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Summary: We propose to develop a high density array of geophysical sensors along the Hayward Fault, California, with an imbedded very high density array at the scale of the UC Berkeley Campus. The data would be collected and processed continuously and in real time to provide a test bed for a variety of innovative seismic hazard mitigation strategies and research into the physics of earthquakes. The Keck Array would serve the following purposes:

• Obtain high resolution and ultra-high resolution “Shake-Maps” at a scale that cannot be achieved with present and planned seismic networks and thus document the spatial variability of ground shaking in an unaliased manner.

• Combine data continuously acquired from seismic and geodetic sensors to detect, recognize and evaluate transient anomalies such as slow slip events, foreshocks, creep events, aseismic slip and tremor events, as well as deformation pulses, some of which may be precursory to significant earthquakes

• Provide a proof of concept for pervasive urban seismic monitoring

• Conduct a pilot experiment in the use of both regional networks and small station clusters to provide warning of imminent and damaging ground shaking.

• Provide dense array data for the study of seismic phases sampling the deep earth. 
Background

Earthquakes cannot be reliably predicted yet, but owing to modern geophysical instrumentation, rapid telecommunications, and sophisticated processing algorithms, it should be possible to monitor the deformation of the Earth’s crust continuously in order to detect the onset of a large earthquake and provide accurate information on the expected ground shaking to the exposed population. This has important societal implications in a heavily urbanized region such as the San Francisco Bay Area (SFBA), especially as this region is progressively moving out of the “shadow” cast by the 1906 San Francisco earthquake and needs to prepare for the next “big one” (63% probability of a M>6.7 earthquake in the SFBA in the next 30 years, according to the latest USGS Earthquake Probability report).

There are two important issues involved: 1) the rapidity and accuracy with which the onset of an earthquake rupture can be determined, which may ultimately depend on our ability to detect short term precursors and to rapidly analyze the first earthquake waves emanating from the rupture; 2) the accuracy with which the forthcoming ground shaking can be estimated, which depends on combining accurate knowledge of the geology with modern seismic wave propagation computations in complex three-dimensional media.

Over the last decade, the Berkeley Seismological Laboratory (BSL) has been engaged in the deployment of several regional geophysical networks in northern California and the concurrent development of “real time” seismology analysis.  Specifically, in the framework of our Rapid Earthquake Data Integration (REDI) program, and more recently within the California Integrated Seismic Network (CISN), we are involved in efforts to determine key parameters (magnitude, location, rupture orientation and length) within seconds to minutes after the onset of an earthquake rupture. One of the main goals of the CISN is to rapidly obtain regional maps of ground shaking (“ShakeMaps”) in an effort to provide an overview of potential damage and increase the efficiency of emergency response, thereby minimizing cascading failures. 

However, the current ShakeMaps are very coarse because the distribution of sensors is much too sparse to capture the variability of the ground shaking, which occurs at kilometer scale lengths. Also, as currently practiced, real time seismology falls short of providing enough advanced warning to prevent damage in locations where it could be avoided. Finally, the seismic and geodetic modeling is done “off-line” and does not take full advantage of the continuous in-flow of new information, and in particular, of the possible existence of transient deformation signals that may precede an impending rupture. Thus, our efforts to date represent only the very first step towards what could be achieved with the combination of densely distributed seismic and geodetic instrumentation, real time telemetry, and modern capabilities in wave propagation analysis for the modeling of complex structures and tectonic deformation.

Proposed Research Program

While national efforts such as in the framework of the NSF funded Earthscope program, or the Advanced National Seismic System (ANSS) of the US Geological Survey aim at filling gaps in sensor distribution at spatial scales of tens to hundreds of km, our focus is on the use of a very dense network of instruments (km to sub-km) throughout the region of interest.  Such a network will allow us to monitor the tectonic wavefields with an unprecedented accuracy in time and space. 
The Hayward Fault is one of the most “dangerous” faults in the San Francisco Bay Area, in that a population of ~3 million resides in its immediate vicinity, and the recent USGS Earthquake Probability Report lists it as the #1 candidate for the next large (M>6.7) earthquake in the region. The fault runs along the margin of the San Francisco Bay, a large lense-shaped sediment-filled basin geometry prone to amplification of ground shaking (similarly to what was experienced in the 1995 Kobe, Japan, earthquake). From the geophysical point of view, the Hayward Fault also exhibits “creeping” behavior, but its relationship to earthquake faulting is yet poorly understood. In collaboration with the USGS at Menlo Park, the BSL operates a sparse network of borehole seismometers along the fault to study the temporal and spatial distribution of micro-seismicity down to magnitudes M <-1. A handful of broadband and strong motion seismic, borehole strainmeter, and permanent GPS sites are also operated in the vicinity of the fault.

With funding from the Keck foundation, we propose to install a prototype dense array of ~50 seismic and geodetic instruments along the Hayward Fault to study the structure and dynamics of the fault system, improve our ability to predict ground shaking for future scenario events, and develop early warning capabilities. In addition, the location of the UC Berkeley campus along the fault provides an opportunity to further densify this array at the local scale to attain a detailed understanding of the local variability of the seismic wavefield, its interaction and effect on building structures, and conduct a proof-of-concept experiment into a second approach to earthquake early warning based on the use of station clusters.

Dense multiparameter array along the Hayward Fault.

This array would comprise ~50 stations distributed on a roughly rectangular grid  (70 by 20 km) along the Hayward Fault, with an average spacing of ~5km. Each station would comprise a strong motion accelerometer and a GPS receiver with suitable recording and telemetry capabilities. 15 of these sites would also be equipped with broadband seismometers. Data from these sites would be collected continuously and in real time at the BSL to pursue several goals:  

• The immediate application of the high density strong motion array would be the construction of high resolution “Shake-Maps”, for any event of M>4 in the SFBA.

• Broadband seismic waveforms could be combined with high speed computing capabilities to improve our knowledge of the 3D structure as well as source locations. We would be able to update three-dimensional structure models in the vicinity of the Hayward Fault “on the fly”, that is, every time an earthquake occurs and provides new data to the existing database, thus for the first time effectively utilizing the coupled nature of the earthquake/wave propagation problem.  This would be tied in with a similar analysis, albeit at a lower resolution, of the waveform data available from our existing sparse northern California broadband seismic network. Over the course of 5 years, we could attain unprecedented accuracy in the location of earthquakes and the knowledge of geological structure, which, in turn would help better predict the expected wavefield generated by scenario earthquakes and the corresponding shaking distribution.

•  Integrating the continuous monitoring of the different seismic and geodetic instruments (also including the data from the existing borehole strainmeters along the fault) would provide the capability to detect, recognize and evaluate any transient anomalies such as slow slip events, foreshocks, creep events, aseismic slip and tremor events, and deformation pulses, as have recently been documented in several subduction zone areas. Here we can build upon current efforts at BSL to achieve high frequency (to 1 Hz or better) geodetic data acquisition and processing.
•  Recent research has shown that 3 seconds of P wave data may be sufficient to determine how large an earthquake is happening. There is, for the first time, potential to discriminate between small and large earthquakes fast enough to issue a reliable and useful warning of impending shaking that may allow simple damage and casualty preventing steps to be taken ONLY when really needed. The density and rapid telemetry of the array is ideal for the first implementation of this approach to early warning.
•  The dense array of broadband stations would also serve to collect a database of teleseismic waveforms that could be analyzed using array stacking procedures, for the study of core phases and other weak signals which carry unique information on the earth’s deep internal structure.
Local scale- very high density  sampling and vertical array

To complement the dense regional array, we propose to develop a very dense real time monitoring system on the U.C. Berkeley Campus. This system would tie into instrumented buildings on Campus that are part of the Center for Information Technology Research in the Interest of Society (CITRIS) as well as provide real time monitoring of the undistorted wavefield at relatively high frequencies. Both Micro-Electro-Mechanical Systems (MEMS) and traditional instrumentation would be deployed in the free-field and in boreholes complementing and providing free-field reference for the instrumented buildings. There would be both lateral and vertical arrays. New communication solutions developed as part of CITRIS would be implemented to acquire data from this ultra dense array, in collaboration with colleagues from UCB Computer Science and Enginering. The Campus location, draped across the basin margin, is ideal for studying the effect of local geology on ground motion and seismic hazard as it provides wavefield sampling within the basin, at the basin’s edge, and also at adjacent hard rock sites. The immediate application would be ultra high resolution ShakeMaps. Longer term research would be high resolution downhole-uphole seismic waveform analysis, development of site response across campus, characterization of differential motions over short scales, which would be helpful to understanding possible effects on large structures and lifeline systems. 

The very dense array will also benefit the regional scale event location and structure updating component of the proposed project since it could be used as an antenna to rapidly determine the direction from which the seismic waves originated and, together with timing information, can lead to more robust real time locations.  Such rapid locations, combined with our new capability to estimate magnitude from the P-wave, could then be used to give a warning of the imminent arrival of damaging S-waves providing a second approach of early warning. For example, for a Hayward fault event nucleating in Milpitas the array could quickly assess that the waves are from a large local event providing as much as 5 seconds of early warning before the damaging S-waves arrive (assuming a  processing time of  2 seconds). It could also be used to provide warning to more distant sites and thus serve as a prototype early warning system for parts of the SFBA. 

Role of Keck Funding:

. The lessons learnt from the prototype dense array funded by the Keck Foundation could then be applied to other critical locations in the SFBA or in other earthquake prone regions. The Keck funding would leverage current support for seismic instrumentation and real time telemetry provided by the State of California in the framework of CISN, and by NSF, in the framework of the Earthscope program. In turn, at the completion of this pilot program, additional funds from the State of California as well as from Federal sources could be sought to implement the resulting capabilities and upgrade the current earthquake monitoring system in the US. Data collected during this project would be contributed to the Northern California Earthquake Data Center and available “on-line” to the research community (at no cost to Keck).

Draft 5 Year Budget 





Equipment:


· Dense regional array

· 50 stations including strong motion accelerometer, 

recording and telemetry system, GPS receiver ($35,000 per site)
$1,750,000

15 broadband sensors (and additional site prep.) ($20,000 per site)
$   300,000

Data acquisition computer





$     25,000








subtotal: 
$2,075,000
-Ultra high density network on the Berkeley Campus:


20 standard accelerometers and telemetry hardware 


$300,000

     1 vertical array at Edwards with several levels 


$100,000


Data acquisition computer





$10,000


10 MEMS?







$10,000?

- 64-node computer cluster, air-conditioning and power back-up, related network connections etc with upgrade in Year 4.






$250,000

Installation costs

Field technician support to perform permitting, site construction 

and installation of sensors and telemetry (3 man-years)


$250,000

Miscellaneous construction and telemetry costs



$100,000

Subtotal Equipment and installation : 
$3,200,000

Research Support

2 post-doc’s per year =$120K/year for 4 years



$480,000







        Subtotal research: 
$480,000

total: $3,680,000 over 5 years
