%		5.00%		Flow Ratio		5.5% harm.		0.03		based on		1986		234.925		67.839		58.7311866182

		1987.5		390		111.822		0.00		246.521		674.94		23		31.495		0.00		28.17%		1.917		69.434		0.489		25.52%		June-87		87.4952		1.0000				1.0000		247		0.03		31 MM lbm/hr		1987		246.521		69.434		61.6302342372

		1988.5		429		108.559		0.00		239.328		655.24		23		28.325		0.00		26.09%		2.156		62.445		0.552		25.59%		June-88		88.4959		0.9434				0.9708		233		0.03		0.00094		1988		239.328		62.445		59.831912478

		1989.5		439		100.205		0.00		220.911		604.82		23		28.437		0.00		28.38%		2.377		62.692		0.614		25.85%		June-89		89.4938		0.8929				0.8961		220		0.03		0.00087		1989		220.911		62.692		55.2278317901

		1990.5		442		95.647		0.00		210.861		577.31		25		27.318		0.00		28.56%		2.588		60.226		0.675		26.07%		June-90		90.4945		0.8475		1.0000		0.8553		209		0.02		0.00083		1990		210.861		60.226		52.7152921076

		1991.5		436		89.660		0.00		197.664		541.17		26		25.748		0.00		28.72%		2.786		56.763		0.731		26.25%		June-91		91.4952		0.8065		0.9512		0.8018		199		0.02		0.00078		1991		197.664		56.763		49.4159435626

		1992.5		444		88.513		0.00		195.135		534.25		29		27.344		0.00		30.89%		2.981		60.283		0.792		26.56%		June-92		92.4959		0.7692		0.9048		0.7916		190		0.02		0.00077		1992		195.135		60.283		48.7837147266

		1993.5		450		84.380		0.00		186.022		509.30		29		30.183		0.00		35.77%		3.167		66.541		0.858		27.10%		June-93		93.4938		0.7353		0.8607		0.7546		181		0.02		0.00073		1993		186.022		66.541		46.505489418

		1994.5		447		78.427		0.00		172.900		473.37		28		24.524		0.00		31.27%		3.340		54.065		0.912		27.32%		June-94		94.4945		0.7042		0.8187		0.7014		174		0.02		0.00068		1994		172.900		54.065		43.2249476411

		1995.5		428		61.104		0.00		134.709		368.81		26		26.826		0.00		43.90%		3.475		59.141		0.971		27.96%		June-95		95.4952		0.6757		0.7788						0.02		0.00053		1995		134.709		59.141		33.6772916667

		1996.5		439		65.111		0.00		143.543		393.00		25		30.602		0.00		47.00%		3.618		67.464		1.039		28.71%		June-96		96.4959		0.6493		0.7408										1996		143.543		67.464		35.885647597

		1997.5		429		66.488		0.00		146.579		401.31		30		26.702		0.00		40.16%		3.765		58.866		1.098		29.16%		June-97		97.4938		0.6250		0.7047										1997		146.579		58.866		36.6448544974

		1998.5		424		66.542		0.00		146.698		401.64		43		44.311		0.00		66.59%		3.911		97.688		1.195		30.56%		June-98		98.4945														1998		146.698		97.688		36.6745375882

		1999.5		424		65.467		0.00		144.328		395.15		43		34.919		0.00		53.34%		4.056		76.982		1.272		31.37%		June-99		99.4952														1999		144.328		76.982		36.0821152998

		2000.5		424		63.654		0.00		140.331		384.20		43		33.400		0.00		52.47%		4.196		73.633		1.346		32.08%		June-00																2000		140.331		73.633		35.0826339286

		2001.5		424		64.901		0.00		143.081		391.73		43		33.883		0.00		52.21%		4.339		74.698		1.421		32.74%		June-01																2001		143.081		74.698		35.77017306

		2002.5		424		62.121		0.00		136.951		374.95		43		29.569		0.00		47.60%		4.476		65.188		1.486		33.20%		June-02																2002		136.951		65.188		34.2376366843

		2003.5				61.370				135.295						36.260		0.00				4.611		79.938		1.566				June-03																2003		135.295		79.938		33.8238536155

		2004.5				60.933				134.332						54.349		0.00				4.746		101.435		1.667				June-04

		2005.5				63.654				134.620						54.349		0.00				4.880		119.484		1.787				June-05

		2006.5				63.654				140.331						66.764		0.00				5.021		147.187		1.934				June-06

		2007.5				63.654				140.331						66.764		0.00				5.161		147.187		2.081				June-07

		2008.5				63.654				140.331						66.764		0.00				5.301		147.187		2.228				June-08

		2009.5				63.654				140.331						66.764		0.00				5.442		147.187		2.376				June-09

		2010.5				63.654				140.331						66.764		0.00				5.582		147.187		2.523				June-10

																11.000				mgd

																0.092				blbd

																33.458				blbyr

																15.174				bkg yr

																2005		0.00

																2005		0.00





MEQs

		year		Seismic Events of M>=1.5		Earthquake Count M>=3.0				year		month		day		Earthquake M>=4.0		Earthquake M>=4.0

		1971		1		1				1982		5		29		1982.4100		1400

		1971.9999		1		1				1984		9		22		1984.7242		1400

		1972		5		3				1990		8		14		1990.6189		1400

		1972.9999		5		3				1992		9		19		1992.7160		1400

		1973		13		2				1996		12		4		1996.9249		1400

		1973.9999		13		2				1998		12		25		1998.9824		1400

		1974		25		4				2000		12		8		2000.9358		1400

		1974.9999		25		4				2003		5		20		2003.3854		1400

		1975		112		3				2003		8		3		2003.5888		1400

		1975.9999		112		3				2004		2		18		2004.1299		1400

		1976		230		6				2004		12		27		2004.9879		1400		1.000		848		26

		1976.9999		230		6				2005		5		9		2005.3552511416		1400.0		1.000		781		14

		1977		186		2														0.000		935		17

		1977.9999		186		2										1988		62.4		0.000		700		24

		1978		170		3										1989		62.7		1.004		715		16

		1978.9999		170		3										1990		60.2		0.961		686		20

		1979		181		4										1991		56.8		0.943		661		18

		1979.9999		181		4										1992		60.3		1.062		723		18

		1980		265		5										1993		66.5		1.104		752		26

		1980.9999		265		5										1994		54.1		0.813		780		13

		1981		359		7										1995		59.1		1.094		711		13

		1981.9999		359		7										1996		67.5		1.141		750		16

		1982		307		11										1997		58.9		0.873		711		9

		1982.9999		307		11										1998		97.7		1.659		1012		20

		1983		555		12										1999		77.0		0.788		746		17

		1983.9999		555		12										2000		73.6		0.956		777		13

		1984		698		13										2001		74.7		1.014		752		17

		1984.9999		698		13										2002		65.2		0.873		786		14

		1985		848		26		19								2003						826		19

		1985.9999		848		26										2004.0000						1253

		1986		781		14

		1986.9999		781		14

		1987		935		17

		1987.9999		935		17

		1988		700		24

		1988.9999		700		24

		1989		715		16

		1989.9999		715		16

		1990		686		20		19

		1990.9999		686		20

		1991		661		18

		1991.9999		661		18

		1992		723		18

		1992.9999		723		18

		1993		752		26

		1993.9999		752		26

		1994		780		13

		1994.9999		780		13

		1995		711		13		786		15

		1995.9999		711		13

		1996		750		16

		1996.9999		750		16

		1997		711		9						15

		1997.9999		711		9

		1998		1012		20		1.29		1.33

		1998.9999		1012		20

		1999		746		17

		1999.9999		746		17

		2000		777		13		16

		2000.9999		777		13

		2001		752		17

		2001.9999		752		17

		2002		786		14

		2002.9999		786		14

		2003		826		19

		2003.9999		826		19

		2004		1026		15

		2004.9999		1026		15

		2005		1158		12

		2005.9990		1158		12






