
UCRL-JC-116437 Rev. 1 
PREPRINT 

Lithological and Rheological Constraints on Fault Rupture 
Scenarios for Ground Motion Hazard Prediction 

W. Foxall 
L. Hutchings 

S .  Jarpe 

This paper was prepared for submittal to the 
Iutam Symposium on Mechanics Problems in Geodynamics 

Beijing, China 
September 5-9,1994 

September 1994 

This isa preprintofapaper intended forpublication ina journal orproceedings. Since 
changes may be made before publication, this preprint is made available with the 
understanding that it will not be cited or reproduced without the permission of the 
author. 



DISCLAIMER 

This docummt was prepared ps sll account of work qmmored by an pgeey d the 
United States Government. Ncithvthe United State Govcnnnent nor the University 
of Cdifornia nor any ofthdr employees, makes any warranty, express or implied, or 
assnmesanylegd liPbilityornspomibilityfortheoccmrPey,compkteaesqorwf~css 
of any information, apparatus, product, orprocrs~ disdosed, or reprrsents that its w 
wouldnotinfringeprivatelyowncd rights. Referencehemin toanyspeciGccommed 
products, process, or service by trade name, tradema&, manufacturer, or otherwise, 
dCKsnOtlWELSSPrilyCO1)SfituteorililPlyitsendorsuncnf reconunendation,orfavoring 
by the United States Government or the University of California. The views and 
opinions of authors expressed herein do not mccsarily state or deet those of the 
United States Government or the University of California, and sbdl not be used for 
advertising or product endorsement purposes. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. images are 
produced from the best available original 
document. 

I 



Lithological and Rheological Constraints on Fault Rupture 
Scenarios for Ground Motion Hazard Prediction 

William Foxall, Lawrence Hutchings, and Steven Jape 

Lawrence Livermore National Laboratory 
Earth Sciences Department 

Livermore, California 9455 1 

. 



Introduction 

This paper tests a new approach to predict a range of ground motion hazard at specific 
sites generated by earthquakes on specific faults. The approach utilizes geodynamics to link struc- 
tural, lithological and rheological descriptions of the fault zones to development of fault rupture 
scenarios and computation of synthetic seismograms. Faults are placed within a regional geome- 
chanical model that is used to calculate stress conditions along the fault. The approach is based 
upon three hypothesis: (1) An exact solution of the representation relation that utilizes empirical 
Green’s functions enables very accurate computation of ground motions generated by a given rup- 
ture scenario; (2) a general description of the rupture is sufficient; and (3) the structural, lithologi- 
cal and rheological characteristics of a fault can be used to constrain, in advance, possible future 
rupture histories. Ground motion hazard here refers to three-component, full wave train descrip- 
tions of displacement, velocity, and acceleration over the frequency band 0.01 to 25 Hz. Corollar- 
ies to these hypotheses are that the range of possible fault rupture histories is narrow enough to 
functionally constrain the range of strong ground motion predictions, and that a discreet set of 
rupture histories is sufficient to span the infinite combinations possible from a given range of rup- 
ture parameters. 

Hypotheses 1 and 2 are supported by previous studies. Hutchings and Wu (1990) devel- 
oped an exact solution to the representation relation (Aki and Richards, 1980) that utilizes record- 
ings of small earthquakes (M 2 2.5 ) that have effectively impulsive point sources to obtain em- 
pirical Green’s functions. Jape and Kasameyer (1993) constrained the rupture history of the 1989 
Loma Prieta earthquake using rupture parameters from independent studies and applied the com- 
putational approach of Hutchjngs and Wu to compute synthetic seismograms at 27 of the strong 
motion sites that recorded the earthquake. Jarpe and Kasameyer used the rupture model character- 
ization based upon rupture geometry, rupture velocity, hypocenter, and moment described by 
Hutchings (1991). Jarpe and Kasameyer obtained very good fits to the observed time histories and 
spectra. They also computed engineering parameters and found that the errors between computed 
and observed response spectra were less than or equal to those from other methods for periods in 
the range 0.05 to 0.4 sec. At periods between 0.5 and 2.0 sec, the errors were significantly less 
than those from methods based on regression of recorded strong motion data. Hutchings (1994) 
carried out a more extensive investigation of rupture models and found that near exact synthesis 
of small earthquake seismograms can be achieved when the same small set of parameters is inde- 
pendently constrained. Hutchings also obtained good fits to waveforms recorded from the 
M = 6.4,197 1 San Fernando earthquake using similar simple rupture models. 

ic P-velocity model of the Loma Prieta segment of the San Andreas fault zone. The model was 
obtained by earthquake arrival time inversion and ‘‘calibrated” in terms of subsurface lithology 

Foxall et al. (1993) have begun to test hypothesis 3 using a three-dimensional tomograph- 
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using laworatory Vp versus depth data for specific rock types found on either side of the fault and 
seismic refraction profiles. They found that a large-scale anomalous high-velocity body coincides 
with the rupture zone of the Loma Prieta earthquake, and propose a model in which large-scale 
variations in fault frictional stability and strength are controlled in part by along-strike lithological 
heterogeneity. 7%ey propose that the active fault plane within the high-velocity body is relatively 
strong and fails only unstably, and that the body acts as a barrier that arrests both stable sliding 
and dynamic rupture. This concentrates stress on the fault plane within the body, which evolves to 
become the asperity that fails in earthquakes like that in 1989. The geometry, location of nucle- 
ation and directions of rupture inferred for this asperity match thegeneral features of the rupture 
derived by kinematic inversions of strong motion data. 

In the study reported here, we extend the work of Foxall et al. to include elastic and fric- 
tional properties derived from a lithological model; rupture parameters, such as hypocenter loca- 
tion and rupture velocity, are estimated from the model and fault geometry; and ranges of other 
parameters, such as slip amplitude or stress drop, are estimated for given moments. The asperity 
is loaded to failure by driving the fault within a regional geomechanical model, outlined below. In 
this way we constrain a limited set of possible rupture histories that are used to generate a suite of 
synthetic strong motion time histories that constitute the range of predicted ground motion hazard 
expected from an earthquake of a given moment on this segment of the fault. Hutchings (1991) 
predicted ground motion hazard to four sites that recorded the Loma Prieta earthquake using a 
poorly constrained range of fault rupture scenarios. Here, we extend his prediction to 27 sites 
using the set of rupture scenarios constrained by the rupture zone model. We test hypothesis 3 that 
possible future rupture scenarios can be constrained in advance given fault zone models like that 
for Loma Prieta by determining whether the suite of predicted ground motion hazards at the 27 

, sites captures the observed ground motions, and how small the estimated standard errors are. Fig- 
ure 1 shows the location of Loma Prieta earthquake and of the 27 sites used in this study, and 
Table 1 lists station information. 

Northern California Dynamic Earth Model 

The work described here is carried out within the framework of t h E  Norfhern CaZiforniu 
Dynamic Earth Model (NCDEM, CONCERT, 1993), which is a working model that is being de- 
veloped to describe the contemporary dynamic relations of a block segment of the lithosphere in 
northern California. The model is based upon rock material properties, including rheological pa- 
rameters, porosity, permeability and density, derived from geology, seismic velocities and other 
geophysical and hydrological data, and kinematic and dynamic data, such as stress, strain, fault 
displacement rates, and pore pressures, derived from geology, plate tectonics, geodetics, geome- 
chanical modeling, seismology and hydrogeology. Figure 2 shows the geographic outline of NC- 
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DEM. NCDEM is being developed ultimately to provide computer-based intermediate-term pre- 
diction of future earthquake locations, sizes, and times of occurrence, and secondary fault rupture 
triggered by large earthquakes. It will also enable computation of fault rupture dynamics; the de- 
velopment of fault rupture scenarios; and computation of synthetic ground motions. The extreme- 
ly large scope of this development requires massively parallel computing to implement, and is 
being carried out as a cooperative effort of the institutions that make up CONCERT. 

Several faults transect the San Francisco Bay Area (Figure 3) including the San Andreas, 
Hayward, Calaveras, Rogers Creek, Greenville, Sargent, and San Gregorio faults. Approximately 
35-40 d y r  of plate motion occurs across this segment of the San Andreas fault system (Lisows- 
ki et ai., 1991). This deformation is broadly distributed over a region about 100 km wide. The 
long-term slip rate on individual faults is not well constrained, although much of the deformation 
likely occurs across the San Andreas fault, with 5-10 mm/yr Occuning along the Hayward fault 
(e.g. Lienkaemper et al., 1989; Andrews et ai., 1992). The code TECTON (Melosh, 1992) is 
being modified and used to compute the stress field (Charles Williams and Gerry Hedstrom, per- 
sonal communication, 1994). It is fully three-dimensional, pseudo-static finite element code that 
incorporates both Newtonian and power-law viscous behavior in a Maxwell-type viscoelastic rhe- 
ology. The code includes two different methods of modeling faults: the split node method, in 
which the fault displacement is specified, and the slippery node method, in which the fault slips in 
response to stress. 

Francisco Bay area, and is used as a constraint on the NCDEM. The USGS monitors 4 distinct 
GPS networks in the Bay Area: Farallon to Sierra Arc - 15 sites, -50 km spacing, measured annu- 
ally since 1987; Bay Area GPS Rofiles - 58 sites in 5 profiles, -10 km spacing, measured biannu- 
ally 1990-1992, annually since 1993; Loma Meta GPS Monitor - 5 sites, -35 km spacing, mea- 
sured at least quarterly since 1987; and a continuous GPS network of seven sites, Bay Area 
Regional Deformation (BARD) network, through a cooperative effort between the USGS, U.C. 
Berkeley, Lawrence Livermore National Lab, and Trimble Navigation. GPS measurements pro- 
vide relative position within 4 mm in the north component, 7 mm in the east component, and 30 
mm in the vertical component. Figure 3 shows the location of Crustal deformation measurement 
sites in the Bay Area (Savage et al., 1994). 

An important component of the NCDEM is the computation of synthetic seismograms. 
Accurate computation of the wavefield following potential earthquakes must include effects of 
the 3-D inhomogeneous crust and upper mantle. At lower frequencies (< -1.0 Hz) the geology 
and structure is known well enough that 3-D numerical simulations can be used. Computation 
with a 4th order accurate, 3-dimensional, fully elastic finite-difference code is used to obtain inho- 
mogeneous solutions (Shawn Larsen and Gerry Hedstrom, personal communication, 1994). This 

The Global Positioning System (GPS) provides accurate data on crustal strain in the San 

- 
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d e  is based on a staggered-grid implementation of the elastodynamic formulation of the full 
wave equation (velocity-stress) (Madariaga, 1976; Virieux, 1986; Levander, 1988; Randall, 
1989). Mode conversions at the free surf‘ace are handed correctly. Low order absorbing boundary 
conditions using paraxial methods are applied to the side and bottom grid interfaces, which effec- 
tively reduce artificial boundary reflections by 90-95% (e.g. Clayton and Enquist, 1977; Higdon, 
1992) 

At high frequencies (> -1 Hz) recordings of small earthquakes are used to obtain empiri- 
cal Green’s functions to constrain the propagation path and site response information in comput- 
ing synthetic seismograms (Hutchings, 1991). Empirical Green’s functions and source parameters 
of their source events will be systematically obtained by linking the NCDEM with the READY 
system (UCIB, 1994), which provides on line access to waveforms and source parameters of Bay 
Area earthquakes. Fully broadband computation of synthetic seismograms are obtained by com- 
bining synthetic and empirical Green’s function solutions to synthetic seismograms. The primary 
constraint on obtaining realistic synthetic seismograms is in describing the source. The combined 
rheologocial and geological description and computational capability of the NCDEM is used to 
constrain fault rupture scenarios in order to predict a range of possible ground motions from fu- 
ture earthquakes (described below). This ultimately will be extended to artificial seismicity esti- 
mates of the region to compute hazard maps. 

Constraints on Fault Rupture 

In this section we describe initial development of the method to provide prior constraints 
on earthquake rupture parameters. The methodology is based upon three observations. (1) Seis- 
mic tomography studies along fault zones have imaged significant along-strike vaiiations in 
velocity structure within the rupture zones of large and moderate earthquakes (e.g. Michael, 1988; 
Eberhart-Phillips, 1990; Eberhart-Phillips et al., 1990; Michael and Eberhart- Phillips, 1991; 
Michelini and McEviUy, 1991: Lees and Shalev, 1992; Foxall et al., 1993; Eberhart-Phillips and 
Michael, 1993), which are interpreted as being associated with large-scale lithological heteroge- 
neity. Such heterogeneity appears to exert an important influence on the transition from stable 
fault slip to unstable earthquake rupture and may be characteristic of some nucleation zones. Fox- 
all et al. (1993) have demonstrated the relationship between a high-velocity body imaged in the 

middle and upper crust at Loma Prieta and the nucleation and propagation of dynamic rupture, 
and Foxall (1992) has discussed a similar relationship at Parkfield. (2) Recent interpretations of 

seismicity before and after large earthquakes have reinforced numerous previous studies that sug- 
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gest that seismicity pnor to the Occurrence of earthquakes might be used to indicate fault rupture 
geometry. In particular, along the SAF an increase in the maximum depth of background earth- 
quakes is associated with the rupture zones of earthquakes at Loma Prieta (Moths et al. 1981; 
Foxall et al., 1993) and Parkfield (Moths et al., 1981; Poley et al., 1987; Foxall, 1992; Nadeau et 
al., 1994). (3) The beginnings and ends of rupture segments are commonly observed to coincide 
with variations in surface fault geometry, such as bends and offsets (e.g. King and Nabelek, 1985; 
King, 1986). 

Rather thm providing a specific set of rupture parameters, our objective is to develop a set 
of possible rupture scenarios for potential future earthquakes along a given section of a fault zone. 
The first stage of the process is to lay the broad foundation for rupture scenarios by qualitative 
interpretation of crustal velocity, seismicity and trace geometry data in terms of transitions in the 
strength and frictional stability properties of the fault zone. The second stage utilizes numerical 
deformation modeling together with estimates of fault zone strength and frictional properties to 
verify and then quantify the mechanics underlying the observations in terms of time-varying pre- 
stress within the potential rupture zone. In final stage we plan to model dynamic rupture of the 
pre-stressed rupture planes. 

In this paper we report on application of the methodology to the Lorna Meta segment of 
the San Andreas fault. Our aim here is to develop the method using a test case for which many 
details of an actual rupture, the October 17,1989 earthquake, are know from coseismic data, and 
a suite of recorded strong ground motion recordings are available against which to test how well 
the range of predicted ground motions permitted by the rupture scenarios we construct capture 
reality. The first stage, qualitative analysis, is described here, and the second stage is underway. 
Our methodology, of course, demands that we make use of data that were available before Octo- 
ber 18,1989, and we have attempted to confine ourselves to plausible interpretation of those data 
alone. Inevitably, however, the nature of the test described here means that our interpretations are 
colored to some degree by hindsight, and indeed the hypothesized relationship between velocity 
heterogeneity and slip segmentation is based partly on data from the Lorna Prieta earthquake. 

Loma Prieta Rupture Model 

We base our development of rupture scenarios on a rupture model for the Loma Prieta seg- 
ment of the San Andreas fault based on the hypothesis of Foxall (1992) and Foxall et al. (1993) 
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that active fault planes can become locked where large-scale lithological heterogeneities exist 
along the fault zone, and thus act as barriers to slip. The resulting concentration of slip on a locked 
contact can cause it to evolve to an asperity that fails in large earthquakes. Thie hypothesis was 
based initially upon analysis of the relationship of rupture during the 1989 Lorna Prieta earth- 
quake itself to an anomalous high-velocity body imaged within the fault zone. However, Miche- 
lini and McEvilly (1991) imaged a similar high-velocity body at Parkfield. Foxall (1992) showed 
that the fault contact within this high velocity body roughly coincides with the locked plane that 

slips during repeating M6 earthquakes there (Segall and Harris, 1987; Harris and Segall, 1987), 
and proposed a similar mechanism for the accumulation of stress and rupture nucleation for the 
Parkfield earthquakes. For our present purpose, therefore, we adopt the above hypothesis as a 
general one and develop bounds on rupture geometry, hypocenter location, slip vector, and rup- 
ture velocities for @e Lama Prieta segment of the SAF based upon the velocity structure and the 
response of the fault zone to it expressed in the distributions pre-mainshock seismicty and slip. 

Figures 4-6 are sections through the 3D Vp model of Foxall et al. (1993) showing salient 
features of their lithological interpretation (discussed further below). The coordinate system has x 
and y positive NE and NW, across and along SAF strike, respectively. The zone of high velocities 
below about 8 km depth in the center of Figure 4 (y= -2 to y=30) are clearly anomalous, being sig- 
nificantly higher than velocities expected for country rocks on either side of the fault in this depth 
range. Foxall et al. identified the volume within the 6.5 km/s contour as an anomalous high-veloc- 
ity body, although the 6.5 Ws boundary is somewhat arbitrary. Similar high velocities are seen in 
the 3D models of Eberhart-Phillips et al. (1990) and Lees and Shalev (1992). The model shown 
was inverted from both pre-mainshock and aftershock data. However, the distribution of seismic- 
ity prior to the earthquake (shown in Figure 8) appears adequate to constrain the velocity structure 
with a resolution approaching that of the existing model. Hypocenters in Figure 4 are from seis- 
micity prior to the Loma Prieta earthquake (1967-8/8/89), are projected on to the plane of section 
from 1.5 km on either side, and aressumed to occur on or close to the active SAF plane. 

Figure 7 shows estimated secular slip rates taken from the compilation in USGS (1990, 
. Table 2). The great 1906 earthquake is estimated to have ruptured the uppermost 10-12 km of the 

fault as far as San Juan Bautista (SJB, Figure 7) (Thatcher, 1975; Thatcher and Lisowski, 1987; 
Wald et al., 1993), so the fault is shown locked to 12 km depth NW of Pajaro Gap (PG, Figure 7). 
This locking depth corresponds to the maximum depth of minor background seismicty N W  of y= 
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20 km. The average coseismic displacement during the 1906 earthquake estimated for th is  section 
of the fault by Thatcher and Lisowski (1987) is 2.6m. 

Figure 7 shows high-quality US Geological Survey hypocenter locations within 10 km of 
the SAF for the period 1967-August 8,1989. Figure 7 clearly shows a progressive increase in the 
maximum depth of earthquakes at each end of the Loma Prieta segment. The band of concen- 
trated activity above 8 km depth SE of Pajaro Gap (PG) is associated with surface creep along the 
NW end of the -150 km-long Central Creeping section of the SAF, which falls from 13 mm/yr at 
San Juan Bautista (SJB) to less than lmm/yr at Pajaro Gap. Surface creep and shallow seismicity 
are brought to an abrupt end where the fault plane meets the high-velocity body between about 6 
and 10 km depth (Figs. 4 and 5a). The dipping plane defined within the SE end of the high-veloc- 
ity body in Figure 6b by the band of activity sloping down to the NW appears to be a continuation 
to depths between 9 and 15 km of that defined by the shallow seismicity (Figure 6a), and indicates 
the active SAF plane enters the high-velocity body. Northwest of the vertical concentration of 
earthquakes at y= -24 km the activity is very sparse, although isolated earthquakes are located as 
deep as 16 km. The close coincidence of the end of the high-velocity body with the terinination of 
creep and shallow seismicity and the low level of activity within it lead to the conclusion that the 
fault plane is locked within the high-velocity body and acts as a barrier to slip on the fault below 
about 8 km depth. 

- 

The geometry of the locked plane within the high-velocity body deduced by Foxall et al. 
(1993) agrees with kinematic inversions for slip and the aftershock distribution SE of the main- 
shock hypocenter, but does not account for the second main concentration of slip (subevent) NW 
of the mainshock (e.g Beroza, 1991; Steidl et al., 1991). which Foxall et al. ascribed to overshoot 
of slip on to the highly stressed fault plane immediately NW of the asperitybarrier. The possibil- 
ity of this sub-event may plausibly be deduced from the pre-event data, as we discuss below. 

We assume that the increasing depth of seismicity at the NW end of the high-velocity bar- 
rier CFigure 4) correspon& to depression of the locking depth from 10-12 km to about 18 km, and 
propose that this results from the stress concentration arising from the arrest of slip at the barrier. 
The stress concentration will be the most intense at each end of the barrier, where the displace- 
ment gradient is highest. At Parkfield, for which there are both Vp and Vs velocity models, there 
is evidence for such a stress concentration in the form of an intense positive Vp/Vs anomaly at the 
nucleation zone of the M6 earthquakes (Nadeau et al., 1994; Foxall, 1992). If we assume that the 
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locking depth occurs at the transition from unstable to stable sliding (Tse and Rice, 1986), then 
the transition is retarded in the high-stress zone in front of the barrier. One possibility might be 
that this temperature-induced stability transition is retarded by competing normal stress depen- 
dence. The deeper events occur within 1 km of the depth projection of the surface trace of the 
SAF (Fig. 2b) and include earthquakes as large ML5.4. 

Following, we will use the previous discussion and data presented to define the rupture 
parameters and their bounds needed for developing fault rupture scenarios for strong ground 
motion synthesis. 

Rupture Geometry 

We define the rupture plane for Loma Prieta in two parts. Definition of the first plane is 
based upon om hypothesis that fault surfaces within high-velocity bodies can be locked due to LLR 

along-strike transition in strength and frictional stability properties, and is therefore delineated by 
the geometry of the SAF surface within the high-velocity body. The second part of the rupture is 
defined based upon the evidence for stress concentration to the N W  of the high-velocity body. The 
rupture model is summarized in Figure 8. 

The center and NW end of the high-velocity anomaly shown in Figure 8 is well resolved 
above 14 krn depth and its SE end above 12 km. We define the geometry of the potential rupture 
plane within the high-velocity body (SE of y= -2) above these depths by the boundary of the body 
itself (the 6.5 km/s contour), which is shown as the bold solid curve. The overall resolution of the 
velocity model is estimated to be a few km. Therefore, we allow an uncertainty of 11.5 km in the 
definition of the rupture plane boundary, as shown by the dashed curves. We consider that the pri- 
mary source of moment release is the plane within the high-velocity body, but allow the slip to 

overshoot on to the presumed locked 1906 plane above as far as the sediment/basement contact. 
Below the depth of velocity resolution we define the rupture plane boundary based upon the max- 
imum depth of the seismicity, under the assumption that this corresponds to the lower transition 
from unstable to stable slip. At the SE end the boundary follows the lower edge of the sloping 
band of earthquakes along the SAF surface within the high-velocity body to a depth of 15 km. 
Definition of the bottom and NW end of the rupture plane is more uncertain. The bottom of the 
plane is defined by continuing the sloping southeastern boundary to connect smoothly with the 
maximum earthquake depth contour to the NW. The northwestern boundary of the rupture plane 
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continues the trend of the 6.5 km/s contour to depth to connect with the lower boundary, but this 

boundary could equally well be near-vertical. 

Using the maximum depth of seismicity yields a minimum estimate for the depth of the 
lower boundary of the potential rupture plane. This may correspond either to a depth-related 
unstable-stable transition within the high-velocity body or to the lower edge of the body. By using 
the maximum earthquake depth N W  of the high-velocity body to constrain the lower boundary we 
have implicitly assumed that the minimum depth extent of the locked plane is correlated with the 
depth to which its influence is evident in the adjacent crust. This is consistent with what is seen at 
Parkfield. 

.. 

Figure 7 indicates that the influence of the high-velocity barrier extends about 20 km NW 
of its northwestern end. Within this zone we have proposed that the unstable-stable slip transition 
is depressed below the 10-12 km assumed for the Peninsula section of the 1906 slip plane, so that 
the SAF plane is hypothesized to be locked, or partly so, to a depth of about 17- 18 km. The size 
of this zone and the occurrence within it of earthquakes having magnitudes in the range 4 to 5.5 
lead to us to consider the SAF surface within it as a potentially significant rupture plane that can 

slip either in concert with or independently from the asperity to the SE. The Parkfield mainshock 
appear to nucleate within the analogous high-stress zone under Middle Mountain, rather within 
the high-velocity body itself poxall, 1992; Nadeau et al., 1994), and although the 1966 ML5.5 
mainshock ruptured unilaterally to the SE, foreshocks as large as ML5.1 ruptured the zone to the 
N W  (McEviUy et al., 1967). These observations strongly suggest that such zones, evident in the 

background seismicity need to be considered in our methodology. 

The geometry of this rupture plane is difficult assess, We assume the shape shown in Fig- 
ure 8, with the lower boundary corresponding approximately with the maximum earthquake depth 
contour. The upper boundary is somewhat arbitrary. It is close to the maximum depth of slip 
inferred for the 1906 earthquake, but we do not know if this zone was involved in the 1906 rup- 
ture, or ahether such dynamic slip is in fact partially responsible for its existence (see below). As 
before, we allow dynamic rupture to overshoot on to the presumed 1906 rupture plane above 10 
km as far as the basementlsediment contact. 
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Hypocenter 

Maximum stress intensities within an asperity under homogeneous loading develop along 
the parts of the boundary having maximum curvature, and, assuming the asperity has uniform 
strength, it is at these locations of maximum pre-stress that dynamic rupture nucleates (e.g. Kos- 
trov and Das, 1988). The boundary we have defined for the asperity within the high- velocity 
body has maximum curvature above 10 km depth at its SE end and below 10 km at its NW end. 
We have already discussed the evidence for deep stress concentration at the N W  end of the asper- 
ity, and similar evidence can be seen in the increased intensity of shallow microseismicity at the 
SE end. However, we propose that the largest earthquakes are more likely to nucleate at the NW 
end of the asperity for two main reasons. The first is that large earthquakes are typically observed 
to nucleate close to the base of the seismogneic zone (e.g. Sibson, 1982; Tse and Rice, 1986), 
which reaches its maximum depth of 16-17 km at the NW end of the asperity. Given this con- 
straint, we note that SE boundary of the asperity below 12 km is essentially straight, which may 
explain why we do not see evidence for a significant stress concentration at these depths SE of the 
high-velocity body. 

3 

The second reason concerns tectonic loading. Below 12 km at both ends of the asperity 
slip is assumed to be accumulating at a steady rate of about 20 ITlfnIyT (Fig. 4). An earthquake in 
1865 produced shaking effects that are similar in some respects to those observed in 1989 (USGS, 
1990) and may have ruptured the same fault plane as the h a  Prieta earthquake. Using, for the 
sake of argument, 1865 as a starting date, about 2.5 m of steady state slip had accumulated at both 
ends of the asperity by 1989. However, if we assume that the high-velocity body arrests not only 
stable slip but also acted as a barrier to dynamic slip during the 1906 earthquake, then the NW end 
of the asperity received an additional 2.6 m (Thatcher and Lisowski, 1987) of slip, and in 1989 
had accumulated more than twice as much slip as the SE end. 

We therefore choose the hypocenter shown in Figure 8, at the deepest part of the seis- - 
mogenic zone near the NW end of the asperity. Nucleation at this point can trigger either bilateral 
rupture to the SE and N W  or, in analogy with Parkfield, unilateral rupture to the SE only. 
Although we judge that nucleation within this general vicinity to be the most likely, the location 
of the hypocenter can vary significantly, as shown. In particular, based upon Parkfield, we allow 
the nucleation point to move up to 10 km NW, to the center of the presumed high-stress zone. In 
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ecm, dynamic rupture of the SAF plane within this zone propagates unilaterally to the SE and 
W y n a m i c  rupture of the plane within the high-velocity body. 

The above arguments depend strongly upon the geometry of the high velocity body we 
ItucdMhed. Unfortunately, the shape of the northwestem end of the body is poorly constrained 
M - 1 4  km. It is possible that the shallow stress concentration at the SE end of the model 

eate a NW-propagating rupture of at least the upper portion of the asperity. It seems that 
tsem&likely scenario in this case would be an earthquake comparable to the M6 Parkfield 
eatlrggakes, Such an event may have occurred in 1890 (USGS, 1990). Assuming that the geome- 
iqkqproximately correct, numerical modelling of the development of the pre- stress distribu- 
tkmd&in and surrounding the high-velocity body will test the viability of the rupture models. 
Sew& the rupture scenarios assumed below allow for rupture to initiate at the SE end of the - 
Sip i%m and Slip Vector 

We take as the strike of the rupture plane the mean strike of the main trace of SAF (Figure 
5) aems each of the rupture zones,. Coincident with the N W  end of the high-velocity body and 
thereis an 8' left bend in the SAF trace and 8 km further to the NW a 10' right bend (Nishenko 
and Williams, 1985). We do not include these changes in strike in our model at present, but con- 
sider their general effect on the slip vector below. The main information we have on the dip of the 
fault atdepth is the dipping trend of earthquakes, both to the SE of the high velocity body (Figure 
6a) and at its southeastern end (Figure 6b), from which we deduce a dip of 70-80' SW. Fault plane 
solutions for pre-mainshock earthquakes SE of y= 0 km indicate predominantly right-lateral slip 
(F0xd.1 et al., 1993). We would expect in-plane rupwe of the elongated plane defined within the 
high-velocity body loaded i~ pure shear (1KOstrov and Das, 1988). We therefore constrain slip SE 
of the hypocenter to be right-hterd- 

Seismicity within the northwestern high-stress zone is rather diffuse and does not clearly 
define a plane. Many of the events located in this zone occurred as mainshock (Mu.4)- after- 
shock sequence 1989, which define a NW-striking, near-vertical plane (Foxall et al., 1993). Focal 
mechanisms for the many of the events are right-reverse slip on NW-striking planes that are near- 
vextical or dip steeply NE. However, most of these events are located close to where the Sargent 
fault sphys from the SAF (F%- 5), and may have occurred on that or another secondary fault. 
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We therefore allow the dip to vary over a larger range than to the SE, from 7OoSW to vertical. 
The left bend at y= 6 km might lead us to expect a reverse component of slip, but the picture is 
complicated by the right bend a few km further NW and by the fault splay. Given this complexity 
we conclude that the deformation field associated with the NW rupture plane is highly perturbed. 
Therefore, we are able to constrain the expected slip vector only within broad bounds, and allow 
the rake to vary from 180' to 130'. 

Rupture Velocity 

We constrain the rupture velocity to be in the range 0.75 to 0.9Vs, where Vs = 1.73Vp and 
Vp is the local P-velocity from the 3D model. Although we can recover the overall shape of the 
high-velocity body in Figure 4, short-wavelength features of the velocity structure within the 
body cannot be resolved, since all such tomographic models incorporate a degree of smoothing 
and smear the true structure. We therefore assume that the velocity within the body as we have 
defined it (recall that our choice of the 6.5 km/s contour for the boundary is somewhat arbitrary) is 
uniform, and estimate that a reasonable range for the average Vp value is 6.6 to 7.0 km/s The 
velocity model is parameterized in terms of cubic B-splines, which produce inherently smooth 
models. A linearly-interpolated model (W. Foxall, unpublished) shows a similarly shaped high- 
velocity body within which the lateral variation in velocity is somewhat less (6.4 to 7.0 km/s). We 
similarly estimate a range of 5.6 to 6.2 km/s for Vp within the northwestern high-stress zone. One 
of the chief features of the rupture models, therefore, is that estimated rupture velocities SE of the 
favored hypocenter (2.9-3.6 km/s) are significantly higher than those to the NW (2.4-3.2 W s ) .  

Strong Ground Motion Prediction 

Prediction of realistic ground motion that includes absolute amplitudes and the full 
wavetrain of arrivals is essential to completely describe earthquake hazard. Hutchings (1991) has 
proposed 1) using empirical Green's functions to constrain propagation path and site response 
information and 2) a range of simple kinematic rupture models to describe the source in predict- 
ing strong ground motion. Simple kinematic rupture models proposed by Hutchings (1991) and 
used here, rely on moment, fault geometry, hypocenter location, slip function, rupture velocity, 
and healing velocity or rise time. Considering tlie constraints imposed on potential fault rupture in 
the Loma Prieta segment of the San Andreas fault discussed above, a suite of potential rupture 
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sknarios is generated and commensurate strong ground motion is computed. The resulting mean 
and one standard deviation of parameters derived from the suite of synthetic ground motions are 
plotted along with actual data, and used to test whether the methodology utilized in tSis paper is 
successful. I 

There is strong evidence that using small earthquakes as empirical Green’s functions can 
accurately constrain the variability in strong ground motion prediction due to geologic inhomoge- 
neities. The method of computing synthetic seismograms outlined by Hutchings and Wu (1990), 
discussed in more detail by Hutchings (1991), and extended to low frequencies by Jarpe and 
Kasameyer (1993) is used here. Jarpe and Kasameyer used a best estimate of the actual rupture of 
the Loma Prieta earthquake to determine how accurate the method of Hutchings and Wu is in cal- 

culating observed records. Figure 9 shows synthetic seismograms at three locations that also 
recorded strong ground motion from the Loma Prieta earthquake. Also shown are the commonly 
used regression relations for peak acceleration and pseudo-acceleration response determined from 
regression of past earthquakes by Joyner and Boore (1988). It is apparent that the regression rela- 
tions cannot accurately predict the observations from the Loma Prieta earthquake. However, com- 
putations using empirical Green’s functions matched observations very well, and accounted for 
the differences in rock, firm soil and soft soil. 

Kinematic rupture models for earthquakes proposed by Hutchings (1991,1994) are used 
here. Hutchings (1994) concluded that the best rupture model for simulating earthquakes is a Kos- 
trov slip model with healing that results in a smooth variation of slip amplitudes, and a distribution 
of rise times that result in a constant stress drop for most of the fault surface; randomly distributed 
areas of shortened rise times, resulting in higher stress drop, improve synthesis above 10 Hz. Hutch- 
ings (1994) found that high frequency arrivals can be generated by this simple fault rupture model 
that appears to violate conclusions drawn from the work of Madariaga (1983) and Spudich and 
Frazer (1984) that variations in either stress drop, rupture velocity, or slip rate are necessary to 
generate observed complexity of high frequency arrivals. Although high frequency arrivals are 
certainly generated by these effects, high frequency arrivals can be generated equally well by 
combinations of rupture parameters that are constant throughout rupture. Hutchings showed that 
long periods for the source pulse are generated by the entire rupture process, and the high fre- 
quency generated by the starting and stopping phase is sufficient to generate the high frequency 
complexity observed in seismograms. 
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TO capture the variability due to the source a range of rupture scenarios are used. The 
bounds on rupture parameters provided in the previous sections are used to bound the rupture sce- 
narios. Table 2 lists the rupture picameters used in the rupture scenarios for this study. Rupture 
geometry is limited by the areas outlined in Figure 8, although a small percentage of scenarios 
have geometries that exceed the bounds shown. Hypocenters are limited to the areas for y = +5 
and -5 shown in Figure 8. Although a few scenarios have hypocenter between y = + 10 and + 15 
as discussed above. Rupture velocity is limited to.75 to.9 time the shear wave velocity, and shear 
wave velocities are determined as a factor of 1.73 of the P-velocity model shown in Figure 4. 
Healing velocity is.6 to 1.0 time the P-wave velocity. The moment is constrained to be 3 . 0 ~ 1 0 2 ~  
dyne-an, an average of that estimated €or the Loma Prieta earthquake (Jarpe and Kasameyer, 
1993).Figure 10 shows a typical rupture scenario. This plot is arranged looking to the northeast, 
as apposed to previous plots that look to the southwest. The two rupture areas coincide with the 

areas outlined in Figure 8. The contours show the resulting slip distribution. 

To fully determine the hazard to a particular site it is important to fully capture the vari- 
ability in potential ground motion. In order to achieve this a number of rupture scenarios are used 
to compute a suite a synthesized ground motion, pseudo-acceleration response is calculated, and 
average and plus and minus one standard deviation is computed. Then, an additional set of rupture 
scenarios is used to added more synthetic seismograms to the suite, and engineering parameters 
are again computed. This is repeated until the variance stabilizes. Figure 11 shows the geometries 
for the 20 rupture scenarios that were used in this study. Figures 12 and 13 show the computed 
and one standard deviation pseudo-acceleration response at two stations, along with the computed 
acceleration response from the observed record. Also, shown is a synthesized accelerogr'am from 
one of the scenarios and the observed accelerogram. In order to be successful, the observed 
pseudo-acceleration response should fall within the computed error limits. Work is in progress to 
compute similar results for the remaining 25 stations. 

Discussion and Conclusions 

The purpose of this paper was to outline and test a methodology for predicting the hazard 
from strong ground motion using a a new approach that utilizes geodynamics to link structural, 
lithological and rheological descriptions of the fault zones to development of fault rupture scenar- 
ios and computation of synthetic seismograms. The early indication is that the approach shows 
promise. Although the full test has not been completed the computed values available indicate 
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n&ow variances and better fits that obtained by Hutchings (1991) in a similar study that didn't 
utilize geodynamics. 
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ASH 

37.7400 122.4330 rock- 

37.3986 121.9514 soil 
~~~ ~~ 

AM 37.485 

GA2 36.973 

122.3132 rock 

121568 soil 

CSMIP-58378 

CSMP-47006 

USGS' - 
USGS' - 

MSJ 

Fsc 

37530 121.9190 soil 

37.544 122.232 softsoil 

CSMIP-57064 

CSMIP-58375 

CSMIP-58163 

CSMIP-58117 

~~~ 

3 3.7 LLNL - 
LLNL, 50m 5 3.7 

12 3.7 LLNL - 
5 3.7 LLNL - 

YBI 

~ 

37.808 122.360 rock 

37.825 122.370 softsoil 

BEC 

CEG 

37.795 122.395 soft soil 

37.687 121.701 soil 

BechtelCorp. 

LLNL 

LLNL 

LLNL 

~ ~~ 

CSA 37.6738 121.7042 soil LLNZ. 
~ 

LLNL 

TABLE 1 - 
#EGF 

- 
I M X  

mag- 

3.2 

28 

3.9 

I 2 5  

strong motion 
station motion data 

5 HAL 37.338 121.714 soil 

KO1 37.0462 121.8031 soil 36 ", j 37.786 122.3907 1 ro: 
36.9740 121.9522 

CAL 37.7899 122.4287 rock 

25m 5 CSMIP-58151 USGS' 

CSMIP-47125 U%S' 14 

CSMIP-58131 I USGS' 
CSMIP-57066 I USGS' I 90m I 3 28 

5 26 

28 6 

6 .  MON 36.5970 121.8969 rock 

SAR 37.2553 122.0311 soil 

RAV 37.490 122.125 soiI 

FPO 37.7237 122.4796 rock 

!* 

27 

27 22 

CSMI€-58596 USGS' & 3.2 

3.4 
~ 

29 

3.0 

3.7 

3.8 

3.6 

3.2 

SFl 37.622 122.398 soil 

POR 37.535 121.929 soil 

LOE 1 37.0005 I 122.0562 1 rodc - I 8  

3.3 

3.1 

3.7 

3.7 

CPP I 37.7017 I 121.6835 I soil LLNL I LLNL 

1 7  

distance is distance between weak motion and strong motion sensor locations. 
#ECFsis the numbc.r of empirical Green's functions used in a typical synthesis for that slrttion. 

Max. mag. is the local magnitude of the largest EGF used in the synthesis for that station. 



m o d e l s  
MPEOl 
MPE02 
MPE03 
W E 0 4  
MPE05 
MPEO6 
MPE07 
W E 0 8  
MPEO 9 
MPElO 
MPEll  
MPE14 
W E 1 5  
W E 1 6  
MPE17 
MPE18 
W E 1 9  
WE20  

asper 
01 
01 
01 
01 
01 
01 
01 

none 
none 
none 
none 
01 
01 
01 
01 
0 1  
01 
01  

rgh 
kk 50 
kk 0 
kk 0 
kk 2 5  
kk 25 
kk 33 
kK 5 0  
k 33 
k 2 5  
k 2 5  
k O  

kk 33 
kk 33 
kk 0 
kk 2 5  
kk 0 
kk 20 
kk 33 

moment 

2 .1 ,O.g 
2 . 2 , 0 . 8  
2 .2 ,0 .8  
2 . 3 , 0 . 7  
1 . 7 , 1 . 3  
2.0'1.0 

3 . 0  
3 .0  
3 .0  
3 .0  

1 . 7 , 1 . 3  
2 . 0 , l .  0 
1 . 8 , l . Z  
2 . 1 , o . g  
2 . 2 , 0 . 8  
2 .0 , l .O  
2.2,0.8 

2.0 , i . a  

I ,  

Model i s  the ident i f icat ion o f  the 

TABLE 2 

models 
h y p o c e n t e r  vr vh ela  s l p  

37.015 121 .944  1 5 . 2 0  0 . 7 9  0.62 0 .015  5 8 9 . 3  
36 .982  121 .887 12 .54  0.87 0 .72  0 .025  5 8 0 . 3  
37.028 121 .970  17 .04  0 .87  0 .72  0 . 0 1 5  5 7 9 . 8  
36 .987  121 .887  1 1 . 4 6  0 .82  0 .83  0 .015  4 4 7 . 8  
3 6 . 9 9 9  121 .906  12 .12  0 . 8 9  0 . 6 6  0 .015  3 6 7 . 8  
36 .973  121 .870  11 .52  0 .86  0 . 8 8  0 .015  4 7 6 . 7  
36 .845  121 .683  6 . 9 1  0 .86  0 . 8 5  0.015 4 2 9 . 6  
37 .069  121 .985  1 0 . 7 5  0 . 7 5  0 .80  0 .015  4 5 6 . 1  
36 .875  121 .737 9 .66  0 .87  0 . 7 1  0 .015  4 9 0 . 5  
36 .910  121 .782 9 .80  0 .84  0 .87  0 .015  5 2 3 . 1  
3 6 . 9 3 3  1 2 1 . 7 9 9  7 . 8 4  0 .87  0 .68  0 .015  5 2 8 . 0  
3 6 . 9 8 9  121 .910  1 4 . 9 7  0 .86  0 .88  0 .015  5 3 2 . 7  
36 .987  121 .887 1 1 . 4 6  0 . 8 1  0.74 0 .015  371 .7  
37.090 122 .000 8 . 6 6  0 . 7 9  0 . 7 1  0 .015  3 9 8 . 6  
37 .086  122 .036 15.81 0 . 8 5  0 . 6 8  0 . 0 1 5  3 5 7 . 1  
37 .065  121 .976  1 0 . 0 4  0 . 8 6  0 . 7 8  0 .015  3 1 4 . 4  
37 .052  121 .961  10 .24  0 . 8 8  0 . 7 3  0 .015  3 1 7 . 4  
37 .066  121 .980  1 0 . 4 6  0 . 8 1  0 . 6 1  0 .015  2 8 6 . 9  

scenario; asper indicates whether the portio 
Gf f a u l t  t o  the northwest o f  the asperi ty  a l so  ruptured (01);  r g h  indicates the 
percentage of roughness on the f a u l t ;  
between the southern segment ( the  l a rges t )  and the northwestern segment; hypocenter 
i s  the location of rupture in i t i a t ion  i n  the southeastern segment; v r  i s  percentage 
o f  shear wave velocity f o r  rupture velocity; vh i s  percentage of P-wave velocity 
f o r  rupture healing; s lp  i s  maximum s l i p  on the f a u l t .  

moment l i s t s  the par t i t ion of total  moment 
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Figure 1. Locations of the sites used in this study, and the surface projection of the source region of the 
Lorna Prieta earthquake, designated by the ellipse. The triangles represent rock sites and the circles are soil 
sites. Soft soil sites are designated by crossed circles. The inset shows the sites in and near San Francisco. 
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FigureZi: The area that includes the Northern California Dynamic Earth 
Model (NCDEM) . - 
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Figure 3 Geodolite lines, GPS stations, and small-aperture fault crossing networks used to monitor crustal 
deformation. Heavy sinuous lines represent faults with historical rupture, lighter sinuous lines represent faults active 
during the Holocene (from Jennings, 1992) 
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FIGURE 4 Along-strike (SE-NW) section through the Lorna Prieta 3-D P-velocity model in the 
approximate plane of the San Andreas fault. Contour interval 0.2 km/s. Earthquakes for the peri- 
od 1967-8/8/89 (see Figure 7 for selection criteria) are projected horizontally on to the planes of 
section from 1.5 km on either side. October 18,1989 mainshock hypocenter shown as large filled 
circle. Boundary of sedimentlbasement contact and high velocitybody (see text) shown as dashed 
line and bold solid curve, respectively Arrows show positions of Pajaro Gap (PG) and San Juan 
Bautista (SJB). 
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FIGURE 5. Map views of the 3-D P-velocity model at depths (below msl) of : (a) 8 km and (b) 
10 km. Contour interval 0.2 km/s. Large filled circle is mainshock epicenter. Pre-mainshock 
earthquakes (see Figure 7) are projected onto the planes of sectionfrom depth interds: (a) 5-9 
km; (b) 9-12 km. Major faults shown as bold lines. San Andreas fault trends SE-NW from x=3.5 
to x=l, and is intersected by Sargent fault at y=12. 
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J3GURE 6. Across-strike (SW-NE) sections through the 3-D P-velocity model at y=: (a) -45 km 
and (b) -24 km. Contour interval 0.2 km/s. Arrows indicate surface trace of San Andreas fault. 
Pre-1989 mainshock earthquake hypocenters (see Figure 7) are projected horizontally on to the 
planes of sections from -1.5, +10 km (a) and +-1.5 km (b). 
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FIGURE 7. Along-strike (NW-SE) section along San Andreas fault showing depth distribution of 
hypocenters located by U.S Geological Survey within approximately 10 km of the fault trace dur- 
ing 1967-8/8/89. Selection criteria are: RMS travel time residual c0.15 sec; number of arrival 
times >20; magnitude>=2; computed error <1 km horizontal, <2 km vertical. Hypocenter data 
from USGS/UC Berkeley Northern California Data Center. Short-tem (decades) slip rates from 
Working Group (1990) and Thatcher and Lisowski (1987). 
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FIGURE 8. Along-strike (NW-SE) section though the Lorna Brieta rupture zone showing depth 
distribution of seismicity and slip rates as in Figure 7. Thin dashed and solid lines are sediment/ 
basement contact and maximum earthquake depth contour, respectively. Bold solid curves out- 
line interpreted rupture plane within high-velocity body to the SE (see Figure 1 and text) and 
within high-stress zone to the NW (see text). Bold dashed lines show rangeof geometries for the 
SE rupture plane. Large filled diamond shows favored location for potential mainshock hypo- 
center, and open diamonds approximate bounds on the hypocenter. Arrows indicate positions of 
San Juan Bautista (SJB), Pajaro Gap (PG) and Loma Prieta (LP). 
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FIGURE 9. a) Regression relation €or peak acceleration from Joyner and Boore (1988) and ob- 
served peak acceleration from the Loma Prieta earthquake. Observations are identified by the site 
geology. Three sites are identified. b) synthesized and observed seismograms for the three sites 
and the computed pseudo-acceleration response. Also plotted are the plus and minus one standard 
deviation error estimates from Joyner and Boore. It is apparent that the empirical Green's function 
method used here captures the site geologic effects. 
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Figure 10 shows a typical rupture scenario. This plot is arranged looking to the northeast, as 
apposed to previous plots that look to the southwest. The two rupture areas coincide with the 
areas outlined in Figure 8. The contours show teh resulting slip distribution. 
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Figure 12: a) synthesized (MPE03) and observed accelerograms for station YBI from one of the 
rupture scenarios shown in Figure 10; b) the mean and one standard deviation pseudo-accelera- 
tion response for the suite of rupture models listed in Table 2, and the computed pseudo-accelera- 
tion response from the actual recording (dark 1 i ne ) - 
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Figure 13: same as for Figure except at station'DMD and rupture scenario MPE14. 


