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INTRODUCTION

As part of the investigation of the suitablility of the region around Yucca Mountain, 

Nevada, for a nuclear waste repository, the U.S. Department of Energy has prepared a doc 

ument, the "Site Characterization Plan" (U.S. Dept. of Energy, 1988), which describes the 

investigations to be carried out. Chapter 8, "Preclosure Tectonics," section 8.3.1.17 calls for 

characterization of potential ground motions at the site. Under an interagency agreement 

(#DE-AI08-78ET44802) between the U.S. Geological Survey and the U.S. Department 

of Energy, the USGS conducted several studies prescribed by the Site Characterization 

Plan. Among them was Activity 8.3.1.17.3.3.1, Select or Develop Empirical Models for 

Earthquake Ground Motions. A report that compiled a global study of extensional regime 

earthquake ground motions (Spudich and others, 1996) was prepared for that Activity, in 

satisfaction of Milestone 3GSA200M. That report will be used as input by the Ground 

Motion Facilitation Team and its expert panel, and by the Seismic Design Basis Team. 

Both teams are part of the Yucca Mountain Seismic Hazards Evaluation Project of the 

U.S. Geological Survey, under John Whitney, Water Resources Division, USGS, Denver, 

CO.

Because the Spudich and others (1996) report was produced in a form not widely 

available to the public (it is an "Administrative Report," in USGS parlance, or a "Letter 

Report" in DOE parlance), we have chosen to reproduce it in the form of this Open File 

Report. This Open File Report is essentially identical to Spudich and others (1996). The 

only differences between this Open File Report and Spudich and others (1996) are that 

the first three paragraphs of the latter are replaced by these two introductory paragraphs, 

and additional references cited in these two introductory paragraphs are inserted into the 

reference list.

This report describes the results of two studies. The first, referred to as the 'Weak 

Motion Study' below, is an analysis of the aftershocks of the June 29, 1992, Little Skull 

Mountain, Nevada, earthquake. This earthquake occurred only 20 km from the proposed 

repository site, so we study its aftershocks to determine the anelastic attenuation Q and 

the geometric spreading exponent that best describe the variations of aftershock 5 wave 

amplitudes with distance and frequency. The second study, referred to as the 'Strong



Motion Study' below, assembles a global collection of strong motion seismograms relevant 

to Yucca Mountain and compares the amplitudes of the observed strong motions (peak 

acceleration, peak velocity, or response spectrum) to the predictions of empirically derived 

equations for predicting strong ground motions given event magnitude, distance, source 

mechanism, and site conditions. These equations are called 'predictive relations' or simply 

'relations' below. Our goal is to derive corrections for both the mean and the standard 

errors of each existing prediction relation to make them more appropriate for application 

to earthquakes in extensional environments. In addition, we have developed new predictive 

equations from this data set.

In the case of Yucca Mountain, we have restricted the strong motion data set to 

"extensional-regime" earthquakes because this is the regional tectonic setting in which 

Yucca Mountain finds itself, a matter we discuss in greater detail later in this report in 

association with the earthquakes actually used in this study. We moreover restrict the 

data set to moment magnitude M > 5 and distances R ;$ 100 km, the magnitude-distance 

space for which one anticipates potentially damaging ground motion given the firm to hard 

site conditions at and near Yucca Mountain.

WEAK MOTION STUDY

The problem of separating source excitation from site response in recorded seis 

mograms also lies at the heart of most analyses for near-field and regional attenuation 

characteristics. A number of recent papers, notably Boatwright et al (1991), Fletcher 

and Boatwright (1991), Boatwright (1994), Humphreys and Anderson (1995), and Benz 

et a/.(1996) have performed inversions of multiply recorded sets of earthquakes that effect 

this separation while solving for attenuation parameters. In general, these inversions re 

quire a distribution of earthquake locations that provides a sufficient range of epicentral 

distances for a subset of the stations.

This constraint on the earthquake-station geometry is necessitated by the lack of con 

straint on the site response in these inversions. If the earthquakes occur in a single cluster, 

the estimated site response for each station can trade off with the estimated attenuation. 

If there are enough recording sites, however, another method of constraint can be used,



that is, the technique of grouping stations into site-groups that have roughly similar site 

response. This technique makes use of the intuitive fact that site response is a generally 

bounded function of frequency, and for those stations that do not exhibit strong resonances, 

can be reasonably similar between stations.

We apply this technique to an inversion of 5-wave spectra of small aftershocks of 

the 1992 Little Skull Mountain earthquake obtained from the Southern Great Basin Seis 

mic Network. The network is relatively dense: some 50 SGBSN stations recorded this 

aftershock sequence. The results obtained from grouping stations into similar site-groups 

compare well with other attenuation studies in the area, notably Rogers et al. (1987a) and 

Benz et al. (1996), as well as the observed attenuation of the response spectra from the 

Little Skull Mountain main shock.

The Southern Great Basin Seismic Network and the 1992 Little Skull Mountain Earthquake 
Sequence.

The Southern Great Basin Seismic Network, in its operating configuration during 

June and July, 1992, extended to epicentral distances of 170 km to the north, east, and 

northwest, and 120 km to the south and west of the Little Skull Mountain earthquake. 

The locations of the SGBSN stations are shown in Figure 1, along with the locations 

of the Little Skull Mountain earthquakes. This geometry makes the digital recordings 

of the aftershock sequence an invaluable data set for discerning the attenuation of weak 

motion in the southern Great Basin, near the proposed Yucca Mountain Repository. The 

data set of SGBSN recordings of this aftershock sequence, compiled by Meremonte et al. 

(1995), comprises recordings of some 230 aftershocks, ranging from M = 1.7 to M   4.5, 

approximately.

The SGBSN is run as a high-gain, mostly vertical-seismometer, telemetered network, 

whose primary purpose is the reliable detection and location of M > 1.5 earthquakes 

throughout the southern Great Basin, with particular emphasis on the western areas of the 

Nevada Test Site, specifically, Yucca Mountain, Jackass Flats, and Little Skull Mountain. 

Thirteen stations of the SGBSN lie within 30 km of the Little Skull Mountain main shock: 

six are deployed around the proposed site of the Yucca Mountain Repository. The stations 

predominately consist of vertical seismometers, although there are six sites (JON, EPM,



PRN, PAN, GMR, and GMN) with both vertical and horizontal seismometers, and two 

sites (LSM and YMT4) with 3 component seismometers.

The high-gain character of the SGBSN ensures that moderate-size earthquakes oc 

curring within the network will yield clipped recordings at most of the stations. For the 

Little Skull Mountain aftershock sequence, M > 3 earthquakes clipped all of the stations. 

Fortunately, however, M < 2 earthquakes could be recorded without clipping at almost all 

stations, even those within 30 km epicentral distance. Because of the gain settings for the 

vertical seismometers at stations LSM and YMTl, YMT2, YMT3, YMT4, YMT5, and 

YMT6, these recordings were almost always clipped and unusable for spectral analysis. In 

contrast, the two horizontal seismometers at LSM were recorded at a particularly low-gain: 

undipped recordings were obtained from these horizontal components for most Little Skull 

aftershocks M < 2. This recording configuration greatly improves the resolution of the 

weak-motion attenuation characteristics.

Method of Analysis.

The initial spectral analysis of these recordings follows the approach of Boatwright 

et al (1991) and Fletcher and Boatwright (1991). Relatively long (15 s) samples of the 

5-waves were tapered, detrended, and Fourier transformed. Shorter (5 s) samples of the 

P-wave codas were used as estimates of the noise in the 5-waves. The factor ^/l3 /ln 

was used to correct for the difference in sample length, where 13 is the sample length of 

the signal and ln is the sample length of the noise (this factor assumes that the noise is 

both stationary and incoherent). Both the signal and noise spectra were corrected for the 

instrument type (Rogers et al. 1987b) and recording response, using a subroutine provided 

by Harmsen (written communication, 1995).

The signal to noise characteristics of the logarithms of the spectra are constrained 

following Andrews (1986) as

*(/) oc n(f)/r(f) > 1/2 (1)

who assumed that the ratio of the signal spectrum r(/) to the noise spectrum n(f) was 

less than or equal to two throughout the frequency band analyzed.



In the inversion, we fit spectral amplitudes from 1 Hz to 30 Hz: a few stations had 

sufficiently low noise to allow frequencies up to 30 Hz to be used. From a visual inspection 

of the instrument-corrected spectra and the expectation of a distinct high-frequency falloff 

resulting from both the regional attenuation characteristics and the source spectra, we 

assigned a high frequency limit to each station that ranged from 7 Hz to 30 Hz. These 

estimates were made without reference to epicentral distance. The records from eight 

of the stations (AMR, EMN, LCH, CPY, NOP, JON, WCT, and SDK) were discarded 

entirely, as high-frequency limits could not be reliably determined. The corrected spectra 

from these stations showed no apparent attenuation or high-frequency falloff, although 

these stations range from 20 to 150 km in epicentral distance. Unfortunately, four of these 

stations are located to the south-southeast of the Little Skull Mountain sequence, yielding 

an azimuthal gap in the network coverage in this direction.

After this initial inspection of the record spectra, the data set was reduced to the 

spectra of 585 recordings of 42 earthquakes on 43 components. The inversion for source, 

site, and attenuation parameters was then carried out using the logarithms of the corrected 

velocity spectra, as detailed by Boatwright et al (1991). In general, this class of inversions 

minimizes the least-squares error

X2 = £ (lnr»(/.) - ln Si(fn ) - ln £,-(/») + ln<?(/n,r»))2 dfn /S(fn ) (2)
k,n

where fn are the frequencies and dfn = /n+i   fn the frequency interval and r*(/) is the 

spectrum of the kth recording, x2 is minimized as a function of the site response spectrum 

of the ?th station Sj(/), the velocity source spectrum of the jih earthquake,

which depends on the low-frequency level $lj and the corner frequency /CJ-, and the pa 

rameters in the general attenuation function <?(/, T*), which depends on the travel time 

I*, hypocentral distance #*, and frequency / as



The K term contains the average near-site attenuation first described by Anderson and 

Hough (1984) while the exponent 7 controls the geometrical attenuation. The Q term con 

tains the average distance-dependent attenuation: in this analysis, we consider attenuation 

functions in which Q is constant with frequency as well as Q oc /a .

Grouping Stations by Site Response.

Inversions of this generality require that the earthquake locations be distributed are- 

ally: for earthquakes in a single cluster, estimates of the site response can trade off arbi 

trarily with the attenuation function. Since we are analyzing only Little Skull Mountain 

aftershocks, we cannot simultaneously invert for site response and attenuation character 

istics without further constraints.

To resolve the attenuation, then, we assume that the vertical recordings at most of 

the SGBSN sites share similar site responses. The data set is composed almost entirely 

of vertical component data: the only horizontal components that were used were the 

recordings obtained from LSM and YMT4. The geologic characteristics of the recording 

sites range from hard to relatively soft rock, as indicated in Table 1 (Harmsen, written 

communication, 1995). Their near-surface velocity structure is unknown. Thus, we cannot 

make this assumption blindly: we first test the stations for similarity among their site 

response. Constraining 7 = 1 and starting the iterated inversion with Q = 800, as indicated 

by the results of Rogers et al. (1987a), allows us to test the site response of the stations.

When we make this preliminary inversion, we obtain Q   802 and find the assumption 

of similar site response among the SGBSN stations to be reasonable. 24 of the 39 vertical 

component SGBSN stations have site response functions that are sufficiently similar to 

be grouped together, as plotted in Figure 2a. Three stations (BLT, GLR, and GMR) 

have anomalously low site amplifications. Stations TCN and GVN have site amplifications 

that increase with frequency, while stations SSP and TMBR have site amplifications that 

decrease sharply above 6 Hz. These three station-groups are also spatially clustered, so 

that their similar "site response" functions may represent an anomalous propagation or 

attenuation characteristic.

In contrast, the six stations (NPN, QCS, BMTN, PRN, MGM, and SGV) plotted



together in Figure 2d have site responses that are peaked around 4 Hz. These six sta 

tions are areally scattered at epicentral distances of 60 to 160 km from the Little Skull 

Mountain earthquakes, so that these similar site responses cannot represent an anomalous 

propagation characteristic. Two other stations, EPR and SRG, have apparently unique 

site response functions.

The site response of the two stations with two horizontal components, LSM and 

YMP4, are shown in Figure 2f. The site response on the two horizontals at each station 

is similar, but there is a substantial difference between the two stations. Although we 

expect the horizontal components of the S-waves to be more strongly amplified than the 

vertical components (by perhaps 50%), the marked amplification of the YMP4 horizontals 

is surprising.

We invert the spectral data using a number of different groupings of stations into site- 

groups. The first grouping (Gl) is the simplest: we group the 39 vertical components into a 

single site-group and the four horizontal components at LSM and YMP4 into two different 

site-groups. Inverting the resulting data set reduces the variance to 0.725% of the initial 

variance and yields the attenuation parameters 7 = 0.526, Q = 623, and K =  0.002 s. 

The (unphysical) negative estimate of K may be derived from an unconstrained trade-off 

between the average K and the site response as a function of frequency. These attenuation 

parameters are compiled in Table 2, along with the median corner frequency from the set 

of aftershocks. The corner frequencies of the 42 aftershocks range from 8 to 21 Hz.

In the second grouping (G2), we reduce the pool of similar vertical-component SGBSN 

stations to 34, extracting the 5 most anomalous stations: EPR, SSP, TCN, TMBR, and 

SRG. Inverting the spectra with this grouping of stations into site-groups reduces the 

variance to 0.508% and yields the attenuation parameters 7 = 0.611, Q = 644, and K = 

 0.007 s. Note that this estimate of K is more negative than that obtained in the (Gl) 

inversion. The corner frequencies of the events range from 7 to 19 Hz.

In the third grouping (G3), we form a specific site-group out of the six stations NPN, 

BMTN, QCS, PRN, MGM, and SGV whose site response spectra are slightly peaked 

between 3 and 4 Hz. The station SRG is added back to the pool of SGBSN stations. 

The variance of the least-squares fit decreased to 0.494% of the initial variance and the
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attenuation parameters are slightly changed to 7 = 0.684, Q = 707, and K =  0.007 s. This 

grouping indicates that the resolution of the attenuation parameters is partially controlled 

by a trade-off between the geometric and anelastic attenuation, where Q and 7 increase or 

decrease together.

In the fourth grouping (G4), we form the site-groups suggested by the similarities 

among the site response spectra plotted in Figure 2. We group GVN together with TCN, 

SSP with TMBR, and BLT, GLR, and GMR together. SRG is added to the group of 

six stations whose site responses are peaked at 4 Hz. The resulting inversion reduces the 

variance to 0.394% of the initial variance and yields the attenuation parameters 7 = 0.776, 

Q = 662, and K = 0.003 s. The geometric attenuation is increased while the anelastic 

attenuation stayed about the same. The corner frequencies of the events are also increased, 

ranging from 7 to 22 Hz.

Figure 3 shows the site response spectra obtained from this inversion for the eight site- 

groups. The site response for the 24 vertical-component SGBSN stations is approximately 

flat, while the other five vertical-component site-groups vary as shown in Figure 2. The 

site response for the two horizontal component stations are largest at low frequency and 

decrease as the frequency increases above 2 Hz. The (±cr) uncertainties are shown as 

vertical lines, plotted at every third frequency.

Figure 4 plots "corrected" spectral amplitudes as a function of distance for four dif 

ferent frequencies (1.5, 6, 12, and 24 Hz). These spectral amplitudes are corrected by 

subtracting the logarithms of the site response spectra si(f) and the fitted velocity source 

spectra £j(/), from the recorded spectra, as in equation (2). In addition, we subtract 

the residual source spectra (that is, the residuals to equation (2) regressed onto the 42 

earthquakes) from the spectral amplitudes. This additional correction accommodates any 

variations of the source spectra from the omega-square spectral model. The corrected spec 

tral amplitudes scatter around the fitted attenuation curves by about a factor of 60%. The 

spectral amplitudes plotted for / = 24 Hz show all the spectral estimates in the data-set at 

this frequency: the stations further than 100 km from the Little Skull Mountain sequence 

had high frequency limits less than 24 Hz.



Incorporating Frequency Dependent Q 's.

Some recent analyses of regional data have incorporated frequency-dependent Q's 

of the form Q = QofQ . To consider this possible behavior, we adopt this form for Q, 

evaluating the variance reduction for a suite of a's. We invert the G4 grouping of stations 

into site-groups, with a = 0.1, 0.3, 0.5, and 0.7; the resulting attenuation parameters are 

compiled in Table 2. The estimates of 7 and QQ generally decrease as a increases.

The largest variance reduction for the G4 grouping is obtained for a = 0.35 and the 

parameters 7 = 0.601, Q0 = 238, and K = 0.002 s. We denote this inversion as G4F and 

retain these parameters as our preferred attenuation model, as this inversion obtained the 

greatest variance reduction of the set of inversions compiled in Table 2. We note that the 

2% reduction in variance beyond the G4 inversion with a frequency independent Q (0.394% 

to 0.385%) is relatively small, however, and indicates that the frequency dependence of 

the attenuation is not well resolved.

To consider whether this result is biased by the choice of site-groups for the G4 

grouping (which are predicated on the assumption of 7 = 1), we also searched for the 

a that maximizes the variance reduction for the grouping Gl, the grouping in which all 

the vertical component stations were included in a single site-group. For this inversion, 

denoted as GIF, the derived frequency dependence of Q is relatively small: a = 0.15 and 

QQ = 401. The geometric attenuation exponent, 7 = 0.450, is less than that expected for 

surface waves (7 = 1/2), however.

Figure 5 compares the falloff, as a function of distance and frequency, for six of the 

attenuation functions compiled in Table 2. The variation among the attenuation functions 

plotted in Figure 5 is relatively small, although the various curves are clearly separated 

at 1.5 and 6 Hz. If we use the range of attenuation parameters compiled in Table 2 to 

estimate the uncertainty of these parameters, we obtain 7 = 0.601 ± 0.096, QQ = 238 ±11 

for a = 0.35, and K = 0.002 ± 0.005 s. These uncertainties are larger than the formal 

uncertainties returned by the inversions. We also plot Benz et a/.'s (1996) estimate of 

the attenuation of Lg waves recorded at regional broadband stations within the Great 

Basin: fixing 7 = 1/2, he obtained Q = 232/0>57 for the frequencies from 0.8 to 7 Hz. His 

attenuation model fits within the range of our curves for 1.5 and 6 Hz, but underestimates
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the SGBSN attenuation at 12 and 24 Hz. Note that the Lg waves in his data-set span a 

larger area than the SGBSN.

Although we have slightly improved the fit to the SGBSN data using a frequency- 

dependent Q, we have not significantly reduced the variance. Nor has incorporating this 

frequency-dependent Q identified a specific functional form for the regional attenuation 

of 5-waves and Lp-waves in the southern Great Basin. While the rough correspondence 

with Benz et a/.'s (1996) result is gratifying, we cannot claim to have entirely described 

the regional attenuation in the Great Basin.

Main Shock Response Spectra.

The general incentive for analyzing weak motion is the prediction of strong ground 

motion. The M = 5.7 Little Skull Mountain main shock was recorded by eight strong 

motion instruments within 100 km of the epicenter (Lum and Honda, undated). These 

instruments were sited on a range of rock-type, from deep soil to hard rock. The instrument 

locations and rock-types are compiled in Table 3.

Figure 6 compares the attenuation of the pseudo-velocity response spectral ordinates 

at frequencies of 1.0, 3.3, and 10 Hz to the attenuation curves obtained from our inversions 

of the aftershock spectra. The two points plotted at each hypocentral distance represent 

the response spectra ordinates for each horizontal component. Although the response 

spectra at 1.0 and 3.3 Hz are strongly variable, as a function of distance, the spectra at 

10 Hz are well fit by the attenuation curve derived from the aftershocks, assuming that 

the deep soil sites slightly attenuate the ground motions. In contrast, the deep soil types 

appear to amplify the ground motion at the lower frequencies.

In plotting these attenuation curves against the strong motion data, we have shifted 

the curves to obtain the best fit to the stations sited on rock. The zero crossings for 

the attenuation curves are 10.6, 45.6, and 23.6 cm/s2 , for the 1.0, 3.3, and 10 Hz fits, 

respectively. Although the peak at 3.3 Hz cannot be fit by an omega-square model for 

the acceleration spectrum, the relatively low value at 1.0 Hz indicates that the corner 

frequency may be 1.5 to 2 Hz.
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Conclusions.

We have spectrally analyzed 585 recordings of 42 aftershocks of the 1992 Little Skull 

Mountain earthquake, modifying the inversion technique of Boatwright et al (1991) to in 

vert these data, by grouping the site response of the 50 SGBSN stations into 8 site-groups, 

depending on the component of ground motion recorded and on the site response ob 

tained from a preliminary inversion of the aftershock spectra. Twenty-four of the vertical- 

component stations are included in the largest group, while seven stations with a distinctive 

peak near 4 Hz comprise the second largest group. We have obtained stable estimates of 

the 5-wave attenuation in the southern Great Basin. Our preferred attenuation model has 

a geometric attenuation of R~°'6 and a frequency-dependent Q of 238/°'35 . This slight 

frequency dependence is not strongly constrained. Our attenuation model roughly agrees 

with the attenuation of Lp-waves in the Great Basin at distances of 50 to 200 km of 

Q = 232/0>57 discerned by Benz et al. (1996) who assume the geometric attenuation to be 

R-°-5 .

STRONG-MOTION STUDY

Predictive Relations Considered.

We compared our world-wide extensional-regime data set with predictive relations 

for peak acceleration, peak velocity, and response spectrum by Boore et al. (1993, 1994), 

Campbell (1989, 1990, 1993), Campbell and Bozorgnia (1994), Idriss (1993), Joyner and 

Boore (1982, 1988), Sabetta and Pugliese (1996), and Sadigh et al. (1993), summarized in 

Appendix A, and with a new predictive relation we have derived (Appendix B) referred 

to as 'Sea96' below. We chose these relations because, in our judgment, they constituted 

a representative sample of recently-derived, widely-used relations which, if not published, 

at least had been subject to some scrutiny by the engineering seismology and geotechnical 

engineering community. Use of an exhaustive list of relations would be impractical and 

not particularly useful.

In some cases the predictor variables were given different definitions for the different 

relations. Boore et al. (1993, 1994), Campbell and Bozorgnia (1994), Joyner and Boore 

(1988), and Sadigh et al. (1993) used moment magnitude M as the measure of earthquake
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size, while Campbell (1989, 1990, 1993) and Idriss (1993) used local magnitude (ML ) 

for magnitudes (type unspecified) less than 6.0 and surface-wave magnitude (Ms) for 

magnitudes greater than or equal to 6.0. Sabetta and Pugliese (1996) used MS if both 

MS and ML were greater than or equal to 5.5, otherwise they used ML- In this project 

we used moment magnitude as the magnitude variable in all the relations and substituted 

it for ML or MS as appropriate when using the relations of Campbell, Idriss, and Sabetta 

and Pugliese. The values for moment magnitude are approximately the same as the other 

definitions, as was noted by Campbell (1989, 1990, 1993) and Idriss (1993), and using 

moment magnitude in all the relations avoided the problem that, for a world-wide data 

set, local magnitudes are not always defined in a way that ensures equivalence from region 

to region.

The distance measure used by Joyner and Boore (1988), Boore tt al (1993, 1994), 

Sabetta and Pugliese (1996), and our new relation is closest distance to the vertical pro 

jection of the ruptured area onto the surface of the earth, which we denote r& here and in 

Appendix A. Idriss (1993) and Sadigh et al. (1993) used closest distance to the rupture 

surface, r,-. Campbell (1989, 1990, 1993) and Campbell and Bozorgnia (1994) used rc , 

closest distance to the seismogenic rupture, on the presumption that fault rupture within 

a few km of the earth's surface does not contribute significantly to ground motion. In 

this project we used with each relation the distance definition given by the authors of the 

relation. We assumed that the slip surface for each earthquake could be represented by a 

dipping planar surface or set of dipping planar surfaces. Each planar surface was described 

by its strike and dip and the latitude, longitude, and depth of a reference point on the 

surface. The boundary of the slipped zone was represented by a rectangle enclosing the 

region of significant slip. The location of the rectangle was defined in terms of the specified 

reference point. The conventions of Aki and Richards (1980, p. 106) were used in defining 

the coordinate system for describing the slipped surface and the boundary of the slipped 

zone, as illustrated in Figure 7. This representation of the slipped surface was used to 

compute the recording-site distance as defined for each of the relations. The boundary 

of the slipped zone was determined from seismological or geodetic inversions if available; 

otherwise the distribution of early aftershocks was used if known. In cases where neither
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inversions or aftershock distributions were available but fault strike was known, a rect 

angle was constructed enclosing the hypocenter, using the Wells and Coppersmith (1994) 

relation between area and moment magnitude to determine the area of the rectangle. The 

rectangle was placed such that the hypocenter was located at the middle of the bottom 

edge of the rectangle, since earthquakes tend to nucleate deep and propagate to a more 

shallow depth. If fault strike was unknown, then it was impossible to determine where the 

slipped rectangle should be, so we approximated the source as a point at the hypocenter 

for the distance calculation. The distances we obtained are listed in Table 4.

The authors of the different relations used different classifications for geologic site 

conditions. In this project we grouped sites of our world-wide extensional-regime data set 

into the six categories given in the heading of Table 5. These categories were chosen so 

as to fit the classifications of the different relations as well as possible given the limited 

information available for the sites in our data set. The classifications "soil of unknown 

thickness" and "rock of unknown hardness" were necessitated by the lack in many cases of 

the information for more specific classification. In general, since most soil sites are "deep 

soil" sites, "soil of unknown thickness" was treated as "deep soil," and, since most rock sites 

are "soft rock" sites, "rock of unknown hardness" was treated as "soft rock." Table 5 shows 

how our six site categories map into the categories used with each of the relations. For 

comparisons with the relations of Boore et al (1993, 1994) we used the shear-wave velocities 

of 620 m/s for our rock categories and 310 m/s for our soil categories, which represent the 

averages we determined for his data set of downhole measurements. In addition, the 

relations of Campbell (1989, 1990, 1993) use a parameter 'depth to basement' for each 

site. Campbell defines basement as either the top of unweathered crystalline igneous or 

metamorphic rock, or the depth at which P velocities of 5.0 km/s or S velocities of 3.0 

km/s are reached and velocity gradients are low (personal communication, 1995). Campbell 

(1989) has already estimated depth to basement for many of the stations we study, and 

for those stations we use his estimates. For other stations we estimated depth to basement 

when necessary geologic information was available. When it was not, we listed depth to 

basement as unknown. In general, we could still use the relations of Campbell (1989, 1990, 

1993) in a limited period band even when depth to basement was unknown because these

14



three relations are independent of depth to basement for periods less than or equal to 1.0 s, 

0.75 s, and 0.3 s, respectively. Table 6 lists the site codes and geologies of all stations we 

used.

Some of the relations gave different values for strike-slip and reverse-slip faulting. In 

all cases we compared our data set with the strike-slip relation except for the relationships 

of Boore et al. (1993, 1994), Sabetta and Pugliese (1996), and our new relation, which 

are independent of mechanism. Note that Campbell (1993) gives a relation for normal 

faulting which we chose not to use because it was unconstrained by data and because 

it leads to ground motions which are greater than those for equivalent strike-slip events, 

which seemed unlikely.

Different authors had different ways of representing the horizontal components of 

ground motion and we used each as the author intended. We used the larger horizontal 

component of ground motion in comparing our world-wide extensional-regime data set 

with the relations of Sabetta and Pugliese (1996); we used the arithmetic mean of the 

two horizontal components in comparing with the response spectral relations of Campbell 

(1989, 1990, 1993); and we used the geometric mean of the two horizontal components in 

comparing with the relations of Joyner and Boore (1988), Boore et al. (1993, 1994), Idriss 

(1993), Sadigh et al. (1993), and Campbell and Bozorgnia (1994), and our new relation.

At Campbell's suggestion (written communication, 1995) we divided the horizontal 

response spectral values by the peak horizontal acceleration for Campbell (1989, 1990, 

1993) and then multiplied by the peak acceleration from Campbell and Bozorgnia (1994). 

The vertical response values from Campbell (1989, 1990, 1993) were not changed.

In summary, we compared our world-wide extensional-regime data set with the rela 

tions detailed in Table 5 and Appendices A and B. See those appendices for definitions of 

the abbreviations used to denote each relation.

Correction factors.

Our objectives in this study are to derive correction factors for the predicted ground 

motions and their standard errors for each relationship. By 'correction factors' we mean 

the following. Each author's relation is of the form
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log(y) = f(M,R,Gi,Cj,D,F,Tk ) , (1)

(natural or common log, depending on the author) and the predicted standard error of 

log(y) is of the form

a = g(M,pga,Cj ,Tk) (2)

where y is the predicted ground motion parameter (e.g., peak acceleration, peak velocity, 

pseudo-velocity response, pseudo-absolute acceleration), M is magnitude, R is distance, D 

is depth to basement, F is a source mechanism term, pga is peak ground acceleration, Gi 

is a site geology term (with i = 1, ..., 6, being the 6 defined site conditions), and Cj is 

a component orientation (with j = horizontal or vertical), and I* is period where k = 1, 

2, ..., m. The term a is commonly called the 'dispersion' of the relationship. Note that 

not all authors give relations for all possible combinations of site geology (TJ, component 

of motion C;-, and period Tfc. In fact, we have only 23 possible distinct combinations of 

these factors, i.e., 23 predictive relations (Appendix A, B).

We determine two sets of correction factors for each relation. One is a set of biases bijk 

(defined for each site category z, direction of motion ji, and period k) to be added to the 

right side of equation (1) for each relation. It is simply a constant offset in the log(y) curve 

needed to bring the curve into agreement with our data set. The actual calculation of the 

corrections bijk is straightforward. If y0 is an observed value of ground motion parameter 

y, and yijk is its predicted value from equation (1), then we define the observed residual 

to be

r = logio(yo) - logio(Vy*)   ( 3 )

The bias term bijk is simply the mean value of the observed residuals for the particular 

relation under consideration, with the mean taken over the population of all observations in 

the ground motion data set appropriate to the z'-th site class, the j-th direction of motion, 

and the fc-th period.
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The second type of correction factor is a set of scalars eijk (defined for each relation, 

site class, direction of motion, and period) to be multiplied with the right side of equa 

tion (2) in order to make the authors' predicted dispersions consistent with our observed 

residuals. These correction factors for the dispersion a are easily derived. If we have a par 

ticular observed residual r, we form the demeaned residual r' = r   bijk- Corresponding to 

this demeaned residual is some predicted dispersion a from (2). The observed population 

standard deviation ap of the residuals is given by

(4)

and cr&, the standard deviation of the bias, is given by cr& = N^k ' crp , where the sum is 

taken over the population of appropriate earthquake-station pairs for the z-th site condition, 

the j-th component of motion, and the fc-th period, and where Nijk is the number of those 

data. Let Vijk be the variance of the random variable r'/cr, taken over the same population. 

The dispersion correction factor is eijk = VT^jfc)- In other words, the random variable 

r/ /( eO'* <7 ) w^ nave unit variance. The variance Vijk is calculated using

where the sum is taken over all data for the ijk combination of site, component, and 

period.

We estimate the significance of the dispersion corrections e^k in two ways. The 

standard deviation of eijk is given by

*"* V 2 /

where M is the number of degrees of freedom, taken to be 1 because we have removed the 

mean from our residuals r'. We additionally use a x2 test to determine whether for each 

author and for each combination of z, j , and k the theoretical dispersions (2) are consistent 

with the observed scatter of residuals. Xo ^s ^e sum over ^ijk earthquake-station pairs 

of (r'/<r)2 . We calculate the probability Q(\l\v) = 1 - P(i//2,Xo/2), where P(a,z) is the 

incomplete gamma function (Press et a/., 1986, pp. 160-165). v is the number of degrees of
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freedom (usually taken to be Nijk   M, where M is the number of model parameters). In 

our case v = Nijk   1 because our single model parameter is the mean residual 6,-jfc which 

is removed from r'. The interpretation of Q requires some care. ^(Xol 17 ) ls *ne probability 

of obtaining from the null hypothesis (i.e., from a set of residuals drawn from a population 

having the predicted a) a x2 that is greater than the observed Xo- Loosely speaking, if 

Q is very nearly 1, then it is highly likely that the observed scatter in the residuals is 

less than the predicted dispersion, and if Q is very nearly zero, then that situation is very 

unlikely. Strictly speaking, however, for many realizations of the null hypothesis, the set 

of Qs from these realizations is uniformly distributed between 0 and 1. Thus, there is 

a 5% chance of obtaining a Q value greater than 0.975 or less than 0.025 from the null 

hypothesis. Consequently, we regard Q values above 0.975 or below 0.025 as indicating a 

95% probability that the observed residuals are significantly different from the predicted 

residuals.

The correction factors we derive for the previously existing predictive relations may be 

used to alter those relations to make their predictions more consistent with the extensional 

regime data set we have assembled. Note that we calculate the same 'correction factors' 

for our newly developed relations, Sea96, but the 'correction factors' for Sea96 are to be 

used only for the purpose of comparing Sea96 to the other relations. They should not be 

used to correct Sea96.

It is important to note that all of the correction factors discussed above are calculated 

assuming that the observed residuals (3) are statistically independent, which is not the 

case. Some authors, such as Joyner and Boore (1988) consider the residuals to be a sum 

of an earthquake source term and a station term, which implies correlations between the 

residuals. Consequently, our correction factors should be used cautiously.

Magnitude and Distance Dependence.

Part of any assessment of the adequacy of the predictive relations is the determination 

of whether the magnitude- and distance-dependences in the functional forms are correct for 

our data set. If these dependences are correct for a particular relation, then the residuals 

with respect to that relation should show no dependence on magnitude and distance. For
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each relationship, component of motion, and predicted value (i.e., peak acceleration, peak 

velocity, and response spectrum), we fit least-squares straight lines through the residuals

as functions of magnitude or Iog10 X, where distance X = -^/r2, + 52 for relations using r&, 

and X = rc or r*j for relations using those distances (Appendix A). The pseudo-depth h = 5 

was used to avoid the case of r& = 0, and it corresponds almost exactly to the average value 

of h in Boore, Joyner, and Fumal (1993, Table 7b). We determined parameters sr and crr , 

the slope of the distance dependence and its standard deviation, and sm and crm , the slope 

of the magnitude dependence and its standard deviation. We used a x2 test to estimate 

goodness-of-fit parameters Qr and Qm , using Press et al. (1986, eqn. 14.2.12, pp. 504- 

506). These parameters should not be confused with the probability Q associated with the 

dispersion correction factors, discussed earlier. In calculating Qr and Qm , the theoretical 

dispersions (2) were used in the calculation of x2 (Press et a/., 1986, eqn. 14.2.2), so Qr 

and Qm assess whether the residuals from the fitted straight lines are consistent with the 

theoretical dispersions.

These slope parameters are intended simply to facilitate comparison of the predictive 

relations; they are not meant to be used to further correct the relations. Consequently, 

we have ignored any biases that would be introduced into them by correlations between 

magnitudes and distances of recordings. Since in Appendix B we derive new predictive 

relations that handle such correlations properly, there was no need to apply such rigor 

here, too.

Data Processing.

Because of advances in the art of strong-motion record processing, the original pro 

cessing of data does not always meet current quality standards. In order to ensure high 

quality and uniformity we had all the records of our world-wide extensional-regime data set 

reprocessed by Walter Silva of Pacific Engineering and Analysis (PEA), with the exception 

of the Little Skull Mountain data as discussed below. PEA had already reprocessed about 

half of the data set (first batch) before the initiation of this study. During the course 

of this study we sent an additional ~ 130 records to PEA for processing (second batch). 

An important desirable aspect of the PEA processing was their choice of low-pass and
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high-pass filters that constricted the passband of the data as little as possible.

The PEA correction procedure used involved a series of eight steps: 1) interpolation of 

uncorrected unevenly sampled records to 400 samples/sec, 2) frequency domain low-pass 

filtering using a causal 5-pole Butterworth filter with corner frequencies selected for each 

record based on visual examination of the Fourier amplitude spectrum, 3) decimating to 

100 or 200 samples/s depending upon the low pass corner frequencies, 4) removing the 

instrument response, 5) examining the Fourier amplitude spectrum to choose high pass 

filters and assess the adequacy of the low pass anti-alias filters, 6) high pass filtering of the 

accelerations, 7) frequency domain integration to velocity and displacement to evaluate low 

frequency noise levels (baseline drifts) in the time domain, and 8) either baseline correct or 

refilter if the low frequency noise is minor or severe, respectively. The baseline correction 

procedure fits a polynomial (typically of degree 5) to the displacement time history and 

subtracts it from the acceleration record. The high pass filters (corner and order number) 

are based on a visual examination of the Fourier amplitude spectra as well as integrations 

to velocity and displacement time histories.

As an additional check on the selected high pass filter corners, for the first batch of 

data PEA examined the records' phase spectra. The phase spectrum controls the timing 

and shape of the waveform. Seismic ground motions are expected to have smoothly varying 

phase at long periods whereas noise will have random phase. PEA examined the derivative 

of the phase with respect to frequency using a phase unwrapping algorithm by Tribolet 

(1977). Long period energy having a random phase structure was considered to be noise, 

and the high pass filters that had been chosen based upon visual examination of the Fourier 

amplitude spectrum and the integrated records resulted in good phase stability out the 

filter corner frequencies.

We reviewed the acceleration, velocity, and displacement time series of the records 

processed by Pacific Engineering. In a few cases where we saw evidence of excessive long- 

period noise on the displacement time series we sent the record back for reprocessing. In 

all cases we were satisfied with the reprocessing. Along with the processed data Pacific 

Engineering gave us the list of filter corner frequencies they used. For each record we 

used only the part of the passband between 1.25 fh and 0.75 //, where fh is the high-pass
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corner frequency and // is the low-pass corner, to ensure that the data we used were not 

affected by filter roll-off near the corner frequencies. When we reviewed the time series 

we excluded from the data set all records where it appeared that the instrument had been 

triggered by the 5-wave. In the case of such records there is generally no way of knowing 

whether or not the largest amplitudes of motion were missed. For records triggered before 

the 5-wave the largest amplitude of horizontal motion is probably recorded. Since most 

of the instruments that recorded our data set lacked pre-event memory, there is no way 

to exclude from analysis records in which significant initial vertical P motion may have 

been lost by the trigger. In addition to excluding records triggered by the S wave we also 

excluded from the data set all records from building three stories or higher or from stations 

in deeply embedded basements.

In the case of the Little Skull Mountain mainshock data, we have only the data files 

supplied by URS/Blume (Lum and Honda, undated). At this time we do not know what 

instrument constants were used when those records were processed and we cannot have 

them reprocessed by PEA until the instrument constants are obtained. We have had PEA 

calculate response spectra from the existing URS/Blume processed records. Because of 

uncertainties about the low and high frequency characteristics of the processed data, we 

have used the horizontal data only for peak acceleration and response spectra in the 0.05 to 

0.5 s band, and we have used the vertical data for peak acceleration and response spectra 

in the 0.05 to 1.0 s band. We have used the peak velocities from the URS/Blume processed 

records. In a few cases, for vertical motions at larger distances, these peak velocities may 

be biased slightly high owing to excessive long period noise in the processed velocities. 

However, it was not clear from inspection that the long periods were in fact noise rather 

than signal, so we chose to keep them.

SELECTION OF DATA

Table 7 is a list of 'candidate' earthquakes, i.e., a list of earthquakes we considered 

for any reason. Once an earthquake was deemed to be a candidate for study, we did 

further investigations to determine whether it satisfied the following criteria: 1) located in 

an extensional regime, 2) moment magnitude 5.0 or greater, and 3) had usable digitized
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ground motion recordings made within 105 km of the earthquake source ('usable' data 

meaning that the 5 waves were not truncated by late triggering of the instrument, and 

the instrument was in a building of 2 stories above ground or less). We had initially used 

a 100 km maximum distance, but we raised it when we found a few events that were well 

recorded at that distance.

Extensional Regime Criterion.

There are several issues associated with the first criterion that merit discussion be 

cause this is the least orthodox aspect of this study. Situated in the southern Basin and 

Range Province, Yucca Mountain is in an extensional region, for which the lithosphere is 

expanding areally. This area! expansion is the result of applied forces that yield a state 

of stress for which Sv > 5#max > Snmin i where 5V , Snm*x i an<i ^flmm represent principal 

stresses that are oriented approximately vertically and in two orthogonal horizontal di 

rections. These terms are defined in McGarr and Gay (1978). For the Basin and Range, 

5#min is oriented WNW-ESE, the direction of lithospheric extension.

Specifically, for this study the ideal ground motion data set would involve recordings 

of earthquakes of M > 5 within about 100 km of Yucca Mountain. Unfortunately this 

data set is thoroughly inadequate for purposes of determining, or even testing, ground 

motion prediction relations as this set includes no events of M > 6 and very few of M > 5. 

Even broadening the area of interest to the entire Basin and Range helps little to augment 

the ground motion data set. Accordingly, we were forced to consider ground motion from 

earthquakes within active extensional tectonic regimes world wide to ensure an adequate 

data set for the purpose of this study.

There are two reasons for restricting our attention to ground motion data from earth 

quakes in extensional provinces. First, there is observational evidence that the state of 

stress, extensional or compressional, affects the amplitude of the ground motion from an 

earthquake after other factors, such as magnitude and hypocentral distance have been 

taken into account (e.g., McGarr, 1984; Abrahamson, 1993, Boore et a/., 1994; Campbell 

and Bozorgnia, 1994). The observational data clearly suggest that ground motions from 

reverse faults exceed that from strike slip faults for similar magnitude earthquakes. This
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is a source effect. It has been suggested (McGarr, 1984) that normal faulting events have 

lower motions than strike slip events. However, none of the strong ground motion relations, 

except Sabetta and Pugliese (1996), has been developed based on data sets including much 

data from normal faults, or from extensional regimes in general, so it is important to study 

these classes of events more thoroughly than has been done in the past.

A second way in which the stress state might affect the recorded ground motion in 

volves possible differences in wave propagation characteristics between extensional and 

compressional tectonic regimes. Intuitively, it seems plausible that dissipation should be 

higher in extensional regimes because of lower crack-closure stresses as well as the atten 

dant higher heat flow. Studies investigating such effects, however, have yet to be done. 

In addition, extensional regimes have some degree of similarity in crustal structure world 

wide. Christensen and Mooney (1995) report that extended crust and rifts have thinner 

crust and higher average crustal velocity gradients with depth than other continental crust. 

These factors might affect the geometric spreading of 5 waves (probably driving ampli 

tudes upward), and they may affect the distances at which Moho reflections are observed. 

There may also be systematic differences between the thickness of the Moho transition in 

extensional regions and in other regions. Such differences would also affect the strength 

and location of a Moho reflection. Catchings and Mooney (1991) report that a strong 

Moho bounce is observed in P wave refraction profiles in northwestern Nevada, and they 

show that it has a strong effect on the observed amplitude-distance curves. Mooney and 

Meissner (1992) state that in regions where the latest tectonic event was extensional, such 

as much of western Europe, the Basin and Range, and many passive margins, the lower 

crust tends to be highly reflective and the Moho tends to be nearly horizontal, generating 

readily observable Moho reflections.

Magnitude, Distance, and Usability Criteria.

The magnitude criterion was chosen, somewhat arbitrarily, to be well below the thresh 

old of damage to a well designed repository facility at a hard-rock site. The third criterion, 

involving the distance limit was chosen so as to take into account the Death Valley-Furnace 

Creek fault system, which is deemed capable of producing earthquakes of 7%< M < 8;
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faults at greater ranges, it turns out, probably cannot increase the seismic hazard estimate 

of Yucca Mountain. As employed here, the phrase "usable ground motion" connotates seis- 

mograms that include at least all of the 5 wave, recorded at free-field sites for which site 

conditions could readily be taken into account. Needless to say, earthquakes yielding such 

ground motion data at multiple sites were assigned higher priority than those with records 

at only one location. Larger earthquakes were assigned higher priority also, not only for 

their increase damage potential, but also because they tended to have more recordings.

Candidacy and Relevance.

With specific regard to the events listed in Table 7, the following criteria, in addition 

to those already mentioned, were used to decide whether an earthquake was a candidate 

for this study:

1.) All earthquakes listed in Table 1 of Westaway and Smith (1989) were accepted as 

having occurred in extensional tectonic regimes on the basis of the focal mechanism 

criteria applied to these events. Many of these events, however, did not satisfy some 

of the criteria applied here such as magnitude threshold or useful ground motion data 

within 100 km of the fault.

2.) The earthquakes in Italy and Greece, not studied by Westaway and Smith (1989) 

are included here if either the focal mechanism or the neotectonic stress indicators 

warrant the extensional tectonic classification; many of these events occur in areas of 

back-arc spreading. Similar remarks apply to events in Central America.

3.) In Turkey, the right-lateral strike-slip Anatolian fault system plays the primary tec 

tonic role, but, localized extensional regions occur where the Anatolian fault segments 

are offset rightward; an example of this is the 1992 Erzincan earthquake.

4.) In the western United States active tectonic extension is associated with the Basin 

and Range, the Yellowstone Hot Spot, the Salton trough, the Long Valley (Mammoth 

Lakes) volcanism and numerous other geothermally-active areas. The earthquakes in 

Table 7 associated with these features include Imperial Valley events (Salton trough), 

Mammoth Lakes (Long Valley), Victoria, Mexico (Salton trough), Borah Peak, ID 

(Basin and Range), Round Valley (Long Valley), Superstition Hills and Elmore Ranch
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(Salton Trough), Little Skull Mountain and Double Spring Flat (Basin and Range) 

and finally Klammath Falls, OR which also is within the Basin and Range. Although 

at least several of the Mammoth Lakes events may have non-double-couple focal mech 

anisms (e.g., Julian and Sipkin, 1985) the classification of these events as extensional 

is, nonetheless, appropriate inasmuch as normal faulting comprises a significant part 

of the mechanism.

Having so broadened the potential data set, the next question that arises involves the 

criteria needed to confirm that a particular earthquake did, indeed, occur in an extensional 

regime. In most cases an earthquake is deemed to have occurred in an extensional regime 

on the basis of its focal mechanism involving a measureable component of dip-slip in the 

normal-faulting sense; similarly, if the focal mechanism includes a component of reverse 

slip then the earthquake is clearly not in the extensional category. Strike-slip earthquakes 

occur in extensional regimes, but for strike-slip earthquakes with no significant dip-slip 

component, other information is required to decide its tectonic category. Geodetic mea 

surements of crustal deformation, for instance, may indicate ongoing areal expansion in the 

region that includes the epicenter. The recent stress indicators in the area, as well as the 

tectonic framework, may provide guidance as well. Examples of stress-indicators include 

slip vectors observed on exposed fault planes, aligned volcanic features (cinder cones or 

dikes) and, of course, various types of in situ stress measurements. Observations indicative 

of extensional tectonics include recent volcanism, lithospheric thinning, and high heat flow. 

An example, used in this study, of a tectonic feature that gives rise to at least a localized 

extensional regime is a right-stepping offset of a right-lateral, strike-slip fault; within the 

offset region the crustal area tends to increase.

If the three data selection criteria were met the event was called 'relevant,' and we 

attempted to acquire the digital data and to assemble the necessary source information 

(e.g., source extent, etc.) and geologic site information. Of course, in the process of 

acquiring source and site information it was occasionally discovered that an event initially 

thought to be relevant was not actually so, and it was then declared irrelevant.

Table 7 shows our assessment of relevance and the subset of relevant events whose 

ground motion data have actually been analyzed in this report (see 'used here' column of
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Table 7). For relevant events in Table 7 not analyzed in this report, we at present lack 

either the necessary processed digital data or geologic source or site condition information.

Figure 8 shows the distribution of magnitudes of events studied in this report, and 

Figure 9 shows the distribution in magnitude-distance space of records studied. Unfortu 

nately, the range of magnitudes in Figure 9 is not wide enough to enable development of 

a predictive relation solely from this data set (see Appendix B for more details).

We have neither identified nor excluded from analysis those records recorded at dis 

tances greater than the distance of the first non-triggered station (the so-called 'cutoff' 

distance). Some authors do not use data recorded beyond the cutoff distance since these 

data may be a biased sample of the ground motions, owing to the lack of recordings of 

low (untriggered) motions. Rather, we have included all available records for two reasons. 

First, for many events outside the U.S. it is difficult to determine from the available liter 

ature which stations did not trigger in various earthquakes. Second, owing to the paucity 

of relevant ground motion data, we were hesitant to discard data that would help define 

the variability of ground motions at large distances, even though such data might have a 

biased mean. Figure 9 suggests that our data set is probably not severely biased by inclu 

sion of data beyond the cutoff distance. The dashed line in Figure 9 shows an empirically 

determined cutoff distance derived from other ground motion data sets (N. Abrahamson, 

written communication, 1995). Very little of our data comes from distances beyond this 

empirical curve, at which the non-triggering might be a problem. Note that we used all 

data in Figure 9, including that beyond the cutoff distance. Figure 10 shows raw peak 

acceleration, peak velocity, and response spectral data (pseudo-absolute acceleration) as a 

function of distance, separated by magnitude, period, and component of motion for records 

used in this report (Table 4). Table 8 gives a list of records excluded because they were 

5-triggers, poorly digitized, or in large structures.

Geometric complexity of faults caused us to give special handling to two earthquakes. 

The 1979 Imperial Valley earthquake ruptured both the Imperial Fault and the Brawley 

Fault nearly simultaneously, with the Brawley Fault generating observable ground motions 

(Archuleta, 1984). For this earthquake, distances were calculated for each station to both 

of the faults, and the shorter distance was assigned to each station. The other earthquake
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was the 1980 Irpinia, Italy, earthquake. This event has been analyzed as consisting of 

slip on three rupture planes (Cocco and Pacor, 1993). Two of the planes were contiguous 

and ruptured in quick succession (the main shock). The third plane was about 15 km 

from the others, and ruptured about 40 s after the initiation of slip on the first plane (the 

so-called '40 s subevent'). Consequently, most of the ground motion recordings have what 

appears to be a main shock with a large aftershock (the 40 s subevent) in the main shock 

coda. Since the main shock and the 40 s subevent occurred on separate faults and have 

fairly well separated bursts of energy on the records, we treated these as two separate 

events. The records were broken into two just before the 40 s subevent, and each section 

was processed separately. (In one case, Torre del Greco, this was not done as this station 

was far from the third plane and the 40 s subevent did not cause motions larger than the 

main shock coda.) We assigned moment magnitudes separately for the main shock and 

the 40 s subevent, and we calculated distances separately. We used peak accelerations, 

velocity, and response spectra from the main shock, but we used only peak accelerations 

and velocity from the 40 s subevent because we felt that the 40 s subevent response spectra 

may have been contaminated by substantial long period coda from the main event.

RESULTS

Calculation of Correction Factors and Slope Parameters.

Correction factors 6,-jjt, <76, crp , e^-*, 0e, and Q, and slope parameters s r , orr , Qr , sm ,

crm , and Qm were calculated for each predictive relation for peak velocity and for periods 

including T = 0 (peak acceleration), 0.05, 0.1, 0.15, 0.2, 0.3, 0.4, 0.5, 0.75, 1.0, 1.5, and 

2.0 s. We first calculated these correction factors using data from all distances. Before 

discussing the significance of all these factors, we will present them in a variety of plotted 

formats.

Figure 11 and Figure 12 specifically illustrate the various correction factors and slopes. 

Figure lla shows the residuals as a function of distance for pga (T = 0 s) and for various 

response spectral periods. These residuals in Figure lla are calculated with respect to 

the relation BJF94h for soil conditions G = 0, 1, and 2. The bias is the mean value of 

the residuals, and the distance dependence of the residuals is shown by the best fitting
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straight line (dashed). Its slope is sr . Figure 12 shows pga and response spectral residuals 

as a function of magnitude. Peak velocity residuals are shown as functions of distance and 

magnitude in Figure 13 and Figure 14, respectively.

These correction factors and slopes are summarized for all the relations in Figure 15, 

Figure 16, and Figure 17. They are tabulated in Table 9, Table 10, and Table 11. Figure 

15 shows correction factors and measures of their significance for pga and response spectra. 

Figure 16 shows the correction factors and slopes plotted compactly for easier comparison 

of the pga and response spectral relationships. Figure 17 shows the correction factors and 

slopes for the peak velocity relations. To facilitate assessment of the significance of the 

6, e, 5 r , and sm , we have used a x2 test to calculate a significance Qs for each predictive 

relation, plotted to the right of each relation in Figure 16. Considering for example the 

distance dependences at 11 periods for BJF94h G = 0, 1, 2 in Figure 16e, we form x2 by 

summing (s r /crr ) 2 over the 11 values and we calculate Q3 , the probability of obtaining a 

X2 greater than x2 if B JF94h had no distance dependences in the residuals. The plot tells 

us that 1   Q a cz 0.99, so Q a ~ 0.01 and we would be very unlikely to get a x2 larger than 

XQ if the distance dependence were zero, i.e., BJF94h G = 0, 1, 2 has a significant distance 

dependence. Note that in calculation Q3 we assumed that the number of degrees of freedom 

was equal to the number of periods (i.e., we assumed the number of model parameters 

was zero) for all predictive relations. This is true for all relations except Sea96, which was 

derived from our extensional data set.

We repeated the determination of correction factors for a subset of the data having 

distances less than or equal to 20 km. We chose the 20 km boundary because hazard at 

Yucca Mountain may be strongly influenced by nearby events, so that correction factors 

determined from short-distance records may be important. We initially tried a 15 km 

boundary between the two subsets, but we had too few records at distances less than 15 

km to enable a good comparison. Correction factors for distances less than or equal to 20 

km are given in Table 12 and plotted in Figures 18, 19, and 20.

Comparison of Relations.

Before comparing the results for various relations, we caution the reader that the
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results for Campbell's relations should be compared with the results for all other relations 

very cautiously, because the data sets are somewhat different. Campbell's relations require 

a depth to basement parameter be used for predictions at long periods. We do not have 

depth to basement for all our stations, so apparent differences between Campbell's and 

others' correction factors may be caused by systematic differences in the data sets. Since in 

many cases we are using depths to basement assigned by Campbell for stations used by him 

to derive his relationships, our data set is not a truly independent test of his relationships. 

In addition, we do not have depth to basement for stations recording the the 1980 Irpinia, 

1983 Borah Peak, and the 1992 Little Skull Mountain earthquakes. Borah Peak and Little 

Skull Mountain contribute heavily to the data at large distances, and Borah Peak and 

Irpinia contribute significantly to the high magnitude data. Consequently, the omission of 

these data when considering Campbell's relations may affect the estimation of his relations' 

magnitude and distance dependences for longer periods, where the depth to basement has 

an effect.

Examination of the residuals for individual earthquakes (Figure 21 and Figure 22) 

shows that for distances less than about 50 km the various predictive relations differ 

among themselves very little, and most of the scatter in the residuals comes from scatter 

in the observations. This is seen most clearly in the 1981 Westmorland earthquake resid 

uals (Figure 21i-j), in which the BJF94 (1), C89 (2), SP96 (6), and Sea96 (c) residuals 

plot nearly on top of each other, while the scatter among stations is much larger. This is 

also seen for the 1979 Imperial Valley main shock (Figures 21a-b), the 1980 Irpinia event 

(Figures 21e-h), and the 1986 Chalfant Valley main shock (Figures 21u-x). On the other 

hand, for distances greater than about 50 km, substantial differences are seen among the 

relations, particularly at the longest periods. Examples are the 1992 Roermond earth 

quake (Figures 21y-ab), and the 1992 Little Skull Mountain earthquake (Figures 21ac-af, 

Figures 22n, 23). (The Little Skull Mountain event will be discussed in more detail later.) 

An event having intermediate behavior between these extremes is the 1983/10/29 2329 

Borah Peak aftershock (Figures 21o-p). An interesting intermediate case is the 1983 Bo 

rah Peak main shock (Figures 21m-n), in which there is moderate disagreement between 

the relations at long period. However, this event shows the largest residuals of all events
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considered.

A comparison of biases for all relations is shown in Figures 16a, 16b, and 17a. Not 

surprisingly, our new relation, Sea96 (Appendix B), has in general the lowest biases of all 

the relations, both for horizontal pga and response spectra.

The dispersion correction factor e^-jt has been tabulated in Tables 9 and 12 for all 

periods and relations, and it has been plotted in Figures 16c and 16d, and in the bottom 

panels of Figures 15 and 18, for all distances and for distance less than or equal to 20 km, 

respectively. As mentioned earlier, these dispersion corrections are calculated assuming all 

the residuals are statistically independent, which is not the case. Consequently, they may 

be useful to compare one relation to another, but their absolute values may be biased.

While our extensional regime data set appears to have a larger dispersion than that 

predicted by some authors and a smaller dispersion than that predicted by others, taken 

as a whole our extensional regime data set does not appear to have a radically different 

dispersion from other ground motion data sets. Interestingly, we note that the dispersion 

correction for Sea96 (Figure 16c) is systematically less than unity, which appears to be 

saying that the Sea96 dispersions are too big for the extensional regime data set. However, 

the Sea96 dispersions were derived from the extensional regime data set, and must therefore 

be consistent. This discrepancy is probably caused by ignoring the correlations in the 

residual when calculating the dispersion corrections.

We note in passing that the Q statistic is more reliable than the ae statistic for 

assessing the significance of the dispersion corrections, owing to the better behavior of Q 

for small number of data points. For example, consider in Figure 18e the e value and cre 

for the longest period for C90/94h when data having r < 20 km are used. While it appears 

from the miniscule ae that the e value is significantly less than 1, the associated probability 

Q is less than 0.95 (actually 0.869), meaning that this low value of e is not significantly 

different from unity. Inspection of the residuals for T = 2 s in Figure llj shows that for 

this period there are only 2 residuals at distances less than 20 km, and these two residuals 

happen to be fairly similar, leading to the low value of ae . When the distance range being 

considered is expanded to include the third data point at distance slightly greater than 

20 km, the ae becomes much larger (Figure 15e), and the dispersion correction e is no
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longer significant. Clearly, for small numbers of data points reliance on at is problematic, 

whereas the Q value is more reliable.

There are several reasons why our observed dispersions may differ from the disper 

sions predicted by other authors. First, most of the predictive relations are developed from 

data sets drawn from geographic regions, e.g., California or Italy, that are more restricted 

than our global data set. Second, it must be remembered that the predicted dispersions 

have been minimized by each author in the process of determining the coefficients and 

functional forms of the predictive relations. Although the authors try to compensate for 

this minimization by considering the number of degrees of freedom when determining the 

predicted dispersion, perhaps this correction is imperfect in some cases. A third related 

possibility is that in developing the predictive relationships, it is usually assumed that the 

independent variables, such as magnitude, are known perfectly. If they are not known 

perfectly, then the predicted dispersions may underestimate the true dispersion. For ex 

ample, some of the predictive relations have been developed based on data sets dominated 

by a small number of very well recorded events. In such a situation, the fitting procedure 

will tend to produce coefficients that compensate for systematic errors in source-related 

parameters, such as earthquake magnitude. We use a very heterogeneous set of earth 

quake sources in our study, and our errors of magnitude assessment for each earthquake 

will map into increased dispersions. Finally, it must be recalled that we have used each 

of the relationships in distance and magnitude ranges implicitly or explicitly forbidden by 

their authors. For example, according to their authors, CB94 is valid only out to 60 km, as 

is 193, C90 is appropriate only out to 30 km for M < 6.25 and out to 50 km for M > 6.25. 

Similarly, BJF94 only uses two events having M < 6.0.

For a predictive relation to be 'correctable,' its residuals must have small magnitude 

and distance dependences. It is interesting to compare the distance dependences of the 

relations (Figures 16e,f), since some of the relations have very similar functional forms. 

BJF94, SP96, and Sea96 all use the same functional form, and in each of them the co 

efficient of the R term is zero for all periods, so variations of the distance dependence 

between these relations are caused by the period dependences of h and the log(.R) coef 

ficient. BJF94 has a systematic negative s r for all periods, causing it to overpredict the
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data at large distances. We speculate that B JF94h tends to overpredict for large distances 

because this relationship was developed from data sets dominated by the 1989 Loma Pri- 

eta and 1992 Landers earthquakes. The former data set has amplified motions at large 

distances because of a Moho-reflected S wave (Somerville and Yoshimura, 1990; McGarr 

et a/., 1991), and the latter may have Moho reflection amplification in some azimuths (J. 

Mori, personal communication, 1995). The BJF94 tendency to overpredict at large dis 

tance is largely ameliorated in Sea96, owing to its more negative 65 term. In general, Sea96 

has little bias except at periods of 1 s or more for large distances (Figures llaa-ad). In 

SP96 the log(.R) coefficient is the most negative of the three relations, being  1 for all 

periods, leading to an overall distance dependence comparably good to Sea96 and with a 

tendency to underpredict at long periods and large distances. 193, S93h, and S93z have 

similar functional forms, and all have similar distance dependences, with s r > 0 for most 

periods. C89/94h for G = 5, 6 has an excellent distance independence, but the remaining 

Campbell relations seem also to have substantially positive distance slopes, although in 

some cases the standard deviations of the slope are large.

The shared heritages of many of the relations are manifested in their similar mag 

nitude dependences (Figures 16g-h, Figure 17b). Sea96 was forced to have the same 

magnitude dependence as B JF94, and both of these relations have fairly significant magni 

tude dependence in their residuals. SP96, which uses a similar functional form, has similar 

dependences of residuals on magnitude and period. 193 and S93h and z have generally low 

magnitude slopes, whose period dependences resemble each other.

Little Skull Mountain Earthquake.

Because of its proximity to Yucca Mountain, the Little Skull Mountain earthquake 

data warrant special attention. The residuals shown in Figure 21ac-af are plotted in 

expanded scale in Figures 22m-n and Figure 23. There are two main phenomena visible 

in these figures for the horizontal components. First, qualitative examination of the plots 

shows that many of the predictive relationships have residuals that grow progressively more 

negative with distance. This is clearly seen in BJF94h (1 on the plots) and SP96h(6), and 

it is also seen to some extent in C89h(2). Relations I93h(5) and S93h(7) show less distance
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dependence. The second phenomenon is that the average level of all residuals seems to 

decrease with period. For example, in Figure 23a almost all the residuals at distances less 

than 60 km are positive, whereas in Figure 23e almost all are negative in the same distance 

range. Vertical component residuals do not show such clear behaviors.

The distance dependent residuals of BJF94h have already been explained above. The 

observed period dependent behavior of all the residuals for Little Skull Mountain could 

occur if the near surface attenuation factor K (Anderson and Hough, 1984) were smaller 

(less attenuation) than that characterizing the data sets from which the predictive relations 

were derived.

Comparison of Ground Motions from Strike-Slip and Normal Faulting Events.

Because our extensional data set contains both normal faulting and strike-slip events, 

we are able to compare the ground motions to determine whether the two mechanisms 

produce systematically different ground motions. Our data suggest that normal faulting 

events may have slightly lower motions than strike-slip events.

We compared ground motions from the two mechanisms by comparing the mean pga 

and psv residuals for the two mechanisms. Residuals were calculated with respect to the 

reference relation Sea96h for pga and psv for our standard set of periods and for horizontal 

motions. These residuals were partitioned into groups for normal faulting events (having 

rakes between  135° and  45°) and strike-slip events (all other events for which we know 

the rake), yielding 837 strike-slip residuals and 354 normal faulting residuals. The strike- 

slip residual distribution was reasonably Gaussian, but the normal faulting residuals had 

an asymmetric tail with several outliers around  1.4. All of the normal faulting residuals 

having values less than  0.75 were from station TAN that recorded the 1983 Borah Peak 

earthquake (see the residuals around  1.4 at 85 km in Figure 21n). We arbitrarily deleted 

all TAN residuals from the data set. Deleting TAN's residuals leaves 343 residuals in the 

normal faulting group, and the distribution is as in Figure 24. We calculated the mean 

and standard deviation of each group of residuals (without TAN), and we also calculated 

Student's t statistic and the associated probablity (Press et a/., 1986, p. 465). These values 

are listed below:
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0.03015 - mean residual, strike-slip 

0.2316 - std. dev, strike slip residual

 0.01254 - mean residual, normal faulting 

0.2606 - std. dev, normal residual

 2.77 - Student's t statistic 

0.9943 - probability that the two means are different

When TAN is deleted from the data set, the probability that the two means are different 

is 99.4%, and the difference itself is about 0.043 Iog10 unit, with strike slip faults having 

10% larger motions than normal faults. For comparison, to account for thrust faults most 

authors add a correction term having a value of about 0.25 In units (or about 0.11 Iog10 

units), causing predicted thrust motions to be about 28% higher than strike-slip motions. 

Consequently, we interpret these observations to suggest that strike-slip faults may 

produce horizontal ground motions slightly larger than those of normal faults. We caution 

that this conclusion depends on the assumption of a reference ground motion prediction 

curve, which we have chosen to be Sea96. Because Sea96 has magnitude dependent resid 

uals and other possible undesired correlations, it is possible that this dependence might 

interact with a systematic correlation (if one exists) between magnitude and mechanism in 

our sparse data set, causing an apparent difference between normal and strike-slip residuals. 

Our observation should be checked against larger data sets before accepting as established 

fact that normal events have lower horizontal motions than strike-slip events.

Comparison of Weak Motion Attenuation Results with Strong Motion Predictive Relations.

The ground motion amplitudes predicted by the preferred attenuation model G4F 

agree reasonably well with those predicted by the strong motion relations, but because the 

frequency dependence of G4F is not well constrained, it is impossible to make a particularly 

detailed comparison. Figure 25 shows the weak motion amplitude predicted by G4F as 

a function of epicentral distance, for a point source buried at 6 km depth, for periods 

of 0.1, 0.3, and 1 s. The 6 km source depth corresponds roughly to the mean depth of 

the aftershocks used in the weak motion analysis, and it also corresponds to the depth to 

the top of the Little Skull Mountain fault surface. Predicted peak velocities derived from
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strong motion relations are also shown in Figure 25. Although plotted against epicentral 

distance, these amplitudes have been calculated using epicentral or hypocentral distance, 

as appropriate to each relation. All curves have been normalized to unit amplitude at 

10km.

Although the frequency dependence of the weak motion model is not strongly con 

strained, it causes a factor of 3 difference in amplitude at 100 km distance. This factor of 3 

is more than twice the difference between the amplitudes of the strong motion relations for 

peak velocity at 100 km, also shown in Figure 25. To some extent, the significant aspect of 

this comparison is not the absolute level of the curves but rather the slopes of the curves 

at large distance. All the strong motion velocity relations have slopes roughly within the 

range of slopes spanned by the G4F curves.

Predicted strong motion response spectra generally tend to decay with distance faster 

than the G4F weak motion predictions in the 10-50 km distance range, although their 

distance decays match the weak motion decays better for distances greater than 50 km 

(Figure 26). For 0.1 s period (Figure 26a) the G4F predictions match 193 and S93 best. 

At large distances BJF94h, SP96, and Sea96 decay too slowly, and the others decay at 

about the right rate. For 0.3 s and 1.0 s period all the relations except BJF94h, SP96h, 

and Sea96 decay more quickly than G4F.

Finally, it is interesting to compare the strong motion relations' frequency dependences 

with that of G4F. This can be done by examining the predicted amplitudes at 100 km for 

the different frequencies. The G4F predicted amplitude at 100 km drops with increasing 

frequency, as do the predictions of C93h, S93h, and Sea96h. B JF94h, C89h, C90h, and I93h 

are largely frequency independent at 100 km, and SP96h amplitude rise with frequency, 

contrary to the weak motion predictions.

CONCLUSIONS

It is impossible for us to say which predictive relation is best to use for evaluating 

ground motions at Yucca Mountain, because the choice of 'best' is dictated by the user's 

requirements. For example, if the user is most concerned about ground motions from 

distant earthquakes, then the relationships showing little distance dependence may be
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preferable. On the other hand, perhaps the user will consider the 'best' relationship to be 

that which has the lowest biases, or perhaps the relationship having the lowest corrected 

dispersion, or the relation requiring the least correction to its dispersion, or the relationship 

that best fits the Little Skull Mountain strong motion data. All of these choices depend 

on the use of our information, which we cannot predict. Consequently, we have simply 

tabluated the desired numbers and pointed out a few relevant observations, leaving the 

evaluation to the users.
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APPENDIX A. Summary of previous ground-motion prediction relations.

This appendix summarizes the ground-motion prediction relations used in the report. 

Note that the relations used here may vary slightly from those given by the developers 

of the relations, having been adapted to the needs of this project. While the numerical 

coefficients we use here are identical to those given by the developers, in some cases we have 

substituted moment magnitude where the original source used some other magnitude, or 

we have defined site classes differently, or we have chosen particular definitions of standard 

errors, or we have ignored magnitude and distance restrictions specified by the developers. 

User beware!

Definitions of commonly used terms below:

In - natural logarithm

log - base-10 logarithm

M - moment magnitude

r& - Boore, Joyner, and Fumal (1993) distance to fault, km

rc - Campbell (1989) distance to fault

ri - Idriss (1993) distance to fault

Fc = 0 for strike-slip and normal events

	= 1 for reverse, reverse-oblique, and thrust events (not used in this report) 

T - period, s. T = 0 for peak acceleration. 

D - Campbell (1989, 1990, 1993) depth to basement, km

CB94

From Campbell and Bozorgnia (1994),

In ACB94 = - 3.512 + 0.904 M - 1.328 In (r* + [0.149 exp (0.647 M)]) 1/2

+ [1.125 - 0.112 lnrc - 0.0957 M] Fc (Al)

+ [0.440 - 0.171 In rc] S3r + [0.405 - 0.222 lnrc ] Shr 

where



= geometric mean of two horizontal peak accelerations, in g

[Sar , = <

' [0 ,0] for site classes G = 5,6, or 7

[1 ,0] for site classes G = 0 or 2

k [0 ,1] for site classes G = 1

0.55 if ACB94 < 0.068

0.173 - 0.140 In ACBSI if 0.068 < ACBU < 0.21

0.39 if ACB94 > 0.21

(A2)

BJF94

From Boore, Joyner, and Fumal (1993, 1994),

where

logy = 6j + 62 (M - 6) + 63 (M _ 6)2 + 64 # + 65 log #
(A3)

Y  =  peak horizontal acceleration in g for randomly oriented horizontal or

5%-damped pseudo- velocity response spectra in cm/s for randomly oriented

horizontal (= geometric mean horizontal) 

R = (r^+fc2 ) 1 /2 

&i, &2, ^3 , ^4 5 &s, h - coefficients taken from Boore et al. (1993) Table 7b for

response spectra, or Boore et al. (1993) Table 9 for random component of

peak accleration 

bv , Va - coefficients taken from Boore et al. (1994) Table 2 for random compo

nent of 5%-damped response spectrum, or from Boore et al. (1994) Table

3 for random component of peak accleration 

v3 - average 5-wave velocity to 30 m depth, in m/s

= 620 m/s for site classes G = 0, 1, or 2

= 310 m/s for site classes G   5, 6, 7
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Note that (A3) is derived from Boore et al. (1993) equation (1) and Boore et al (1994) 

equation (3).

<7logY = (Sl 2 + SE2 ) 1/2 (A4)

is the standard deviation of the geometric mean horizontal, where

51, SE - terms from Boore et al. (1993) Table 7b for response spectra and from 

their Table 9 for the random component of peak acceleration

Note that (A4) is not explicitly given in Boore et al. (1993) or Boore et al (1994).

C89/94h, C89z, C90/94h, C90z

Campbell (1989) and Campbell (1990) with Campbell and Borzorgnia (1994) scaling,

In rc*/94 = In Yc* + k [In ACBu - In YC*(T = 0)] (A5) 

where

C89 for Campbell (1989) 

C90 for Campbell (1990)

for vertical motion:

Yc*/94 = peak ground acceleration in g or 5% damped pseudo- velocity response 

spectra in cm/s

k = 0(=*yC*/94=*C*)

for horizontal motion:

^C*/94 = arithmetic mean of two horizontal peak accelerations in g or 5% damped

pseudo- velocity response spectra in cm/s 

k = 1 

for both components of motion:

= geometric mean of peak horizontal accelerations in g from Campbell 

and Bozorgnia (1994)



= a 4- bM + d In [rc + ci exp (c2 M)] + c Fc

(A6) 
+ /itanh [/2 (M + /3 )] + pitanh (g2 D)

a, 6, Ci, C2, d, e, /i, /2, #1, p2 - coefficients from Campbell (1989) or Campbell 

(1990) Table 1 (horizontal) or Table 2 (vertical)

YC* f°r vertical peak acceleration and response
crin y 94 = ^ spectra, and for horizontal response spectra (A7)

horizontal p.g.a.

~ from Table 1 (horizontal motions) and from Table 2 (vertical motions) 

of Campbell (1989)

' from at of Table 4, Campbell (1990), taken from the M 4.7-6.1 column 

if M < 6.15, or the M 6.2-7.8 column if M > 6.15.

C89Vh, C89Vz

Expressions for peak velocity, from Campbell (1989), where

YCSQV = same as (A6) 

For (horizontal; vertical)

YCSQV   (arithmetic mean of peak horizontal velocities; peak vertical velocity)

in cm/s

a, 6, GI, C2, d, e, f\ , /2 , g\ , gi - coefficients taken from Campbell (1989) (Table 1; 

Table 2)

fr°m Campbell (1989) (Table 1; Table 2)

C90Vh, C90Vz

Expressions for peak velocity, from Campbell (1990), where

^C9ov = same as (A6) 

For (horizontal; vertical) motions

= (arithmetic mean of peak horizontal velocities; peak vertical velocity) 

in cm/s
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a, 6, ci, c2 , d, e, /i , /2 , #1 , #2 - coefficients from Campbell (1990) (Table 1; Table 2) 

For M < 6.15

0"inY C 9ov = at from Campbell (1990) (Table 4; Table 5) magnitude range 4.7-6.1 

For M > 6.15

0"inY C 9ov = a* from Campbell (1990) (Table 4; Table 5) magnitude range 6.2-7.8 

C93/94H 

From Campbell (1993) with Campbell and Bozorgnia (1994) scaling,

In Fc93/94 = In Fc93 + In ACB94 - m Fc93 (T = 0) (A8)

where

= arithmetic mean of two horizontal peak accelerations in g or 5% 

damped pseudo-acceleration response spectra in g

= max [YC9s(T = 0) , Fc9s(T)] , T > 0, i.e., the pseudo- acceleration 

response is constrained to equal or exceed the predicted peak acceleration

-4.CB94 = geometric mean of peak horizontal accelerations in g from Campbell 

and Bozorgnia (1994)

lnFC93 = Pa + 0.683M + fttanh [0.647 (M - 4.7)]

- Inp - arc + 0.27 Fc + (ft. - 0.105 lnrc )5 (A9) 

+ /?3 tanh (0.62-D)

1/2
p = (r2c + [0.0586 exp(0.683M)] 2 )

a =

0 for soil (not used in this report)5=
1 for site condition G = 1, hard rock
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A), &, A, A, A, A from Campbell (1993) Table 1.

( 01nYc93 for horizontal response spectra

\ ^
( &inA C B94 f°r horizontal peak acceleration

from Table 1, Campbell (1993). Note that Campbell (1993) says that Fc = 0.5 for 

normal faults, but we do not use Fc   0.5 in any case.

I93h

From Idriss (1993),

In F/93 = <*o + exp(<*i + a2 M) + [A - exp (A + faM)] ln(rt- + 20) + 0.2 F (All)

where

F/93 = geometric mean of two horizontal components of peak acceleration in 

g or pseudo-absolute spectral acceleration in g

' 0 for strike slip fault

0.5 for oblique slip (not used in this study)

k 1 for reverse fault (not used in this study)

,, ai, a2 , fa, A, A - fr°m Idriss (1993) Table A-4 Part 1 for M < 6, 

- from Idriss (1993) Table A-4 Part 2 for M > 6

from Idriss (1993) Table A-4 Parts 1 or 2, as appropriate, depending 

on M

JB88Vh, JB88Vz

From Joyner and Boore (1982, 1988)

logF = a + b (M - 6) + c (M - 6) 2 + dlogR + kR + sF (A12)



where

Y = peak horizontal velocity in cm/s for a randomly oriented horizontal (= 

geometric mean)

R = (r2 + £2)1/2

a, 6, c, d, &, s, /i- coefficients from Joyner and Boore (1988) Table 2 

F = 0 for rock (site classes G   0, 1,2)

= 1 for soil (site classes G   5, 6, 7)

(Note: factor 5 in Joyner and Boore, 1988, equation 5, implicitly included

r)

Joyner and Boore (1988) give <7/ y for the randomly oriented horizontal, which differs 

from the standard deviation of the geometric mean horizontals. We use an approximate 

expression for the standard deviation of the geometric mean horizontal.

1/2 ( A13)

where

<7log y = standard deviation of the geometric mean horizontal peak velocity 

a' Y   standard deviation of the randomly oriented horizontal peak velocity, 

from Joyner and Boore (1988) Table 2 

= 0.33

SC = component-to-component standard deviation for 5%-damped smoothed 

response spectra at 1.0 s period, from Boore et al. (1993) Table 7b 

= 0.141

SP96h, SP96VH

From Sabetta and Pugliese (1996),

logysp = a + bM - log [(r2 + /i 2 ) 1/2] + e 1 S1 + e 2 52 (AU)

where
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=

YSP   larger horizontal peak acceleration in g, or 5% damped pseudo-velocity 

response spectrum in cm/s, or larger horizontal peak velocity in cm/s

' [0,0] for rock, G = 0, 1, or 2

[0,1] for deep soil, G = 5 or 6

[1,0] for shallow soil, G = 7

a, b, 61,62, h - from "smooth" coefficients from Sabetta and Pugliese (1996) Table 1. 

from "smooth" coefficients, Table 1.

Note that all coefficients in Sabetta and Pugliese (1996) Table 1 are identical to those in 

Pugliese and Sabetta (1989), except for those for peak ground velocity. The peak ground 

velocity coefficients of Sabetta and Pugliese (1996) agree with those of Sabetta and Pugliese 

(1987, Table 5).

S93h, S93z

From Sadigh et al (1993),

In F593 = ci + c2 M + c3 (8.5 - M)2 ' 5 + c4 In [n + exp (c5 + c6 M)]
(A15) 

+ c7 ln(r,- + 2) + c8

where

for vertical motion

  peak ground acceleration in g, or response spectral acceleration in g 

, c2 , c3 , 04, cs, CQ from Sadigh et al (1989) Table 3.

0 for strike- slip faulting

In (1.048) for oblique faulting (not used in this report)

In (1.1) for reverse faulting (not used in this report)
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for horizontal motion

= geometric mean of two horizontal components of peak accelerations in 

g or response spectral acceleration in g 

[, C2,  3,  4, cs, CG, CT from Sadigh et al. (1989) Table 1.

' = 0 for strike-slip faulting

= In (1.09) for oblique faulting (not used in this report)

= In (1.2) for reverse faulting (not used in this report)

for all components.

3 - from their p. 62, for vertical motion

from their Table 2 for horizontal motion



APPENDIX B. A new ground motion prediction relationship developed from 
extensional regime data.

We have developed new ground-motion prediction equations for geometric mean peak 

horizontal acceleration and 5% damped response for the extensional region strong-motion 

data set. We initially attempted to derive a new regression relation solely from our exten 

sional regime data set, using the computer programs used by Boore et al (1993), based 

on algorithms for the two-stage regression method described by Joyner and Boore (1993, 

1994). For periods of 0.1 s and greater, the resulting relationship was satisfactory within 

the magnitude range covered by the extensional regime data set, but it could not validly 

be extrapolated to magnitudes 7.0 and larger. The main problem is that our extensional 

regime data set does not span a magnitude range that is wide enough to determine the 

coefficients of magnitude dependent terms accurately. In the two-stage method, the magni 

tude dependence is determined in the second stage of the regression. A linear or quadratic 

dependence can be chosen, as in equation (3) of Joyner and Boore (1988). In the analysis 

of the extensional regime data set, we chose a linear dependence for all periods (i.e., we 

set the quadratic coefficient c = 0 in equation (3) of Joyner and Boore, 1988), even though 

the quadratic coefficient was statistically significant for some short period response values. 

We chose the linear dependence because the quadratic magnitude dependence caused pre 

dicted short period response values for a magnitude 7.5 event to be less than those for a 

magnitude 6.5 event. This behavior does not occur in other strong-motion data sets and 

was considered inappropriate, so we rejected the quadratic dependence. Examination of 

the scatter plots of the output from the first stage regression confirmed that the data do not 

support a quadratic magnitude dependence. Because of the linear magnitude dependence, 

extrapolation of the initial relation to higher magnitudes beyond the range of the data 

was particularly inappropriate, since some data sets (Joyner and Boore, 1981, 1982; Boore 

et a/., 1993) clearly show that the response values do not increase linearly with magnitude 

at larger magnitudes. Consequently, we were forced to discard our initial relationship.

In order to develop a relationship that would be valid for magnitude 7 and larger 

we retained the magnitude dependence determined from a larger data set by Boore et al. 

(1993, 1994) and used our extensional regime data set to constrain the distance and site



dependent terms. This approach made maximum use of the extensional regime data set 

consistent with the desire for a relation valid above magnitude 7. It is unfortunate that we 

are forced to adopt the magnitude dependence developed from a different tectonic regime, 

since it would have been interesting to investigate whether the magnitude dependence 

of extensional regime events differs from that of other regimes. However, our data set 

does not span a range of magnitudes wide enough to answer that question in any case. 

To develop a relation for the extensional regime data set, at each period we formed the 

following residuals:

rj =yj -62 (M-6)-63 (M-6)2

where yj are common logarithms of the the extensional regime data set ground-motion 

values, 62 and 63 are the Boore et al. (1994) coefficients, and M is moment magnitude. 

We then used the two-stage regression method (Joyner and Boore, 1993, 1994) to fit the 

residuals by an equation of the form

where R = y(r% -f /& 2 ), r^ is the Boore-Joyner distance, h is from Boore et al. (1994), F is 

zero for rock sites and 1 for soil sites, and 61, 65, and 65 are adjusted to fit the data. The 

resulting set of coefficients for 5% damped horizontal response were smoothed by fitting 

cubics or quadratics. Curves for psv predicted from unsmoothed and smoothed coefficients 

for a variety of magnitudes, distances, and site classes are given in Figures Bl through B8. 

The equations for the predictive relations follow. a\ and GI are the standard deviations 

of er and ee (Boore et al., 1993, equation 1), which are respectively the record to record 

variation and the earthquake to earthquake variation in the residuals. Note that Table Bl 

contains a column for (73, which is the component standard deviation (i.e., it is ac in Boore 

et a/., 1993, equation 3). 0z is not used to define the standard deviation of the geometric 

mean, but it is used to form the standard deviation of the randomly oriented horizontal,

which is \/(<72 + a2, + cr|). This relation may be used in the 5.0-7.7 magnitude range and 

the 0-100 km distance range.

£"1



Sea96h

logF = &! + 62 (M - 6) + h(M - 6)2 + 64 # + &5 log fl + 66r (Bl)

where

B = (r? + >» 2 ) 1/2

= 0 for rock (site classes G = 0, 1, 2) 

= 1 for soil (site classes G = 5, 6, 7) 

= the standard deviation of logF

Y = peak horizontal acceleration (g) or pseudovelocity response (cm/s) at

5% damping for the geometric mean horizontal component of motion 

&i? ^2 5 ^3? &4? &5? ^6 9 h, o"i, <T2 - from Table Bl.
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Figure 1. Distribution of SGBSN stations (stars), strong motion stations (triangles), 

and Little Skull Mountain aftershocks. The density of stations around Yucca 

Mountain yields some overprinting of the station names there.

Figure 2. Site response spectra for the SGBSN stations, obtained from an inversion 

with 7 = 1. a) The site response spectra labeled SGBSN are the spectra 

for 24 vertical-component stations with approximately similar site response, 

b-e) The next four plots show site response at apparently anomalous vertical- 

component stations within the SGBSN. f) The site response functions labeled 

LSM are the spectra of the two horizontal components at the Little Skull 

Mountain site, while the site response functions labeled YMT4 are the spectra 

of two horizontal components at the Yucca Mountain #4 site.

Figure 3. Site response functions obtained from an inversion with the G4 grouping of 

SGBSN stations, a) The site response function labeled SGBSN is the average 

site response for the 24 vertical-component stations whose site response spec 

tra are shown in Figure 2a. b-e) The derived site response for various groups 

of vertical-component stations whose site response spectra were shown in Fig 

ure 2b-e. f) Average site response spectra for the two horizontal components 

at stations LSM and YMT4.

Figure 4. Attenuation of the weak motions plotted as corrected spectral amplitudes 

against hypocentral distance, for four different frequencies. The solid lines 

show the fitted attenuation function for the G4 grouping, obtained under 

the assumption that Q is independent of frequency. The crosses show the 

spectral amplitudes from each recording corrected for source excitation and 

site response. The lack of data beyond 100 km at 24 Hz is the result of the 

high frequency limits used for each station.

Figure 5. Attenuation curves for a subset of the inversions compiled in Table 2, specifi 

cally, the inversions of the four different groupings (Gl, G2, G3, and G4) with



a frequency-independent Q, and the inversions of the Gl and G4 groupings 

with the frequency-dependent Q = Qofa where a = 0.15 and 0.35, respec 

tively. The attenuation of Lp-waves in the Great Basin, determined by Benz 

et al. (1996) is also plotted.

Figure 6. Weak motion attenuation curves plotted against the pseudo-velocity response 

spectral ordinates for 1.0, 3.3, and 10 Hz. The two points plotted at each 

hypocentral distance are the two horizontal components of each station. The 

attenuation curves have been shifted to fit the spectral ordinates for the rock 

stations.

Figure 7. Definition of fault geometry and the rectangular region taken to be the source 

area.

Figure 8. Histogram of moment magnitudes of earthquakes analyzed in this report.

Figure 9. Magnitude/distance sampling for the data set used in this report. Circle shows 

closest distance to the rupture surface, used by relations 193 and S93 (dIS in 

Table 1). + shows distance to the surface projection of the rupture surface, 

used by relations BJF94, SP96, and our new relationship Sea96. (dBJ in Table 

1). The dashed line is an empirical curve indicating the distance at which non- 

triggered stations tend to occur, a) rock sites (G = 0, 1, 2). b.) soil sites (G = 

5, 6, 7).

Figure 10. Summary of ground motion data used in this report. Site geology symbols 

are: o - G = 0, 2, soft rock or rock of unknown hardness; . - G = 1, hard 

rock; -|- - G = 5, 6, deep soil or soil of unknown thickness; x - G = 7, 

shallow soil. Period and magnitude range shown at the top of each panel, with 

T = 0 s corresponding to peak acceleration. Upper panel in each plot shows 

values for each horizontal component. Lower panel shows values for vertical 

component, a-av) peak acceleration and pseudo-absolute acceleration, aw- 

az) peak velocity.



Figure 11. Residuals for each predictive relation for pga as a function of distance for each 

period, using data at all distances. Annotation at the top of each panel indi 

cates the relation used, the direction of motion (h = horizontal, z = vertical), 

the site geology code G (see Table 5), a code identifying the computer run 

('may!696b'), and T, the period of motion. The pga residuals are labelled as 

T = 0 s, and plots for other periods are response spectral residuals (psv or pact, 

as appropriate to the relation). Plotted symbols depend on magnitude: dot - 

5.0 < M < 5.5; o - 5.5 < M < 6.0; x - 6.0 < M < 6.5; + - 6.5 < M < 7.0; * 

- 7.0 < M. On the plots, in the labels 'bias = a -f /   6', a and b correspond 

to the terms b^k and <7&, respectively, and i sigma   p'> is the term crp . Vertical 

line at  5 km distance is the mean bijk plus/minus one standard deviation of 

the mean <7&. Vertical line at  7.5 km distance is the mean bijk plus/minus 

one population standard deviation crp . s r is the slope of the dashed line.

Figure 12. Residuals for each predictive relation for pga and response spectrum as a 

function of magnitude. Annotation is identical to that of Figure 11, with sm 

being the slope of the best fitting line. Plotted symbols depend on distance: 

dot - 0 < r < 20 km; o - 20 < r < 40 km; x - 40 < r < 60 km; -f - 60 < r < 80 

km; * - r > 80 km. Note that each panel of this figure contains exactly the 

same data points as the corresponding panel of Figure 11, so the biases are 

identical between this figure and Figure 11.

Figure 13. Residuals for each predictive relation for peak velocity as a function of dis 

tance. Annotation is identical to that of Figure 11, with s r being the slope of 

the best fitting line.

Figure 14. Residuals for each predictive relation for peak velocity as a function of mag 

nitude. Annotation is identical to that of Figure 12, with sm being the slope 

of the best fitting line. Note that each panel of this figure contains exactly the 

same data points as the corresponding panel of Figure 13, so the biases are 

identical between this figure and Figure 13.



Figure 15. pga and response spectral correction factors for data at all distances. Upper 

panel of each figure shows the bias 6, the standard deviation of the bias, cr^ 

(inner error bars) and the population standard deviation op (outer error bars) 

taken from Figure 11 and Table 9. Middle panel shows probability Q (plotted 

as +'s) (or 1   Q, plotted as x's) for each attenuation relation. Q values 

below 0.05 are plotted as x's at ordinate values of 1   Q (i.e., Q   0.01 is 

plotted as an x at 0.99); Q values above 0.95 are plotted as +'s, and Q values 

between 0.05 and 0.95 are plotted as o's along the bottom axis. Values for pga 

are plotted at period = 0.02 s (log 10(0.02) =  1.7). Lower panel: Dispersion 

correction factor eijfc and its standard deviation cre . ae and Q are two different 

measures of the significance of the dispersion correction factor.

Figure 16. Comparison of all relations' peak acceleration and response spectral correction 

factors and slope parameters as functions of period. Q3 statistic plotted to the 

right of each author's results. See Figure 15 caption for explanation of o, x, 

and + symbols.

a) Bias 6,-yjfc for all relations, horizontal motions. Error bars are cr&.

b) Bias bijk for all relations, vertical motions. Error bars are cr&.

c) Dispersion correction tijk for all relations, horizontal motions. Error bars 

are ae .

d) Dispersion correction eijk for all relations, vertical motions. Error bars are

e) Slope sr of the dependence of residuals on distance for all relations, hori

zontal motions. Error bars are crr .

f ) Slope 5 r of the dependence of residuals on distance for all relations, vertical

motions. Error bars are crr .

g) Slope sm of the dependence of residuals on magnitude for all relations,

horizontal motions. Error bars are crm .

h) Slope s m of the dependence of residuals on magnitude for all relations,

vertical motions. Error bars are crm .
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Figure 17. Peak velocity correction factors and slope parameters for all prediction rela 

tions. In all plots there is one data point per prediction relation (horizontal 

axis in all plots corresponds to an arbitrary prediction relation number), a) 

Same format as Figure 15. Middle panel has labels identifying each prediction 

relation explicitly, b) Dependences of residuals on distance and magnitude. 

Upper (first) panel shows sr with error bars ar . Second panel shows x2 statis 

tic Qr associated with straight line fit. Third panel shows sm with error bars 

<7m . Fourth panel shows \2 statistic Qm associated with straight line fit.

Figure 18. Correction factors for pga and response spectra for data at distances less than 

or equal to 20 km, taken from Table 12. See Figure 15 caption for details.

Figure 19. Comparison of all relations' pga and response spectra correction factors and 

slope parameters for data at distances less than or equal to 20 km. Distance 

dependences not shown owing to restricted distance interval. See Figure 16 

caption for details.

Figure 20. Comparison of all peak velocity relations' correction factors for data at dis 

tances less than or equal to 20 km. See Figure 17 for details.

Figure 21. pga and response spectral residuals as a function of distance and period for 

individual earthquakes and components. The pga residuals are labeled as T   

0 s, and plots for other periods are response spectral residuals (psv or paa, as 

appropriate to the predictive relation). Relations are indicated by the following 

symbols: 1 = BJF94, 2 = C89/94 h or C89 z, 3 = C90/94 h or C90 z, 4 = 

C93/94 /i, 5 = 193 /i, 6 = SP96 /i, 7 = S93 h or S93 z, and d = Sea96 h. 

Annotations at the top of each plot give the event, period, and direction of 

motion (h = horizontal, z = vertical). Events are a,b,c,d) 1979 Imperial Valley 

main shock M = 6.5; e,f,g,h) 1980 Irpinia main shock M = 6.9; i j,k,l) 1981 

Westmorland, California, earthquake M = 5.8; m,n) 1983 Borah Peak, Idaho, 

main shock (horizontals only) M = 6.9; o,p) 1983 Borah Peak aftershock, M = 

5.1; q,r,s,t) 1986 Chalfant Valley, California, foreshock M = 5.8; u,v,w,x) 1986 

Chalfant Valley, California, main shock M = 6.3; y,z,aa,ab) 1992 Roermond,



The Netherlands, main shock M = 5.31; ac, ad, ae, af) 1992 Little Skull 

Mountain, Nevada, main shock M = 5.7.

Figure 22. Peak velocity residuals for selected earthquakes and components as a function 

of distance. Relations are indicated by the following symbols: 8 = C89V h or 

z, 9 = C90V h or z, 10 = JB88V h or z, 11 = SP96V h. Events are a,b) 1979 

Imperial Valley main shock M = 6.5; c,d) 1980 Irpinia main shock M = 6.9; 

e,f) 1981 Westmorland, California, earthquake M = 5.8; g) 1983 Borah Peak, 

Idaho, main shock (horizontals only) M = 6.9; h) 1983 Borah Peak aftershock, 

M = 5.1; ij) 1986 Chalfant Valley, California, foreshock M = 5.8; k,l) 1986 

Chalfant Valley, California, main shock M = 6.3; m) 1992 Roermond, The 

Netherlands, main shock M = 5.31; n,o) 1992 Little Skull Mountain, Nevada, 

main shock M =5.7.

Figure 23. pga and response spectral residuals as a function of distance and component for 

Little Skull Mountain earthquake of 1992/6/29 1014 with expanded residual 

scale.

Figure 24. Comparison of pga and psv residuals at all periods and for both horizontal 

and vertical motions, for normal faulting and strike-slip events. Upper left 

panel shows number of ground motion records associated with event rakes 

('reflected rake' is true rake reflected around a vertical axis). Lower left panel 

shows distribution of residuals for strike-slip events. Lower right panel shows 

distribution of residuals for normal faulting events.

Figure 25. Comparison of strong motion relations' predicted peak velocities with weak 

motion predictions at 3 different periods. Assumed point source is at 6 km 

depth, and the appropriate distance (epicentral or hypocentral) is used for 

each predictive relation.

Figure 26. Comparison of strong motion relations' predicted response spectra with weak 

motion predictions at 3 different periods. Assumed point source is at 6 km 

depth, and the appropriate distance (epicentral or hypocentral) is used for 

each predictive relation, a) 0.1 s period, b) 0.3 s period, c) 1.0 s period.



FIGURE CAPTIONS

Figure Bl. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Rock site at distance rb = 0 km, for 

magnitudes 5.5, 6.5, and 7.5.

Figure B2. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Soil site at distance rb = 0 km, for 

magnitudes 5.5, 6.5, and 7.5.

Figure B3. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Magnitude 5.5 at a rock site, distances 

rb = 0, 10, 20, 40, and 80 km.

Figure B4. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Magnitude 5.5 at a soil site, distances 

r& = 0, 10, 20, 40, and 80 km.

Figure B5. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Magnitude 6.5 at a rock site, distances 

rb = 0, 10, 20, 40, and 80 km.

Figure B6. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Magnitude 6.5 at a soil site, distances 

rb = 0, 10, 20, 40, and 80 km.

Figure B7. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Magnitude 7.5 at a rock site, distances 

rb = 0, 10, 20, 40, and 80 km.

Figure B8. Predicted psv from unsmoothed coefficients (thin lines) and from smoothed 

coefficients used in Sea96 (thick lines). Magnitude 7.5 at a soil site, distances 

rb = 0, 10, 20, 40, and 80 km.

t>0



TABLE 1. SGBSN Stations

Station

AMR
APKW
BOB
BLT
BMTN
CDH1
CPY
CTS
DLM
EMN
EPM
EPR
FMT
GLR
GMN
GMR
GVN
GWY
HCR
JON
KRNA
LOP
LCH
LSME
MCA
MCY
MGM
MTI
NOP
NPN
PAN
PPK
PRN
QCS
QSM
SDK
SGV
SHRG
SPRG

Latitude

36° 23.85'
36° 19.19'
37° 2.24'
37° 28.98'
37° 17.50'
36° 5 1.82'
36° 55.73'
37° 39.37'
37° 36.35'
35° 55.31'
37° 13.57'
37° 10. 12'
36° 38.27'
37° 11. 94'
37° 18.04'
37° 20.02'
36° 59.94'
36° 11.15'
38° 14.01'
36° 26.39'
37° 44.53'
36° 5 1.27'
37° 13.95'
36° 44.55'
36° 38.77'
36° 39.64'
37° 26.44'
37° 40.68'
36° 7.63'
37° 39.12'
36° 23.59'
37° 25.51'
37° 24.40'
37° 45.39'
35° 57.85'
36° 38.72'
36° 58.92'
36° 30.33'
36° 41.64'

Longitude

-116° 28.56'
-115° 35.25'
-116° 13.75'
-116° 7.41'
-116° 38.41'
-116° 18.97'
-116° 3.53'
-116° 43.59'
-114° 44.27'
-114° 45.33'
-11 6° 20.08'
-115° 11.23'
-116° 47.00'
-116° 1.01'
-117° 15.44'
-1 15° 46.36'
-117° 20.78'
-116° 40.21'
-11 6° 26.20'
-116° 6.28'
-116° 22.89'
-116° 10.11'
-117° 38.78'
-116° 16.33'
-117° 16.69'
-115° 57.67'
-1 17° 29.93'
-115° 16.72'
-116° 9.26'
-1 14° 56.21'
-117° 6.05'
-1 17° 54.42'
-115° 3.05'
-1 15° 56.58'
-11 6° 52.05'
-1 16° 20.38'
-117° 2.11'
-115° 9.61'
-115° 48.63'

EQs

0
19
11
14
13
9
0
7

12
0

10
18
11
6

18
15
21
12
14
0

17
6
0

32
14
7

20
6
0

19
18
13
10
19
15
0

11
12
17

A 
(km)

-
79
35
87
71
16
-

110
170

-
56

110
47
60

109
82

100
70

169
-

114
21
-
10
90
33

135
138

-
158
83

165
133
118
100

-
74

103
45

fmax 
(Hz)

-
30

7
10
18
10
-

20
15
-

30
20
20
20
17
20
20

8
12
-

20
30
-

30
20
20
10
15
-

17
20
15
15
15
25
-

15
10
7

Geology

conglomerate
limestone, dolomite
bedded tuff
ash-flow tuff
trachyte lava
argillite
limestone
intrusive mafic rock
limestone, dolomite
andesite and basalt
ash-flow tuff
volcanic rock
metamorphic rock
limestone, dolomite
granite
limestone, dolomite
fanglomerate
volcanic rock
ash-flow tuff
quartzite
ash-flow tuff
lava
limestone, dolomite
basalt
limestone, dolomite
limestone, dolomite
quartzite
carbonates
limestone
ash-flow tuff
limestone, dolomite
granite
ash-flow tuff
basalt
tuff
quartzite
rhyolite
limestone, dolomite
tuffaceous sediment

z



SRG
SSP
SVP
TCN
TMBR
TMO
TPU
WCT
WRN
EYM4
NYM4

37° 52.93'
36° 55.53'
37° 42.89'
37° 8.80'
37° 2.11'
36° 48.29'
37° 36.27'
36° 47.79'
37° 58.89'
36° 50.99'
36° 50.99'

-115° 4.15'
-116° 13.26'
-117° 48.20'
-116° 43.52'
-116° 23.21'
-117° 24.30'
-115° 39.06'
-116° 37.62'
-115° 35.58'
-116° 27.18'
-116° 27.18'

9
6
4

10
6

13
18
0

16
13
15

168
23

174
61
37

100
113

-
153
22
22

16
20
15
30
30
15
20
-

15
30
30

volcanic rock
ash-flow tuff
andesite and breccia
ash-flow tuff
granitic ring-dikes
limestone, dolomite
shale and sandstone
alluvium
limestone, dolomite
welded tuff
welded tuff



Table 2. Propagation Parameters

grouping

Gl
GIF
G2
G3
G4
G41
G43
G4F
G45
G47

#g

3
3
8
8
8
8
8
8
8
8

variance

0.725%
0.722%
0.508%
0.494%
0.394%
0.390%
0.385%
0.385%
0.387%
0.399%

Y
0.526
0.450
0.609
0.684
0.776
0.722
0.625
0.601
0.539
0.514

Qo
623
401
643
706
662
489
274
238
159
100

Q(16)
623
608
643
706
662
642
629
628
637
696

a
0.0
0.15
0.0
0.0
0.0
0.1
0.3
0.35
0.5
0.7

K

-0.002 s
-0.001 s
-0.007 s
-0.007 s

+0.003 s
+0.003 s
+0.004 s
+0.002 s
+0.005 s
+0.007 s

median fc

13. 48 Hz
12.87 Hz
11. 12 Hz
10.55 Hz
12.41 Hz
12.57 Hz
12.61 Hz
12.31 Hz
11. 90 Hz
10.59 Hz



Table 3. Strong motion stations.

Station

LTHP/LSM1

CPT1/LSM2

BTYA/LSM3

PAH2/LSM4

PAHA/LSM5

CALB/LSM6

ANNR/LSM7

SCT2/LSM8

Latitude

36°38.4;

36°55.8'

36°54.6'

36°13.8'

36°12.6'

36° 9.0'

36°15.6'

37° 1.8'

Longitude

-116°24.0'

-116°03.6'

-116°45.6'

-116° 7.4;

-115°58.8'

-115°24.6'

-115°18.6'

-117°20.4'

A 
(km)

16

25

46

60

65

100

100

98

Geology

deep soil

"unknown" rock

"unknown" rock

deep soil

deep soil

hard rock

deep soil

"unknown" rock
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Table 6. Site geologies for each station

SCod - our internally assigned station code (see Table 1)
G - site geology code (=0 rock of unknown hardness, =1 hard rock,

=2 soft rock, =5 soil of unknown thickness, =6 deep soil,
=7 shallow soil) 

D_2_B - depth to basement as defined by Campbell (1989), in km.
= -99 when unknown

SCod Station Name

14 El Centre Array Sta 9
89 Superstition Mtn

104 El Centre Array Sta 10
159 Niland
222 El Centre Array Sta 5
224 El Centre Array Sta 4
250 Bishop
431 Convict Creek
432 Benton
559 Mammoth Lakes H.S.
613 Oroville Airport
646 Woodfords
659 Bishop
663 Chalfant
727 McGee Creek
768 Crowley Lake
775 Mammoth Lakes
798 El Centre Array Sta 7
821 Parachute Test Site
822 Plaster City
823 Calexico
824 Bonds Corner
825 Holtville
826 El Centre Array Sta 1
827 El Centre Array Sta 3
828 El Centre Array Sta 11
829 El Centre Array Sta 13
830 Brawley
831 Calipatria
832 Salton Sea Wildlife Refuge
836 Coachella Canal Sta 4
874 El Centre Array Sta 2
912 El Centre: Imp. Cnty Cntr FF
913 El Centre: Meloland Overpass
917 El Centre Arry Sta 6
918 El Centre Arry Sta 8
924 El Centre: Differential Array
928 Westmorland
968 Imperial Wildlife

1139 Managua: ESSO Refinery
1141 El Centre Array Station 12
1215 Aeropuerto
1216 Agrarias
1217 Cerro Prieto
1218 Chihuahua
1219 Compuertas
1220 Cucapah
1221 Delta
1222 Mexicali SAHOP
1223 Victoria
1320 Auletta
1321 Bisaccia
1322 Bovino
1323 Brienza
1324 Calitri

D_2_B

5.0
-99.0 

4.9 
2.2 
5.7 
5.6 
1.2

-99.0 
1.2

-99.0
-99.0
-99.0

.3
1.0
0.0

.1
-99.0 

5.4 
4.8 

.8 
5.0 
4.8 
5.3 
3.5

3.3 
5.2 
5.1 
4.7

-99.0 
5.5 
4.8 
4.5 
5.6 
5.1 
5.0 
5.2 
4.7

-99.0 
4.4 
4.8 
5.0

-99.0 
6.0 
4.5 
6.0 
7.5 
5.5 
7.0

-99.0
-99.0
-99.0
-99.0
-99.0

T*Jbk t, P 'I2-



1325 Mercato San Severino 6 .1
1326 Rionero in Vulture 2 -99.0
1327 Sturno 2 -99.0
1328 Torre del Greco 1 -99.0
1329 Tricarico 6 -99.0
1330 Long Valley Dam 1 .1
1332 Tinemaha Reservoir --FF 1 -99.0
1345 IGN, San Salvador 6 -99.0
1346 CIG, San Salvador 6 -99.0
1353 Cascia 0 -99.0
1354 Fish and Game 5 -99.0
1355 Arienzo 0 -99.0
1356 Bagnoli Irpinio 0 -99.0
1357 Bevagna 6 -99.0
1358 lerissos 5 -99.0
1362 Lathrop-A 6 -99.0
1364 NTS C.P.I A 0 -99.0
1366 Beatty 0 -99.0
1367 Pahrump 2 6 -99.0
1368 Pahrump 1 6 -99.0
1369 Calico Basin 1 -99.0
1370 Ann Road 6 -99.0
1371 Scottie's Castle 0 -99.0
1381 CPP-610 7 -99.0
1384 TAN-719 7 -99.0
1385 Matahina Dam 7 -99.0
1385 Matahina Dam 7 -99.0
1390 Maraenui ES 7 -99.0
1391 GSH 1 0.0
1392 OLF 1 0.0
1393 WBS 1 0.0
1394 BOR   5-99.0
1395 CEM 2 -99.0
1396 HAU 1 -99.0
1397 Atina 0 -99.0
1398 Isernia-Satn'agapito 6 -99.0
1399 Garigliano-Centrale Nucleare 6 -99.0
1400 Pontecorvo 6 -99.0
1401 Roccamonfina 6 -99.0
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Table 9. Correction factors for each predictive relation, determined 
from data at all distances.

BJF94 h 0=0,1,2
T(s) bijk
0.00 -0.180
0.05
0.10 -0.128
0.15 -0.204
0.20 -0.213
0.30 -0.211
0.40 -0.190
0.50 -0.157
0.75 -0.160
1.00 -0.164
1.50 -0.116
2.00 -0.219

BJF94 h G=5,6,7
T(s) bijk
0.00 -0.083
0.05
0.10 -0.040
0.15 -0.065
0.20 -0.087
0.30 -0.118
0.40 -0.139
0.50 -0.099
0.75 -0.110
1.00 -0.122
1.50 -0.084
2.00 -0.084

C89/94 h G=5,6,7
T(s) bijk
0.00 -0.012
0.05 0.090
0.10 0.064
0.15 0.022
0.20 0.003
0.30 -0.027
0.40 -0.030
0.50 -0.003
0.75 -0.042
1.00 -0.064
1.50 -0.043
2.00 -0.017

C89 z G=5,6,7
T(s) bijk
0.00 -0.008
0.05 0.179
0.10 -0.103
0.15 0.023
0.20 0.078
0.30 0.197
0.40 0.070
0.50 -0.010
0.75 -0.100
1.00 -0.078
1.50 -0.152
2.00 -0.161

C89V h G=5, 6,7
T(s) bijk

pk vel 0.026
C89V z G=5,6,7

T(s) bijk
pk vel 0.029
C90/94 h G=0,2

may2196b
sigma-b
0.034

-
0.043
0.042
0.045
0.045
0.042
0.040
0.046
0.049
0.061
0.074

may2196b
sigma-b
0.021

-
0.024
0.025
0.026
0.024
0.026
0.027
0.034
0.034
0.035
0.038

may2196b
sigma-b
0.019
0.022
0.024
0.025
0.026
0.023
0.025
0.026
0.033
0.033
0.032
0.032

may2196b
sigma-b
0.024
0.031
0.036
0.028
0.030
0.031
0.035
0.035
0.039
0.041
0.053
0.051

may!696c
sigma-b
0.026

may!696c
sigma-b
0.027

may2196b

sigma-p
0.202

-
0.231
0.226
0.242
0.245
0.228
0.214
0.246
0.265
0.291
0.338

sigma-p
0.204

-
0.225
0.238
0.247
0.229
0.245
0.256
0.318
0.323
0.322
0.333

sigma-p
0.188
0.195
0.222
0.240
0.249
0.221
0.238
0.242
0.310
0.309
0.243
0.242

sigma-p
0.223
0.280
0.327
0.257
0.272
0.281
0.321
0.317
0.346
0.357
0.378
0.351

sigma-p
0.200

sigma-p
0.255

eijk
0.973

-
1.210
1.215
1.301
1.275
1.139
1.031
1.117
1.150
1.201
1.363

eijk
0.981

-
1.179
1.284
1.330
1.193
1.224
1.235
1.443
1.397
1.329
1.346

eijk
0.973
1.021
1.064
1.107
1.148
1.017
1.097
1.116
1.427
1.423
1.117
1.116

eijk
0.904
1.040
1.215
0.956
1.012
1.044
1.190
1.179
1.285
1.325
1.405
1.303

eijk
1.168

eijk
1.129

sigma-e
0.115

-
0.156
0.157
0.168
0.164
0.147
0.133
0.144
0.148
0.173
0.205

sigma-e
0.072

-
0.088
0.096
0.099
0.089
0.091
0.092
0.108
0.104
0.102
0.107

sigma-e
0.071
0.081
0.079
0.082
0.086
0.076
0.082
0.083
0.106
0.106
0.103
0.105

sigma-e
0.068
0.082
0.093
0.073
0.078
0.080
0.091
0.090
0.102
0.107
0.138
0.133

sigma-e
0.107

sigma-e
0.085

Q
5.11e-01

0
3.91e-02
3.63e-02
8.16e-03
1.33e-02
1.06e-01
3.25e-01
1.38e-01
9.20e-02
5.92e-02
6.64e-03

Q
5.55e-01

0
7.34e-03
8.89e-05
7.97e-06
4.42e-03
1.28e-03
8.14e-04
6.46e-09
1.39e-07
1.39e-05
1.12e-05

Q
5.96e-01
3.45e-01
1.67e-01
6.39e-02
2.00e-02
3.60e-01
8.11e-02
5.05e-02
1.97e-08
2.66e-08
8.26e-02
8.66e-02

Q
8.78e-01
2.66e-01
2.38e-03
6.71e-01
3.89e-01
2.44e-01
5.87e-03
8.62e-03
1.87e-04
4.33e-05
2.86e-05
1.45e-03

Q
2.67e-02

Q
3.57e-02

N
35

29
29
29
29
29
29
29
29
23
21

N
93

89
89
89
89
89
89
89
89
84
78

N
93
78
89
89
89
89
89
89
89
89
58
56

N
88
79
84
84
84
84
84
84
79
75
51
47

N
59

N
88



T(s) bijk
0.00 -0.121
0.05 0.094
0.10 0.033
0.15 -0.044
0.20 -0.058
0.30 -0.149
0.40 -0.177
0.50 -0.161
0.75 -0.238
1.00 -0.426
1.50 -0.225
2.00 -0.206

C90 z G=0,2
T(s) bijk
0.00 -0.071
0.05 0.168
0.10 0.000
0.15 -0.017
0.20 -0.059
0.30 -0.052
0.40 -0.049
0.50 -0.032
0.75 -0.071
1.00 -0.105
1.50 0.190
2.00 0.223

C90V h G=0,2
T(s) bijk

pk vel -0.264
C90V z G=0,2

T(s) bijk
pk vel -0.115
C93/94 h G=l

T(s) bijk
0.00 0.087
0.05 0.157
0.10 0.086
0.15 0.102
0.20 0.122
0.30 0.233
0.40 0.304
0.50 0.309
0.75 0.274
1.00 0.274
1.50 0.172
2.00 0.126

193 h G=0,l,2
T(s) bijk
0.00 -0.142
0.05 -0.097
0.10 -0.145
0.15 -0.168
0.20 -0.172
0.30 -0.158
0.40 -0.143
0.50 -0.098
0.75 -0.084
1.00 -0.055
1.50 0.042
2.00 0.042

JB88V h G=0,l,2
T(s) bijk

pk vel -0.036
JB88V h G=5, 6,7

T(s) bijk

sigma-b
0.042
0.057
0.062
0.064
0.065
0.076
0.058
0.053
0.048
0.102
0.136
0.137

may2196b
sigma-b
0.043
0.062
0.054
0.051
0.062
0.058
0.054
0.053
0.066
0.049
0.107
0.168

may!696c
sigma-b
0.127

may!696c
sigma-b
0.139

may2196b
sigma-b
0.053
0.115
0.059
0.052
0.050
0.053
0.089
0.112
0.085
0.075
0.076
0.093

may2196b
sigma-b
0.033
0.051
0.042
0.042
0.040
0.048
0.044
0.041
0.044
0.043
0.047
0.056

may!696c
sigma-b
0.035

may!696c
sigma-b

sigma-p
0.205
0.219
0.261
0.271
0.276
0.321
0.247
0.224
0.206
0.177
0.235
0.238

sigma-p
0.206
0.233
0.222
0.209
0.256
0.240
0.224
0.217
0.247
0.084
0.186
0.291

sigma-p
0.220

sigma-p
0.240

sigma-p
0.176
0.344
0.195
0.172
0.165
0.175
0.218
0.275
0.209
0.184
0.169
0.207

sigma-p
0.193
0.249
0.225
0.226
0.218
0.259
0.237
0.220
0.235
0.231
0.225
0.255

sigma-p
0.208

sigma-p

eijk
0.966
0.901
1.067
1.110
1.081
1.398
1.077
1.011
0.865
0.548
0.987
1.048

eijk
0.916
0.867
0.756
0.725
0.899
0.826
0.761
0.824
0.992
0.319
0.567
0.914

eijk
1.082

eijk
0.951

eijk
0.770
1.391
0.772
0.662
0.594
0.662
0.774
0.944
0.696
0.590
0.709
0.916

eijk
0.801
0.954
0.914
0.933
0.872
0.991
0.903
0.795
0.872
0.858
0.871
0.928

eijk
0.696

eijk

sigma-e
0.136
0.159
0.173
0.180
0.175
0.227
0.174
0.164
0.140
0.183
0.329
0.349

sigma-e
0.132
0.158
0.126
0.121
0.150
0.137
0.127
0.137
0.181
0.106
0.189
0.305

sigma-e
0.361

sigma-e
0.317

sigma-e
0.157
0.309
0.157
0.135
0.121
0.135
0.204
0.249
0.183
0.155
0.200
0.259

sigma-e
0.094
0.135
0.118
0.120
0.113
0.128
0.117
0.103
0.113
0.111
0.126
0.140

sigma-e
0.082

sigma-e

Q
4.97e-01
5.91e-01
2.50e-01
1.78e-01
2.24e-01
5.86e-03
2.32e-01
3.64e-01
7.05e-01
6.38e-01
2.32e-01
1.92e-01

Q
6.28e-01
6.51e-01
8.81e-01
9.16e-01
6.19e-01
7.72e-01
8.75e-01
7.76e-01
3.90e-01
8.58e-01
6.18e-01
2.86e-01

Q
1.72e-01

Q
2.58e-01

Q
7.70e-01
2.62e-02
7.66e-01
9.03e-01
9.53e-01
9.02e-01
6.10e-01
3.74e-01
7.15e-01
8.37e-01
6.43e-01
3.80e-01

Q
9.35e-01
5.30e-01
6.71e-01
6.15e-01
7.78e-01
4.40e-01
6.99e-01
9.18e-01
7.79e-01
8.10e-01
7.37e-01
5.81e-01

Q
9.94e-01

Q

N
24
15
18
18
18
18
18
18
18
3
3
3

N
23
14
17
17
17
17
17
17
14
3
3
3

N
3

N
3

N
11
9

11
11
11
11
6
6
6
6
5
5

N
35
24
29
29
29
29
29
29
29
29
23
21

N
35

N



pk vel -0.032
SP96 h G=0,l,2

T(s) bijk
0.00 -0.060
0.05 0.023
0.10 -0.037
0.15 -0.098
0.20 -0.110
0.30 -0.105
0.40 -0.077
0.50 -0.071
0.75 -0.109
1.00 -0.100
1.50 -0.049
2.00 -0.011

SP96 h G=5,6
T(s) bijk
0.00 0.089
0.05 0.128
0.10 0.146
0.15 0.099
0.20 0.074
0.30 0.019
0.40 -0.039
0.50 -0.028
0.75 -0.119
1.00 -0.158
1.50 -0.058
2.00 0.054

SP96 h G=7
T(s) bijk
0.00 -0.003
0.05 -0.024
0.10 -0.192
0.15 -0.118
0.20 -0.167
0.30 -0.234
0.40 -0.260
0.50 -0.253
0.75 -0.441
1.00 -0.315
1.50 -0.288
2.00 -0.200

SP96V h G=0,l,2
T(s) bijk

pk vel 0. 020
SP96V h G=5,6,7

T(s) bijk
pk vel 0.062

S93 h G=0,l,2
T(s) bijk
0.00 -0.104
0.05 0.016
0.10 -0.070
0.15 -0.117
0.20 -0.108
0.30 -0.093
0.40 -0.073
0.50 -0.031
0.75 -0.071
1.00 -0.106
1.50 -0.058
2.00 -0.087

S93 z G=0,l,2
T(s) bijk
0.00 -0.065

0.025
may2196b

sigma-b
0.031
0.055
0.050
0.047
0.050
0.048
0.039
0.037
0.042
0.041
0.048
0.057

may2196b
sigma-b
0.021
0.023
0.023
0.025
0.027
0.024
0.025
0.027
0.032
0.033
0.033
0.033

may2196b
sigma-b
0.066
0.112
0.189
0.196
0.216
0.196
0.246
0.215
0.239
0.251
0.274
0.287

may!696c
sigma-b
0.039

may!696c
sigma-b
0.026

may2196b
sigma-b
0.034
0.056
0.044
0.043
0.043
0.049
0.045
0.042
0.044
0.042
0.047
0.056

may2196b
sigma-b
0.040

0.237

sigma-p
0.184
0.270
0.271
0.251
0.269
0.259
0.211
0.198
0.227
0.219
0.229
0.259

sigma-p
0.201
0.200
0.214
0.230
0.244
0.218
0.230
0.246
0.296
0.299
0.298
0.286

sigma-p
0.148
0.194
0.423
0.438
0.483
0.437
0.551
0.481
0.535
0.561
0.613
0.641

sigma-p
0.232

sigma-p
0.254

sigma-p
0.199
0.275
0.236
0.234
0.231
0.265
0.244
0.227
0.235
0.228
0.223
0.258

sigma-p
0.228

0.793

eijk
1.064
1.486
1.426
1.255
1.250
1.059
0.800
0.731
0.804
0.757
0.775
0.873

eijk
1.164
1.100
1.129
1.148
1.136
0.890
0.871
0.907
1.048
1.032
1.009
0.963

eijk
0.856
1.068
2.225
2.188
2.247
1.785
2.088
1.773
1.893
1.933
2.077
2.158

eijk
1.081

eijk
1.180

eijk
0.828
1.081
0.946
0.949
0.908
0.991
0.876
0.780
0.823
0.789
0.799
0.928

eijk
0.873

0.058

sigma-e
0.125
0.210
0.184
0.162
0.161
0.137
0.103
0.094
0.104
0.098
0.112
0.132

sigma-e
0.087
0.089
0.087
0.088
0.087
0.068
0.067
0.070
0.080
0.079
0.080
0.079

sigma-e
0.242
0.356
0.629
0.619
0.635
0.505
0.591
0.502
0.535
0.547
0.587
0.610

sigma-e
0.127

sigma-e
0.086

sigma-e
0.098
0.153
0.122
0.122
0.117
0.128
0.113
0.101
0.106
0.102
0.115
0.140

sigma-e
0.107

9.97e-01

Q
2.34e-01
3.66e-04
5.49e-04
1.88e-02
2.05e-02
2.55e-01
9.11e-01
9.73e-01
9.06e-01
9.56e-01
9.08e-01
7.15e-01

Q
1.24e-02
9.00e-02
3.91e-02
2.31e-02
3.20e-02
9.08e-01
9.42e-01
8.62e-01
2.29e-01
2.93e-01
4.05e-01
6.22e-01

Q
4.54e-01
1. 80e-01
5.62e-05
8.20e-05
4.51e-05
3.11e-03
2.20e-04
3.41e-03
1.28e-03
9.06e-04
2.45e-04
l.lle-04

Q
1.94e-01

Q
6.21e-03

Q
8.99e-01
2.14e-01
5.77e-01
5.67e-01
6.85e-01
4.38e-01
7.70e-01
9.35e-01
8.77e-01
9.25e-01
8.76e-01
5.82e-01

Q
7.95e-01

93

N
35
24
29
29
29
29
29
29
29
29
23
21
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Table 10. Distance dependences for each predictive relation, determined from 
data at all distances.
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Table 11. Magnitude dependences for each predictive relation, determined from 
data at all distances.

BJF94
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

BJF94
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

C89/94
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

h G=0,l,2
am

-1.03e+00
-

-4.10e-01
-7.84e-01
-1.46e+00
-1.05e+00
-1.19e+00
-1.19e+00
-1.38e+00
-1.63e+00
-2.23e+00
-2.70e+00

h G=5,6,7
am

-l.Ole-01
-

8.27e-01
8.17e-01
4.37e-01
4.79e-01
5.07e-01
9.97e-01
1.13e+00
8.56e-01
9.31e-01

-1.98e-01
h G=5,6,7

am
7.05e-01
9.03e-01
1.14e+00
1.28e+00
8.56e-01
6.76e-01
8.56e-01
1.36e+00
1.59e+00
1.51e+00
6.57e-01
3.01e-01

C89 z G=5,6,7
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00
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T(s)

pk vl
C89V z

T(s)
pk vl
C90/94
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1.64e+00
2.02e+00
2.38e+00
1.89e+00
1.76e+00
1.99e+00
2.13e+00
2.36e+00
2.24e+00
2.58e+00
3.16e+00
2.49e+00

G=5,6,7
am

3.38e-01
G=5,6,7
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1.47e+00
h G=0,2
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sigma-am
3.96e-01

-
3.65e-01
3.54e-01
3.54e-01
3.66e-01
3.82e-01
3.95e-01
4.21e-01
4.40e-01
5.06e-01
5.18e-01

may2196b
sigma-am
3.59e-01

-
3.30e-01
3.21e-01
3.21e-01
3.32e-01
3.46e-01
3.58e-01
3.81e-01
3.99e-01
4.44e-01
4.71e-01

may2196b
sigma-am
3.47e-01
3.73e-01
3.60e-01
3.75e-01
3.75e-01
3.75e-01
3.75e-01
3.75e-01
3.75e-01
3.75e-01
5.77e-01
5.83e-01

may2196b
sigma-am
4.71e-01
5.43e-01
5.13e-01
5.13e-01
5.13e-01
5.13e-01
5.13e-01
5.13e-01
5.51e-01
5.72e-01
8.18e-01
8.31e-01

may!696c
sigma-am
4.55e-01
may!696c
sigma-am

4.30e-01
may2196b

Magnitude
sm

1.40e-01
-

4.66e-02
9.55e-02
2.06e-01
1.38e-01
1.65e-01
1.70e-01
2.01e-01
2.42e-01
3.43e-01
4.03e-01

Magnitude
sm

2.75e-03
-

-1.39e-01
-1.42e-01
-8.42e-02
-9.58e-02
-1.04e-01
-1.76e-01
-1.99e-01
-1.57e-01
-1.63e-01
1.81e-02

Magnitude
sm

-1.16e-01
-1.31e-01
-1.73e-01
-2.02e-01
-1.37e-01
-1.13e-01
-1.42e-01
-2.19e-01
-2.62e-01
-2.53e-01
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-2.65e-01
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-3.99e-01
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-3.76e-01
-4.25e-01
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-4.94e-02
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-2.32e-01
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-
5.98e-02
5.81e-02
5.81e-02
6.01e-02
6.26e-02
6.49e-02
6.90e-02
7.23e-02
8.16e-02
8.36e-02

dependence
sigma-sm
5.76e-02

-
5.29e-02
5.14e-02
5.15e-02
5.32e-02
5.54e-02
5.74e-02
6.11e-02
6.40e-02
7.10e-02
7.53e-02

dependence
sigma-sm
5.53e-02
5.98e-02
5.78e-02
6.02e-02
6.02e-02
6.02e-02
6.02e-02
6.02e-02
6.02e-02
6.02e-02
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9.20e-02

dependence
sigma-sm
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8.24e-02
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.55e-02
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.65e-02
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.Ole-01
.64e-01
.26e-01
.76e-01
.84e-01
.60e-01
.62e-01
.26e-01

Qm
.24e-02
.79e-02
.OOe-02
.68e-02
.19e-02
.07e-01
.62e-01
.70e-01
.07e-01
.47e-01
.12e-01
.98e-01

Qm
.61e-01
.49e-02
.32e-05
.90e-05
.66e-05
.14e-03
.13e-03
.58e-02
.72e-02
.03e-03
.34e-02
.75e-03

Qm
.80e-01

Qm
.19e-03

Qm
.87e-01
.94e-01
.64e-01
.31e-01
.65e-01
.92e-01
.25e-01
.14e-01
.52e-01
.31e-01
.58e-01
.63e-01

Qm
.OOe-01

N
35
24
29
29
29
29
29
29
29
29
23
21

N
88
75
84
84
84
84
84
84
84
84
79
73

N
5
3
5
5
5
5
5
5
5
5
5
5

N
35

N
93

N
35
24
29
29
29
29
29
29
29
29
23
21

N
32



0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

Sea96 h
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

Sea96 h
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

9
5
9
6
1
1
6
8
6
1

-9

.39e-01

.13e-01

.96e-01

.14e-01

.16e+00

.06e+00

.74e-01

.70e-01

.20e-01

.34e-01

.73e-02
G=0,l,2

-7

-2
_ c
-1
-8
  9
_q
-1
-1
-2
_2

am
.81e-01

-
.14e-01
.83e-01
.26e+00
.38e-01
.96e-01
.99e-01
.22e+00
.49e+00
.10e+00
.51e+00

G=5,6,7

4

9
9
5
6
6
1
1
9
1
Q___ Q

am
.72e-02

-
.lle-01
.02e-01
.38e-01
.06e-01
.44e-01
.14e+00
.25e+00
.71e-01
.02e+00
.17e-02

7.39e-01
6.57e-01
6.57e-01
6.57e-01
6.57e-01
6.57e-01
6.57e-01
7.28e-01
7.53e-01
7.86e-01
8.21e-01

may2196b
sigma-am
4.12e-01

-
5. lle-01
5.29e-01
5.46e-01
5.75e-01
5.98e-01
6.17e-01
6.58e-01
6.90e-01
8.09e-01
8.52e-01

may2196b
sigma-am
3.73e-01

-
4.63e-01
4.79e-01
4.95e-01
5.21e-01
5.41e-01
5.59e-01
5.96e-01
6.25e-01
7.10e-01
7.75e-01

-1.39e-01
-7.98e-02
-1.54e-01
-8.84e-02
-1.71e-01
-1.56e-01
-l.Ole-01
-1.36e-01
-8.92e-02
-5.88e-03
3.96e-02

Magnitude
sm

1.17e-01
-

3.16e-02
8.64e-02
2.00e-01
1.35e-01
1.64e-01
1.68e-01
1.98e-01
2.37e-01
3.39e-01
3.96e-01

Magnitude
sm

-3.32e-03
-

-1.43e-01
-1.44e-01
-8.54e-02
-9.65e-02
-1.04e-01
-1.77e-01
-2.00e-01
-1.59e-01
-1.62e-01
1.84e-02

1.19e-01
1.04e-01
1.04e-01
1.04e-01
1.04e-01
1.04e-01
1.04e-01
1.14e-01
1.17e-01
1.22e-01
1.26e-01

dependence
sigma-sm
6.73e-02

-
8.39e-02
8.67e-02
8.96e-02
9.43e-02
9.81e-02
l.Ole-01
1.08e-01
1.13e-01
1.30e-01
1.38e-01

dependence
sigma-sm
5.99e-02

-
7.43e-02
7.68e-02
7.93e-02
8.35e-02
8.68e-02
8.96e-02
9.55e-02
l.OOe-01
1.14e-01
1.24e-01

-8
-6
-6
-6
-6
-6
-6
-8
-8
-9
-1

_2

-4
-4
-4
-5
-5
-6
-7
-7
-1
_^

-2

-3
-3
-3
-4
-4
_^
_^
-6
Q  o

-9

.75e-02

.80e-02

.80e-02

.80e-02

.80e-02

.80e-02

.80e-02

.26e-02

.80e-02

.53e-02

.03e-01

cas
.76e-02

-
.27e-02
.56e-02
.87e-02
.40e-02
.84e-02
.22e-02
.06e-02
.77e-02
.05e-01
.16e-01

cas
.23e-02

-
.43e-02
.67e-02
.92e-02
.34e-02
.69e-02
.OOe-02
.68e-02
.25e-02
.06e-02
.59e-02

-0.996
-0.996
-0.996
-0.996
-0.996
-0.996
-0.996
-0.997
-0.997
-0.997
-0.997

ras
-0.996

-
-0.995
-0.995
-0.995
-0.995
-0.995
-0.995
-0.995
-0.995
-0.995
-0.995

ras
-0.998

-
-0.998
-0.998
-0.998
-0.998
-0.998
-0.998
-0.998
-0.998
-0.998
-0.998

7
8
9
7
7
8
9
7
5
8
7

8

8
9
9
9
9
9
9
9
1
9

9

9
9
9
1
9
9
8
9
9
9

.88e-01

.68e-01

.67e-01

.91e-01

.89e-01

.20e-01

.61e-01

.29e-01

.53e-01

.41e-01

.48e-01

Qm
.88e-01

-
.16e-01
.12e-01
.67e-01
.30e-01
.92e-01
.99e-01
.97e-01
.98e-01
.OOe+00
.99e-01

Qm
.24e-01

-
.95e-01
.86e-01
.69e-01
.OOe+00
.99e-01
.99e-01
.95e-01
.41e-01
.92e-01
.95e-01

21
26
26
26
26
26
26
22
21
19
16

N
35
0

29
29
29
29
29
29
29
29
23
21

N
93
0

89
89
89
89
89
89
89
89
84
78



Table 12. Correction factors for each predictive relation and period, 
determined from data at distance less than or equal to 20 km.

BJF94
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

BJF94
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

C89/94
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

h 0=0,1,2
bijk
-0.115

-
-0.059
-0.166
-0.171
-0.229
-0.195
-0.168
-0.095
-0.050
-0.056
- 0.175

h G=5,6,7

-

-
-
-
-
-
-
-
-
-
-

bijk
0.035

-
0.020
0.043
0.080
0.100
0.112
0.060
0.072
0.079
0.034
0.015

h G=5,6,7

-

-
-
-
-
-
-
-
-
-

C89 z G=5,
T(s)
0.00
0.05
0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.50
2.00

C89V h
T(s)

pk vl
C89V z

T(s)
pk vl
C90/94

-

-
-
-

-
-
-
-
-
-

G=5

0
G=5

0

bijk
0.042
0.066
0.044
0.010
0.045
0.059
0.053
0.008
0.034
0.060
0.053
0.025
6,7
bijk
0.026
0.200
0.185
0.021
0.017
0.090
0.054
0.126
0.237
0.206
0.261
0.239
,6,7
bijk
.006
,6,7
bijk
.002

h G=0,2

may2196c<=20
sigma-b
0.044

-
0.054
0.064
0.072
0.084
0.080
0.069
0.068
0.064
0.085
0.100

may2196c<=20
sigma-b
0.023

-
0.025
0.029
0.027
0.025
0.027
0.029
0.034
0.034
0.034
0.036

may2196c<=20
sigma-b
0.024
0.026
0.026
0.031
0.028
0.025
0.026
0.027
0.035
0.034
0.036
0.037

may2196c<=20
sigma-b
0.034
0.040
0.049
0.039
0.037
0.039
0.043
0.041
0.040
0.041
0.057
0.052

may!696e<=20
sigma-b
0.030

may!696e<=20
sigma-b
0.034

may2196c<=20

sigma-p
0

0
0
0
0
0
0
0
0
0
0

.165
-

.188

.223

.248

.292

.278

.239

.237

.221

.281

.331

0

0
1
1
1
1
1
1
0
1
1

sigma-p
0

0
0
0
0
0
0
0
0
0
0

.169
-

.188

.217

.204

.190

.206

.214

.252

.251

.255

.264

0

0
1
1
0
1
1
1
1
1
1

sigma-p
0
0
0
0
0
0
0
0
0
0
0
0

.174

.187

.190

.224

.209

.187

.195

.200

.256

.248

.228

.234

1
0
0
1
0
0
0
0
1
1
1
1

sigma-p
0
0
0
0
0
0
0
0
0
0
0
0

.245

.282

.352

.276

.264

.279

.309

.296

.285

.287

.343

.309

0
1
1
1
0
1
1
1
1
1
1
1

sigma-p
0. 187 1.

sigma-p
0. 243 1.

eijk
.793

-
.984
.200
.334
.519
.391
.154
.075
.959
.159
.338

eijk
.811

-
.982
.169
.100
.989
.029
.033
.143
.087
.052
.065

eijk
.010
.980
.911
.033
.964
.862
.896
.923
.181
.142
.050
.079

eijk
.992
.047
.306
.027
.981
.038
.147
.098
.057
.064
.273
.148

eijk
091

eijk
076

sigma-e
0.144

-
0.192
0.235
0.261
0.297
0.272
0.226
0.210
0.187
0.236
0.272

sigma-e
0.076

-
0.092
0.109
0.103
0.093
0.096
0.097
0.107
0.102
0.099
0.102

sigma-e
0.096
0.096
0.087
0.098
0.092
0.082
0.085
0.088
0.113
0.109
0.116
0.119

sigma-e
0.097
0.105
0.128
0.101
0.096
0.102
0.112
0.108
0.105
0.106
0.148
0.133

sigma-e
0.120

sigma-e
0.106

7

3
9
2
3
1
1
2
4
1
3

9

5
2
1
4
3
3
5
1
2
2

3
5
7
3
5
9
8
7
2
5
2
1

4
2
9
3
5
2
5
1
2
2
7
7

1.

1.

Q
.87e-01

-
.92e-01
.95e-02
.99e-02
.59e-03
.64e-02
.42e-01
.41e-01
.41e-01
.40e-01
.24e-02

Q
.72e-01

-
.12e-01
.90e-02
.17e-01
.83e-01
.23e-01
.05e-01
.17e-02
.43e-01
.43e-01
.05e-01

Q
.95e-01
.16e-01
.80e-01
.09e-01
.84e-01
.04e-01
.26e-01
.40e-01
.38e-02
.47e-02
.65e-01
.90e-01

Q
.66e-01
.63e-01
.35e-04
.33e-01
.12e-01
.93e-01
.38e-02
.27e-01
.32e-01
.13e-01
.99e-03
.84e-02

Q
62e-01

Q
77e-01

N
14
0

12
12
12
12
12
12
12
12
11
11

N
56
0

56
56
56
56
56
56
56
56
55
53

N
54
51
54
54
54
54
54
54
54
54
40
40

N
51
49
51
51
51
51
51
51
50
49
36
36

N
40

N
51

12-



T(s) bijk
0.00 -0.196
0.05 -0.009
0.10 -0.024
0.15 -0.160
0.20 -0.172
0.30 -0.264
0.40 -0.245
0.50 -0.225
0.75 -0.231
1.00 -0.440
1.50 -0.374
2.00 -0.374

C90 z G=0,2
T(s) bijk
0.00 -0.087
0.05 0.136
0.10 -0.026
0.15 -0.127
0.20 -0.103
0.30 -0.122
0.40 -0.176
0.50 -0.127
0.75 -0.096
1.00 -0.164
1.50 0.081
2.00 0.091

C90V h G=0,2
T(s) bijk

pk vl -0.395
C90V z G=0,2

T(s) bijk
pk vl -0.241
C93/94 h G=l

T(s) bijk
0.00 -0.112
0.05 -0.134
0.10 -0.071
0.15 -0.049
0.20 0.048
0.30 0.087
0.40 0.137
0.50 0.028
0.75 0.148
1.00 0.153
1.50 0.102
2.00 0.089

193 h G=0,l,2
T(s) bijk
0.00 -0.204
0.05 -0.188
0.10 -0.152
0.15 -0.227
0.20 -0.218
0.30 -0.252
0.40 -0.224
0.50 -0.182
0.75 -0.096
1.00 -0.020
1.50 0.023
2.00 -0.002

JB88V h G=0,l,2
T(s) bijk

pk vl -0.098
JB88V h G=5, 6,7

T(s) bijk

sigma-b sigma-p
0.049 0.164
0.043 0.123
0.061 0.184
0.077 0.230
0.095 0.285
0.117 0.350
0.105 0.315
0.087 0.261
0.079 0.237
0.152 0.216
0.092 0.131
0.021 0.030

may2196c<=20
sigma-b sigma-p
0.056 0.186
0.072 0.191
0.083 0.250
0.052 0.156
0.101 0.302
0.080 0.239
0.064 0.193
0.067 0.200
0.075 0.225
0.004 0.005
0.090 0.127
0.193 0.273

may!696e<=20
sigma-b sigma-p
0.103 0.146

may!696e<=20
sigma-b sigma-p
0.139 0.197

may2196c<=20
sigma-b sigma-p
0.072 0.101
0.076 0.107
0.020 0.028
0.025 0.035
0.036 0.051
0.108 0.153
0.141 0.200
0.107 0.152
0.075 0.106
0.055 0.077
0.101 0.142
0.172 0.244

may2196c<=20
sigma-b sigma-p
0.044 0.157
0.041 0.129
0.053 0.175
0.063 0.208
0.076 0.252
0.090 0.300
0.085 0.282
0.068 0.225
0.065 0.217
0.062 0.205
0.080 0.253
0.093 0.294

may!696e<=20
sigma-b sigma-p
0.055 0.207

may!696e<=20
sigma-b sigma-p

eijk
0.865
0.548
0.808
0.933
1.167
1.699
1.487
1.161
0.945
0.661
0.438
0.117

eijk
0.862
0.755
0.889
0.632
1.092
0.898
0.711
0.804
0.793
0.015
0.311
0.823

eijk
0.591

eijk
0.716

eijk
0.466
0.432
0.110
0.133
0.183
0.577
0.707
0.521
0.353
0.247
0.596
1.079

eijk
0.720
0.607
0.757
0.885
1.053
1.214
1.108
0.858
0.797
0.795
1.017
1.095

eijk
0.694

eijk

sigma-e
0.176
0.128
0.180
0.207
0.259
0.378
0.331
0.258
0.210
0.234
0.155
0.041

sigma-e
0.175
0.187
0.198
0.141
0.243
0.200
0.158
0.179
0.176
0.005
0.110
0.291

sigma-e
0.209

sigma-e
0.253

sigma-e
0.165
0.153
0.039
0.047
0.065
0.204
0.250
0.184
0.125
0.087
0.211
0.381

sigma-e
0.136
0.129
0.154
0.180
0.214
0.247
0.225
0.174
0.162
0.162
0.216
0.232

sigma-e
0.126

sigma-e

Q
6.06e-01
9.34e-01
6.61e-01
4.49e-01
1.40e-01
1.05e-03
1.07e-02
1.46e-01
4.30e-01
3.50e-01
5.36e-01
8.69e-01

Q
6.12e-01
6.78e-01
5.25e-01
8.91e-01
2.18e-01
5.10e-01
8.04e-01
6.67e-01
6.85e-01
9.83e-01
6.60e-01
2.44e-01

Q
4.03e-01

Q
3.11e-01

Q
S.lOe-01
5.42e-01
8.76e-01
8.51e-01
7.96e-01
4.15e-01
3.17e-01
4.61e-01
6.18e-01
7.27e-01
3.99e-01
1.27e-01

Q
8.74e-01
9.31e-01
7.89e-01
5.70e-01
2.72e-01
9.35e-02
1.97e-01
6.20e-01
7.27e-01
7.31e-01
3.23e-01
2.14e-01

Q
9.14e-01

Q

N
11
8
9
9
9
9
9
9
9
2
2
2

N
11
7
9
9
9
9
9
9
9
2
2
2

N
2

N
2

N
2
2
2
2
2
2
2
2
2
2
2
2

N
13
10
11
11
11
11
11
11
11
11
10
10

N
14

N

Ule



Pk vl
SP96 h

T(
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.
2.

SP96
T(
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.
2.

SP96
T(
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.
2.

s)
00
05
10
15
20
30
40
50
75
00
50
00
h

s)
00
05
10
15
20
30
40
50
75
00
50
00
h

s)
00
05
10
15
20
30
40
50
75
00
50
00

SP96V h
T(

Pk
s)
vl

SP96V h
T(

Pk
S93

s)
vl

-0.036
G=0,l,2

bijk
-0.045
0.045
0.066

-0.054
-0.063
-0.133
-0.079
-0.105
-0.086
-0.026
-0.019
-0.012

G=5,6
b-i -|v

f-3
22

.155
0.096
0.047

-0.001
-0.053
-0.036
-0.123
-0.176
-0.079
0.034

G=7
bijk
0.206
0.247
0.190
0.242
0.143
0.072
0.287
0.275
0.029
0.132
0.320
0.290

G=0,l,2
bijk
0.024

G=5,6,7
bijk
0.091

h G=0,l,2
T(s)
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
1.
2.

S93
T(
0.

00
05
10
15
20
30
40
50
75
00
50
00

bijk
-0.197
-0.135
-0.134
-o.:.:. 7-o.if 1 "
-0.21C
-0.174
-0.131
-0.087
-0.064
-0.067
-0.116

z G=0,l,2
s)
00

bijk
-0.141

0.030
may2196c<=20

sigma-b
0.040
0.056
0.054
0.066
0.072
0.083
0.073
0.065
0.065
0.050
0.063
0.077

may2196c<=20
sigma-b
0.025
0.026
0.026
0.031
0.030
0.027
0.029
0.030
0.037
0.036
0.039
0.039

may2196c<=20
sigma-b
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

may!696e<=20
sigma-b
0.060

may!696e<=20
sigma-b
0.031

may2196c<=20
sigma-b
0.042
0.042
0.052
0.064
0.077
0.092
0.085
0.066
0.062
0.059
0.078
0.092

may2196c<=20
sigma-b
0.051

0.223

sigma-p
0.152
0.187
0.188
0.229
0.250
0.289
0.251
0.227
0.226
0.175
0.209
0.256

sigma-p
0.183
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Magnitude-distance sampling for soil sites, ymay1696a.rpt
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T=0s, 5.5 <= M < 6 horiz comps, yrnay1696a
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Peak Velocity, 5 <= M < 5.5 horiz comps, ymay1696a
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Peak Velocity, 5.5 <= M < 6 horiz comps, ymayl 696a
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Peak Velocity, 6 <= M < 6.5 horiz comps, ymay1696a
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Peak Velocity, 6.5 <= M < 7.5 horiz comps, ymayl 696a
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SP96h 6=0,1,2 may1696b T=0 s SP96 h 6=0,1,2 may1696b T=0.05 s

0
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0

.0
I
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o^ 
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0

-0.5
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o .     A.: X Q

   

.

bias b=-0.060+/-0.03i : 
Q=2.34e-01 , sigma-p=0. 1 84 \
sr=-0.047+/-0.096 Qr=0.206 :

SP96h6=0,12 may1696b T=0.1 s
....K.^. ........ .............:........ Q...:..

I "~-^ l« !
,: "^ + + P. ...............    .-in-<;r^-.- + a

' ^^ V "V
: O x ^
: :+ +X + ;

 

   

bias b=-0.037+/-0.050 : 
. Q=5,49e-D4, sigma-p=0.271 .....!..

sr=-0.233+/-0.1 10 Qr=0.001 :

SP96h6=0,12 may1696b T=0.2 s

; ; + + ;
~~ ~~    : rP :
: " "~ ^ - ^ : :&+ ° o. ............... . ... rr. T-, ._.... rf* . . VL !r.

I : ° n^x- ^ :I . .0 X- ^ _ ^

: :fe +   0
 

 O
'. '. *   '.

biasb=-0.110+/-0.050 :
Q=2.05e-02, $igma-p=0.269 : 
Br=-0.155+/-0.124 Qr=0.022 :

n 5
U.«J

0

-0 5\jf+j

-1

V.

0 5\j.\j

0 

_n 5\j.\j 

 i
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-0 5
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L > , ; i x+ ° 
: ~~~~-~- : <^
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'. '. '. *

biasb=0.023+/-0.055: 
Q=3.66e-Q4, sigma-p=0.270
sr=-0.122^/-0.120 Qr=0.000

>P96h6=0,1,2 may1696b T=0.15s
...;.............;.............:....+.........

- - » .   *° o
- - ^9 n :..... .......;..r..^_.e..:.^5+... x .Q

': ^ ^ x^-f-": : & + X
: : ^ 0 

...;............-............ .:o- .r.... '.....
 

bias b=-0.098+/-0.047 
Q=1 .88e-02, sigma-|^=0.251
sr=-0.127+/-0.115 Qr=0.018

SP96h6=0,1,2 may1696b T=0.3 s
: : : + o

i ; \ +o x°
..;............;.............:. ...XK-.^Oi ; : a^^ -^ .

x\ ^^

; ; oi°. o
"... ...... . .' . . ...... .'. .............

: : :O 
biasb=-0.105+/-0.048
Q=2.55e-Q1 , sigma-p=0.259 
sr=0.022+/^-0.141 Qr=0.215
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SP96hG=0,1,2 may1696b T=0.4s SP96hG=0,1,2 may1696b T=0.5 s
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1 - - - - -
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Q=9.11e-0 
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! *Q X+ :

: . O

:0 j 
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1, sigma-p=0.211 ; 
-0.152Qr=0.888 :

0

-0.5
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I
*--""'"
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o* .
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o
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o
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I
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I

- - >. _
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: + + :
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............... QQ^. ........
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:0 \
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-0.163Qr=0.879 :

2 may1696b T=1.5s

__-lf i!
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'
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- ^ ^ ': + + X
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/-0.167Qr=0.967

*

  

"* »

8

SP96hG=0,1,2 may1696b T=2 s

I
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Q=7.15e-0
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0 5 \j *\j

0 

-0 5
\Jn\J

<~~* n c

Q.

O
"^1 n
D) U
£

-Q
£,-0.5
0

D) 
.O

""'

'   o ' x

i I l&flf
' :-----:--- ̂ ^^^^Q ~

: : : x o
: : P y

bias b=0.089+/-0.021 : 
Q=1 .24e~Q2, sigma-p=0.201

SP96hG=5,6 may1696b T=0.1 s
: : : x
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Q=3.91e-Q2, sigma-p=0.214 
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0
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i
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0
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: \ : : x :
O >i-

' : : ~^T -H.+^- ,^" ~ :

i ! + od °
biasb=0.128+/~0.023: : 
Q=9.00e-Q2, sigma~p=0.200 i 
sr=-0.012-f/-0.063 Qr=Q.078 :
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i i Hr0^
biasb=0.099+/-0.025: : 
Q=2.31 e-02, sigma-p=0.230 i 
sr=-0.004-f/-0.064 Qr=Q.019 . . .:.

SP96hG=5,6 may1696b T=0.2 s SP96 h G=5,6 may1696b T=0.3 s

O.i

0
1 ;
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Q=3
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: x
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f ̂o+ x +<^+
T ' " O

+ 0+ °................ _,_ ..._............ ^ 

b=0.074+/-0.027: 
.20e-Q2, sigma-p=0.244
.070+/^0.069 Qr=0.032
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SP96hG=5,6 may1696b T=0.4 s SP96 h G=5,6 may1696b T=0.5 s
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0
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I
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Q=9
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.................. Q. .... .^ .........
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.42e-Q1 , sigma-p=0.230 :
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0 ^
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0 
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: : O® + X :
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'. . %x  ................................... X -+ ----r

bias b=-0.028+/-0.027 : 
Q=8.62e-Q1 , sigma-p=0.246 :
sr=0.099+/-0.086 Qr=0.870 :

SP96hG=5,6 may1696b T=0.75 s SP96 h G=5,6 may1696b T=1 s

0 5
VJ.vJ
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o. n
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0
T 
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.Q

- -10 '
T 
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1

i
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; o : o ;
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0.5

0
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i :
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sr=0

_ - - j-

: o :
        OQ'--   Q          > 

; + !

...... X*^ . .'. jK .........'..

b=-0.i58+/-0.033 x .....:..
93e-Q1 , 
123+A-O

sigma-p=0.299 : 
.093Qr=0.312 :

; | ; ;

SP96hG=5,6 may1696b T=1.5s SP96 h G=5,6 may1696b T=2 s

0 *5
VJ.vJ

0
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-1 

1 ^

; 0 ; °+ :
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: ^tlL)^

' : j^^""" -f^w '
^^ "*"^ Bar uHj 1

^^-r mi J»+ ;
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: X i v + 
bias b=-0.058+/-0.033 :
Q=4.05e-Q1 , sigma-f5=0.298 
sr=0.234+/-0. 1 06 Qr=0.526 :

n ^
VJ.vJ

0

-0 5
VJ.vJ

-1

: ! : o :

': i 0 i ++ :

i I OCA^^-
i : : ^^"^ ^H^fe^ '
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biasb=0.054+/-0.033: x :
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SP96hG=7 may1696b T=0 s SP96 h G=7 may1696b T=0.05 s

U.£

0

0 0

0.4
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00.0

............................. s; . . . . -^ ...........

: : :^ x +: 
\

. ..................................... .-s. ... !.j

: ; ; o x+i
...I............;.............:.......... +.:.j

. bias b=-O.QQ3+/-Q.066 :
Q=4.54e-Q1 , sigma-p=0. 1 48 :
sr=-0.246-F;/-0.307 Qr=0.389 |

0.2

0
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. . ............................. v ..........
: : \

.. ............:.............:..... A........
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0=1.806-01, sigma-p=0.194
sr=-0.769-t;/-0.462 Qr=0.419
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0
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SP96hG=7 may1696b T=0.1 s SP96 h G=7 may1696b T=0.15s

0

bias b=-0.192+/-0.189 
Q=5.62e-05, sigma-p=0.423 
5P=-0.810-f/-0.337Qp=0.000

-0.5

-1

-1.5

bias b=-0.118+/~0.196 
0=8.206-05, sigma-f^=0.438 
sr=-0.854^/-0.354 Qr=0.000
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biasb=~0.167+/-0.216 +; 
Q=4.51e~05, sigma-p=0.483 :
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bias b=-0.234+/-0.196 
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distance r, km
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SP96hG=7 may1696b T=0.4 s SP96 h G=7 may1696b T=0.5 s

0
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1 >w
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bias b=-0.260+/-0.246 +:
Q=2.J20e-CJ4, sigma-[i=0.55i : 
sr=-1 .554+/-0.468 Qr=0.01 3 :

SP96hG=7 may1696b T=0.75 s

..;............;............. ;...^. u . ....;..\
: : \ : 
: : \ + :

................ ....................... v + ...
: : \ : 
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Q=1 .28e-03, sigma-p=0.535 \ 
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bias b=-0.253+/-0.21 5 +:
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sr=-1 .515+/-0.480 Qr=0.123 :

SP96hG=7 may1696b T=1 s

; ; ; + \° ;.. . ............ ............ r .... r+T
: : \ :
: : \+:

\ :
: : \

bias b=-0,315+/-0.251 +:
Q=9.06e-04, sigma-p^O.561 : 
sr=-1 .499+/-0.514 Qr=0.017 :
'.'.'.'.

SP96hG=7 may1696b T=1.5s SP96hG=7 may1696b T=2 s

0

0.5
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: : \ :
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bias b=-0.288+/-0.274 +:
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sr=-1 .872+/-0.526 Qr=0.01 4 j
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distance r, km
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O
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0
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-0.150Qr=0.697 :
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o
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o
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Q=8.76e-Q1, sigma-p=0.223 
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sr=0.413+A
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bias b=-0/ 
Q=9.25e-0 
sr=-0.019+
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r

bias b=-0.( 
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sr=-0.0124
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1 , sigma p=0.227       
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I
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f/-0.220 Qr=0.825 :
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55+/-0.050: : 
1 , sigma-p=0.257 ... . .:.. 
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Comparison of magnitude dependence, sm, horizontal motions, may2196c<=20 Qs 
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Comparison of magnitude dependence, sm, vertical motions, may2196c<=20 Qs
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Comparison of peak velocity relations with weak motion relations
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Comparison of weak and strong motion relations for T=0.1 s
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Comparison of weak and strong motion relations for T=1 s
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