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INTRODUCTION 

Data constraints are necessary in order to determine source parameters appropriate for modeling the ground 
motions of great earthquakes in Southern California.  Since there are no near-source strong-motion recordings 
for great earthquakes along the San Andreas fault, estimates of source parameters and strong ground motions 
for future earthquakes rely on questionable extrapolations from smaller earthquakes at larger distances, or from 
earthquakes in other regions with differing tectonic and geologic environments. The same for large thrust faults 
in the Los Angeles Basin.  Precarious balanced rocks (PBR), in place for thousands of years in Southern 
California, may provide the only existing constraints on these parameters.  Given that a primary focus of  
SCEC is to understand the physics of large earthquakes, precarious rock data may be a critical parameter 
constraint for anticipated massive modeling efforts.  The potential importance of precarious rock data has been 
recognized by previous SCEC support, resulting in important SCEC contributions. These initial results should 
be optimally capitalized upon. 

Precarious rocks are effectively strong motion seismoscopes that have been in place thousands of years 
(Brune, 1996).  We have developed theoretical, numerical, and physical modeling techniques to estimate the 
level of ground motion which will topple these rocks (Shi et al., 1996).  The age dating study of Bell et al. 
(1998) on the surfaces of pedestals of typical rocks have in all cases indicated exposure ages greater than 10 ka. 
 Since recent seismic hazard maps have predicted ground motions for time periods in the range of 475 yrs 
(10% PE in 50 yr) to 2475 yrs (2% PE in 50 yr), the precarious rocks provide information on a time scale 
appropriate for testing and constraining the PSHA models. 

 

METHODOLOGY 

In the precarious rock methodology (Anooshehpoor, et al., 2004), estimates of the dynamic 
toppling accelerations of balanced rocks provide constraints on ground motion. We use a 2-D 
finite difference numerical code developed by Shi et al. (1996) to examine the response of 
rocking rigid bodies subjected to complex ground accelerations.  
 
The most important parameters required for estimating the dynamic toppling acceleration of a 
rock are Ri (i=1,2), the distances between the center of mass and either of the two rocking axes, 
and the angles αi between the vertical and Ri . R is measured directly in the field. Although α can 
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be measured directly, the most accurate way is by measuring the quasi-static toppling 
acceleration about the rocking axis. The quasi-static acceleration, αtang , is given by the ratio of 
the quasi-static force (defined as a horizontal force whose moment about the rocking point 
counterbalances that of the gravity) and the mass of the rock. For large rocks, and for the hard-to-
reach rocks, angle α is estimated by direct geometrical measurement in the field. 
 

FIELD TEST AND NUMERICAL ESTIMATES OF DYNAMIC TOPPLING 
ACCELERATIONS 

Last year we tested 13 rocks in southern California, near Palmdale. The study locations were Aliso Canyon 
and Mill Creek Summit in the San Gabriel Mountains and Piute Butte, southeast Lovejoy Buttes and Black 
Butte in Mojave Desert. Fig. 1 shows one of the tested rocks at Piute Butte. We measured dimensions, α, 
quasi-static toppling accelerations, and the toppling directions. Table 1 lists the data collected in the field. 
  

 
 

Figure 1: One of the tested rocks at Piute Buttes. 
 

 
Table 1: Data from the tested precariously balanced rocks (PBR) in Mojave Desert and San Gabriel Mountains 

Distance Latitude Longitude α1 
(rad) 

α2 
(rad) 

R1 
(cm) 

R2  
(cm) 

Toppling 
Direction 

12.2 34.421 -118.100 0.26 0.42 30 30 N15˚E 
12.3 23.420 -118.100 0.16 0.16 10 10  N17˚E 
14.8 34.603 -117.849 0.30 0.30 100 100 N75˚W 
16.5 34.592 -117.814 0.21 0.31 41 41 N60˚E 
16.9 34.562 -117.726 0.24 0.21 48 48 N55˚E 
17.0 34.561 -117.723 0.42 0.52 41 41 N20˚E 
20.9 34.653 -117.850 0.26 0.47 51 56 N90˚E 
20.9 34.653 -117.851 0.28 0.25 81 81 N80˚E 
20.9 34.653 -117.849 0.30 0.24 132 142 N15˚E 
36.3 34.582 -117.316 0.17 0.21 28 28 N15˚E 
36.4 34.583 -117.316 0.20 0.24 78 78 N15˚E 
36.4 34.582 -117.315 0.12 0.41 41 45 N15˚E 
36.5 34.583 -117.315 0.10 0.09 23 32 N15˚E 
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Figure 2 shows the location of the recently tested rocks, as well as rocks tested previously, overlain on the 
PSHA map corresponding to 2% PE in 50 years. Figure 3 shows the results of the dynamic toppling 
acceleration of the tested rocks calculated using a 2-D numerical code. The input accelerograms were the 
17 August 1999 Turkey earthquake recorded at Izmit, Turkey, 9.7=wM  Denali, Alaska earthquake on 3 

November 2002, and the 6.7=wM Chi-Chi Taiwan earthquake on 20 September 1999. The results show 

 
Figure 2: PSHA (Frankel et al. 2002) corresponding to 2% PE in 50 years overlain by faults and 
precariously balanced rocks near the Mojave section of San Andreas fault. Red diamonds are those PBRs 
recently tested and cataloged in Table 1; black diamonds are PBRs tested prior to 2003. 
 

 
Figure 3: Comparison of constraints provided by different input ground motions. Red, green, and black 
symbols represent constraints from Turkey, Taiwan, and Alaska earthquakes, respectively. The solid blue, 
dashed green, and dashed red curves correspond to the mean attenuation relation, the 10% PE in 50 years, 
and the 2% PE in 50 years, respectively. The vertical blue lines are standard deviations associated with the 
entire ensemble.      
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that in general the constraint on ground motion provided by the precarious rocks (α <0.3) fall below the 
2% in 50 years PE. However, one rock at Mill Creek summit which is semi-precarious (α >0.3) has a 
toppling acceleration of about 0.8 g at a fault distance of about 17km. 
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