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Obtain more constraints on small-scale heterogeneities

• Collect well logs to extract parameters 
for assumed statistical distributions of 
small-scale heterogeneities (e.g., 
Hurst number, correlation length, 
standard deviation, anisotropy).

• Further investigate depth 
dependence, velocity/stratigraphy 
dependence.

• Use closely spaced wells to obtain 
horizontal correlation length directly 
(e.g., Song et al., SCEC AM 2014).
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Figure 3. Map showing 35 deep borehole locations within the Los Angeles basin that are used for the inversion. Borehole apal1 is highlighted.

Figure 4. Results shown for the parameter spaced analysed by our inversion
routine. Here, we bin all accepted von Karman pairs and normalize by the
total number of boreholes. A value of 1.0 indicates that a particular (ν, az)
pair satisfies the acceptance criteria for every sonic log. Likewise, a value
of 0.0 has failed to accept the criterion at every borehole. The von Karman
parameters that agree between more than approximately 90 per cent of the
borehole sonic logs are defined by (ν, az) pairs below the solid line.

Assuming a dense enough network of sonic log measurements, one
could also compute horizontal statistics of depth-averaged sections
of adjacent boreholes allowing for a much higher resolution lateral
study than available from the Vs30 data similar to the analysis by
Wu et al. (1994).

The final inversion result for the 35 boreholes is shown in Fig. 4,
which indicates the percentage of boreholes that can be modelled
by a given von Karman parameter pair within a mean-squared resid-
ual of 0.01. We find that parameters ranging from ν = (0.0−0.2)
and az = (15 m−150 m) represent the variability to an agreement
greater than approximately 90 per cent of all 35 Los Angeles Basin
sonic logs. Fig. 4 shows a trade-off between ν and az meaning that
while large az are acceptable with low ν and vice-versa, large ν

fail to represent the Los Angeles sonic logs even at az = 45 m. On
the other hand, at ν = 0.0, large correlation lengths can provide
seemingly reasonable fits to the data. This is because the semi-
variance at the nugget (or first lag distance) is approximately equal

Figure 5. Selected variograms plotted for different combinations of von
Karman parameters. The shaded grey region represents the range spanned
by all data variograms. We show the variograms representing 100 per cent
acceptance as well as the variogram representing the average von Karman
parameters for Los Angeles basin. Finally, we show the stacked data vari-
ogram computed from an average of each borehole variogram in black. Note
the model with ν = 0.0 and az = 500 m lies within the data variogram range
in Los Angeles basin.

to the total variance in the sonic logs making the transition from
correlated to uncorrelated behaviour hard to distinguish in these
variogram estimates. For example, in Fig. 5 we show that a model
with ν = 0.0 and az = 500 m represents the statistics of the sonic
logs, where the grey region represents the range of all Los Ange-
les basin sonic log variograms. This highlights the interdependence
between az and ν in estimates of semi-variance. Also, we show
variograms for several combinations of ν and az that could rep-
resent reasonable values for Los Angeles Basin. Recent work by
Nakata & Beroza (2015) shows that near Long Beach in Los Ange-
les basin vertical correlation lengths are on the order of 100 m with
an anisotropy factor, ax/az of approximately 5. Based on a boot-
strapped analysis of the average values calculated for each borehole,
we find average values of ν = 0.064 (0.058, 0.069) ± 0.01 (0.006,
0.012) and az = 54 (51.1, 57.6) m ± 5.9 (1.79, 9.53) m, where the
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2.2 Moving-window variogram

We introduce an alternative variogram estimator (moving-window
formulation) derived by Li & Lake (1994) to analyse the sonic log
measurements:

γ̂N1(h) = 1
n

n∑

i=1

⎧
⎨

⎩
1

2m

∑

j∈Di,h

[Z (xi ) − Z (x j )]2

⎫
⎬

⎭. (5)

Here, m is the number of data points in Di,h which is the index set
of the data points contained within the moving window, "i,h, which
has size h. n is the total number of data points in the random field, Z.
Z(xi) represents the midpoint of "i,h, and Z(xj) represents each data
point contained within Di,h excluding Z(xi). The inner summation
is over the moving-window while the outer sum is over the entire
random field. For a more detailed explanation and derivation of the
moving-window variogram, please refer to Li & Lake (1994). The
moving-window formulation (eq. 5) provides an estimate utilizing
all available data pairs at all lag distances, whereas other variogram
estimates (such as the Matheron (1963) method, discussed above)
provide fewer data pairs as the observation distance increases re-
sulting in larger variance as the lag distance increases (for example,
see Fig. 1c and Supporting Information).

We choose to use the moving-window variogram method for
the borehole logs as it reduces the variance at large lag distances
which aids our inversion, because the moving-window estimate
provides more consistent mean-squared residual values. The choice
of variogram method does not change the results of the inversion
(see Electronic Supplement). Also, the moving-window variogram
does not always provide a more accurate direct estimate as compared
to the Matheron (1963) method. For example, we find the classical
variogram provides a more stable result for the Vs30 data set.

2.3 Monte Carlo inversion

We incorporate the moving-window variogram method into an in-
version routine which performs a grid search on the parameter
space ν ∈ [0.0, 0.3] and az ∈ [15 m, 150 m], while minimizing the
mean-squared residual between each sonic log variogram and var-
iogram estimated from a synthetic borehole with pre-specified, ν

and az . Here, we assume that each sonic log is a 1D realization of a
single random field of velocity fluctuations representing the entire
Los Angeles basin, and the statistics are stationary. We invert each
borehole independently resulting in an estimate of the von Karman
parameters for each borehole. This allows us to quantitatively assign
uncertainty to our estimation.

To pre-processes the logs before inversion, we first detrend the
data using a long-period median filter providing a zero-mean pro-
file. We find the choice of demeaning filter can significantly affect
the estimation of the correlation length. For example, choosing too
short of a long-period median filter can force the correlation length
to be proportional with the window size of the median filter. Due to
large variability in the data, we find choosing long period median
filters proportional to the borehole depth extent provide more stable
estimates of the correlation length than low-order polynomial re-
gression (see Electronic Supplement or Fig. 1(c) for all variogram
estimates). Next, we apply a short-period median filter to remove
artefacts resulting from the downhole logging procedure using a
median filter with window size of 1.5 m, corresponding to the ap-
proximate resolution of the sonic logging tool. Also, we performed
a sensitivity analysis on the effect of short-period median filtering
the logs and find the results are robust with filter lengths < 5 m. We

(a) (b)

Correlation Length

Hurst Exponent = 0.09

(c)

Figure 1. (a) Apal1 Vp sonic log (grey) with long-period median filter
(black), and 1.5 m smoothed log (red). (b) De-trended fluctuation profile
(blue) generated by subtracting the long-period median filter (black) from
the red and grey logs in panel (a) and used to estimate variograms. The fluc-
tuation profile (blue) becomes shorter due to edge effects from the median
filter. We show logs in terms of slowness because all data analysis is per-
formed in the slowness domain. (c) Variogram estimate from the fluctuation
profile (blue) shown in panel (b). The dashed green line is the logarithmic
regression used to estimate the Hurst exponent. We estimate the correlation
length to be between 40 and 90 m, and ν = 0.09. Note the much larger vari-
ance associated with the classical estimate of (Matheron 1963) as opposed
with the moving-window estimate of Li & Lake (1994).

assume that the large spikes seen in the logs are due to measurement
errors resulting from either decoupling with the logging tool and the
host rock or cycle skips, a phenomenon resulting in anomalously
high transit times or low velocities. Figs 1(a) and (b) shows the pre-
processing method performed on one borehole log, namely apal1
located approximately 5 km north of Long Beach, CA, along with
the classical and moving-window variogram (Fig. 1c) estimates for
this single borehole. We perform all statistical analysis in the slow-
ness domain. Notice the larger variance associated with the classical
estimate of semi-variance. For the remainder of the manuscript we
refer to the pre-processed zero-mean logs as fluctuation profiles.

For the inversion, (1) we estimate the semi-variance using
eq. (5) for each borehole. (2) We simulate 500 realizations for each
combination of parameters (ν, az) and estimate the semi-variance
for each realization using eq. (5). (3) We compute the mean-squared
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Figure 3. Map showing 35 deep borehole locations within the Los Angeles basin that are used for the inversion. Borehole apal1 is highlighted.

Figure 4. Results shown for the parameter spaced analysed by our inversion
routine. Here, we bin all accepted von Karman pairs and normalize by the
total number of boreholes. A value of 1.0 indicates that a particular (ν, az)
pair satisfies the acceptance criteria for every sonic log. Likewise, a value
of 0.0 has failed to accept the criterion at every borehole. The von Karman
parameters that agree between more than approximately 90 per cent of the
borehole sonic logs are defined by (ν, az) pairs below the solid line.

Assuming a dense enough network of sonic log measurements, one
could also compute horizontal statistics of depth-averaged sections
of adjacent boreholes allowing for a much higher resolution lateral
study than available from the Vs30 data similar to the analysis by
Wu et al. (1994).

The final inversion result for the 35 boreholes is shown in Fig. 4,
which indicates the percentage of boreholes that can be modelled
by a given von Karman parameter pair within a mean-squared resid-
ual of 0.01. We find that parameters ranging from ν = (0.0−0.2)
and az = (15 m−150 m) represent the variability to an agreement
greater than approximately 90 per cent of all 35 Los Angeles Basin
sonic logs. Fig. 4 shows a trade-off between ν and az meaning that
while large az are acceptable with low ν and vice-versa, large ν

fail to represent the Los Angeles sonic logs even at az = 45 m. On
the other hand, at ν = 0.0, large correlation lengths can provide
seemingly reasonable fits to the data. This is because the semi-
variance at the nugget (or first lag distance) is approximately equal

Figure 5. Selected variograms plotted for different combinations of von
Karman parameters. The shaded grey region represents the range spanned
by all data variograms. We show the variograms representing 100 per cent
acceptance as well as the variogram representing the average von Karman
parameters for Los Angeles basin. Finally, we show the stacked data vari-
ogram computed from an average of each borehole variogram in black. Note
the model with ν = 0.0 and az = 500 m lies within the data variogram range
in Los Angeles basin.

to the total variance in the sonic logs making the transition from
correlated to uncorrelated behaviour hard to distinguish in these
variogram estimates. For example, in Fig. 5 we show that a model
with ν = 0.0 and az = 500 m represents the statistics of the sonic
logs, where the grey region represents the range of all Los Ange-
les basin sonic log variograms. This highlights the interdependence
between az and ν in estimates of semi-variance. Also, we show
variograms for several combinations of ν and az that could rep-
resent reasonable values for Los Angeles Basin. Recent work by
Nakata & Beroza (2015) shows that near Long Beach in Los Ange-
les basin vertical correlation lengths are on the order of 100 m with
an anisotropy factor, ax/az of approximately 5. Based on a boot-
strapped analysis of the average values calculated for each borehole,
we find average values of ν = 0.064 (0.058, 0.069) ± 0.01 (0.006,
0.012) and az = 54 (51.1, 57.6) m ± 5.9 (1.79, 9.53) m, where the
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Figure 6. Depth-dependent variogram computed for 500 m windows of
the sonic log data set. We find no significant depth-dependence of the von
Karman parameters. Each curve represents the stacked variogram over each
specified depth interval.

95 per cent confidence intervals for the mean and standard devia-
tion are shown in the parentheses. We compute the average values
by applying a weighting function to the inversion residuals such
that models with lower residual values are weighted higher. The
electronic supplement shows the mean-squared residuals computed
for each borehole. We also show the raw and processed versions of
the boreholes used in the inversion along with moving-window and
classical semi-variance estimates.

Finally, we analyse the data set to determine if there are any
depth-dependent effects. Towards this goal, we window the data
set in 500 m segments and apply traditional variogram analysis
to the windowed data, meaning no inversion is performed on the
depth-windowed data. For this analysis, we pre-process the logs as
described in the Methods section and stack the resulting moving-
window variogram estimates to produce a single variogram repre-
sentative of a given depth-interval. Fig. 6 shows the results from
our analysis. This figure suggests the lack of any significant depth
dependency for the von Karman parameters. We also find no depth-
dependence for σ . Even though there might be depth-dependency
for some of the parameters at individual boreholes (e.g. σ (z) in
apal1 shown in Fig. 1), on average, our analysis suggests limited
depth-dependence of the von Karman parameters in Los Angeles
basin.

4 C O N C LU S I O N S

We have used 371 Vs30 measurements for Southern California and
35 borehole sonic logs from the Los Angeles basin to constrain
the parameters describing von Karman distributions of small-scale
heterogeneities. The borehole logs indicate that the ranges of ν

and a most representative of the velocity variability are ν = 0.0–
0.2, az = 15–105 m and σ = 5 ± 2.5 per cent. We find aver-
age values of ν = 0.064 (0.058, 0.069) ± 0.01 (0.006, 0.012) and
az = 54 (51, 57) m ± 5.9 (1.0, 9.5) m with 95 per cent confidence
intervals listed in the parentheses. The Vs30 data provide only an
upper bound on the parameters (ν = 0.33 ± 0.09 and ax = 5–10 km)
due to the relatively coarse sampling. We find insignificant depth
dependency of the von Karman parameters from 500 m to 2500 m
depth. These statistical parameters constitute a data-driven model

that can be used for high-frequency simulations of seismic wave
propagation in Southern California. These two separate data sets
constrain the vertical and lateral features, respectively. We hesitate
to infer an anisotropy ratio between the two data sets due to the
large differences in resolution between the Vs30 and borehole data.
We suspect that higher resolution Vs30 data, on say a 50 m grid, may
help refine the results presented here.

The parameters estimated from the sonic log analysis section
of the manuscript only provide information regarding the P-wave
heterogeneity in Los Angeles basin. Directly applying these param-
eters to the S-wave data implies some correlation between these two
measurements. Based on simple elastic theory and analysis of Vp
and Vs sonic logs (Dolan et al. 1998), we expect some correlation
between the two sets of parameters as they are both dependent on
the shear modulus and the density of the material. However, without
access to full-sonic scanner measurements (i.e. P-wave and S-wave
logs) at the same locations, we cannot definitively comment on the
correlation between P-wave and S-wave heterogeneity for this data
set. The level of correlation does have implications for modelling
of the small scale heterogeneities, as uncorrelated or non-perfectly
correlated heterogeneity models must simulate separate realizations
of the stochastic field for both P-wave and S-wave velocities.

Our inversion procedure provides limited resolution of az for
ν ≈ 0.0. This means larger correlation lengths may accurately model
the spatial statistics observed in Los Angeles basin. Also, we find
an interdependence between ν and az for all combinations of von
Karman parameters. Care must be taken to choose appropriate pa-
rameters of ν and az that fall within the accepted range for Los
Angeles basin. The black line in Fig. 4 shows the values of ν and az

that represent accepted von Karman parameters for the majority of
borehole sonic logs in Los Angeles basin. We recommend choosing
parameters that fall within this region, however one could argue for
choosing large values of az for ν = 0.0.
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PGVs than rupture model A (Fig. 5e–h). Further-

more, plastic yielding has a much higher effect on

average ground motions in rupture model B com-

pared to rupture model A (Fig. 5e–h). Within 100 m

of the fault, average PGVs are reduced by 34–43% in

the shale, 27–35% in the sandstone, and up to 15% in

the granite with respect to the linear simulation

(Table 3). Compared to rupture model A, plasticity

reduces PGVs inside a much wider zone around the

fault (Fig. 5).

3.2. Reduction of Ground Motion Extremes

To analyze the impact of non-linearity on ground

motion extremes, we computed the cumulative dis-

tribution of PGVs inside a zone extending 5 km in

both fault-perpendicular directions of the rupture

(Fig. 6).

Plastic yielding in the fault zone tends to reduce

the occurrence and severity of extreme ground

motions. As already noted for mean PGVs, the

importance of non-linearity is less pronounced for the

average stress drop scenarios (Fig. 6a–d) than for the

high stress drop scenarios (Fig. 6e, f). In the low

stress drop scenarios, no significant reduction of

extreme PGVs takes place in the granite except for

the M 8.0 scenario (Fig. 6d), where the highest PGVs

are reduced from 4.4 to 4.0 m/s. Even for the shale

and sandstone models, non-linearity reduces PGVs

significantly only for the M 7.0 and M 8.0 average

stress drop scenarios (Fig. 6b, d, respectively). In the

high stress drop scenarios, on the other hand, non-

linearity reduces PGV extremes by up to 50%. The

most dramatic effect is seen in the M 8.0 high stress

drop scenario (Fig. 6h), where PGVs are reduced

from more than 9 m/s to 7 m/s for granite, and to less

than 4.5 m/s for shale. These reductions are compa-

rable to those reported for the Yucca mountain

simulations (e.g., Andrews et al. 2007; Duan and Day

2010).

Both linear and non-linear simulations suggest

that the PGV at a given frequency of occurrence

increases with increasing magnitude, although the

rate of increase is slowed down in the non-linear

simulations. For example, PGVs at an occurrence of

10!4 increase from 4.2 to 9.2 m/s between the M 7.5

and M 8.0 high stress drop scenarios in the linear

case, while they increase only from 3.3 to 4.4 m/s in

(a) (b)

Figure 3
Cross section of fault damage zone showing (a) shear-wave velocity vs and (b) geological strength index GSI for sandstone model
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Roten, Olsen, Day and Cui (2017) 
Los Angeles basin. These features were also observed

in the ShakeOut simulations, and attributed to

channeling of seismic waves along a string of

sedimentary basins (Olsen et al. 2009). The presence

of this waveguide amplification effect has also been

confirmed from measurement of the ambient seismic

noise (Denolle et al. 2013).

Non-linear simulations yield significantly lower

shaking levels in the Whittier Narrows corridor (at

station ‘rus’ in Fig. 12), where PGVs are reduced

from more than 2 m/s to less than 1.75 m/s for the

granite model (Fig. 12b) and to less than 1.25 m/s for

the shale model (Fig. 12c). Plastic effects are also

pronounced in the San Gabriel valley (NE of site

‘lab’) where PGVs are reduced from ! 1.75 m/s in

the linear prediction to less than 1.0 m/s for the shale

model. These reductions are comparable to those

reported for kinematic ShakeOut simulations with

plasticity (Roten et al. 2014).

Figure 13a shows the distribution of PGVs inside a

rectangular area, including the San Gabriel and Los

Angeles basins (dashed area in Fig. 12). In addition to

reducing the occurrence of PGVs above 1.0 m/s, non-

linearity results in a shift of the entire distribution

towards lower values:AveragePGVs inside the selected

area are reduced from 0.56m/s for the visco-elastic case

to 0.48, 0.40, and 0.37m/s in the visco-plastic case using

the granite, sandstone, and shale models, respectively.

Inside the San Bernardino basin, within 20 km of

the fault (Fig. 13b), PGVs are also asymmetrically

distributed around the average values (1.55 m/s in the

linear case, 1.38 m/s in granite, 1.28 m/s in sandstone,

and 1.24 m/s in shale). The probability densities

exhibit a long tail, with PGVs exceeding 6 m/s in the

linear case. Here, plasticity acts mostly by truncating

the tail of the frequency distribution, with the

truncation level depending on the choice of rock

strength: extreme PGVs are reduced to less than 5

m/s for the granite and less than 4 m/s for the

sandstone and shale models.

5.2. Results w/ LVZ

The San Andreas simulations were repeated for a

mesh including an LVZ for the linear case and the

non-linear cases with all three rock strength models.

Figure 14a shows the change in PGVs resulting from

including the LVZ in the linear case. Because the

LVZ affects the dynamics of the rupture, the pattern

is heterogeneous, with the LVZ reducing PGVs in

some regions and increasing them in others. Fault-

zone trapped waves may lead to further increased

ground motions in the vicinity of the fault. On soft

basins characterized by trapping effects, especially

along the waveguide connecting the San Andreas

fault with the Los Angeles basin, reductions tend to

dominate. Compared to the linear simulations w/o

LVZ (Fig. 13a, b), the distribution of linear PGVs in

the Los Angeles and San Bernardino basins is more

compact if the LVZ is included (Fig. 13c, d).

(a) (b) (c) (d)

Figure 10
Same as Fig. 5, but showing results obtained with LVZ (rupture model A)
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damage zone where fracturing has lead to a signif-

icant reduction in shear-wave velocities. It is only

shown to illustrate the sensitivity of the simulation

results to rock strength parameters.

In contrast to the final slip, peak slip rates reach a

maximum close to the surface. Without an LVZ,

surface PSRs average to 1.9 m/s for the M 7.5

scenario (rupture model A) in the linear case

(Fig. 8c). Plasticity reduces mean PSRs to less than

1 m/s in the shale model (Fig. 8c), in line with results

seen for the M 7.0 scenario (Fig. 4f). If an LVZ is

present, linear PSRs increase to an average of 3 m/s

near the surface (Fig. 8d). In the shale and sandstone

models, fault-zone plasticity brings these high PSRs

back down to ! 0.5 and ! 1.5 m/s, respectively.

These results indicate that trapping effects caused by

the impedance contrast between the LVZ and wall-

rock are, at least partly, offset by increased non-linear

attenuation in the fractured rock of the fault damage

zone. In the final slip and peak slip rates for the shale,

an inversion occurs at ! 3 km depth, which reflects a

shallow patch of reduced slip in this model.

The distribution of accumulated plastic strain

across the fault zone (Fig. 9) supports this interpreta-

tion. Without LVZ, widespread damage occurs only at

depths of less than ! 1 km; at greater depth, damage

is localized and observed only on the fault itself. As

already noted by Ma (2008), the width of the flower-

like damage zone increases with decreasing rock

strength. If the LVZ zone is included, off-fault

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5
Average horizontal PGVs (defined as the maximum of the horizontal, 2-D velocity vector) across the fault for the four different scenario

magnitudes and rupture models A and B. The dashed line shows the location of the fault
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Los Angeles basin. These features were also observed

in the ShakeOut simulations, and attributed to

channeling of seismic waves along a string of

sedimentary basins (Olsen et al. 2009). The presence

of this waveguide amplification effect has also been

confirmed from measurement of the ambient seismic

noise (Denolle et al. 2013).

Non-linear simulations yield significantly lower

shaking levels in the Whittier Narrows corridor (at

station ‘rus’ in Fig. 12), where PGVs are reduced

from more than 2 m/s to less than 1.75 m/s for the

granite model (Fig. 12b) and to less than 1.25 m/s for

the shale model (Fig. 12c). Plastic effects are also

pronounced in the San Gabriel valley (NE of site

‘lab’) where PGVs are reduced from ! 1.75 m/s in

the linear prediction to less than 1.0 m/s for the shale

model. These reductions are comparable to those

reported for kinematic ShakeOut simulations with

plasticity (Roten et al. 2014).

Figure 13a shows the distribution of PGVs inside a

rectangular area, including the San Gabriel and Los

Angeles basins (dashed area in Fig. 12). In addition to

reducing the occurrence of PGVs above 1.0 m/s, non-

linearity results in a shift of the entire distribution

towards lower values:AveragePGVs inside the selected

area are reduced from 0.56m/s for the visco-elastic case

to 0.48, 0.40, and 0.37m/s in the visco-plastic case using

the granite, sandstone, and shale models, respectively.

Inside the San Bernardino basin, within 20 km of

the fault (Fig. 13b), PGVs are also asymmetrically

distributed around the average values (1.55 m/s in the

linear case, 1.38 m/s in granite, 1.28 m/s in sandstone,

and 1.24 m/s in shale). The probability densities

exhibit a long tail, with PGVs exceeding 6 m/s in the

linear case. Here, plasticity acts mostly by truncating

the tail of the frequency distribution, with the

truncation level depending on the choice of rock

strength: extreme PGVs are reduced to less than 5

m/s for the granite and less than 4 m/s for the

sandstone and shale models.

5.2. Results w/ LVZ

The San Andreas simulations were repeated for a

mesh including an LVZ for the linear case and the

non-linear cases with all three rock strength models.

Figure 14a shows the change in PGVs resulting from

including the LVZ in the linear case. Because the

LVZ affects the dynamics of the rupture, the pattern

is heterogeneous, with the LVZ reducing PGVs in

some regions and increasing them in others. Fault-

zone trapped waves may lead to further increased

ground motions in the vicinity of the fault. On soft

basins characterized by trapping effects, especially

along the waveguide connecting the San Andreas

fault with the Los Angeles basin, reductions tend to

dominate. Compared to the linear simulations w/o

LVZ (Fig. 13a, b), the distribution of linear PGVs in

the Los Angeles and San Bernardino basins is more

compact if the LVZ is included (Fig. 13c, d).

(a) (b) (c) (d)

Figure 10
Same as Fig. 5, but showing results obtained with LVZ (rupture model A)
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representing soft soil sites (see Fig. 15 for site

locations). We used the GMPEs of Boore et al.

(2014) and Campbell and Bozorgnia (2014), which

will be referred to as BSSA14 and CB14, respec-

tively, through the remainder of the text. Both

equations require the basin depth z1, which is the

isosurface where the shear-wave velocity vs reaches

1000 m/s; in addition, CB14 requires the depth to the

vs = 2500 m/s isosurface, z2:5 We extracted the depth

of these surfaces from the CVM for each site along

the two cross sections. For the rock sites, we used a

vs;30 (average shear-wave velocity in the top 30 m) of

760 m/s (a value commonly used for rock sites, e.g.,

Olsen et al. 2008), while a vs;30 of 250 m/s was used

for the soil sites. (These values are lower than the

near-surface vs used in the simulations, which used a

minimum shear-wave velocity of 500 m/s and rock

velocities above 1500 m/s. The logic behind these

vs;30 choices is that realistic rock sites include a low-

velocity weathered layer, which was not included in

our simulations, as it would be too shallow to

influence long-period spectral accelerations. Like-

wise, typical soil sites are characterized by very low

shear-wave velocities in top few meters, which result

in lower vs;30 than the 500 m/s used in our simula-

tions. However, these shallow low-velocity layers

would not be resolvable using the 100 m-grid spacing

in our simulations. The same reasoning has been used

0 50
N −20 −10 0 10 20

PGV reduction (%)

(a)

0 50
N −20 −10 0 10 20

PGV reduction (%)

(b)

Figure 14
Change in PGV obtained from San Andreas simulation, including a LVZ, with respect to scenario without LVZ, in a linear case and b non-

linear case for shale model. (Blue areas indicate that an LVZ results in lower PGVs)
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• Map the velocity 

structure and (surface) 

width of fault 

damage/low-velocity 

zones around faults

PGV(LVL) 
PGV(no LVL)



Surface Topography

• CyberShake, High-f simulations have used a flat free surface so far

• AWP in the process of adding support for topography

• Hercules has a version supporting topography

• Do the SCEC CVMs include surface topography? If not, enable
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Recommendations
• Collect all available oil-company sonic/Vs logs to obtain better 

constraints on distributions of small-scale heterogeneities:

• Strength (standard deviation, depth/geology dependent)
• Correlation length, anisotropy (depth/geology dependent)
• Hurst number

• Map and include fault damage zones/LVLs in CVMs

• Include surface topography in CVMs
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