1Postseismic Strain Following the 1989 Loma Prieta EarthquakeFrom GPS and Leveling MeasurementsRoland B�rgmann1, Paul Segall2, Mike Lisowski3, Jerry Svarc41 Department of Geology, University of California, Davis, Davis, CA 95616e-mail: burgmann@geology.ucdavis.edu, tel. 1-916-752-6808, FAX 1-916-752-68082 Department of Geophysics, Stanford University, Stanford, CA 943053 U.S. Geological Survey, Hawaiian Volcano Observatory, Hawaii National Park, HI 967184 U.S. Geological Survey, Menlo Park, CA 94025Submitted to the Journal of Geophysical ResearchMay 20, 1996

2AbstractPostseismic deformation in the five years following the 1989 Loma Prieta earthquake has beenmeasured with GPS and precise leveling. Post-earthquake velocities at distances greater than ~20km from the coseismic rupture are not significantly different from those observed in the 20 yearsprior to the earthquake. However, velocities at stations within approximately 20 km of the ruptureexceed pre-earthquake rates and exhibit unanticipated contraction normal to the strike of the SanAndreas fault system. A combination of forward modeling and non-linear optimization suggeststhat the observed postseismic deformations were caused by aseismic oblique reverse slip averaging2.9 cm/yr on the San Andreas fault and/or the Loma Prieta rupture zone, and 2.4 cm/yr reverse slipalong a buried fault within the Foothills thrust belt. The best-fitting sources of postseismicdeformation are all located at depths of less than 15 km . We find no evidence for accelerated flowor shear below the Loma Prieta rupture in the first five years following the earthquake. Theinferred postseismic slip is likely to have been caused by the coseismic stress change updip of the1989 rupture.IntroductionGeodetic measurements subsequent to some large earthquakes show accelerated strain rates inthe years to decades following the rupture [e.g., Thatcher, 1986; Pollitz and Sacks, 1992]. Forexample, following the 1906 San Francisco earthquake, strain rates in the Point Reyes and PointArena triangulation networks north of San Francisco were about 2-3 times the rates measured inthe 1970’s [Thatcher, 1974]. Postseismic transients have also followed subduction-zoneearthquakes in Japan [Kasahara, 1981; Thatcher, 1986].Using simple models of postseismic relaxation, Thatcher [1974; 1983] concluded that existingdeformation data can be explained by either the viscous relaxation of a ductile (asthenospheric)layer underlying an elastic (lithospheric) plate, or by the downward propagation of aseismic slipalong a lower crustal extension of the fault zone. Many mechanical models of deep seateddeformation transients following large dip-slip and strike-slip earthquakes have been proposed[Bott and Dean, 1973; Nur and Mavko, 1974; Anderson, 1975; Budianski and Amazigo, 1976;

3Rundle and Jackson, 1977; Savage and Prescott, 1978; Cohen, 1979; Lehner et al., 1981; Li andRice, 1987; Pollitz, 1992], however, there is a lack of adequate data to test and differentiatebetween them.Fault creep at shallow depths (0 to 3 km) has been observed after several strike-slipearthquakes along the San Andreas fault (SAF) system. Shallow creep typically decaysexponentially within a few years of the earthquake [Smith and Wyss, 1968; Bilham, 1989].Postseismic accelerated creep at seismogenic depths has been inferred from trilaterationmeasurements adjacent to seismic ruptures on the Calaveras fault in 1979 and 1984 [Oppenheimeret al., 1990]. Shen et al. [1994] observed postseismic deformation with a relaxation time of about34 days following the 1992 Landers earthquake. They suggest that slip on and below the rupturesurface, as well as on secondary faults, best explain the observed motions.Observations of historic seismicity patterns indicate that earthquakes tend to propagate alongfault zones, rupturing fault segments immediately adjacent to, and within several years of apreviously active break. Examples involving strike-slip faults have been reported along the NorthAnatolian fault system [Toks�z et al., 1979], in NE China preceding the 1975 Haichengearthquake [Scholz, 1977], the Calaveras fault zone [Oppenheimer et al., 1990], and the SAF zone[Savage, 1971; Wood and Allen, 1973]. In the 19th century, earthquakes along the SAF and theHayward fault in the San Francisco Bay area occurred in clusters spread over several years[Ellsworth, 1990]. This suggests the existence of transient processes that occur with characteristictime scales of several years. Lacking geodetic data on the time-dependent deformation aroundpreviously ruptured fault segments, we can only speculate on the mechanics of postseismicdeformation and the relation between strain transients and the clustering of earthquakes. The M 7.1 Loma Prieta earthquake of October 17, 1989, occurred on a previouslyunrecognized fault plane along a restraining bend of the SAF zone (Figure 1). The earthquakeruptured a buried 35-km-long fault dipping ~70� to the SW from about 8km to 18km depth [Dietzand Ellsworth, 1990]. Strike-slip and reverse dip-slip of about 1.5 m are inferred from geodeticdata [Lisowski et al., 1990a; Marshall et al., 1991; Snay et al., 1991; Williams et al., 1993]. The

4slip distribution is more complex in detail, with slip of up to 5 m occurring on two patches to theNW and the SE of the hypocenter [Beroza, 1991; Hartzell et al., 1991; Steidl et al., 1991; Wald etal., 1991; Arnadottir and Segall, 1994; Horton, 1996].Southwest-dipping reverse faults northeast of the SAF, including the Monte Vista, Berrocal,and Shannon faults, show evidence of Quaternary deformation [Figure 1; Aydin and Page, 1984;McLaughlin, 1990; B�rgmann et al., 1994; Hitchcock et al., 1994]. We refer to these faultscollectively as the Foothills thrust belt. Broad zones of contractional surface deformation during theLoma Prieta earthquake follow the trend of these fault zones intermittently over a total distance of~20 km suggesting triggered slip [Haugerud and Ellen, 1990]. Triggered coseismic shallow slipwas also recognized along the Sargent and San Andreas faults [Aydin et al., 1992]. This zone hasexperienced strongly increased earthquake activity since the Loma Prieta event [Reasenberg andSimpson, 1992]. Focal mechanisms along the Foothills thrust belt show slip on reverse faults sub-parallel to the SAF [B�rgmann et al., 1996].Measurements of surficial postseismic slip subsequent to the Loma Prieta earthquake findshallow displacements along the SAF to be generally less than ~1 cm in the first year after theearthquake [Behr et al., 1990; Langbein, 1990; Rymer, 1990]. The cumulative slip of aftershocksin the years subsequent to the earthquake [~5 mm; King et al., 1990] is too small to be detectedgeodetically. Behr et al. [1996] find that slip rates on the creeping section of the SAF near SanJuan Bautista (Figure 1) accelerated from a pre-earthquake rate of 7-8 mm/yr to a rate of ~13mm/yr since the earthquake. About 2-3 cm of excess slip occurred over the northernmost 15 km ofthe creeping section in the 3 years following the earthquake, probably down to a depth of 1-3 km[Gwyther et al., 1992; Behr et al., 1996]. Surficial creep rates on the southern Hayward andCalaveras faults decreased for about three years following the Loma Prieta earthquake [Galehouse,1992, Lienkaemper, 1993, pers. commun.; Lienkaemper et al., 1992].In this study we present Global Positioning System (GPS) data collected between October1989 and May 1994 from a number of geodetic networks (Figure 2). In this paper we refer to (1)the Black Mountain profile across the SAF 30 km NW of the Loma Prieta rupture [B�rgmann et

5al., 1996]; (2) the Loma Prieta profile through the epicentral region [Savage et al., 1994]; (3) the 5-station Loma Prieta monitor network [Davis et al., 1989; Savage et al., 1994]; and (4) the 22station Santa Cruz Mountains network that was observed in March and April 1990 [Snay et al.,1991; Williams et al., 1993] and reoccupied in April and May 1994 (Figure 2, Table 1). The LomaPrieta monitor network was surveyed with GPS and geodolite for several years prior to theearthquake [Davis et al., 1989; Lisowski et al., 1990b; Savage and Lisowski, 1995]. We alsomake use of velocities of two Bay area VLBI stations, determined relative to stable North America,for the time periods 1984 through 1989 and 1989 through 1991. VLBI observations at these siteswere terminated in 1991 [Argus and Lyzenga, 1994]. Finally, high precision vertical displacementsare derived from a comparison of two occupations of a leveling line across the epicentral region ofthe Loma Prieta earthquake in March of 1990 [Marshall et al., 1991] and November of 1992[B�rgmann et al., 1993]. Our objectives are to determine the amount, nature, and source ofdeformation following the Loma Prieta earthquake and to examine the consequences for thepotential of future earthquakes on the peninsular SAF and other faults in the San Francisco Bayregion.GPS Data Collection, Processing, And AnalysisData CollectionA total of 12 GPS surveys of the Black Mountain profile, 12 surveys of the Loma Prietaprofile, and 19 surveys of the Bay area monitor network were carried out between October 1989and May 1994 (Figure 3 and Tables 1 and 2). Nine of these surveys included stations in both theBlack Mountain and Loma Prieta profiles (usually LP1_ and BEND), allowing the relativecoordinates of stations in both subnetworks to be accurately determined. In March and April of1990 the U.S. Geological Survey, the National Geodetic Survey, and Stanford Universitycoordinated two weeks of GPS observations of both profiles, the monitor network, and 26additional sites, referred to here as the Santa Cruz Mountains network, in order to constraincoseismic deformation during the 1989 earthquake [Lisowski et al., 1990a; Snay et al., 1991;Williams et al., 1993]. In April and May of 1994 we reoccupied 22 stations within the Santa Cruz

6Mountains network together with the profile and monitor stations to better resolve the spatialdistribution of postseismic deformation.Stations in the Loma Prieta profile and Bay area monitor network were commonly observedonce during each survey, whereas stations in the Black Mountain profile and Santa CruzMountains network were usually occupied at least twice in each survey (Table 2). Each stationoccupation commonly consisted of 6-8 hours of data collection, however, sites that could be leftwithout an operator collected up to 24 hours of data per day. Tables 1 and 2 summarize the GPSdata analyzed here. Table 1 presents the station codes, benchmark inscriptions, and stationcoordinates. Table 2 gives the occupation dates, GPS receiver types used, the agency that collectedthe field data, the fiducial stations used in the analysis (or source of precise orbit), and thenetworks occupied. For each survey with multiple occupations, Table 2 lists the day-to-dayrepeatability, expressed as the weighted root-mean-square in the North, East, and Up directions.Data ProcessingOur GPS data analysis follows the methods described by Davis et al. [1989], and utilizes theBernese GPS analysis software (Version 3.5) [Beutler et al., 1987; Rothacher et al., 1990]. Alldata are processed with a satellite elevation cut-off angle of 15�, because higher or lower cut-offangles appear to reduce the short-term repeatability of the station coordinates. All double-differencecarrier-phase residuals are visually inspected after processing the data with an automatic cycle-slipfixing program to remove remaining cycle slips and outliers. We attempt to resolve phase cycleambiguities to integers by first resolving ’wide-lane’ ambiguities and then fixing the remaininglinearly independent integer-cycle ambiguities using the ionosphere-free linear combination. Thiscombination of the two L-band frequencies (L1 and L2) eliminates most first-order effects ofdispersive ionospheric delays that affect longer baselines. Baselines shorter than 3 km that are notsignificantly affected by ionospheric variations are processed in the less noisy L1 frequency.Practically all integer-cycle ambiguities in the doubly differenced phase measurements are reducedto integer values in the local data. Atmospheric propagation delays are modeled with a zenith delayparameter at each station which is piecewise constant over ~3-hour periods.

7Errors in the broadcast satellite ephemerides can be significantly reduced by monitoring theGPS satellites from a global network of tracking stations with well known coordinates [e.g.,Larson et al., 1991]. For data collected prior to December 1991 we compute improved GPSsatellite orbits utilizing data from North American fiducial stations (usually Mojave, California,Westford, Massachusetts, and Richmond, Florida) that are constrained to ITRF-92 coordinates andvelocities. In a few surveys (see Table 2) we add data from tracking stations at Penticton andYellowknife in Canada, and from Kokee on Hawaii to compensate for the lack of data from thethree principal fiducial stations. The tracking data are combined to solve for orbital parameters,solar radiation pressure, and ‘Y-bias� over three- to four-day arcs. We do not attempt to resolveinteger phase ambiguities for baselines to or between tracking sites that are more than 600 kmapart. For data collected from December 1991 through 1992 we utilize precise daily orbitscomputed by the Scripps GPS processing facility. Beginning in January 1993 we use precise IGS(International GPS Service) orbits [Kouba, 1995], and include data from the nearest IGS trackingsites (Quincy and DSSC10) in California. Final estimates of the local station coordinates,atmospheric zenith delay parameters, satellite orbit parameters (until December 1991), andsynchronization errors, are determined by processing the data from the fiducial stations togetherwith the ambiguity-fixed local data.Data Precision and AccuracyThe precision of GPS measurements depends the satellite and receiver clocks, propagationdelays, satellite orbit and constellation characteristics, length and time of observation, thegeographic location of a network, receiver types and post-processing software, set-up procedures,and stability of the monument.Figure 3a shows changes in the N and E components of the station coordinates in the BlackMountain profile relative to BEND. In Figure 3b the time series of the sites in the Loma Prietaprofile and the monitor network are shown relative to station LP1_ on Loma Prieta. Four receiverstation days are left out in the final computations as operators noted significant shifts in antennapositions during the surveys caused by bovine impact or tripod instability (occupations of HLMR

8in May 1992 and January 1993, ANTE in May 1992, and BAYS in January 1993). BetweenJanuary and September 1993 our measurements indicate a horizontal offset of > 5 cm of ANTE(Figure 3a). We assume that this motion was due to a disturbance of this site located in the curb ofa residential road and do not use that data in our final velocity solution. Station BAYS in the BlackMountain profile was disturbed by vehicle impact in the fall of 1990. Following this, a tie betweenBAYS and a new reference mark BAYR was measured in December 1990. In May and June 1991the old benchmark was surveyed, and the position of the reference mark at the time of thesecampaigns was calculated from the established tie. The reference mark was also disturbed in late1992 and a new site Z137 was established nearby. Figure 3a shows the time series before and afterthe first benchmark disturbance determined by subtracting the BAYS-BAYR tie from the latermeasurements. Because the tie was measured after the disturbance we can not measure the trueoffset. Therefore the total displacement rate for BAYS is determined by solving for a commonvelocity of BAYS before the first incident, BAYS and BAYR from February 1991 to May 1992,and Z137 since 1992.Table 2 summarizes the day-to-day repeatabilities achieved in campaigns including two or moresite occupations. Between October 19 and November 1, three occupations of the Loma Prietaprofile were conducted. In the June 1991, May 1992, and September 1993 Black Mountain profilecampaigns most baselines were measured 2-to-4 times to estimate the precision of the surveyresults. Furthermore the Black Mountain profile was measured within the same week with TI4100and Trimble receivers in the January, April, and September campaigns of 1990. The Santa CruzMountains network sites were observed 2-14 times in 1990 and in 1994. We note apparentimprovements in day-to-day repeatabilities from >10-hour observation times and in more recentsurveys that benefitted from better satellite coverage, receiver hardware, and the use of precise IGSorbits.Postseismic Displacement Field From GPSLeast-squares estimates of the relative station velocities are shown in Figure 3 as solid lines. Avisual analysis of the time series along the Loma Prieta profile suggests a possible decay in the

9postseismic displacement rates for some stations. Savage et al. [1994] found that the decay wasparticularly evident in the SAF-normal component. Data collected in 1995 shows that postseismicdeformation rates had decayed to near pre-1989 values by 1993 [B�rgmann et al., 1995]. Whilethere is evidence for time-dependent deformation in some baselines, to first order the data can be fitwith constant rates of motion. Because the data is irregularly sampled in time and the geometry ofthe active structures is not known a priori, it would be difficult to simultaneously solve for bothfault geometry and time-dependent deformation history. In this paper we focus on determining thegeometry of the source of postseismic deformation. In a subsequent paper we will address the timedependence of strain.We compute site velocities assuming linear motions over the 4.4-year time period. Coordinateestimates and covariance matrices for each observation file are combined to determine least-squaresestimates of station velocities. As appears to be the case in many GPS studies, we find that theformal errors computed during the GPS processing underestimate the observed scatter. Theobserved short-term repeatability and scatter about the best fitting linear displacement modelsuggest that the Bernese formal standard deviations must be scaled by a factor of 6 with computedorbits, or a factor of 10 when using IGS orbits.The station velocities relative to PAWT and their 95% confidence ellipses, using all data for allsites between October 1989 and May 1994, are shown in Figure 4. Note that the velocities ofstations in the Santa Cruz Mountains network are based on only two surveys in March/April of1990 and April/May of 1994. Figure 4 also shows the VLBI derived velocities for the Pacific plateand the Sierra Nevada - Great Valley (SNGV) block [D. F. Argus and R. G. Gordon, writtencommun. 1996]. A total of 41.3 – 3 mm/yr relative motion between the SAF-bounding blocksoccurs at this latitude (oriented N34.5�W –2.5�)[D. F. Argus and R. G. Gordon, written commun.1996]. The measured displacement-rates of sites along the Black Mountain profile are consistentwith right-lateral shear across the SAF system. About 32 mm/yr of right-lateral motion isaccommodated across the 100 km width of this profile. Velocities of sites along the Loma Prietaprofile and in the Santa Cruz Mountains network are also consistent with broadly distributed right-

10lateral shear, except for the region between Loma Prieta and the Calaveras fault zone where sitesmove almost due south relative to PAWT. The sense of shear is left-lateral between MAZZ andMETC. Between OSO1 and BRUS the network accommodates 34 mm/yr of right-lateral sheardirected N32�W.The scatter in the vertical component is several times greater than in the horizontal. Fig. 3cshows the time series for the relative elevation changes of the stations along the two profiles andthe monitor network. We find that only few vertical displacement rates are formally significant atthe 2-sigma level, and even these should be viewed with caution. We include the GPS-derivedvertical motions in our analysis, however, because of their large uncertainties, they do notinfluence our results strongly.Leveling Data And AnalysisThe low vertical precision (1-3 cm) in the GPS data did not allow us to resolve significantvertical motions (Table 3). Vertical motions can help to resolve between competing models ofpostseismic deformation, as discussed below. For this reason, a leveling line across the epicentralarea of the 1989 Loma Prieta earthquake (Line 4 of Marshall et al., [1991], Figure 5) wasresurveyed to measure postseismic elevation changes [B�rgmann, 1993; B�rgmann et al., 1993].The leveling line is part of a larger network that was last occupied in the spring of 1990 todetermine coseismic elevation changes [Marshall et al., 1991]. First order single-run levelingsurveys were performed by the National Geodetic Survey (NGS) in February and March of 1990and in November of 1992. The line extends from Capitola at the Pacific coast via Loma Prieta toCoyote in the central Santa Clara valley, roughly parallel to the Loma Prieta GPS profile. Theleveling line spans much of the width of the zone of anomalous fault-normal displacementsdetermined from GPS. The only pre-earthquake occupation of this line occurred in 1953 [Marshallet al., 1991].Corrections and Error AnalysisA detailed analysis of the data and associated errors shows that the measured displacements aresignificant and apparently of tectonic origin [B�rgmann, 1993]. The data are corrected (by up to 4

11mm) for systematic errors due to level collimation, rod calibration, thermal expansion of the rodtapes, earth tides and associated gravitational effects, and atmospheric refraction by the NGS. Theelevation changes between 1990 and 1992 are listed as the differences of the normal orthometricheights relative to the southwestern-most benchmark in Table 4 and are shown in Figure 6. Datafrom three apparently unstable benchmarks (Stations HS5204, HS5213, and HS 5235 in Table 4)were discarded in the following analysis.Random error is expected to accumulate with the square root of distance and was estimated as0.8

mm km

for the 1990 survey based on double-run sections [Marshall et al., 1991]. Thecorresponding error of the 1992 survey is 0.65

mm km

based on 10 double-run sections.Random error estimates based on the observed misclosure of circuits that included Line 4 in 1990are 2.5

mm km

[Marshall et al., 1991], however, it is not possible to know how much Line 4itself contributes to the misclosure.Slope-dependent systematic errors may be caused by errors in the rod calibrations. We test forthe accumulation of elevation-dependent errors by performing an unweighted least squares fit ofgeodetic tilt to topographic slope along individual sections [Stein, 1981]. The correlation is notsignificant at the 95% level [B�rgmann, 1993]. A rough correspondence between elevation changeand topography is apparent in Figure 6 on the eastern flank of the southern Santa Cruz Mountains.Because this correlation is not observed on the remainder of the line, we suggest that this is due tothrust faulting along the Foothills thrust system (see below) rather than measurement error.The five northeastern-most stations along Line 4 are located in unconsolidated Santa ClaraValley sediments. They may be affected by well-water withdrawal and seasonal changes in waterlevel. A detailed analysis of historic leveling data in the area and well-water records shows thatwater induced subsidence is not a significant problem for these benchmarks [B�rgmann, 1993].Assuming that the errors of the two campaigns are not correlated, the relative uncertainty in theelevation change is di2 = a12 + a22 , where a1 and a2 are the random errors in

mm km

determined for the two surveys. The random errors thus accumulate with distance along the line ata rate of d = 1

mm km

.

12The signal to noise ratio of the leveling data is

dTΣ− 1dN 12 = 3.2

.Here, d is the

N ×1

vector of the elevation changes,

Σ

is the data covariance matrix, and N = 46are the total number of sections used. This value compares with the signal to noise ratio of 9.3 ofthe coseismic uplift along Line 4 that had very large elevation changes, but also much largerassociated errors [Marshall et al., 1991].Pre-Loma Prieta Earthquake Displacement FieldThe velocity field shown in Figure 4 includes interseismic as well as postseismic motions. Toisolate the deformation associated purely with post-1989 processes, we first construct a model ofthe interseismic (pre-earthquake) velocity field and subtract it from the measured velocities inFigure 4. The interseismic model is based on pre-1989 geodetic observations. Trilaterationmeasurements in the San Francisco Bay area have been carried out for two decades prior to theLoma Prieta earthquake [Lisowski et al., 1991]. Rigid-body rotations of the network areconstrained by GPS observations at trilateration stations (or by ties between nearby GPS andtrilateration marks) at LP1_, EAGL, ALLI, HAMI, and BRUS (Figure 2). Except for the effects ofthe 1979 Coyote Lake and 1984 Morgan Hill earthquakes, the deformation rates appear to havebeen constant during that time period. Figure 7 shows the horizontal velocity field in the regionbased on 20 years of trilateration data and up to 5 years of GPS data from the five Loma Prietamonitor stations (solid arrows), relative to Loma Prieta. Unfilled arrows represent the velocitiespredicted by a dislocation model of Bay Area strike-slip faults discussed below. Grey bold linesindicate the surface projection of the model strike-slip faults. The interseismic velocity field in the southern San Francisco Bay area accommodates 38 – 5mm/yr of right-lateral motion across a zone about 120 km wide, as described by Lisowski et al.[1991]. The velocity vectors are approximately parallel to the regional trend of the SAF system anddo not appear to be influenced by the local left bend in the SAF trace through the Santa CruzMountains. The displacement field broadens significantly from San Juan Bautista towards thenorthwest.

13Figure 8 shows a close-up view of the measured pre-earthquake (unfilled arrows relative toBMT RF) and postseismic (solid arrows relative to PAWT) motions. Only a few of the postseismicstations were surveyed before the Loma Prieta earthquake. At some of the stations for which bothpre- and postseismic data exist, such as HAMI, AMER, and GILR, the postseismic velocitiesexhibit significant fault-normal convergence that is not observed in the preseismic velocities. Inorder to compare pre- and post-earthquake velocities at the remainder of the GPS stations we mustinterpolate the pre-earthquake velocity field between stations. To do so, we developed a dislocationmodel of the San Francisco Bay area [B�rgmann et al., 1996]. Uniform-slip dislocations in anelastic, homogenous, and isotropic half-space represent the Bay area faults. In this model,interseismic shear about a locked strike-slip fault is approximated by slip on a buried fault planebelow the seismic zone at a rate comparable to the average geologic slip-rate [Savage and Burford,1970; Lisowski et al., 1991]. Surface creep on the Hayward, Calaveras, and the central SAF ismodeled by shallow fault elements.We estimate fault slip-rates using a linear inversion method [Du et al., 1992] that uses thetrilateration and GPS data to estimate slip on 78 individual segments of the Bay area faults. Allfaults are assumed to be vertical with pure strike-slip offset. A priori estimates of slip-rate are takenfrom Lienkamper et al.’s [1992] compilation of geologically determined slip rates. Results of theinversion indicate: (1) Deep (> 15 km) slip on the peninsular segment of the SAF at about 15-20mm/yr; (2) deep slip (> 11 km) on the Hayward fault at 15 – 3 mm/yr; (3) deep slip (> 10 km) onthe northern Calaveras fault at about 10-12 mm/yr and at up to 35 mm/yr on the southern Calaverasfault; and (4) shallow creep on the East Bay faults and the SAF south of San Juan Bautista at ratescomparable to the a priori values. For the San Gregorio fault we compute 2 – 1 mm/yr slip from 10to 15 km depth. Below 15 km the model predicts insignificant left-lateral slip (0.7 – 1 mm/yr). Thedeep slip rate on the southern Calaveras fault is clearly too high and may be related to unaccountedfor effects of the Coyote Lake and Morgan Hill earthquakes. Note that our objective here is tosimply develop an approximation of the preseismic velocity field which can be used to compute theexpected motions of stations for which preseismic data are not available.

14Figure 7 compares the measured and modeled station velocities relative to Loma Prieta. Formaluncertainties in the predicted velocities are computed from the uncertainty in the data. Because theinversion constrains the predicted velocities to be generated from slip in an elastic half-space, theuncertainties in the predicted velocities are actually less than the uncertainties in the observedvelocities. We thus scale the uncertainties in the predicted velocity field, by roughly a factor of 3,so that the predicted motions are not better determined than the observations.In general the model predicts the observed velocity field quite well. The only significantexception is along the southern Calaveras fault in the Hollister network. Stations just east of theCalaveras fault appear to move towards the fault at an oblique angle. It is possible that this is theresult of the complex series of creeping and locked fault segments along the Calaveras fault[Oppenheimer et al., 1990]. Alternatively the southern Calaveras or the southern Sargent faultsmay accommodate convergence by oblique slip [Matsu’ura et al., 1986]. In any event, there is nopostseismic data in the Hollister region, so this should not significantly effect our results. Themodel also underpredicts the velocities southwest of the SAF south of Loma Prieta by up to 3mm/yr.Postseismic Displacement Field AnomalyHorizontal displacements from GPSThe dislocation model of preseismic deformation can now be used to compute the predictedinterseismic velocities and their uncertainties at all sites in the postseismic network. Subtracting thepre-earthquake velocities from the observed postseismic velocities yields the residual postseismicvelocity field. The residual postseismic velocities shown in Figure 9 represent the component ofthe measured signal that exceeds the secular deformation field. The velocity field in Figure 9 isshown relative to PAWT, which we argue has not been affected by the Loma Prieta earthquake.VLBI measurements at Ford Ord (near BRUS) show that the velocity of BRUS relative to stableNorth America did not change significantly following the 1989 earthquake [B�rgmann, 1993;Argus and Lyzenga, 1994; 1996]. The insignificant change in the velocity of BRUS relative to

15PAWT suggests that the residual postseismic velocities are adequately tied to an external referenceframe (Figure 9).Along the Black Mountain profile 44 km NW of the 1989 epicenter, postseismic velocities E ofthe Hayward fault agree well with their pre-earthquake estimates (Figure 9). ALLI appears to havean anomalous southwesterly motion that is not observed at neighboring sites. The combinedvelocity determined for BAYS and Z137 is suspect due to the problems associated with this sitedescribed above. Sites west of the SAF appear to have undergone a small but consistentacceleration, which is also observed at EAGL. Of the Loma Prieta-profile sites east of theCalaveras fault, HAMI moved with a higher fault normal velocity following the earthquake. Thetwo easternmost sites, MOCH and OSO1, have marginally significant westward-directed motions.The most significant residual postseismic motions occurred in a region around and northeast ofLoma Prieta (Figure 9). Significant velocity increases and reorientations occurred in the near fieldof the earthquake. Fault-parallel velocities slightly increased by up to 8 mm/yr to the SW of theSAF. This acceleration is apparent at least as far to the NW as EAGL. The most surprising featureof the postseismic velocity field is a zone of SAF-normal contraction at rates exceeding 10 mm/yr,centered NE of Loma Prieta and extending as far east as HAMI across the Calaveras fault. Themotion of AMER, located about midway between the two profiles, indicates that the zone ofcontraction extends beyond the NW end of the coseismic fault rupture. Unfortunately, we havelittle constraint on the extent of these motions southeast of the rupture zone.Vertical Displacements From LevelingThe observed elevation changes are shown in Figure 6 together with a schematic cross-sectionof active fault zones along the line [McLaughlin, 1990] and the first two years of aftershocks. Theaftershocks shown in Figure 6 outline the dipping Loma Prieta rupture below 10 km, a verticalSAF above 10 km, and distributed seismicity NE of the SAF. Relative to Capitola there is uplift ofabout 2 cm SW of the SAF, whereas the last 15 km of the line subsided by up to 3.5 cm. Thesteepest displacement gradient occurs directly in the hanging wall of the Berrocal fault zone (seealso Figure 1). For comparison, the coseismic elevation changes on this line [Marshall et al., 1991]

16are also shown in Figure 6. Notice that stations W of the Zayante fault, which upliftedcoseismically due to slip on the Loma Prieta fault, showed no vertical deformation between 1990and 1992. The fact that the postseismic deformation is shorter wavelength than the coseismic upliftand the absence of deformation on the Santa Cruz coastal plain W of the Zayante fault, bothindicate that the postseismic deformation is caused by shallow rather than deep sources. Note alsothat Loma Prieta, which subsided ~10 cm in the earthquake, uplifted ~1 cm postseismically.The measured uplift exceeds by about an order of magnitude the average late Cenozoic upliftrate of the range [B�rgmann et al., 1994]. Northeast of the SAF are a series of reverse structuresdipping towards the SW that show evidence of Quaternary slip and whose late Cenozoic offsetsproduced much of the observed geologic uplift [B�rgmann et al., 1994; McLaughlin and Clark,1996]. Rapid geologic uplift of about 1 mm/yr can be deduced from apatite fission track ages,geomorphometric analyses, and offset Quaternary terraces and soil horizons [B�rgmann et al.,1994; Hitchcock et al., 1994]. Uplift rates inferred from our model of preseismic deformation arealso £1 mm/yr. We conclude that the uplift determined from leveling is likely to have beendominated by transient postseismic processes.Data Interpretation and ModelsIn summary, the postseismic displacement field is characterized (1) by a ~40 km wide zone ofaccelerated right-lateral shear, sub-parallel to the SAF, centered near Loma Prieta, and (2) by azone of anomalous SAF-normal contraction across the foothills of the Santa Cruz Mountains andthe adjacent Santa Clara valley, centered NE of Loma Prieta (Figure 9). The complex fault structurein the region does not allow an unambiguous identification of the source(s) of the postseismicdeformation. We therefore evaluate a range of models based on the observed crustal deformationand additional geologic and geophysical evidence. We model the displacements with rectangulardislocations in an elastic half-space [e.g., Okada, 1985].Previously Proposed ModelsThe postseismic displacement pattern following the Loma Prieta earthquake has also beeninterpreted by Savage et al. [1994] and by Linker and Rice [1996]. Linker and Rice [1996] model

17the displacement field resulting from the interaction of the earthquake rupture with a linearviscoelastic relaxation zone representing the deep aseismic portion of the fault. They alsodeveloped a non-linear model with rate- and state-dependent friction on the down-dip extension ofthe rupture. Their models, involving a relatively deep deformation source below the coseismicrupture, predict the fault-parallel velocities in the Loma Prieta profile quite well, but do not predictthe observed fault-normal motions and slightly overpredict the rates in the Black Mountain profile.Savage et al. [1994] propose oblique slip on a 5-km-wide down-dip extension of the LomaPrieta rupture plane (1.5 m right-lateral and 0.9 m reverse), and 0.1 m of fault-normal collapsefrom 5 to 16 km depth to explain the fault-normal motions observed along the Loma Prieta profileduring the 3.3-year period of their observations. Savage et al. [1994] also estimate right-lateral slipon vertical dislocations along the SAF (0.5 m) and the Calaveras fault (0.4 m) below 5 km thatrepresent the background displacement field. That is, instead of subtracting the preseismicdisplacement field from the postseismic measurements, they solve for the postseismic anomaly andthe secular displacement rates. This model predicts the horizontal displacement measurements quitewell, but significantly misfits the leveling data, as shown below.Previously, we proposed a model involving postseismic slip on two faults that fits the first twoyears of GPS data [B�rgmann and Segall, 1991; B�rgmann et al., 1996]. The best-fit model forthe early GPS data included predominantly strike-slip on the Loma Prieta coseismic rupture andreverse slip on a shallow southwest-dipping fault northeast of the SAF [B�rgmann et al., 1996].Here we evaluate models based on the leveling data and 4.5 years of GPS data.First-Order ModelsWe first develop a series of first-order models to illustrate the characteristic displacement fieldsfor a number of possible sources. We then test previously proposed models of postseismicrelaxation and develop a model that best satisfies geologic and geophysical constraints (Table 5).Previously observed or predicted postseismic relaxation processes include accelerated shearbelow the coseismic rupture and aseismic slip within or adjacent to the rupture zone (Figure 10).Oblique slip on a 5-km-wide SW-dipping fault below the hypocenter (16.8 km) with equal

18amounts of strike slip and dip slip (as in the mainshock) produces westerly oriented displacementsand broadly distributed uplift SW of the fault and southerly motions to the NE of the fault (Figure10a). The zone of anomalous deformation is approximately 60 km wide. Oblique slip on thecoseismic rupture from 8 to 16.8 km depth produces a similar displacement field but with largerdisplacements spread over a narrower region (Figure 10b). Figure 10c evaluates the effect of faultzone collapse. This model predicts an asymmetric zone of contraction, as well as significantsubsidence SW of the fault and a small amount of uplift NE of the fault. A model of reverse slip ona shallow 45� SW-dipping fault from 3.5 to 8 km depth produces a ~40-km-wide zone ofcontraction and a narrow uplift zone centered above the thrust (Figure 10d). None of these simplemodels predict the observed pattern of the horizontal and vertical motions.Kinematic Models From Nonlinear InversionsWe continue our analysis by formally inverting for model fault parameters. We use aconstrained non-linear optimization algorithm described by Arnadottir and Segall [1994], whichallows us to estimate the geometry (parameterized by length, depth, width, dip, strike, location)and the amounts of strike slip, dip slip, and opening of one or more faults that best fits the GPSand leveling data. Specifically, we seek models that minimize the weighted residual sum of squares(WRSS, Table 5). It is possible to apply bounds (such as constraints on the depth of faulting orrange of permissible fault strikes) to find best-fitting sources representing, for example, deep shearor slip on the coseismic rupture. Table 5 summarizes the results from a series of models. Forcomparison, note that a null model with no postseismic deformation has a model misfit

WRSS n − p( ) = 3.26

(Table 5).To test the possibility of postseismic slip down-dip of the earthquake, we constrain the strike(132�) and dip (70�) to be the same as the coseismic rupture, and force the depth to be greater thanthe mainshock hypocentral depth (16.8 km). Note that, if we loosen the depth constraint, theinversion favors shallower model faults. The model misfit

WRSS / (n − p) = 3.12

indicates thatmodels of postseismic relaxation below the earthquake rupture fit the data very poorly. In particularthe deep source fails to reproduce the fault-normal displacements and produces a poorer fit to the

19leveling data than the null model. The deep-slip model (see Figure 10a) predicts westerly directedmotions SW of the SAF, rather than the observed fault-parallel motions. It also predicts a regionof broad uplift SW of the fault and a very gentle gradient NE of Loma Prieta; both features notobserved in the data.Next, we evaluate models of continued slip on the coseismic rupture dipping 70� and striking132� [Lisowski et al., 1990a]. The best-fitting model fault in this class lies close to the Loma Prietarupture and has the maximum permitted fault width (from 16.8 km to 5 km depth) and maximumlength of 45 km. The slip is nearly pure strike slip at a rate of ~5 cm/yr. If we remove the depthconstraint on the upper edge of the dislocation, the best-fitting model fault extends to 1 km depthand the misfit is reduced to 2.97 (not shown in Table 5). As seen in Figure 10b, models with slipin the coseismic rupture zone also fail to predict the general characteristics of the observeddeformation. The best-fitting unconstrained single fault is implausibly deep and is not judged to begeologically reasonable (Table 5).Savage et al. [1994] suggested that fault-zone compaction together with accelerated fault creepbelow the coseismic rupture may explain the observed motions. The displacement field from acollapse model shown in Figure 10c shows asymmetric contraction and subsidence to the SW ofthe SAF. Adding these displacements to those in Figure 10a results in horizontal displacements thatresemble those we observe. We test two models that include fault-zone collapse. A model thatinvolves slip as well as contraction across the coseismic rupture with the same dip, strike, anddepth constraints as the previous rupture model produces an improved fit to the GPS data, but doesnot fit the leveling data well. A model resembling Savage et al.’s [1994] favored model of faultcollapse and creep below the rupture plane fits the GPS data even better, but does not improve thefit of the leveling data (Figure 11). The favored rate of fault-zone collapse is 3.5 cm/yr, for a totalof about 15 cm during the ~4-year observation period, on a 10-km-wide and 28-km-long modelfault. About 20 cm/yr of oblique slip on a 5-km-wide down-dip extension of the coseismic ruptureis also predicted.

20Because of the known thrust faults in the Santa Cruz Mountains, the observed coseismicground deformation along these faults, and the predominance of reverse mechanisms ofaftershocks NE of the SAF, we have previously suggested that the observed contraction is due toreverse faulting [B�rgmann et al., 1996]. Slip on a shallow thrust fault produces localized upliftand contraction across the fault (Figure 10d). Clearly, shallow thrust faulting alone can not predictthe observed motions. We find that a two-fault model is required to fit the observed horizontal andvertical velocities.A model that includes slip on two faults, reverse and strike-slip on a fault near the SAF zoneand thrusting on a fault NE of the SAF, provides the best fit to the GPS and leveling data (Table 5and Figures 11 and 12). One model fault dips at a comparable angle to the "Loma Prieta fault" andhas subequal thrust and strike-slip components, but is shallower than the coseismic rupture (Figure13). The second model fault, located NE of the SAF, is quite long, dips at the lower bound (30�)of permitted fault dips and accommodates 2.4 cm/yr of thrust faulting. The SE ends of the modelfaults are not well constrained by the network and extend further than the coseismic Loma Prietarupture.We find that this model predicts all the first-order patterns observed in the postseismic dataincluding accelerated fault parallel motion SW of the SAF, as well as contraction and associateduplift NE of the fault (Figure 11). This model fits the horizontal data well, but somewhatunderpredicts the fault-normal motions in the eastern Santa Clara Valley and at Mt. Hamilton(Figure 12). It also slightly underpredicts the fault-parallel velocities SW of the SAF. Figure 11shows the observed and predicted elevation changes along the leveling line for the best fitting two-fault model. The model fits the data well from the Pacific coast to the western edge of Santa ClaraValley. However, it does not predict the continued subsidence pattern at the NE end of the levelingline.Although this is the best fitting, geologically reasonable model we have found, the misfit of 2.5indicates that the model does not fully explain the data within the reported errors. This may becaused by an underestimate of the errors in the data, or in the computed interseismic correction.

21Alternatively, the misfit may indicate that our model insufficiently represents the physical processesand fault geometries responsible for the deformation. Material heterogeneities, multiple faultsurfaces, complex slip distributions, and distributed inelastic deformation may contribute to themisfit.Discussion of Model ResultsWe find that single source models do not adequately explain the observed postseismicdeformations. Accelerated flow or fault slip below the coseismic rupture does not appear to be themain source of the observed deformation. Deep processes produce long-wavelength displacementfields, not the narrowly focused deformation we observe. We find that much of the deformation isbest explained by relatively shallow sources above 15 km depth. Our preferred model involvescontemporaneous oblique-slip and thrust faulting at high rates on two faults with similar strikes.The dip of the first fault is not tightly constrained and we can not clearly differentiate if slip occurson the SAF or the Loma Prieta rupture. However, we find that fault slip extends to very shallowdepths, suggesting that faulting took place up-dip of the Loma Prieta fault. The inferred slip on theSAF or Loma Prieta fault may represent creep above, or between, the two high-slip asperities thatreleased most of the earthquake moment [Beroza, 1991; Hartzell et al., 1991; Wald et al., 1991;Arnadottir and Segall, 1994; Horton, 1996].The Foothills thrust belt has been active in the Quaternary and experienced shallow triggeredslip during the Loma Prieta earthquake [Haugerud and Ellen, 1990; McLaughlin, 1990]. Ourmodel thrust fault appears to coincide with the Berrocal fault zone, but it is possible thatpostseismic slip is distributed between several faults in this complex thrust system. Focalmechanisms of M ‡ 2.5 Loma Prieta aftershocks, located NE of the SAF near the Berrocal faultzone, indicate that these events occurred predominantly on reverse faults (Figure 13). Theseismicity near the Loma Prieta rupture on the other hand is very complex with all types of faultplane solutions [Oppenheimer, 1990; Beroza and Zoback, 1993]. Note that the fault slip we modelexceeds by several orders of magnitude the slip accumulated in aftershocks and must bedominantly aseismic.

22DiscussionStress redistribution accompanying the Loma Prieta mainshock would increase the loading onthrust faults NE and updip of the rupture [Reasenberg and Simpson, 1992]. Figure 13 shows across-section perpendicular to the SAF with the contoured coseismic stress changes on thrust faultsNE of the SAF overlaid on a plot of the aftershocks and the model faults. Shear stress changes andthe thrust-normal stress changes both affect the loading of N60�W striking, 45� dipping thrustplanes through a Coulomb Failure Function [Reasenberg and Simpson, 1992] CFF = ts + msn,where tsisthesheartractioninthedipdirection,snthefault-normaltraction,andmthecoefficientoffriction.Acoefficientoffrictionof0.6hasbeenchosenforthemodelinFigure13.AsthecomplexslipdistributionduringtheearthquakeisexpectedtobeimportantintheinducedstressfieldintheclosevicinityoftheearthquakeruptureweusedtheheterogeneousfaultslipmodelofBeroza[1991]tocomputethestresschanges.Coseismicallyinducedstresschangesof1to2MPathatenhancethrustloadingoccurredNEoftheSAF.Thestresschangesonfaultplanesofsomewhatdifferentstrikesanddipsarecomparabletothoseshown.Apparentlytheincreasedmicro-seismicityandtheaseismicthrustinginferredfromgeodeticdatareflectdeformationinresponsetotheloadincrease.AnenigmaassociatedwiththeLomaPrietaearthquakewastheobservationthatthehighesttopographyoftheSantaCruzMountainsaroundLomaPrietasubsidedby~10cmduringtheearthquake[Lisowski et al., 1990a]. Long term uplift rates in the Loma Prieta area deduced fromapatite fission track dating and geomorphic analyses average about 1 mm/yr over the last 5 Ma[B�rgmann et al., 1994]. While different fault-plane geometries could produce the long-term upliftpattern [Schwartz et al., 1990], slip on the reverse faults at the base of the southern Santa CruzMountains at combined rates of 2-3 mm/yr would result in the topographic expression of thesouthern Santa Cruz Mountains [B�rgmann et al., 1994]. Our measurements indicate that some ofthis uplift may occur concurrently with aseismic fault slip at depth on the Berrocal fault zonefollowing large regional earthquakes.

23Accelerated slip on faults in the San Francisco Bay region will change the loading of nearbysegments of the SAF and the Hayward fault. A detailed analysis of coseismic static stress changeson Bay area faults shows that micro-seismicity rates increased, or decreased, in accordance withthe computed stresses [Reasenberg and Simpson, 1992]. Reduced creep rates, observed along thesouthern Hayward and Calaveras faults following the earthquake, are evidence of induced left-lateral shear stress across these faults [Galehouse, 1992; Lienkaemper et al., 1992]. B�rgmann etal. [1996] modeled the change in loading on NW striking fault planes due to the Loma Prietaearthquake and postseismic fault slip with the method outlined above, assuming that fault-parallelshear stress as well as fault normal stresses determine the fault response through a Coulomb failurecriterion. Postseismic fault slip further increases the load on the SAF immediately to the NW of theLoma Prieta rupture, while both the coseismic and the postseismic static stress changes have aretarding effect on the Hayward fault zone and most of the Calaveras and San Gregorio-Hosgrifault zones. The yearly postseismic stress changes are about an order of magnitude less than thoseinduced coseismically.Similar postseismic adjustments occurred following the 1979 Coyote Lake and the 1984Morgan Hill earthquakes along the Calaveras fault [Oppenheimer et al., 1990]. While the coseismicstress perturbations on neighboring fault segments induced by these moderate earthquakes werenegligible [Du and Aydin, 1993], postseismic fault creep adjacent to the coseismic ruptures mayhave caused the observed south-to-north propagation of earthquakes along the Calaveras fault[Oppenheimer et al., 1990].The stress changes caused by co- and postseismic fault slip only add to those accumulated bybackground loading of the Bay area faults. The January 15, 1993 Gilroy earthquake that occurredin a region of induced left-lateral shear, east of the southern termination of the Loma Prieta ruptureis a timely reminder of this. The peninsular segment of the SAF, the updip extension of the LomaPrieta rupture (from about 8 km to the surface), and several thrust faults that parallel the SAFthrough most of the Bay region, appear to represent significant seismic hazards since the Loma

24Prieta earthquake. Continued reverse faulting may also relieve normal traction along the southernHayward fault and increase the likelihood of faulting there, despite a decrease in right-lateral stress.In 1865 a M ~6.5 earthquake occurred in the southern Santa Cruz Mountains [Ellsworth,1990]. Tuttle and Sykes [1992] noted that intensities for this event were greater in San Jose incomparison to the Loma Prieta earthquake, but less in Monterey. On this basis, Tuttle and Sykes[1992] suggested that the 1865 event was located NE of the SAF. In their reanalysis of nineteenthcentury triangulation data in the San Francisco Bay area, Yu and Segall [1996] found that stationLoma Prieta was displaced NE, perpendicular to the strike of the SAF, between 1850 and 1880,presumably as a result of the 1865 earthquake. The observed fault-normal displacement isinconsistent with slip on the Loma Prieta rupture and not easily explained by slip on the SAF. Thefault-normal displacement is, however, exactly what would be expected for slip on a southwestdipping thrust fault located NE of the SAF. Slip on the shallow dipping thrust fault shown inFigures 12 and 13, with moment equivalent to a M 6 3/4 quake, explains the 1850-1880displacements quite well [Yu and Segall, 1996]. Taken together these observations suggest, butcertainly do not prove, that the 1865 earthquake was caused by slip on a thrust fault in the Foothillsthrust belt and that the same fault(s) slipped aseismically following the Loma Prieta earthquake. Wenote that an earthquake comparable to the 1865 event would constitute a significant hazard to thesouth San Francisco Bay region.ConclusionsLeveling and GPS data collected during 5 years following the 1989 Loma Prieta earthquakeshow a significant acceleration of deformation within about 20 km of the Loma Prieta rupture. Themost striking feature in the postseismic motions is a zone of rapid uplift and contraction northeastof the SAF. Model inversions of the postseismic data suggest that aseismic oblique-reverse slip onthe SAF and/or the Loma Prieta rupture and thrusting along the Foothills thrust belt are the mostlikely sources of the observed deformation. The first few years of postseismic deformation aredominated by aseismic fault slip up-dip of the coseismic rupture, probably triggered by coseismicstress changes. We do not find conclusive evidence for accelerated shear below the rupture or fault

25zone collapse. Continued monitoring of the transient deformation will provide valuableinformation about mechanisms of time-dependant deformation following a large earthquake and itseffects on neighboring faults.AcknowledgementsWe thank a large number of students, faculty, and friends at Stanford University, U.C. SantaCruz, and U.C. Davis who helped collect GPS data along the Black Mountain profile and the SantaCruz Mountain network, during the last five years. We also acknowledge the efforts of theU.S.G.S. crustal deformation field crew in collecting invaluable GPS data starting just two daysafter the Loma Prieta earthquake. The leveling data was collected by the NGS field crew. We thankThora Arnadottir, Jeff Freymueller, Kristine Larson, and Mark Murray for providing programsand much advice for the GPS data analysis and modeling. Grant Marshall gave invaluable adviceon analyzing the leveling data. This research was supported, in part, by NSF grants EAR-9003575, EAR-9002164, and EAR-9116117 and U.S. Geological Survey award number 1434-94-G-2447 to Stanford University.ReferencesAnderson, D.L., Accelerated plate tectonics, Science, 187, 1077-1079, 1975.Argus, D.F., and G.A. Lyzenga, Site velocities before and after the Loma Prieta and Gulf ofAlaska earthquakes determined from VLBI, Geophys Res Lett, 21 (5), 333-336, 1994.Arnadottir, T., and P. Segall, The 1989 Loma Prieta earthquake imaged from inversion of geodeticdata, J. Geophys. Res., 99, 21,835-21,855, 1994.Aydin, A., A.M. Johnson, and R.W. Fleming, Right-lateral-reverse surface rupture along the SanAndreas and Sargent faults associated with the October 17, 1989, Loma Prieta, California,earthquake, Geology, 20 (12), 1063-1067, 1992.Aydin, A., and B.M. Page, Diverse Pliocene-Quaternary tectonics in a transform environment,San Francisco Bay region, California, Geol. Soc. Am. Bull., 95, 1303-1317, 1984.Behr, J., R. Bilham, and P. Bodin, Increased surface creep rates on the San Andreas faultsoutheast of the Loma Prieta mainshock, U.S. Geol. Surv. Prof. Pap., 1550, in press, 1996.Behr, J., R. Bilham, P. Bodin, R.O. Burford, and R. B�rgmann, Aseismic slip on the SanAndreas fault south of Loma Prieta, Geophys. Res. Lett., 17 (9), 1445-1448, 1990.

26Beroza, G.C., Near-source modeling of the Loma Prieta earthquake: Evidence for heterogeneousslip and implications for earthquake hazard, Bull. Seism. Soc. Am., 81, 1603-1621, 1991.Beroza, G.D., and M.D. Zoback, Mechanism diversity of the Loma Prieta aftershocks and themechanics of mainshock-aftershock interaction, Science, 259 (5092), 210-213, 1993.Beutler, G., I. Bauersima, W. Gurtner, M. Rothacher, T. Schildknecht, G.L. Mader, and M.D.Abell, Evaluation of the 1984 Alaska Global Positioning System campaign with the BerneseGPS software, J. Geophys. Res., 92, 1295-1303, 1987.Bilham, R., Surface slip subsequent to the 24 November 1987 Superstition Hills, California,earthquake monitored by digital creepmeters, Bull. Seism. Soc. Am., 79, 424-450, 1989.Bott, N.H.P., and D.S. Dean, Stress diffusion from plate boundaries, Nature, 243, 339-341,1973.Budianski, B., and C. Amazigo, Interaction of fault slip and lithosphere creep, J. Geophys. Res.,81, 4897-4900, 1976.B�rgmann, R., Deformation associated with strike-slip faults, PhD thesis, 186 pp. thesis,Stanford University, Stanford, CA, 1993.B�rgmann, R., R. Arrowsmith, T. Dumitru, and R. McLaughlin, Rise and fall of the southernSanta Cruz Mountains, California, deduced from fission track dating, geomorphic analysis,and geodetic data, J. Geophys. Res., 99 (B10), 20,181-20,202, 1994.B�rgmann, R., and P. Segall, Postseismic GPS monitoring NW of the 1989 Loma Prieta rupturezone, EOS Trans. AGU, 72 (44), 119, 1991.B�rgmann, R., P. Segall, M. Lisowski, G. Marshall, R. Stein, and J.P. Svarc, Post-seismicuplift of the southern Santa Cruz Mountains following the Loma Prieta earthquake, EOS Trans.AGU, 74 (16), 106, 1993.B�rgmann, R., P. Segall, M. Lisowski, and J.L. Svarc, Decay of postseismic strain anomalyfollowing the 1989 Loma Prieta, California, earthquake, IUGG XXI Gen. Assembly, 21, 46,1995.B�rgmann, R., P. Segall, M. Lisowski, and J.P. Svarc, Post-seismic strain following the 1989Loma Prieta earthquake from repeated GPS measurements, U.S. Geol. Surv. Prof. Pap.,1550, in press, 1996.Cohen, S.C., Postseismic surface deformations due to lithospheric and asthenosphericviscoelasticity, Geophys. Res. Lett., 6 (3), 129-131, 1979.Davis, J.L., W.H. Prescott, J.L. Svarc, and K.J. Wendt, Assesment of Global PositioningSystem measurements for studies of crustal deformation, J. Geophys. Res., 94, 13635-13650,1989.

27Dietz, L.D., and W.L. Ellsworth, The October 17, 1989, Loma Prieta, California, earthquake andits aftershocks: Geometry of the sequence from high-resolution locations, Geophys. Res.Lett., 17, 1417-1420, 1990.Du, Y., and A. Aydin, Stress transfer during three sequential moderate earthquakes along thecentral Calaveras fault, California, J. Geophys. Res., 98, 9947-9962, 1993.Du, Y., A. Aydin, and P. Segall, Comparison of various inversion techniques as applied to thedetermination of a geophysical deformation model for the 1983 Borah Peak earthquake, Bull.Seism. Soc. Am., 82, 1840-1866, 1992.Ellsworth, W.L., Earthquake history, 1769-1989, in The San Andreas fault system, Calfornia,U.S. Geological Survey Professional Paper, edited by R.E. Wallace, pp. 153-181, 1990.Galehouse, J.S., Creep rates and creep characteristics of eastern San Francisco Bay areafaults:1979-1992, Calif. Div. Mines Geol. Spec. Pub., 113, 45-53, 1992.Gwyther, R.L., M.T. Gladwin, and R.H.G. Hart, A shear strain anomaly following the LomaPrieta earthquake, Nature, 356 (6365), 142-144, 1992.Hartzell, S.H., G.S. Stewart, and C. Mendoza, Comparison of L1 and L2 norms in a teleseismicwaveform inversion for the slip history of the Loma Prieta, California, earthquake, Bull.Seism. Soc. Am. Bull., 81 (5), 1518-1539, 1991.Haugerud, R.A., and S.D. Ellen, Coseismic ground deformation along the northeast margin of theSanta Cruz Mountains, in Field guide to neotectonics of the San Andreas fault system, SantaCruz Mountains, in light of the Loma Prieta earthquake, edited by D.P. Schwartz, and D.J.Ponti, pp. 32-37, U.S. Geological Survey, Open File Report, 1990.Hitchcock, C.S., K.I. Kelson, and S.C. Thompson, Geomorphic investigations of deformationalong the northeastern margin of the Santa Cruz Mountains, unpubl. Final Technical Report toN.E.H.R.P., 1994.Horton, S., A fault model with variable slip duration for the 1989 Loma Prieta, California,earthquake determined from strong-ground-motion data, Bull. Seism. Soc. Am., 86 (1A),122-132, 1996.Kasahara, K., Earthquake mechanics, 248 pp., Cambridge University Press, Cambridge, 1981.King, G.C.P., A.G. Lindh, and D.H. Oppenheimer, Seismic slip, segmentation, and the LomaPrieta earthquake, Geophys. Res. Lett., 17 (9), 1449-1452, 1990.Kouba, J., Analysis Coordinator Report, in International GPS Service forGeodynamics 1994 Annual Report, edited by R.L. J F Zumberge, R E Neilan, 1995.Langbein, J.O., Post-seismic slip on the San Andreas fault at the northwestern end of the 1989Loma Prieta earthquake rupture zone, Geophys. Res. Lett., 17, 1223-1226, 1990.

28Larson, K.M., F.H. Webb, and D.C. Agnew, Application of the Global Postioning System tocrustal deformation measurements 2. The influence of errors in orbit determination networks,J. Geophys. Res., 96, 16567-16584, 1991.Lehner, F.K., V.C. Li, and J.R. Rice, Stress diffusion along rupturing plate boundaries, J.Geophys. Res., 86, 6155-6169, 1981.Li, V.C., and J.R. Rice, Crustal deformation in great California earthquake cycles,J.Geophys.Res., 92, 11533-11551, 1987.Lienkaemper, J.J., J.S. Galehouse, and R.W. Simpson, Hayward fault, California: Longtermcreep rates versus slower creep since 1989 Loma Prieta earthquake, EOS Trans. AGU, 73,119, 1992.Linker, M.F., and J.R. Rice, Models of postseismic deformation and stress transfer associatedwith the 1989 Loma Prieta earthquake, U.S. Geol. Surv. Prof. Pap., 1550, in press, 1996.Lisowski, M., W.H. Prescott, J.C. Savage, and M.J. Johnston, Geodetic estimate of coseismicslip during the 1989 Loma Prieta, California earthquake, Geophys. Res. Lett., 17 (9), 1437-1440, 1990a.Lisowski, M., W.H. Prescott, J.C. Savage, and J.L. Svarc, A possible geodetic anomalyobserved prior to the Loma Prieta, California, earthquake, Geophys. Res. Lett., 17 (8), 1211-1214, 1990b.Lisowski, M., J.C. Savage, and W.H. Prescott, The velocity field along the San Andreas fault incentral and southern California, J. Geophys. Res., 96 (B5), 8369-8389, 1991.Marshall, G.A., R.S. Stein, and W. Thatcher, Faulting geometry and slip from co-seismicelevation changes: The October 17, 1989 Loma Prieta, California, earthquake, Bull. Seism.Soc. Am., 81, 1660-1693, 1991.Matsu’ura, M., D.D. Jackson, and A. Cheng, Dislocation model for aseismic crustal deformationat Hollister, California, J. Geophys. Res., 91, 12661-12674, 1986.McLaughlin, R., Stop 4. Sargent fault zone at Loma Prieta, in Field guide to neotectonics of theSan Andreas fault system, Santa Cruz Mountains, in light of the 1989 Loma Prieta earthquake,edited by D.D. Schwartz, and D.J. Ponti, pp. 19-22, U.S. Geological Survey Open FileReport, Menlo Park, 1990.McLaughlin, R.J., and E.E. Clark, Stratigraphy and structure of rocks across the San Andreasfault zone near Loma Prieta, California: Their relation to deformation during the October 17,1989 earthquake, U.S. Geol. Surv. Prof. Pap., 1550, in press, 1996.Nur, A., and G. Mavko, Postseismic viscoelastic rebound, Science, 183, 204-206, 1974.Okada, Y., Surface deformation due to shear and tensile faults in a half-space, Bull. Seism. Soc.Am., 75, 1135-1154, 1985.

29Oppenheimer, D.H., Aftershock slip behavior of the 1989 Loma Prieta, California earthquake,Geophys. Res. Lett., 17 (8), 1199-1202, 1990.Oppenheimer, D.H., W.H. Bakun, and A.G. Lindh, Slip partitioning of the Calaveras fault,California, and prospects for future earthquakes, J. Geophys. Res., 95 (B6), 8483-8498,1990.Pollitz, F.F., Postseismic relaxation theory on the spherical earth, Bull. Seism. Soc. Am., 82,422-453, 1992.Pollitz, F.F., and I.S. Sacks, Modeling of postseismic relaxation following the great 1857earthquake, southern California, Bull. Seism. Soc. Am., 82, 454-480, 1992.Reasenberg, P.A., and R.W. Simpson, Response of regional seismicity to the static stress changeproduced by the Loma Prieta earthquake, Science, 255, 1687-1690, 1992.Rothacher, M., G. Beutler, W. Gurtner, T. Schildknecht, and U. Wild, Documentation forBernese GPS Software Version 3.2, University of Bern, Bern, 1990.Rundle, J.B., and D.D. Jackson, A three-dimensional viscoelastic model of a strike-slip fault,Geophys. J. R. Astron. Soc., 49, 575-591, 1977.Rymer, M.J., Near-fault measurement of postseismic slip associated with the 1989 Loma Prieta,California, earthquake, Geophys. Res. Lett., 17 (10), 1789-1792, 1990.Savage, J.C., A theory of creep waves propagating along a transform fault, J. Geophys. Res., 76,1954-1966, 1971.Savage, J.C., and R.O. Burford, Accumulation of tectonic strain in California, Bull. Seism. Soc.Am., 60, 1877-1896, 1970.Savage, J.C., and M. Lisowski, Changes in long-term extension rates associated with the MorganHill and Loma Prieta earthquakes in California, Geophys. Res. Lett., 22 (7), 759-762, 1995.Savage, J.C., M. Lisowski, and J.L. Svarc, Postseismic deformation following the 1989 (M =7.1) Loma Prieta, California, earthquake, J. Geophys. Res., 99, 13757-13765, 1994.Savage, J.C., and W.H. Prescott, Asthenosphere readjustment and the earthquake cycle, J.Geophys. Res., 83, 3369-3376, 1978.Scholz, C.H., A physical interpretation of the Haicheng earthquake prediction, Nature, 267(5607), 121-124, 1977.Schwartz, S.Y., D.L. Orange, and R.S. Anderson, Complex fault interactions in a restrainingbend on the San Andreas fault, southern Santa Cruz Mountains, California, Geophys. Res.Lett., 17 (8), 1207-1210, 1990.Shen, Z.K., D.D. Jackson, Y. Feng, M. Cline, M. Kim, P. Fang, and Y. Bock, Postseismicdeformation following the Landers earthquake, California, 28 June 1992, Bull. Seism. Soc.Am., 84 (3), 780-791, 1994.

30Smith, S.W., and M. Wyss, Displacement on the San Andreas fault subsequent to the 1966Parkfield earthquake, Bull. Seism. Soc. Am., 58, 1955-1973, 1968.Snay, R.A., H.C. Neugebauer, and W.H. Prescott, Horizontal deformation associated with theLoma Prieta earthquake, Bull. Seism. Soc. Am., 81, 1647-1659, 1991.Steidl, J.H., R.J. Archuleta, and S.H. Hartzell, Rupture history of the 1989 Loma Prieta,California, earthquake, Bull. Seism. Soc. Am., 81, 1573-1602, 1991.Stein, R.S., Discrimination of tectonic displacement from slope-dependent errors in geodeticleveling from southern California, 1953-1979, in Earthquake Prediction - An InternationalReview, Maurice Ewing Series, pp. 441-456, American Geophysical Union, 1981.Thatcher, W., Strain release mechanism of the 1906 San Francisco earthquake, Science, 184,1283-1285, 1974.Thatcher, W., Nonlinear strain buildup and the earthquake cycle on the San Andreas fault, J.Geophys. Res., 88, 5893-5902, 1983.Thatcher, W., Cyclic deformation related to great earthquakes at plate boundaries, in RecentCrustal Movements of the Pacific Region, pp. 245-272, Royal Society of New ZealandBulletin, Wellington, New Zealand, 1986.Toks�z, M.N., A.F. Shakal, and A.J. Michael, Space-time migration of earthquakes along theNorth Anatolian fault zone and seismic gaps, Pageoph, 117, 1258-1270, 1979.Tuttle, M.P., and L.R. Sykes, Re-evaluation of several large historic earthquakes in the vicinity ofthe Loma Prieta and Peninsular segments of the San Andreas fault, California, Bull. Seism.Soc. Am., 82 (4), 1802-1820, 1992.Wald, D.J., D.V. Helmberger, and T.H. Heaton, Rupture model of the 1989 Loma Prietaearthquake from the inversion of strong-motion and broadband teleseismic data, Bull. Seism.Soc. Am., 81 (5), 1540-1572, 1991.Williams, C.R., T. Arnadottir, and P. Segall, Coseismic deformation and dislocation models ofthe 1989 Loma Prieta earthquake derived from Global Positioning System measurements, J.Geophys. Res., 98, 4567-4578, 1993.Wood, M.D., and S.S. Allen, Recurrence of seismic migrations along the central Californiasegment of the San Andreas fault system, Nature, 244, 213-215, 1973.Yu, E., and P. Segall, Slip in the 1868 Hayward fault earthquake from the analysis of historicaltriangulation data, J. Geophys. Res., 101, in press, 1996.

31FiguresFigure 1. Fault map with shaded relief of the San Francisco Bay area showing major faultzones and localities described in text. Fault abbreviations: MVF, Monte Vista fault; ShF, Shannonfault; BeF, Berrocal fault; SgtFZ, Sargent fault zone; the Foothills thrust belt consists of the MVF,the BeF, and the ShF. Fault locations are from Aydin and Page [1984].Figure 2. Post-Loma Prieta earthquake geodetic network in the southern San Francisco Bayarea consisting of two fault crossing profiles, the Loma Prieta monitor network (station namesunderlined), the Santa Cruz Mountains network (open circles), and two VLBI stations which wereobserved until 1991.Tables 1 and 2 summarize station coordinates and occupation times.Figure 3. (a) Time series of relative changes in the horizontal (N and E) baseline componentsalong the Black Mountain profile with respect to station BEND. The slope of the line fitted to thedata is the relative station velocity. (b) Time series of horizontal coordinates of Loma Prieta profileand Bay area monitor network stations relative to station LP1_. (c) Time series of vertical baselinecomponent for Black Mountain profile stations relative to BEND and Loma Prieta profile and Bayarea monitor network sites relative to LP1_.Figure 4. Postseismic velocity field computed from GPS data collected between October 19,1989 and May 31, 1994. Velocities and their 95-percent confidence ellipses are shown relative tostation PAWT along the Black Mountain profile. Also shown are the plate velocities of the Pacificplate and the Sierra Nevada - Great Valley block determined from VLBI data [Argus, writtencommun. 1996]. Most of the relative right-lateral plate motion occurs within our network. A zoneof > 1cm/yr contraction northeast of the San Andreas fault is the most apparent deviation fromsimple distributed right-lateral shear.Figure 5. Schematic geologic map of southern San Francisco Bay area showing the locationof benchmarks (triangles) of the leveling line. Sites on bedrock (shaded patterns) are notsignificantly influenced by ground-water level changes. Also shown are the location of the nearbyGPS stations of the Loma Prieta profile.

32Figure 6. Postseismic elevation changes along the leveling line from SW to NE. The errorbars represent the error in elevation change relative to the southwestern end of the baseline nearCapitola. Also shown is a structural cross-section across the SAF and the Foothills thrust belt(modified from McLaughlin, 1990) and Loma Prieta aftershocks. The plotted earthquakes are froma 15 km wide zone centered on the line of section and include all well-located events from onemonth after the Loma Prieta earthquake until December, 1992. Note that the steepest gradient in theelevation changes is located in the hanging wall of the Berrocal fault, which also appears to beassociated with high aftershock activity. The coseismic elevation changes (from Marshall et al.,1991) on this line are shown for comparison.Figure 7. Comparison of pre-Loma Prieta earthquake site velocities with 95-percentconfidence ellipses (solid vectors) and displacements computed from an elastic model (openvectors) derived by linear inversion of the preseismic data. All displacements are shown relative toLoma Prieta. Shaded bold lines indicate the surface projection of the dislocation elements of theinterseismic model.Figure 8. Close-up of postseismic (solid vectors relative to PAWT) and preseismic (openvectors relative to BMT RF) velocities in the epicentral region of the Loma Prieta earthquake. Thecontraction northeast of the SAF observed in the postseismic data is not apparent in the pre-earthquake data.Figure 9. Residual velocities determined by subtracting the pre-earthquake model velocitiesfrom our observations. Note a slight acceleration of fault parallel motions SW of the SAF andpronounced contraction NE of the SAF.Figure 10. Displacement fields computed from first-order models of proposed sources ofpostseismic deformation. The location of GPS and leveling stations and the shaded surfaceprojections of the model faults are shown. (a) Oblique slip below the Loma Prieta hypocenter (16.8km to 21.5 km depth on 70� SW-dipping fault). Unit slip produces up to 0.07 units of uplift SW ofthe fault. (b) Oblique slip on coseismic rupture (8 km to 16.8 km depth on 70� SW-dipping fault).

33(c) collapse of coseismic rupture. (d) Reverse slip on shallow thrust fault (3.5 km to 8 km depth on45� SW dipping fault).Figure 11. Measured elevation changes (with error bars) and vertical displacementspredicted from the two-fault model (black bold line) shown in Figure 12. The model predicts theoverall pattern of uplift, but does not predict the continued drop off at the NE end of the levelingline. Also shown (dashed line) are the predicted displacements from a model involving collapse ofthe Loma Prieta rupture and oblique slip below.Figure 12. Postseismic residual velocities (black vectors with 95-percent confidenceellipses) and displacements (gray vectors) computed from the best-fitting dislocation modelinvolving slip on two faults. The two rectangles show the projections of the faults used to computethe modeled station displacements (See Table 5 for model parameters).Figure 13. Contoured stress changes (in MPa) induced by the Loma Prieta earthquake on45� SW dipping fault planes. The coseismic displacement distribution determined by Beroza (1991)is discretized into 272 uniform slip fault elements in an elastic, isotropic, and homogeneoushalfspace. Both fault-normal stresses and dip-parallel shear stresses influence the faults through aCoulomb failure criterion with a coefficient of friction m = 0.6. Also shown are the two modelfaults from Figure 11. The first fault lies a few km above the Loma Prieta rupture, the second faultlies in a cluster of seismicity NE of the SAF. Focal mechanisms of the main shock and 1989-to-1994 aftershocks (M ‡ 2.5; projected onto a vertical N40�E-striking plane) from a ~10-km-wideprofile across the SAF show a predominance of thrust mechanisms NE of the fault. The focalmechanisms are from the Northern California Earthquake Data Center selected using standardquality criteria [Oppenheimer, 1990].TablesTable 1. Benchmarks used in postseismic GPS survey and WGS-84 coordinatesTable 2. List of ExperimentsTable 3. Preseismic and postseismic station velocities relative to PAWTable 4. Postseismic elevation changes along Line 4 across Loma PrietaTable 5. Fault parameters for geodetically determined models from non-linear inversion ofGPS and leveling data.