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SLAC SITE GEOLOGY, GROUND MOTION AND SOME EFFECTS OF 

THE OCTOBER 17,1989 EARTHQUAKE 

G. E. FISCHER 

December 1989 

ABSTRACT 

An attempt is made to correlate ground motions resulting from the October 17, 1989 

(Loma Prieta) earthquake with the geologic features of the SLAC site. Recent defor- 

mations of the linac are also related to slow motions observed over the past 20 years. 

Measured characteristics of the earthquake are listed. Some effects on machine com- 

ponents and detectors are noted. Some recommendations regarding instrument site 

are made. 

In carrying out this work it was necessary to find and review many of the original 

records which describe the site and which are still available today. Since only a portion 

of this material can be found in the published literature, a listing and location file of 

some of the relevant material is provided. 

1. INTRODUCTION 

The original builders of the Stanford Linear Accelerator Center (SLAC) payed a great 

deal of attention to questions of site suitability. At that time (early 196Os), before steer- 

ing and focusing was introduced along the linac, it was then believed that the accelerator 

should remain aligned along a straight line ranging from within 0.06 inches in 250 ft to 

1 inch in 10,000 ft for periods up to one year and 5 inches for “as long as possible.“’ 

The proximity of the San Andreas fault system has been commented on at length, but 

every responsible geologist then, as now, has stated that although earthquakes, and 

more interestingly their effects, cannot be predicted with accuracy, “it is most unlikely 

that the accelerator tunnel will be damaged unless it crosses a fault which ruptures or is 
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located within a zone of ‘maximum intensity’ or in terrain with potentially unstable to- 

pography and/or incompetent rock. ” We shall see that this belief has been borne out at 

SLAC up to, and including, the recent past. 

2 SLAC SITE GEOLOGY 

2.1 GENERAL FEATURES 

The excavation for the housing for the two-mile long linear accelerator afforded ge- 

ologists the best exposed cross section of Cenozoic (an age, including the present, during 

which mammals developed) rocks between the San Andreas fault and San Francisco Bay. 

The geology and physical properties of the site were studied during 1961-64 in an elab- 

orate program of geologic mapping, boring, trenching, soil testing, and measurement of 

ground movement. 

The geological aspects of this work are described by Benjamin Page and Larry 

Tabor. Figure 1 is a reproduction of Plate 1 of their publication. The cross section 

shows “orderly Eocene sandstone, mudstone sequences interrupted by chaotic zones 

consisting of disordered mudstone with scattered and rotated bodies of sandstone.” It 

is believed that the chaotic structure resulted in part from Eocene submarine sliding 

[although thrusting of the San Andreas fault system, had it been active in Eocene times 

(> 50 MY), provides an alternative explanation]. After the Eocene rocks were mod- 

erately folded, Miocene (M 10 MY) strata were deposited uncomformably upon them. 

Continued thrusting and folding produced a surface of decollement which itself increased 

the structural complexity of the chaotic zones, in places producing locally overturned 

intact strata. Such a hypothetical process is shown in a reproduction of their figure 4 

(figure 2 of this report). These authors also single out a shallow “bedding plane fault” 

shown in their figure 5 (figure 3 of this report) between the Miocene deposits and the 

much more recent poorly consolidated fluvial conglomerate (Plio-Pleistocene age, M 1 

MY) named Santa Clara Formation by Prof. Branner at the turn of the century. This 

lo-ft-thick layer of sheared mudstone intersects the accelerator tunnel around Station 

91+00 and played a part in recent events. Figure 4 is a photograph of the fault taken 

in 1964. 
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2.2 GEOLOGIC DETAILS ALONGTHE LINAC TUNNEL AND IN THE TARGET AREA 

The above mentioned publication concerns itself primarily with the geologic struc- 

ture of the site. The very detailed work on which it is based was carried out by Tabor and 

others for the architect, engineering and construction management firm Aetron-Blume- 

Atkinson (ABA). Th ese investigations are contained in the massive report ABA-88.3 

Figure 5 is a reproduction of Plate II of this report. It depicts the bedrock geologic 

cross section on which the linac tunnel is built. Since the defined elevations4 of the 

tunnel floor are 297.300 ft at Station5 OO+OO at the west end, and 247.300 ft at station 

lOO+OO near the beginning of the beam switchyard, it is evident when one draws a line 

through these elevations on figure 5 that the tunnel rests on two “cut” and two “fill” 

regions. This fact will dominate most discussions regarding vertical tunnel movement. 

It is also significant that the cuts shave off the chaotic Eocene anticline protrusions in 

regions having approximate station coordinates OO+OO to 20+10 and 70+50 to 80+60. 

Fill, consisting of engineered and specially compacted material, is placed to elevate the 

so-called “broad valley syncline” (50+50 to 70+00) and the region from 30+70 to 40+90. 

Figure 6 is a reproduction of .,Plate IIA, the plan view of the geologic map. This 

map did not accompany the original report in March 1965, but was distributed on 

November 16 of that year. The words probable major fault zone must have caused some 

measure of concern for it prompted the then technical director of ABA to issue a letter 

on December 16 explaining that this term “. . . means that in these areas there were 

zones of earth movement in the distant geologic past but there has been no discernible 

movement in historic time. . .” The reader may note by looking for the small “f” symbols 

on the drawings, that there appear to be no less than ten such faults crossing the tunnel. 

They occur at the demarcations of regions of differing species of rock. 

Report ABA-88 also contains nine high-detail maps along the accelerator tunnel. 

Figures 7 and 8 are reproductions of portions of Maps 3+4 and 9, which are singled out 

for later reference. 

A truly exhaustive program of earth movement studies was carried out starting in 

1961, and resulted in a massive report6 in 1966. The happy conclusion reached was 
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that whatever consistent vertical or horizontal movements could be detected by the 

best conventional means at that time, they were small and well within the limits of 

surveying accuracy and accelerator design tolerances. The report also points out that 

measurements of rebound and of fill compaction were within calculated limits (i.e., 1 to 

2 inches). The report is nevertheless of some interest since it indicates what limits could 

be placed on the problem at that time, and that tectonic deformation of the site was 

not found. The report also contains a description of the inverted pendulum system and 

lists the coordinates of all bench marks used. 

2.3 GEOLOGIC DETAIL FOR THE CONSTRUCTION OF THE PEP TUNNEL 

The earlier history of geologic investigations regarding the PEP site is described 

by Bob Gould.7 The work done by Tabor, Earth Sciences Associates of Palo Alto, and 

the results of an intensive Summer 1975 drilling program are chronicled. Among the 

various problems that were described, the situation in PEP-Region 11 is noteworthy 

today. Lenses of siltstone in clay matrix were found in the Miocene of borehole 11-l. 

Slickensided surfaces and scaly clay were abundant throughout the lo-ft thickness of this 

material. The origin of this expansive matter is speculated on by M. Dalrymple.8 

The detailed geotechnical report for the architect-engineering firm of PBQ&D, Inc./ 

Kaiser Engineers for PEP construction was written by the firm Dames and Moore.g On 

page 13 there is a description of the suspect region beginning with: “A very plastic clay- 

stone unit is present as an interbed in the vicinity of Station 19+00 as illustrated on 

Plate 2. The rock is characterized by a tendency to swell and demonstrates a loss of 

strength with time when unconfined and exposed to water” and ending with: “special 

tunnel design and construction should be applied in this vicinity.“Figure 9 is a repro- 

duction of Plate 2 (of 8 plates) from this report which provides high detail of the PEP 

bedrock geology. Note borehole PEP 11-4. 

2.4 GEOLOGIC INVESTIGATIONS OF THE SLC SITE 

The preliminary site investigation for the SLC Arc tunnels and experimental hall 

was carried out by the firm of Dames and Moore. lo This work was superseded when 

the collider hall and Arcs were sited much further upstream (west) by Earth Science 
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Associates (ESA) under subcontract to the A and E firm for the SLC, the Tudor Engi- 

neering Company of San Francisco. ESA’s completed Title I Report was issued Septem- 

ber 198211 and was in turn superseded by the Title II Report of July 1983.12 Although 

the Title II report contains the logs from boreholes SLC 10 to SLC 24 one must en- 

ter the contract drawings l3 for the construction of the north and south tunnels to find 

the map which describes where these holes are located. Figure 10 is a reproduction of 

Plate 2 of the latter report, which shows the locations of all the bore holes, trenches 

and seismic refraction lines for the SLC. The “final” tunnel route is indicated. One may 

note (at about 9:30 o’clock on this route) the entry “strike slip movement” indicating 

a fault first identified by Tabor in the early 1960s on Map 9 (target area) in ABA-88. 

This fault, described as a “pinch and swell structure containing gaugy dark grey-blue 

clay with slikensides,” can still be seen with the naked eye in the cut of the road to 

SPEAR, as a marked indentation in the grass just under SSRL Building No. 288. It is 

also identified on ESA Title I, figure 2 (figure 11 of this report). This figure also shows 

the clay lens found in PEP bore holes 11-l and 11-4 projected to the SLC tunnel. The 

possibility of this lens causing mischief during SLC tunneling must have given rise to 

the drilling of SLC-12. Wh en no clay was found (see ESA Title II report), this possibil- 

ity was removed and is therefore not shown on the geologic contract drawing (figures 12 

and 13 of this report). We will refer to all this detail later. Figures 14 and 15 depict 

other places in the SLC tunnels that have “interesting” geology. 

3. PAST OBSERVATIONS OF GROUND MOTIONS 

3.1 CUMULATIVE MOTION, 1966-1983 

The SLAC laser alignment system l4 has been used since 1966 to measure transverse 

displacement of the linac with respect to a line drawn through two (more or less arbi- 

trarily defined) reference positions (which may themselves be moving with time). Each 

linac sector (there are 30 in 10,000 ft) generally consists of eight 40-ft support girders, 

each of which houses a lens station. There are, therefore (including a number of auxil- 

iary stations), almost 300 lens positions that can be monitored along the 2 mile stretch. 
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Figure 16 depicts the cumulative motion of the tunnel (defined to be negative of 

cumulative corrections applied to keep the linac straight) between the years 1966 and 

1983. For historical reasons the ordinate is plotted in units of 0.001 inches, the abscissa is 

plotted in “station number” in which, for example, sector 22, girder 5, would be plotted 

as station 225. For the vertical scale, positive values mean up. For the horizontal scale, 

positive values mean motion to the south! If one looks at the data on a year- by-year 

basis (shown in subsequent figures), it is interesting to note that, on the average, the 

motion is nearly always in the direction it took in earlier years. 

3.2 CORRELATION OF MOTION WITH GEOLOGY (GOULD, 1968; TABOR, 1973) 

Figure 17 depicts what appears to be the first quantitative correlation of the initial 

ground motion with site geology15 by Bob Gould. 

A similar study using a different base drawing is shown in figure 18; it appears to 

be in Tabors handwriting and carries the data to 1973. It emphasizes the cut and fill 

nature of the tunnel by plotting elevation relative to the tunnel floor. 

The salient features are easy to see: 

l The tunnel sags in regions of fill,-even though preloads had been applied. However, 

the long-term settlement magnitudes are much smaller (l/4 inch) than the short- 

term values that were predicted16 (1 to 2 inches). 

l The tunnel heaves up in those regions where the soil was excavated. Even though 

these regions coincide with the cutoff peaks of chaotic Eocene, it was felt that this 

motion could be attributed to rebound. 

l With a few exceptions there appears to be no clear cut correlation of the motion 

with any of the of the numerous terrain discontinuities labelled as “inactive faults.” 

l A sharp discontinuity (vertical and horizontal) occurs at station 12-3. 

l A smaller discontinuity is evident in the end of sector 27 (see figure 18). 



3.3 DIFFICULTIES WITH LINAC STATION 12-3. 

The suggested most probable cause of this movement was “intermittent creep in a 

southerly direction of a ‘chaotic’ zone of material”17 and the suggested most practical 

remedial action was to “remove some 15,000 to 20,000 cu. yds. of chaotic material 

above the klystron gallery level in the zone north of the affected area” to remove the 

gravity force of the hill. No mention was made of the “contact striking NW-SE” which 

crosses the accelerator at 12-3 (see figure 7 of this report). Subsequently (October 1968), 

8,000 cu. yds. were removed and it was reported l8 that “there has been little or no 

apparent movement of 12-3, which may or may not be coincidental.” Bulldozer activity 

verified the nature of the contact, hard on the west and very soft on the east. A 

groundwater level measurement program was initiated, which subsequently yielded the 

result that water levels were substantially (10 to 20 ft) higher on the north than on 

the south, indicating that the pea-gravel drain below the tunnel is plugged and the 

accelerator is acting like a water dam in this area. (Note: station 12-3 is still moving 

today!) 

3.4 CORRELATION OF MOTION WITH 
SEASONAL GROUNDWATER LEVEL CHANGES 

By 1971 sufficient data had been accumulated to draw definite conclusions about 

the effect of groundwater levels in the “fill” area of sector 13. The seasonal correlations 

shownlg in figure 19 are quite dramatic. Prof. Amos Nur goes on to state that such local 

deformations make the study of tectonic strain of the nearby San Andreas fault system 

somewhat difficult. 

3.5 DIFFICULTIES WITH THE “TEST LAB FAULT” 

While there was no definitive effect on the accelerator alignment over the years at 

station 90+00 (sector 27-9), this fault nevertheless cracked the accelerator housing over 

a broad area, cracked the concrete floor of the klystron test lab, and can be seen in the 

cracks of the patio between the southeast corner of the A&E Building and the test lab. 

The location where the fault breaks the surface is shown in figure 6. 
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4. PROPERTIES OF THE OCTOBER 17,1989 EARTHQUAKE 

4.1 PARAMETERS 

The parameters of this earthquake are displayed in figure 20.20 About 20 miles of 

the San Andreas fault ruptured. The epicenter was 9 miles northeast of Santa Cruz 

at a depth of 11.5 miles. The linear accelerator is 32 miles from the epicenter. The 

magnitude is listed at 7.1 . 

4.2 THE EVENT WAS FORECAST 

By observing the long-term slip rate of a fault and dividing this value into the geode- 

tically determined slip associated with the last major earthquake, one can-assuming 

linear behavior-calculate a return period for the event. The probability of such an 

event occurring in a given time is then simply the fraction of the time used up following 

the last time the event occurred. What makes this field of study so notoriously diffi- 

cult is that the long-term slip rate and the effective slip are very difficult to measure. 

Moreover, values vary dramatically for various regions of ground along the fault. Never- 

theless, the location and magnitude of the Loma Prieta event was fairly well forecast.21 

The role played by the Franciscan formation of the Black Mountain fault area (Upper 

Page Mill Road) is of particular interest to this locality since it appears to be a turning 

point of the San Andreas which divides the Peninsula into regions of higher (northern 

part, 2.5 meters and lower (southern part, 1 meter) regions of slip. The relevant paper22 

is reproduced as Appendix A. 

4.3 ACCELEROMETER RECORD AT SLAC 

Two self-triggering strong motion accelerometers were installed on the SLAC site 

in 1982. One instrument was placed in a special enclosure near the high survey tower 

located on the hill east of the research yard. This instrument23 was meant to provide 

a free-field reading that is unencumbered by nearby manmade structures. A second 

instrument is housed in a locked wooden box located on the floor against the east wall 

of the high bay of the test lab (Building 044). This location was chosen to be right on top 

of the so called “test lab fault.” Regrettably, the first instrument suffered water damage 
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in 1988 and was removed from its enclosure by the USGS,24 which provides service and 

which collects and analyzes the data. Figure 21 depicts the acceleration records from the 

test lab instrument. This data was corrected for instrumental response, digitized and 

integrated with respect to time to provide velocity and displacement values.25 The record 

labeled 360 degrees is for the horizontal component; northerly positive. Two-hundred- 

seventy degrees denotes positive in the westerly direction. Peak recorded accelerations 

are 0.29 g north and 0.21 g west. Notice the peak dynamic amplitudes of 11 cm north and 

9 cm west! The three largest horizontal displacement bumps are almost in phase and are 

along a SW/NE direction, coincidentally parallel to the direction of test lab fault. One 

may also note that, although the instruments cannot measure a DC component, there 

appears to have been more motion (slip?) to the west than to the east during the event. 

4.4 PEAK ACCELERATIONS RECORDED vs. DISTANCE FROM THE EPICENTER 

Peak ground accelerations to be expected in an earthquake are of great importance in 

the design of earthquake-resisting structures. 26 Over the past two decades great strides 

have been made, not only in design but, as greater regions of California became better 

instrumented, also in a much better ability to separate two dominant variables in the 

problem; namely (a) 1 oca1 soil conditionstand (b) distance from the epicenter. Since the 

Loma Prieta event occurred almost in SLAC’s backyard, it might be interesting to plot 

peak ground acceleration versus epicentral distance for this earthquake. Fortunately the 

data is readily available. 27 Figure 22 depicts the results, in which the square points denote 

maximum horizontal (either NS or EW accelerations observed, plotted as a fraction of 

the acceleration due to gravity “9.” The reader may feel that the lower bound of this 

scatter plot is reasonably represented by the two curves of “rock” motion, as suggested by 

Blume for earthquakes of magnitude 7.0 and 7.25 for Miocene sandstone type of material. 

The scientific basis for such curves has been much advanced since 1960s. A recent work 

is by Joyner and Boore. 28 Some results of their work are explained in Appendix B. 

In those cases in which the data exceeds “rock station” values, the station was located 

on less competent ground. Notice, in particular, the amplification for those stations in 

Bay mud. Such poor material is deemed responsible for the substantial damage that 

occurred in the Marina district of San Francisco (amplification as high as 15) and the 
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collapse of I-880 structure in Oakland. Two stations are labeled as sitting on granite. 

Not surprisingly, they suffered accelerations less than those predicted by the curves. 

Curves, such as are displayed on figure 22, should not be taken too seriously. They 

may be used as a design guide-not as a well founded predictions of what will happen 

in any given event, for several reasons. Among these reasons are the effects of local 

strata and those along the motions’ flight path cannot be predicted in advance. Data 

from points having epicentral distances less than the length of the rupture are not only 

scarce, they are in the near-field of the radiating source. 

Nevertheless, one cannot help but wonder why the acceleration measured by the 

instrument in the SLAC test lab is so high. Should we take this reading to be represen- 

tative of what the accelerator housing or the SLC experimental pit (sited primarily on 

Miocene rock) were subjected to? 

5. RECENTLY OBSERVED DISPLACEMENTS THOUGHT 
TO BE CAUSED BY THE EARTHQUAKE 

5.1 LINAC 

As luck would have it, a complete laser realignment of the linac had been carried out 

as recently as October 3, 1989, just two weeks prior to the event. Figure 23 depicts the 

difference between this data and that taken on October 25, 1989. The scales of the two 

graphs have been chosen to be identical. Comparing the data with that of figure (16), 

several features become evident: 

l The pattern of downward displacements that occurred from the earthquake in the 

fill regions (in sectors 12, 13, 14, 18, and 19) is almost identical to the pattern of 

long-term motion. 

l Similarly the pattern of vertical heave in sectors 24, 25, and 26 is identical to that 

observed in long-term motion. In magnitude the tunnel appears to have aged in 

15 set an amount approximately equivalent to 15 years! 

l In contrast, very little motion (vertical or horizontal) is seen along the western 

end of the accelerator (sectors 0 through 11). 
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l The tunnel slipped approximately 7 mm to the north starting in the region between 

stations 28-l and 28-5 or linac coordinates 90+00 and 91+62. One need hardly 

comment that this is just where the “test lab fault” crosses the accelerator housing. 

This motion was large enough that new cracks appeared in the housing wall and the 

main laser had to be repositioned. The chaotic zone (sectors 24,25, and 26) slipped 

south by about 2 mm. We do not yet know where the remaining downstream 

portion of the BSY housing ended up. BSY laser alignment is scheduled to be 

performed in March. 

l Lesser horizontal motions (M 1 mm) occurred in the fill zones. 

Realignment measures taken in November 1989 to restore the linac to immediate oper- 

ation are described by Adolphsen et a1.2g 

5.2 NORTH SLC ARC 

Figure 24(a) shows an apparent 12-mm horizontal discontinuity in the north SLC 

Arc magnets located just upstream of the north reverse-bend section. Survey teams were 

led to this point because the electron beam could not be transported past this region. 

Figure 24(b) shows that th e magnet-s have also slipped vertically at this point. To check 

whether it was the floor that moved, rather than the magnet supports, a vertical check 

of floor rivets was performed. The results of this measurement are shown in figure 25. 

The break appears to occur at the entrance to achromat 8(a) at a point 1325 ft in the 

Arc “s” coordinate; i.e., from station linac lOO+OO in the beam switchyard. 

Although it is tempting to associate the north Arc discontinuity with the fault found 

by Tabor (see figures 11 and la), th e coordinates do not match. The fault is at 1100 

to 1200 ft and the discontinuity occurs at 1325 ft. It is interesting to recall what the 

tunneling contractor said he found in this region: “Water encountered on April 26, 1984, 

makes the area between N 12+30 and 13+70 one of the wettest areas in the northwest 

tunnel.“30 According to the analysis of the Contract Inspectors Daily Reports on and 

around Day 199 (April 26, 1984), h owever, the muddy tunnel floor conditions were 

caused by “poor control of minor water inflows. A localized flow of 3 to 5 gpm was 

noted at station N 13+25, and moist-to-seeping ground was noted from N 13+70 to 
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12+50.” Such flows were noted in other places, and there are no indications (in contrast 

to other problem areas, where swelling stone was encountered) in the inspectors logs 

of unusual geology. 31 With the exception noted at station 14+27 (set number 236) at 

which point a 3 ft x 4 ft x 14 inch piece of soft clay fell from the crown, “stand-up time” 

(i.e., unsupported integrity of the roof) is listed as good (greater than eight hours). 

The authors interpretation of these facts are: The water probably runs along the clay 

lens found at PEP. This lens is oriented toward the SLC tunnel but does not intersect 

it (note borehole SLC 12). The earthquake moved the ground parallel to the slip plane 

of the lens and the nearby tunnel with it. This explanation appears plausible but no 

“smoking gun” has yet been found to substantiate the hypothesis. It is interesting to 

note that so far no other major discontinuities have appeared in the Arcs large enough to 

stop the beam. Certainly other regions possess more suspect geologies. Only a complete 

resurvey (apparently not warranted at this time) might detect such places. 

5.3 PEP 

A PEP elevation survey taken with the Hydrostatic Level System32 is shown in 

figure 26. The values plotted represent changes with respect to the most recent data set 

taken prior to the earthquake in 1987. The deviations are large. Movements in prior 

years were generally at the rate of l/2 to 1 mm/yr. One might expect some vertical 

weakness at locations where the PEP tunnel passes above the SLC tunnels. In the 

south this occurs almost in the middle of PEP IR-6 and is probably masked by the hall. 

On the north a dip is seen just west of IR-12 which coincides with the tunnel crossing. 

It is difficult to interpret the overall shape of the results except to note a pronounced 

discontinuity centered on IR-10. Interestingly, a discontinuity is also evident in the 

radial (horizontal) resurvey of the floor monuments shown in figure 27(a,b,c) at the 

same location; namely, halfway between IR-10 and the symmetry point of Arc 11. This 

is, of course, the location of the clay lens referred to in previous discussions. 
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6. MOTION OF EQUIPMENT RELATIVE TO THEIR HOUSING 

In general, beam dynamics considerations dominate placement tolerances of compo- 

nents in the plane transverse to the particles’ motion. For this reason great care is ex- 

ercised in the mechanical design of the mountings to provide rigid, high resolution, and 

reproducible adjustments in this plane. Perhaps less attention is payed to constraints in 

the axial direction. Although vacuum integrity was nowhere compromised, we discuss 

in this section three areas in which the earthquake produced effects which may require 

more attention in the future. 

6.1 THE LINAC ALIGNMENT SYSTEM LIGHT PIPE 

The copper waveguide of the accelerator proper is supported on some 240 strongback 

girders, each 40-ft long consisting of 2-ft diameter hollow aluminum tube. These tubes 

are connected with each others ends by means of 24-inch diameter, 2-inch long vacuum 

bellows to permit their evacuation, while allowing for thermal expansion. Mounting 

to the floor and side wall of the tunnel is shown in figure 28. Axial restraint is by 

means of a brace per girder to the wall, as shown. The brace fasteners are held to 

unistruts imbedded in the wall by dogs that resist shear forces through friction. During 

the earthquake considerable longitudinal waves must have been set up in the structure, 

which has all the properties of a mechanical delay line. Judging by scrapes on the paint 

between the wall and mounts, amplitudes up to f0.75 inches appear to have occurred. 

Most stations moved between l/8 inch and l/4 inch. Eight sections did not return to 

their equilibrium positions. Vacuum bellows problems also occurred at the accelerating 

waveguide itself. Some 16 focusing magnets had to be opened to repair these problems.33 

6.2 THE ARC MAGNETS 

Similar effects occurred in the mounts of the SLC Arc magnets. Some mounts were 

bent so as to move the magnets in the axial direction. In the Arcs the situation is 

aggravated by the fact that the tunnels are not in a horizontal plane, and in fact have 

slopes up to 10%. Axial motions up to l/2-inch were sufficient to completely collapse 

some vacuum bellows. Abnormal conditions were observed in 13 places in south Arc 
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achromats 4, 10, 11, 18, 20, 21, 22, and 23. Deformations were also observed in 36 

locations of north Arc achromats 10, 11, 12, 13, 14, 15 and 16. 

6.3 THE MARK II DETECTOR 

The central portion of the 1800-ton MARK II detector is mounted on four specially 

designed “Seismic Base Isolators,“34 so that it need not be fully braced to the experimen- 

tal pit walls. Generic versions of the pads are described in figure 29. Since no damage 

appears to have been done to the MARK II detector, we infer that the mountings per- 

formed as designed. The question arises: With what amplitude did the 1800 tons move 

relative to the floor during the earthquake ? This amplitude is a nonlinear function of 

the peak accelerations applied by the earthquake (see curves 3 and 4 of figure 29). Since 

we do not have a record of the actual acceleration of the collider hall floor, we can only 

set some limits. Let us assume the test lab recorded values obtained in the collider hall. 

From curve 3, figure 29, we obtain a force reduction to 60% for a maximum accelera- 

tion of 0.29 g. Lesser forces have lesser reductions. Making the drastic assumption that 

the frequency response is the same (probably unwarranted), one would guess that the 

MARK II had an maximum amplitude-of about 6 cm. Was this possible? Probably 

not! The central vacuum chamber bellows would have taken up this amount of motion, 

but the bellows protector would have been damaged. Marks on the protector are consis- 

tent with only l/2-inch motion. 35 After all the motion ceased, the detector came to rest 

about 0.4 inches south and 0.14 inches west from where it had been before the quake 

(see figure 30). The detector has since been realigned. 

7. CONCLUSIONS 

Although additional alignment information will continue to become available in the 

coming year, the following conclusions may be drawn at this time. 

l Permanent deformations of the accelerator housing and Arc tunnels (M 1 cm) 

appear to have occurred at sharp locations that have either known or suspected 

geologically recent clay formations. 

14 



l O ther more broadly distributed deformations of the linac have occurred in regions 

that have been traditionally associated with sagging fill or rebound of cuts. The 

patterns of deformations are the same, the magnitudes (1 to 2 cm) are comparable 

to slow motions that have been accumulating since construction in the mid-1960s. 

l No deformations appear to have occurred at faults which have been considered 

“geologically inactive.” 

l We do not have unambiguous evidence of what accelerations the experimental 

collider hall and the accelerator housing (in which some of the laboratory’s most 

valuable equipment is located) were subjected to. One would therefore propose 

the relocation of the existing accelerometer to such locations, or the purchase and 

installation of additional instruments. 

l Since the recent earthquake has served to increase the sum probability of an event 

in the Southern San Francisco Peninsula or along the Hayward fault in the East 

Bay to about 50% in the next 30 years, it would seem prudent to begin discus- 

sions of cost/benefit evaluations of further earthquake countermeasures over the 

projected lifetime of the facility. Axial restraints are an example that might be 

worth-looking into. . - 
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LOCATION OF RECORDS 

The early geologic reports and other material from which information was extracted 

in compiling portions of this report may be entered by addressing the SLAC Archivist.36 
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Figure 4. Hypothetical development of dCcollement between Miocene and Eocene rocks, Stanford, ’ 
California. Miocene rocks (Tm) moved to right relative to Eocene rocks (Te). Eventually dkcolle- 
ment surface was strongly folded (right). Santa Clara Formation is not shown; it would overlie 
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Figure 5. Dt5collement involvin 
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Pliocene-Pleistocene rocks. Horizontal conglomerate of Santa Clara 
Formation (Qsc) rests uncon ormably on Miocene beds (Tm). Tilted and jumbled Santa Clara 
beds have slid on ill-defined dCcollement surface, Fault parallel with Miocene beds has offset 
earlier structures. (Side of linear accelerator excavation near station 91+00. View has been reversed 
from actual exposure, so observer is looking in about the same direction as in Figure. 4. Vertical 
scale is same as horizontal scale.) 
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lntroductlon 
Base ~solabon IS a design strategy founded 
on the prenwe that a structure can be sub 
stantmily decoupled from damagmg how 
zontal components of earthquake ground 
mohon Thos results I” a slgnltlcant reduction 
8” the level of forces and accelerations to 
which the structure IS subfected 

hnally become a pracbcal reahty wtth the 
development of the lead-rubber bearmg 
Installed bearmgs exhlbat flexible ducble 
behavw when subjected to severe earth- 
quake mobons and thus prowde both dy- 
name decouplmg and energy dlssipahon 
The characterates of a horwxtally flexible 
mount. an energy dlsslpator and a verhcal 
load support are contamed wlthln a smgle 
component 

Extenwe research has confwmed the 
effechveness and stabihty of lead-rubber 
bearmgs Base solahon has emerged from 
the research enwronment to become a 
wable practuzal concept 

Lead-rubber bearmgs can be tncorpor- 
ated I” the destgn of both new c~nstruch~n 
and the retrofit of exlstmg structures The 

?armgs have already been used I” a num- 
,er of bwldmg and bridge structures I” 

SelSlnlC areas Base Isolahon mcorpaatlng 
lead-rubber bearmas has been used I” one 
new fne-ston, bu&g. hfteen new bndges 
and fwe exlshng brtdges I” New Zealand 
They are also bemg used for the sewwc 
retroflt of a bridge for the California Depart- 
ment of Transwrtahon The system IS also 

Sehavior cherecteristlcs 
When subjected to low lateral loads (such 
as minor earthquakes or wmd) the lead- 
rubberbearlng ~sshft lverttcallyand honzon- 
tally1 and remans elasbc The lateral rlgtdlty 
results from the high elasttc shflness of the 
lead plug The verbcal rlgtdlty (which re- 
mans at all load levels) results from the 
steel-rubber construct& of the bearr,g 

bemg considered for the design and retroftt At h$fher load levels.the lead yleldsand 
of a number of bulldmgs and other bridges the lateral sbffness of the bearmg IS s,gn,f,- 
I” the Umted States cantly reduced-thls produces the period 

Physlcel doecrlptlon 
The phystcal construction of a typical lead- 
rubber bearmg(see Flgure l)cons~stsof the 
followmg components 

. Alternatmg rubber layers and thin steel 
plates are bonded together to form a umt 

mm-2 

having the dewed sbffness properties of 
lateral flexlblllty and vertical rlgldlty 

* A lead plug IS bghtly fltted tnto a preformed 
hole to prowde both rlgad!ty under low 
lateral load levels and energy dlssapatmn 
under high loads 

*Top and battom steel plates. substanbally 
thicker than the ~ntermr plates, are de- 
sagned to accommodate mounting hard- 
war.2 

. Each bearmg IS encased I” rubber to pro- 
wde addtbonal enwronmental pmtechon 

The bearmgs are made m a wde range 
of wes to accommodate dwerse dwgn re- 
quwements They can be made m square. 
rectangular and circular plan shapes 

cepts It IS ,mp~rtant to note that the tram+ 
bon from low to h!gh load levels IS smooth. 
I e when the lead yields. addlbonal load IS 
carned prlmanly by the rubber but the l&d 
I” the lead does not drop This IS a ma,or 
advantageoverothersystems whrch rely on 
the Iallure of a wnd restramt mechamsm and 
the resultmg sudden ~“crease I” load cawed 
by the bearings 

Development 
The lead-rubber bearmg was the pracbcal 
outgrowth of extenswe research on base 
~solabon performed I” New Zealand While 
the concept and advantages of base IS&- 
bon have been understood for many years. 
research conftirmed that base isolation 
would reman lmprachcal wthout an energy 
dw.lpabng mechamsm to kmlt relatwe dw 
placements between structure foundabon 
and ground 

The lead plug fulfills this need It pro- 
v&s an effective and economical meand of 
prowdmg energy d!sslpahon Moreover. II 
prowdeslateral r~g~d~tytostructuressubject- 
ed to low lateral loads such as wnd. mtr)or 
earthquakes and brakmg forces (bndges) 

Ductility 
The benefits of duchhty as a” energy ab- 
sabmg mechamsm m earthquake-resistant 
desagn have long been recogmzed by the 
engtneerlng professmn The lead-rubber 
bearmgs prowde a means of mcorwrabng 
ductlhtv Into a structure The lnefasbc be- 
hawor ts concentrated I” a component spe- 
clfacally destgned for thls purpose As a 
result. desogners are gwe” constderably 
greater labtude I” the selectwn of archltec- 
tural and structural forms Nonduchle sys- 
tems previously dlscarded for asewn~c 
design may once agam become prachcal. 
economical and safe 

The sewn~ safety of exlshng nonduc- 
hle construction can be considerably en- 
hanced by the mtroduction of lead-rubber 
bearmgs to provide the necessary duchltty 

Shoklng teblo tests 
In 1981. at the Earthquake Engmeermg 
Research Center. Umvewty of Caltforma. 
Berkeley.asenesof shakmgtabletestswere 
performed to evaluate Ihe effecbveness of 

Normalized Frame 
Accelerahons for 
El Cenlro Earthquake 

--- FixedBase FLOOR4 
- Lead Bearings 

FLOOR3 

FLOOR 2 

FLOOR 1 

the lead-rubber system The responses of a 
structure mounted on a flxed base were 

(2) Base shear and member design 
forces were slaniflcantlv reduced 

compared to those of a structure mounted 
on lead-rubber bearmgs Usmg a l/3-scale 
model of a five-story bulldIng. the effechve- 
“ess of the lead-rubber bearmg system I” 
prowdmg base ~solahon and energydtsswa- 
bon was demonstrated 

(3) Interstory dis&cements were sub- 
stantlally reduced 

(4)The percentage reduction of accel- 
erabons mcreased wth increasmg 
earthquake magmtude 

The followmg performance character- These results are illustrated m Figures 
IS~ICS were confirmed 3and4 

(1) Floor accelerations were substan- Add0ional shaking table tests are 
bally reduced planned for the future A seraes of tests on 

budges mcorporskng fead-rubber bearings 
were perfomwd I” late 1963 These tests 
were sponsored by theThe Netlonal Science 
Foundation 

DyMmlo bole Syst8m8. Ino. 
The manufacture and use of the lead-rubber 
bearmgs is subject to patents m the Umted 
States and abroad. (U.S. Patent NO 
4.117.637). For the United States. Canada 
and Mexlm. the mmw Iii as Ovnamuc 
tsola110” Syst&s. I& (01s) of Be;keley. 
California. OIS grants sublicenses to U S. 
ComPanies for r%lufecture and 5818 of tfw 
bearings 

The prmwy role of OIS is to pmmote 
the use of bese isolabon systems incorpo- 
reting lead-rubber bearings OIS develops 
deswn ads and omcedures to as%?11 engi- 
neersl”the”seofthe~mandworksto 
gal” code agenclei &Pfance Of Ihe sys- 
tern and 11s accompenym~ design proce- 
dures OIS woneon mse&h pm&& (such 
as shekmp table tesbn~) in order to gem 
fur(her msqht Into the behaww and poten. 
bal apphcabons of the system In add~bon. 
although OIS does not manufacture lead- 
rubber bearings. the fwm constantly mont- 
ton, menufactunng quality and performance 
speclflcations 

Comulting services on we&ii pmiect 

The Principals of OIS em Ronald L. 
Mayes and Lindsey R Jones Or Mayes. a 
amduate of tfw lfnawm~h of Auckland. has 
over Blew” years’ profe&il experience 
in earthquake engmeenng. He has been 
actively involved in several large-scale 
ctynamctesti~~j~iech.as~llasmdeMI- 
aping sewmc design wadelines for both 
bridges and buildin& and was formedy the 
Executive Director of Applied Technology 
Council. 

Or Jones. e graduate of the University 
of California. Bedwfey has cwef twfve year& 
pmfewonal expenence in eerthquskeen- 
gineermg. His speciatizetion is in develop 
mg and applying computer analysis tech- 
nlques to widely varied type9 of structures. 
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APPENDIX A 

THE BLACK XOUXALX ASPERITY : 
SiImIc l-&LARD OF THE SoLmEm SAN F3Axc;sco PEXNSVLA, C4LIFONIA 

C. R. Scholz 

Lament-Doherty Geological Observatory and Department of Geological Scien’cei 
of Columbia University 

Abstract. Black Hounrain, a 860 m high vedge 
of Franciscan formation mostly comprising basic- 
ultrabasic rock SW of Palo Alto and just NE of 
the San Andreas fault, marks an abrupt bend in 
the fault at the northern end of a 100 km long 
segment of the fault that strikes 9’ more E-V 
than the fault to the north or south. It also 
bounds a marked change in the physiographic set- 
ting of the fault, which to the north follows a 
veil developed linear fault valley and to the 
jouth follows a poorly defined topographic trace 
that traverses the rugged Santa Cruz Hountains. 
Tne bend at Black Kountain had a profound effect 
on the 1906 rupture: the 75 kn section to the SE 
of this point slipped only l-l.4 m, as compared 
to the 2.5-4 m typical of the rupture on the San 
Francisco Penin ula 
slip deficit re c 

to the NW. This 75 Ian long 
ion from Black Xouncain to San 

Juan Bautista, if ruptured in its entirety vould 
produce a H,=6.9 earthquake: the conditional 
probability of this rupturing in the near future 
is the highes: of any section of the San Andreas 
fault exr!pt Parkfield. This earthquake would 
rupture 20 kn farther northwest and be about 3 
times larger than t.hat previously proposed by 
others and this constitutes a greater risk to the 
southern San Francisco Peninsula than previously 
expected. 

Introduction 

The role of asperities, geometrical irregular- 
ities such as bends and fault offsets, in 
affecting the faulting process has been excen- 
sively discussed in the recent seismological lic- 
erature. Host recently, King and Nabelek 119851 
have reviewed a number of cases in vhich fault 
bends ttve played a role in the initiation and 
inhibition of rupture. Here we review a parti- 
cularly veil documented case of this type. In 
the great California earthquake of 1906 the rup- 
ture propagated past an abrupt bend in the fault 
just adjacent to Palo Alto. At this point the X’S 
side of the fault is bounded by an unusual topo- 
graphic feature: a high ridge, subparallel to 
the fault, topped by the 860 m Black Xountain. 
Black Kountain is an ultramafic massif that lies 
in a vedge bounded by the San Andreas to the SW 
and the Black Mountain fault, vhich splays from 
the San Andreas ac the northern end of the bend. 
Ihis uedge, 3 kms wide at its SE edge, was found 
to be intensely shattered by the earthquake, and 

C. 8. Scholg, Lamnt-Doherty Geological Observatory, 
Columbia University, Palisades, NY 10964 

Copyright 1985 by the American Gophysiul Union. 
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the slip on the main strand was reduced from 3 n 
just north of the bend to 1 m just south of it. 
This marks the northern end OF the slip deficit 
section of the 1906 rupture that has been iden- 
tified as one of the most likely sections of :he 
San Andreas to rupture in a large earthquake in 
the near future [Lindh, 1983; Sykes and Nishenko, 
1984; Scholz, 198S]. The finding that this tone 
extends to. Black Mountain means that a po:ential 
rupture on this zone could propagaie 30 kns 
farther to the NW than had previously been pro- 
posed and produce an earthquake vith a seismic 
moment of about 3~x10~’ Z-m, about three tiaes 
larger than that proposed previously [Lindh, 
1983; Sykes and Nishenko, 19841. 

The 1906 Rupture 

The southern part of the 1906 rupture zone of 
the San Andreas fault is shovn in Figure 1. rnr 
rupture initiated off the Golden Gate (star, Pig- 
ure 1 [Boore, 19771) and propagated bilaterally 
over a distance of ahouc 450 kn. The southern- 
most 75 k~ of the rupture, frcm Black b’ouncain 
(BX) to San Juan Bautisca (SJB) occurred on a 
segment that strikes about 9’ more east-vest thz-: 
the fault to the north or south. 

On the San Francisco Peninsula the ruprure 
folloved the linear fault valley defined by Sac 
Andreas Lake, Crystal Springs Reservoir, and 
Portola Valley. Offsets of numerous fences ai+ 
pipelines generally indicate right lateral slip 
of 2.5-4 m in that region [Lawson, 19081. North 
of the Golden Gate, slip was even greater, reach- 
ing 6 m in places. Fault offset data from Lawson 
(1908) for the region from Crystal Springs 
Reservoir south to San Juan Bautista is shovn : 
Figure 2. Since all these measuremrnts, which’ 
are of offset features such as roads and fences, 
are likely to underestimate the tocal slip, the 
most reliable data point that indicates a reduced 
slip for this section of fault is an offset of 
1.4 I of a railroad tunnel at Wright. To the NW 
of %ight the slip reduction from 3 m to about 1 
m occurs between Alpine Rd. and Page Kill Rd. 
(Pigure 3). Alpine Rd. was apparently ofise: 
rbouc 3 m, consistent vith the data farther north 
(from an incerprecacion of PI. 63~, [Lawson, 
19081). At Page Hill Rd. the fault lies in J 
trough with tvo strands about 10 m apart that 
cross the road at an angle of about 60’ and pro- 
duced two cracks which offset fences on both 
sides of the road about 0.9 m. ‘Ihe’three da:a 
points between Wright and Page Hill Pd. are con- 
sidered to be much less reliable but are consis- 
tent vich reduced slip along this strand. 

The slip reduction between Alpine Rd. and Page 
Mill Rd. corresponds precisely with the bend in 
the fault at Black Mountain (Figure 1). An en- 
larged viev of that region is rhorm in Pigure 3. 
l%hc 9’ bend of the fault occurs vichin the 5 h 

Al 



Schoiz: Black Mountain Asperity 

I - 
‘FIG. J 

( lo+ 
Fig. 1 Hap of the southern part of the 1906 rup- 
ture on the San Andrcas fault. The region dis- 
cussed in the text is from Black buncain (Bri) 
through Wright (W) to San Juan Bautista (SJa). 
Scar denotes epicenter of the 1906 earthquake. 

sepent betveen Alpine Rd. and Page Hill Rd. 
mis bend occurs at a marked physiographic change 
in the fault where the fault leaves the well 
defined linear valley and to the SE follows a 
poorly defined trace that -traverses the Santa __ 
Cruz Xountains. Two faults, the Pilarcitos fault 
and the Black Mtn. fault, splay symmetrically 
from the San Andreas fault on either side of the 
bend. fhe Pilarcitos fault is s strike-slip 
fault that is considered to be the ancestral San 
Andreas fault (J. Cummings, pers. corm., 1985) 
whereas the Black Mtn. fault is a thrust upon 
vhich the largely ultramafic mass of Black noun- 
tain has been uplifted. 

According to Branner’s account in the Lawson 
report, just after the 1906 earthquake the first 
cracking encountered traveling to the SW up 
Portola Rd., Alpine Rd., and Page Hill Rd. was at 
the Black Mtn. fault, hence some minor coseismic 
slip may have occurred on this fault. The l ntiri 
vedgi between the Black Xtn. fault and the San 
Andreas fault was found to be extensively shat- 
tered. Page Kill Rd. was observed to be cracked 
in over 300 places between the two faults and the 
adjacent mountains were extensively cracked with 
no obvious correlation either with topography or 
with the strike of the San Andreas fault. This 
description of widely distributed crushing is 
unique smong the faulting effects reported by 
kvson [19081 and strongly suggests s cohnection 
between this, 
Black Mtn. 

the bend, and the slip reduction at 

since the Black Mtn. fault bend imposes J com- 
Pressionrl restraint on fault slip, it is reason- 
able to suppose that the reduction in slip from 3 
m to 1 m was caused by this bend and that the 
crushing of the wedge betvccn the tw faults in 
che interior corner of the bend is evidence of 
dissiPation of the stress concentration that 
might be expected in such a situation [e.g. King 

A2 

and Nabelek, 1985). This view is supported by 
the present l xist’ence’ af J cluster of microearth- 
quake rctiviti beneath Black Htn. vhich exhibits 
f&al mechanisms consistent with thrusting on the 
Black PIto. fJUlt and a compression direction 
nearly oormal to the San Andreas fault [Olson, 
198S]. A contrary view [Thatcher, 19751 that the 
Slip reduction in 1906 corresponded with the 
northern Znd of the rupture of 1838 is not con- 
sistent vith the data, since the 183’8 iupture 
extended at least JS far north as Woodside, and 
parhapr farther [Louderback, 19471, whereas the 
slip reduction’ occurred at Black Htn., which is 
south of that point. 

Expanding somewhat on King and Nabelek [198Sl 
it is worth pointing out that the epicenter of 
the 1906 earthquake (Figure 11, although uncer- 
tain by 2.20 kD, apparently also occurs in a bend, 
inferred from the position of the fault landfalls 
on both sides of the Golden Gate. This bend, 
however, has the sense of implying release of 
right lateral slip, as opposed to thd Black Ecn. 
bend, vhich inplies an inhibition to slip. These 
cases are good examples of the tw roles that 
fault bends can play in rupture, that of release 
and constriction of rupture. 

Black Mountain and the Honte Belle Ridge are 
unusually high topographic features to the hT of 
the San Andreas fault. Black Mountain over- 
thrusts Plio-Pleistbtene gravels about 1-2 my 
old. The initiation of the uplift of Black Xtn. 
is approximately coincident with the abandonment 
of the Pilarcitos fault as the main strand of the 
San Andreas fault and is hence coincident with 
the creation of the fault bend [J. Cummings, 
pers. coma., 198S]. It seems likely, then, that 
the Black Mtn. asperity is J long-standing 
feature of the San Andreas fault and that Black 
Mtn. owes much of its topographic expression to 
upiift resulting from the compressional con- 
straint imposed by the bend. 

Seismic Hazard 

A number of workers have estimated seismic 
hazard from earthquakes rupturing major seismic 
gaps of the San Andreas fault system [Lindh, 
1983; Sykes and Nishenko, 1984; Scholr, 19851. 
All have recognized the slip deficit region of 
the southern part of the 1906 break as being a 
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tig. 2 Fault offset data for the 1906 earth- 
quake: Crystal Springs to San Juan Baucisca 
(from kvsoo, 1908). Less reliable data are 
show as half-filled circles. 



Scholt: Black Mountain Asperity 719 

t L 

BLPCK ,-/ iy y;eqoce 
Pig. 3 hap of the region of the Black Hountain 
asperity, shoving deformation and slip reported 
.n 1906. Circled numbers are slip (in meters) 
reported in 1906. 

likely site of a large earthquake in the next 20 
years. 

This segment was known to. have ruptured in 
1838, with slip occurring PC least. as far north 
as Uoodside and possibly as far south as San Juan 
Bautista, since intensities reported Jt Fanterey 
were higher (relative to 1906) than at San Fran- 
cisco [Louderback, 19471. Smaller earthquakes 
JISO occurred along or near this segment in 1865 
and 1890. Thus this fault segment is known to 
slip on its own with a recurrence time JS lov as 
68 years. Geologic estimates of the slip rate on 
this section are about 12 mm/yr [Hall, 19841 
vhereas geodetic data now indicate that the 
strain accumulation race is 15 * 2 mdyr [Pres- 
cott et. Al., 19851. Thus if slip in 1906 was 
l-l .4 meters, we can calculate that this strain 
would be re-accumulated in about 60-110 yrs:. 
hence we infer that this region is oov midway in 
J time window in uhich this fault segment may 
rupture. Sykes and Nishenko (19841, using sim- 
ilar data, estimated a conditional probabiliey, 
vith large uncertainties, of about 60% for this 
segment rupturing in the next 20 years. This is 
the highest estimate they made for ray section of 
the San Andrers fault except Parkfield. 

Lindh (19831, using an argument based on a 
change in geologic structure, suggested Jhat th% 
next earthquake vould rupture betveen Wright qd 
San Juao Sautista, a 45 ha segment, in J ql6.S 

rrthquake. Although there is only one reliable 
.ta point (PJge Hill Rd.) north of Wright that 

indicates that the regioo of slip deficit may 
extend ConsiderabLy to the NV of Wright, the 
JrgUInent presented above supports the idea that 
the region of slip deficit extends from Black 
blountain to San Juan Baucista since it provides a 
basis for suggesting that the slip at Page Xi11 
Rd. is ooc J local l berratioo. This makes the 

segnn!nc that may rupture in a single earthquake 
about 75 ksns long. Using J rimple scaling rela- 
tion for strike-slip earthquakes, u~l.25~lO-~L 
[Scholt, 19821, ve can estimate that an earth- 
quake rupturing this entire length vould have the 
following parameters: u-.9 m, ho- 3~1.0~~ N-m, 
n,-6.9. This earthquake is thus about 3 times 
larger in moment than the one predicted by Lindh 
[1983] and Sykes and Nisheoko [1984] and poses a 
considerably greater risk since it uould propa- 
gate adjacent to the highly developed Santa Clara 
Valley as far north- as Palo Alto. ?he proba- 
bility estimates they gave for the smaller earth- 
quake would be the same for this larger event 
since the slip estioate for this event does not 
exceed chat calculated to have accumulated since 
1906. 
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APPENDIX B 

MAXIMUM HORIZONTAL GROUND ACCELERATION 

VS. DISTANCE FROM SOURCE 

For many years, workers at SLAC have been using curves for predicting maximum 

horizontal acceleration as a function of distance from the epicenter of a Northern Cali- 

fornia earthquake for stations located on Miocene strata as shown in figure B(1). 

More recent work by Joyner and Boore (Ref. 28) suggests a formulation for the 

acceleration (y = fractional “g”) as: 

logy=a+b(M-6)+c(M-6)2+dlogr+~r+s - 

in which T = (~2 + h2)‘i2, r, is the shortest distance (km) from the recording site to the 

vertical projection of fault rupture on the surface, and M is the Richter magnitude. The 

parameters from fits to earthquakes of magnitudes greater than M = 5 in Western North 

America for the larger of the two horizontal components and for hypocenter depths less 

than 20 km are given to be: a = 0.49, b = 0.23, c = 0, d = -1.0, Ic = -0.0027, site 

correction for soils = 0, and h = 8. Thisexpression is plotted in figure B(2) as reported 

in the publication. When the vertical scale is made linear, the curves are as shown in 

figure B(3). 

Although the Blume curves cannot be compared with the Joyner and Boore formu- 

lation at small distances, at 10 km they yield very similar accelerations, while at 100 km 

the Blume curves are a factor of two higher. The Blume curves seem to fit the data from 

the Loma Prieta earthquake quite well. 
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