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Abstract 

At the McGee Creek, California, site, 3-cot iponent strong-motion accelerometers are located at 
depths of 166 m, 35 m and 0 m. The surface material is glacial moraine, to a depth of 30.5 m, 
overlying homfels. Accelerations were recorded from two California earthquakes: Round Valley, M^ 
5.8, November 23, 1984,18:08 UTC and Chalfant Valley, M L 6.4, July 21,1986, 14:42 UTC. By 
separating out the SH components of acceleration, we were able to determine the orientations of the 
downhole instruments. By separating out the SV component of acceleration, wi were able to determine 
the approximate angle of incidence of the signal at 166 m. A constant phase velocity Haskell-Thomson 
model was applied to generate synthetic SH seismograms at the surface using the accelerations recorded 
at 166 m. In the frequency band 0.0 -10.0 Hz, we compared the filtered synthetic records to the filtered 
surface data. The onset of the SH pulse is clearly seen, as are the reflections from the interface at 30.5 
m. The synthetic record closely matches the data in amplitude and phase. The fit between the synthetic 
accelerogram and the data shows that the seismic amplification at the surface is a result of the contrast of 
the impedances (shear stiffnesses) of the near surface materials. 

Introduction 

This work addresses the problem of whether the attenuation in near-surface material is more 
than compensated by the amplification induced by the lower impedance of near-surface material and the 
expected resonance effects of an equivalent layer or layers on a halfspace. The importance of this issue 
was dramatically empi isized in the events of March 3,1985 Valparaiso, Chile, M s 8.1, [Celebi, 1987] 
and the September 19,1985, Michoacan, Mexico, M s S.l, [Anderson et al.. 1986: Celebi et al., 1987]. 
In both earthquakes the ground motion was amplified by the local near-surface site conditions. This 
effect is not limited to very large earthquakes. Similar effects are seen for the May 2,1983 Coalinga, 
M L 6.5 [Mueller, 1986] and April 24,1984, Morgan Hill, M L 6.1 [Celebi, 1987], California 
earthquakes. In fact, a major conclusion from the 1985 Valparaiso earthquake is that the weak ground 
motion could be used to identify the frequency ranges for which amplification occurs during the strong 
ground motion [Celebi, 1987], The problem of amplification/attenuation due to local site conditions 
has been reviewed by both die seismological and engineering communities [Seed and Idriss, 1970; 
Joyner et. al.. 1976: Mueller. 1986; Celebi et. ai. 1987; Aid. 1988]. Given that so many metropolitan 
areas and sensitive structure* are built on alluvial fans or basins, this problem is of major importance to 
any organization concerned with earthquake hazards. This; consideration hat motivated the support of the» 
project by the USNRC and the subsequent participation of the French Commissariat a l'Energie Momjque 
in the framework of a cooperative agreement. 

This work is almost unique in addressing the problem of local site amplification/attenuation in 
the United States (Japan has a number of arrays of downhole and surface accelerometers that have 
recorded some of their larger earthquakes [Chen, 1985]). This experiment is die only operational one in 
the United States in a seismically active area in which strong ground motion is being recorded. With the 
exception of the Richmond Field Station operated by the University of California, Berkeley, which is 
distant from most earthquakes, this experiment is the first one that attempts to directly compare the 
difference between strong ground motion in the basement to ground motion at the surface. Seed and 
Idriss, [19701, compared weak motion at various depths in a soil strata; however, they had no 
instruments placed in bedrock. Joyner et. al., (1976J, analyzed weak motion from a downhole array near 
San Francisco. A more detailed discussion of these works is presented below. 

This work has provided direct evidence for the comparison of weak motion to strong motion; 
that is, we can test in a limited way the range ovçr which linear attenuation of seismic waves is valid. 
These in situ data directly demonstrate the effects of near-surface material on ground motion. The 
results of our analysis have important implications for nonlinear attenuation, microzonation using weak 
ground motion, resonances, and our general understanding of attenuation and amplification due to local 
site conditions. 
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Data 

The McGee Creek site (Figure la) is located in the Mammoth Lakes area of California. We 
installed 3-component accelerometers and velocity transducers at McGee Creek [Archuleta, 1986] in 
November, 1984. These instruments are at depths of 166 m, 35 m, and 0 m (Figure lb). (At this time 
the vertical velocity transducer at 35 m is the only velocity transducer operating correctly at depth. All 
of the accelerometers are currently operating.) The largest earthquakes recorded at McGee Creek are the 
July 21,1986, M L 6.4 Chalfant Valley (37° 32.52' N, 118° 26.84' W, depth 11.5 km) [Maley et. ai, 
1986; Cockcrham and Corbett, 19871. and the November 23,1984, M L 5.8 Round v*]ley (37° 27.30' 
N, 118° 36.18" W, depth, 13.4 km) [Priestly and Smith, 1987]. Round Valley is at an epicentral 
distance of 22.5 km from the site; Chalfant Valley is at an epicentral distance of 32 km. Peak 
accelerations from the Chalfanc Valley earthquake are around 100 cm/s^ at the surface with considenoly 
smaller amplitudes (about a factor of 5) at both 35 m and 166 m [Maley et. al.. 1986]. The Round 
Valley mainshock and aftershock produced similar accelerations with a peak acceleration at the surface of 
around 120 cm/s2 and an amplification factor of 4 from downhole to surface. Data from the Round 
Valley earthquake have been published previously [Seale and Archuleta, 1988]. Details and results from 
the analysis of these data are presented here. 

Analysis 

Our primary goal in this analysis was to take the accelerations recorded at 166 m, apply our 
knowledge of the material properties, and use linear wave propagation methods to produce a synthetic 
accelerogram at the surface for comparison with the recorded data. The first step was to determine the 
orientations of the downhole horizontal components. Based on the locations of the Round Valley 
earthquakes [Robert Cocker ham, USGS, personal communication], we determined the angles of arrival 
for McGee Creek. By systematically rotating the horizontal components to maximize SH motion, we 
determined the orientations of the downhole components. The angle of arrival is 59° counterclockwise 
from North for the main shock and 48° counterclockwise from North for the aftershock. The direction of 
the "North" component at 166 m is 225 ° measured clockwise from North, and 201° for 35 m. (Because 
we did not have any known orientations for the downhole horizontals, the components were nominally 
assigned directions of "North" and "West") The "West" directions are now 135° at 166 m and 111° at 35 
m. Using these directions, we rotated the horizontal components into SH (tangential) and S V (radial) 
components. Figure 2 shows the SH accelerations at 0 m, 35 m and at 166 m based on our determined 
orientations of the horizontal components. It is quite clear that we have good phase agreement between 
the records at 35 m and 166 m. In fact, after correcting for the velocity of the hornfeis, these two records 
have a correlation of 89% for 1.5 sec after the onset of the SH motion. Figure 2 compares the surface 
SH acceleration with the SH accelerations downhole at the same scale. The amplification is obvious. 

Based on the material properties and the propagation of shear waves in a layered medium, we 
took the 166 m record and produced a synthetic accelerogram for comparison with the surface record. 
Knowing that we have the equivalent of two layers over a halfspace [Fumed et. al., 1985], we expected 
that resonances would exist Figure 3a shows the spectral ratio of the surface SH accelerogram to the 
166 m SH accelerogram. There are many resonant spikes at frequencies above 10 Hz; the two prominent 
spikes around 3 and 6 Hz are explicable from simple theory given the material parameters of the two 
layers and the halfspace. The lowest peak represents the resonance of the two surface layers together, the 
next peak is the resonance of the upper layer. 

In our first attempt to model this spectral ratio we used the original material properties and the 
Haskell-Thomson propagation matrix for a vertically propagating SH wave (horizontal wavenumber k = 
0). This matrix relates the anti-plane shear stress and displacement at the bottom of the layer to the 
stress and displacement at the top of the ,'ayer: 

cos r\ / p sin r\ 

p C, sin T) cos T\ 
n = "% a) 
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Figure la. The location of the dcwnhole in the Mammoth Lakes region of California. 

Figure lb. The instrumentation and geology at McGee Creek. The first 30.5 m are glacial ti l l. At 
depths from 30.5 m to 166.4 m the medium is homfeis. The instruments are located at 0 m, 35 m, and 
166 m. 
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Figure 2. A comparison betweeen the SH acceleration time histories at 166 m (bottom trace), 35 m 
(center trace) and at the surface (top trace), plotted at the same scale. Based on the calculated orientations 
of the downhole horizontal components, the accelerograms were rotated into SH, horizontally polarized 
shear motion. 

where v is the displacement, t is the shear stress, co is the frequency of the wave, h is the layer 
thickness and C s is the shear velocity of the layer. The subscripts i and 2 indicate the state variables at 
the top and bottom of the layer, respectively. Our initial model consisted of three layers: glacial till 
from 0 m to 14 m (Cg= 330 m/s, p = 2.0 g/cm 3), glacial till from 14 m to 30 m (C s = 620 m/s, p = 
2.1 g/cm 3), and homfels from 30 m to 166 m (C s = 1320 m/s, p = 2.5 g/cm 3 ). The velocity data were 
obtained from logs [Fumal et. al., 1985, Archuleta, 1986]. When the three layer matrices are multiplied 
together, we obtain the anti-plane shear stress and displacement at 166 m in terms of the stress and 
displacement at 0 m. Since the stress at the surface is zero, we can directly relate the displacements. 

'166 = Kv r (2) 

The amplitude spectrum is obtained by computing the absolute value of the ratio of the displacements as 
a function of frequency. 

/ | V 1 6 6 J _ 1 / | K (3) 

(Note that the spectra! ratio for displacements and acceleratioas are the same, since differentiation by 
time twice introduces -0)2 on both sides of equation (2).) 

In the resulting spectral rauo the resonant peaks occur at frequencies lower than in the data. We 
determined that the shear wave velocity in the halfspace (homfels) was incorrect. The value of 1320 
m/s, determined from logs, was much too small. A value consistent with the spectral ratio between 166 
m and 35 m is 2800 m/s. Cross-correlation of the SH pulses between 166 m and 35 m conrirms a shear 
wave speed of 2800 m/s. Because of the strong impedance contrast at 30.5 m, the first arrival of the S 
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Figurf 3a. The spectral ratio of the SH acceleration at the surface to the SH acceleration at 166 m for 
the Round Valley event. Note the resonant peaks, particularly at about 3 and 6 Hz. Also note that the 
spectrum is fairly level for all frequencies greater than 20 Hz. 

Figure 3b. The spectral ratio of the synthetic accelerogram (0 m depth) to the SH acceleraogram at 
166 m. Compare with the data, above. The amplitude and position of the the resonant peaks are in 
excellent agreement up to 15 Hz. Above 15 Hz the synthetic spectral ratio shows a systematic decrease 
due to Q not observed in the data. 
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wave generated at the surface is very weak in the homfels. Consequently, a stronger secondary arrival 
was originally interpreted as the S wave leading to a low shear wave velocity. 

In the spectral ratio of the vertically propagating SH wave, the amplitudes of the resonant peaks 
are much too large, thus requiring the addition of damping to the model in die upper two layers. 
Hysteretic damping in the form of a complex shear modulus was added: 

li = j l ( l + 2 i p ) (4; 

where fi is the shear modulus of the layer and Û is the damping ratio. A damping ratio of p = .025 
(2.5% of critical) gave the best fit to the data. Quality factor Q is inversely proportional to damping. 

Q = ^ p (5) 

Our next step was to improve our model by considering SH waves with incidence angles other 
than 0°. By systematically rotating the components in the vertical plane to maximize SV motion, we 
determined an angle of incidence of 56°, measured from the vertical. Because the Round Valley 
earthquake and the McGee Creek site are both within the Sierra granitic batholith, we assumed a straight 
line ray padi. The straight line ray path incidence angle is 58°. The angle of 56°, compared to 58°, is 
further confirmation of a nearly uniform medium between the source and the receiver at 166 m. The 
angle of 56° gives a horizontal phase velocity of 3377 m/s. (At this phase, the incidence angle in the 
top layer is 5°. The impedance contrast of the materials is such that the SH incidence is nearly vertical 
at the surface.) The Haskell-Thomson matrix for a wave with constant phase is 

\ 

cosh ksh -1, 
US 

sinh ksh 

-J4.S sinh ksh cosh ksh y, 
(6) 

where here k is the horizontal wavenumber. 
Again we multiplied the three layer matrices to obtain displacements at 166 m in terms of 

displacements at 0 m. In order to compute synthetics at the surface, we first performed a Fast Fourier 
Transform (FFT) on the acceleration record at 166 m. We had approximately seven seconds of data with 
a sampling rate of 200 samples/second. The data were padded with zeros out to 10.24 sec, so that the 
resulting transform was computed out to lOO Hz (see Figure 3b). The transformed record at 166 m is 
multiplied by die Haskell-Thomson coefficient to produce a record at 0 m in the frequency domain. We 
then apply an inverse FFT to this record, which produces a synthetic accelerogram at the surface. 

Figure 3b shows the spectral ratio of the computed surface accelerogram to the data at 166 m. 
Comparison of this spectral ratio with the data (Figure 3a) shows an immediate discrepancy. The 
spectral ratio in Figure 3b shows a pronounced attenuation of the spectral amplitudes for frequencies 
above 15 Hz, much more severely than is seen in die data. Yet for frequencies less than 15 Hz, the fit 
between the two is very good in the spectral amplitudes of the main resonant peaks (3 and 6 Hz) and in 
their location, i.e., the peaks occur at the same frequency in die data as in the synthetic. This would be 
expected based on the very good fit in die time domain of die surface synthetic to data. The discrepancy 
for frequencies greater than 15 to 20 Hz suggests that a constant Q may not be appropriate for all 
frequencies. 

The original acceleration record and the synthetic were lowpass filtered to 10 Hz. The material 
parameters of the model were adjusted to obtain the best fit to die data. We found that die upper 14 m 
should have a shear velocity of about 290 m/s, as compared to 330 m/« We also found diat a 3 of 5% 
(Q = 10) in die upper two layers was necessary to obtain die correct amplitudes. Our best estimates of 
die material parameters at McGee Creek are shown in Figure 4. 

In Figure 5a we plot the syndieiic SH acceleration time history (dashed line) with the Round 
Valley data (solid line), bodi lowpass filtered to 10 Hz. Although frequencies above 10 Hz have been 
filtered from the data, the acceleration amplitudes are still about 95% of the unfiliered data. The 
agreement in amplitude, phase and duration is quite remarkable, especially considering that we are 
modeling the data up to 10 Hz with a single phase. We think dial (he extra beat that appears in die data 
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Figure 4. The material parameters most consistent with the data, based on modeling the observed 
time history and the spectral ratio. 

is from a wave with a different phase. Having determined the orientations of the instruments and the 
material properties using data from the Round Valley earthquake, we applied the Haskell-Thomson 
method directly to the data from the Chalfant Val'̂ y earthquake. The comparison between the synthetic 
surface accelerogram and the data is shown in Figure Sb. Considering that this earthquake is at a 
different azimuth and that no adjustments were made to the model, the fit betveen the data and synthetic 
is excellent. 

Discussion 

This work can be compared to that of Seed and Idriss (1970 ] and Joyner et. al. [1976]. Seed 
and 'driss used a lumped-mass, variable damping model for the soil profile at Union Bay, Seattle. They 
applied recorded motions in glacial till to compute motions in the upper layers of clay and peau Their 
solution was obtained iteratively to account for the nonlinear behavior of clay and peat. The synthetic 
seismograms in the peat were a good match, particularly for the long period motion. Joyner et. al. 
applied modeling techniques similar to ours to downhole data from the San Francisco Bay. They found 
very good agreement between their model predictions and the weak motion data at frequencies less than 
five Hertz. 

Our results show that the linear model does capture the amplification of strong motion in the 
surface layers (up to 10 Hz). The value of damping that we used - 5% - is reasonable for small strains in 
the glacial till. Clearly the amplification of accelerations in the surface is due to the impedance contrast 
of the surface material to the homfels. 

The issue of a frequency-dependent Q for higher frequencies needs to be investigated. The 
constant Q of our model introduces a trend in the spectral ratio above IS Hz that does not exist in the 
data. This implies that the attenuation mechanism in the material may depend on frequency; however, 
this dependence will decrease the attenuation for higher frequencies. The higher frequencies, i.e., the 
shorter wavelengths, will be more strongly affected by material inhomogeneities. Thus scattering is 
likely to have an effect; scattering is not included in a Haskell-Thomson method. What is important, 
though, is the fact that roughly 90-95% of the peak acceleration is accounted for by frequencies less than 
10 Hz and that these frequencies are accurately modeled. 

This research is supported by the Office of Nuclear Regulatory Research, U.S. Nuclear Regulatory 
Commission Grant No. NRC-G-O4-85-004 as well as by the Commissariat à l'Energie Alomique 
through its consultante. 
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Figure 5a. A synthetic 3H accelerogram (dashed line), computed for frequencies up to 10 Hz for the 
Round Valley data. The actual SH accelerogram (solid line), recorded at the surface, is lowpass filtered 
to 10 Hz for comparison. The similarity in peak amplitudes, phase and duration is obvious. 

Figure 5b. A comparison the of the synthetic accelerogram and the data for the Chalfant Valley event. 
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