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Abstract Recent moderate-sized, but strongly-felt, earthquakes in eastern and

central North America have highlighted the important role of the earth’s attenuation
structure in estimating and predicting local and regional ground motions. Over the past
several years, we have been developing methods to use the amplitudes of regional phases
Pn, Pg, Sn, and Lg to invert for the crust and upper mantle attenuation structure in
Eurasia, and have recently started transporting the methodology to North America. We
now have path coverage for most of North America, including Canada, the United States,
Mexico, and portions of the Caribbean, with the best coverage in the United States. After
describing the development of the model, we will discuss the results in the context of the
tectonics of the region, most notably the large differences between western North
America and areas east of the Rockies. We will then demonstrate the use of the model in
a number of applications including estimating reliable moment magnitudes for the Wells,
NV earthquake sequence, the use of the models in strong ground motion prediction for
the Mineral, VA mainshock, and in both discriminating and estimating explosion

characteristics (depth, yield) of events at the Nevada Test Site.



Introduction

The August 23, 2011 Mineral, VA earthquake was only a moderate-sized (M
5.8) earthquake, but was widely felt throughout the east coast of North America. As
reported in the popular media such as the New York Times (New York Times, 2011), it
was felt more strongly and over a wider region than similar sized earthquakes in western
North America. The event highlighted the important role that the earth’s seismic
attenuation structure has in estimating and predicting ground motions.

Over the past several years, we have been developing methodologies to use the
amplitudes of regional phases to invert for crust and upper mantle attenuation structure.
In a series of papers, we have developed the methodology using the Lg phase (Pasyanos
et al., 2009a), extended the method to use amplitudes of the Pn, Pg, Sn, and Lg in a
multiphase inversion method (Pasyanos et al., 2009b), then used the model in a series of
applications including seismic discrimination between earthquakes and explosions
(Pasyanos and Walter, 2009; Pasyanos et al., 2012a), moment magnitude estimation
(Pasyanos, 2010), and in strong ground motion predictions for seismic hazard (Pasyanos,
2011). In a further extension of the model, we used the attenuation model in the analysis
of the yield and depth of the 2006 and 2009 DPRK nuclear tests (Pasyanos et al., 2012b).
The geographic area for these studies was initially the Middle East, but then expanded to
include other portions of broader Eurasia including South Asia, Central Asia, and East
Asia.

Here, we have transported the methodology from Eurasia to North America
(Figure 1). We have used a set of recent earthquakes in the eastern and central United
States, along with more commonly occurring events in the western United States, which
were well-recorded by national and regional networks in North America. We use these
events to make thousands of local and regional amplitude measurements, which we use to
create an attenuation model of the crust and upper mantle.

After describing the development of the model, we will discuss the results in the
context of North America tectonics. We will then demonstrate the use of the model in a
number of applications. First, we will use the model in the estimation of moment
magnitudes using regional phase amplitudes. We will do so by calculating magnitudes
for a range of events from the Wells, NV earthquake sequence and compare them to
moment estimates made using regional waveform modeling. Secondly, we will
demonstrate how strong ground motion estimates made using this model compare to
observed ground motions for the Mineral, VA earthquake sequence. Next, we will use
the model to improve our ability to discriminate earthquakes and explosions, including a
large number of nuclear explosions that were conducted at the Nevada Test Site (NTS),
as well as several additional explosions. Lastly, we look at how the model can be used to
estimate explosion characteristics (depth, yield) of several events in different
emplacement conditions, where the depth, yield, and material properties of the events are
independently known.



Attenuation Model

We have developed an attenuation model of the crust and upper mantle of North
America using the multiphase amplitude inversion method (Pasyanos et al., 2009b). In
most of our previous inversions, we have been in seismic regions with a lot of ambient
natural seismicity, but a limited number of recording stations. Through most of North
America, with the exception of the west coast and the Caribbean, we are in aseismic
regions with limited seismicity. Due to the installation of national networks in the United
States and Canada, coverage from global seismic networks and regional networks
throughout the area, we have excellent station coverage of these regions. Even in these
relatively aseismic regions, there have been a limited number of moderate sized
earthquakes (e.g. Mt. Carmel, IL; Sparks, OK; Guy, AK), which are well-distributed in
our study area.

These events were all well-recorded at stations in the United States Geological
Survey’s (USGS) Advanced National Seismic System (ANSS) Backbone network. We
have further supplemented this with data from the Canadian National Seismograph
Network (CNSN), as well as regional stations in the Global Seismographic Network
(GSN) and other regional networks (e.g. Berkeley Digital Seismic Network, Caltech
Regional Seismic Network) available through IRIS. We have supplemented these
amplitude measurements with additional measurements made using data from an
assembled Western United States dataset for regional seismic analysis (Walter et al.,
2004). While we have made measurements for both earthquakes and explosions using
this dataset, only earthquake amplitudes are included in the inversion.

For each regional (Pn, Pg, Sn, Lg) phase, a window starting with the phase arrival
is selected and amplitudes are measured in a series of narrow frequency bands. At local
distances, we are measuring amplitudes for just Pg and what is probably more accurately
referred to as Sg. The time-domain RMS amplitudes are then converted to pseudo-
spectral amplitudes. Amplitudes from paths meeting the signal-to-noise criteria of pre-
event SNR of 2.0 and a pre-phase SNR of 1.0 are used in the inversion. The total number
of amplitude measurements range from a high of about 9500 paths in the 1-2 Hz
passband down to about 3700 for 6-8 Hz, with up to about 3000 unique paths (Table 1).
The result is coverage of the region as shown in Figure 2. We have excellent coverage,
with good ray density and crossing paths, for the whole continental United States and
southern portion of Canada. Coverage is poorer in northern Canada, the Atlantic and
Pacific margins, and south into Mexico and the Caribbean.

We invert the amplitude measurements using multi-phase attenuation tomography
method described in Pasyanos et al. (2009b). An important aspect of the method is the
use of an earthquake source model for the source term, allowing us to utilize arbitrary
source models (for either earthquakes and explosions) in a forward sense to predict
amplitudes. The raypaths for Pg and Lg are specified as propagating in the crust, while
Pn and Sn propagate primarily though the mantle, but have crustal legs under the source
and station. Using this technique, we simultaneously invert the amplitudes of Pn, Pg, Sn,



and Lg for event source terms, station site terms, and the lateral attenuation structure (Qp
and Qs) of the crust and the upper mantle.

Attenuation maps determined from the tomography in the 2-4 Hz passband are
shown in Figure 3. The four panels plot the P-wave and S-wave attenuation of the crust
and upper mantle. Each panel is plotted with plate boundaries (thick black lines) and
physiographic provinces (thin black lines).

The most striking feature of the attenuation model, apparent in all of the maps, is
the difference in Q between areas east and west of the Rocky Mountains, with eastern
North America having significantly lower attenuation. Within these broad regions, we
find further variations. In the west, the Colorado Plateau is a relatively high Q feature,
while the Basin and Range Province has very low Q values. Although coverage is
poorer, Mexico appears to be consistent with the low Q values of the western U.S. In
eastern and central North America, we find the lowest Q in the area of the North
American craton, situated between the Rocky and Appalachian mountain ranges north of
the Coastal Plain. We don’t find any significant differences between the Canadian Shield
and the rest of the craton. We also find lower Q values in the Coastal Plain, as compared
to regions north, presumably due to the large influence of low Q sediments. Lastly, in the
mantle Qp maps, we see low attenuation which is associated with the subducting Juan de
Fuca slab. We saw a similar high Q feature associated with the Japanese slab subducting
under the Korean Peninsula (Pasyanos et al., 2012b).

The study of Bager and Mitchell (1998) uses Lg coda Q to study regional
variations of Lg coda Q in the continental United States. They find broad variations with
the lowest Qo (250-300) in California and western Basin & Range, and highest Qo (650-
750) in the northern Appalachians and Central Lowlands. In comparison, we find much
smaller scale variations in Q that the broad sampling of Lg coda Q cannot resolve.

In the Western United States and for the Lg phase at 1 Hz, we can compare our
results to the study of Phillips and Stead (2008) who used data from USArray to develop
an Lg attenuation map. These results are most directly comparable to our crustal Qs in
the 1-2 Hz passband (Figure 3a). Although there are small differences, the large trends
of low Q at the coast and in the Middle Rocky Mountains and high Q in the Colorado
Plateau, Sierra Nevada/Great Valley, Columbia Plateau and Northern Rocky Mountains
are recovered in both models. This is an agreeable result given the greater spacing of
stations in our model compared to USArray.

Inversions are performed independently at a number of frequencies, including 0.5-
1, 1-2, 2-4, 4-6, and 6-8 Hz. As such, we can examine the frequency dependence of our
crustal and upper mantle attenuation. Figure 4 shows Qs and Qp in the crust and upper
mantle as a function of frequency at locations in several particular regions of the model:
Colorado Plateau, Basin and Range, Central Lowland, and Coastal Plain. As we have
found in other regions, the apparent attenuation, which itself a product of both intrinsic
and scattering attenuation, often does not follow a power law, as found for the frequency-
dependent attenuation in the Colorado Plateau. We also find systematically lower Q



values (higher attenuation) in the Basin and Range, and higher Q (lower attenuation) in
the Central Lowlands of the Central US, where the upper mantle Qp is so high, there is
almost no amplitude loss beyond geometrical spreading. This is consistent with the Lg
attenuation results from for the Basin and Range and Central US from Erickson et al.
(2004). Note as well the very low crustal Q values in portions of the Gulf of Mexico,
Atlantic and Pacific Oceans that are illuminated by the crustal leg of Pn and Sn
amplitudes, in the absence of observed Pg and Lg.

Applications

Having a reliable attenuation model of the crust and upper mantle allows us to
more reliably predict the amplitude of regional phases, which has a number of benefits.
In the following subsections, we present a series of applications which make use of our
ability to better estimate regional phase amplitudes using the model, notably regional
moment magnitudes, strong ground motion estimates, and explosion discrimination and
analysis.

Regional Moment Magnitude

In the study of Pasyanos (2010), we demonstrated a method of estimating
earthquake moment and magnitude using regional phase amplitudes that we called
regional My,. Rather than utilizing a particular magnitude formula, which is tied to a
specific phase, frequency, and 1-D attenuation structure, this method presented a general
form for using any regional phase and frequency, correcting for the geometrical
spreading, lateral attenuation and site terms to derive a source term, which can be
described by a seismic moment.

We wish to test this method on an earthquake sequence with many events having
moment tensors solutions spanning a large magnitude range. The February 21, 2008
Wells, NV earthquake sequence was selected because it had ten moment tensor solutions
determined from regional waveform modeling ranging from the My, 5.9 mainshock to a
M,, of 3.6 for the smallest modeled aftershock. The regional moment tensor solutions
(http://www.eas.slu.edu/eqc/egemt.html) are those determined from Bob Herrmann at St.
Louis University using the method of Herrmann et al. (2011).

Table 2 is a list of events, along with local magnitude and moment magnitude
determined from moment tensor solutions. Since a regional M,, can be calculated with
any arbitrary combination of calibrated phases and frequencies, we have limited
ourselves to four specific combinations for the sequence. For each event, we calculated a
regional My, using 1) Lg in the 1-2 Hz passband, similar to the my(Lg) magnitude of
Nuttli (1973); 2) Pn in the 1-2 Hz passband, similar to the my(Pn) magnitude of Everden
(1967); 3) a multiphase (Pn, Pg, Sn, Lg) magnitude using all four phases in the 1-2 Hz
passband; and 4) a broadband Lg magnitude using Lg amplitudes from 0.5-8 Hz.

An example for the 22 February 2008 23:27 aftershock showing a comparison of
regional My, values calculated using the four methods (Figure 5a). In each case, small



circles indicate individual values, while the colored symbol and bars show the mean and
standard deviations for that formula. In this case, each of the formulas results in a
magnitude estimate closer to the moment tensor method (indicated by the solid gray line)
than the local magnitude (indicated by the dashed gray line). The standard deviation of
broadband Lg magnitudes is significantly higher, probably indicating that the attenuation
models are not as good as needed at the higher frequencies.

Figure 5b shows a comparison of My and the regional M, values for all events in
the sequence. The RMS difference between the values derived from the moment tensor
solutions and all of the regional My, values (0.13, 0.19, 0.15, 0.28 m.u., respectively) is
less the RMS difference for My, (0.29 m.u.), and significantly so for the first three
formulas, indicating a better estimate of earthquake magnitude. This magnitude method
is particularly useful because it is easy to implement, and has the potential to determine
My, values for earthquakes much smaller than can be obtained from regional waveform
modeling.

Strong Ground Motion

In Pasyanos (2011), we posited that the attenuation maps could be used to
improve strong ground motion estimates. Here, we test whether or not this is true. We
have used the extensive dataset of strong ground motion parameters from the 23 August
2011 Mineral, VA earthquake. This event was recorded by dozens of stations up and
down the east coast of the United States and Canada over a large area, and represents an
ideal event to test the effect of variations in attenuation structure on strong ground
motion.

Figure 6 is a map showing ground motions from the mainshock, color coded by
the observed 1 Hz spectral acceleration (SA). Also plotted on the maps are predicted SA
from the 1-D ground motion prediction equations (GMPEs) of Atkinson and Boore
(2006), which is applicable for events in eastern North America (Figure 6a), and SA
predicted from the attenuation model presented here (Figure 6b). Both predictions
assume no site corrections. In comparison to the concentric contour lines of SA from the
1-D GMPEs, the attenuation model produces contours that are irregular and extend to
longer distances to the northeast. They are particularly stunted to the southeast, where
they encounter highly attenuating oceanic crust.

Figure 7 shows a comparison of observed SA for the event to predicted SA for
both the 1-D GMPEs and GMPEs with laterally varying attenuation for 1 Hz SA. What
is apparent is that the GMPE that utilizes laterally-varying attenuation does a better job at
removing some of the trends between the predicted and observed motions for the 1-D
equations. Even though there is a large amount of scatter in the data, the RMS misfit
(calculated in log-amplitude) is reduced from 0.50 to 0.45 log-units. It appears that the
attenuation models have the ability to improve predicted ground motions, but we will
need to test this more rigorously for more events across the spectral band. We are
planning on making this the subject of a separate study.



Earthquake-explosion Discrimination and Event Analysis at NTS

Between 1951 and 1992, there were a total of 928 announced nuclear tests (828
underground) at the Nevada Test Site (NTS), what is now known as the Nevada National
Security Site (USDOE, 2000). Many of these were well-recorded by regional seismic
stations, including those from the LLNL seismic network, a four-station network
surrounding NTS at distances from approximately 180 to 400 km. One effective
discriminant between earthquakes and explosions recorded at regional distances has been
the relative ratio of P-wave and S-wave amplitudes at high frequencies, including a
number of studies on explosions in the eastern and western U.S. (e.g. Kim et al., 1993;
Walter et al., 1995; Taylor, 1996; Bottone et al., 2002). Lateral variations in attenuation,
however, result in large amplitude variations of both the individual P-waves and the S-
waves, hampering out ability to apply the method over broad regions.

Here, we apply the discriminant to LLNL stations KNB, ELK, MNV, and LAC,
located at approximate compass points from the test site. We choose Pn/Lg rather than
Pn/Sn to avoid using the Sn phase, which does not propagate effectively in the Basin and
Range (e.g. Molnar and Oliver, 1969; Beghoul et al., 1993). Ideally, we would like the
frequency to be high-enough for effective discrimination and at low-enough frequency
for our model to be highly reliable. We make use of the regional attenuation model by
correcting amplitudes assuming that the event is an earthquake of the specified size
(magnitude) at that location. Earthquakes would therefore scatter around zero values for
the discriminant, while explosions would appear to have anomalously large P-waves
(large positive values of the discriminant).

Figure 8 shows the Pn/Lg discriminant in the 4-6 Hz band for station KNB as a
function of magnitude, and in map view. The raw discriminant (top panels) show large
negative values (indicating Lg larger than Pn) for all events, as well as significant overlap
between earthquake and explosion populations. Earthquakes in Baja California, for
instance, have very high (explosion-like) P/S ratios. The middle panels show the same
discriminant where a 1-D attenuation correction has been applied. This effectively
corrects for the different geometrical spreading and attenuation of the two phases. The
earthquake population is now zero-meaned and explosions have more positive values
than earthquakes. The bottom set of panels show the discriminant with a 2-D attenuation
correction and shows the least scatter in the earthquakes, as well as the greatest
separation between the earthquake and explosion populations.

We can quantify the separation of the earthquake and explosion populations
through the Mahalanobis distance (used in Hartse et al., 1998; Pasyanos et al., 2012a), a
measure of separation of the means divided by a sum of the variances. A larger
Mahalanobis distance indicates that the populations are more cleanly separated, giving
better earthquake/explosion discrimination. A Mahalanobis distance can be translated
into an equiprobable point (EP), which is the point where the rate of earthquakes
misclassified as explosions matches the rate of explosions that are misclassified as
earthquakes. A 1-D Q correction is needed to make the discriminant feasible for a range
of distanes. As shown in Figure 9, using 2-D corrections improves our ability to



discriminate earthquake and explosions. The 2-D correction makes it feasible for a
broader region since it allows for lateral variations beyond a distance correction. The
improvement seems to be greatest at frequencies above 4 Hz, although we are recording
fewer events (earthquakes and explosions) with both P-wave and S-wave signals above
the noise at the highest frequencies.

In previous work we developed a method of using regional waveform envelopes
in a series of narrowband frequencies that span over a wide range to determine the source
characteristics of seismic events (Pasyanos et al., 2012b). At these narrow bands, we
model the whole waveform, including the direct regional phases and their respective
codas, by propagating source models through estimated attenuation structure and
calibrated coda decay parameters to build up the regional waveform envelope. In this
previous study, we applied the technique to the 2006 and 2009 DPRK tests, where we
estimated the yield and depth-of-burial of the two events. Although we have compared
our estimates to those determined using other methods, we couldn’t hope to know the
true parameters for these events. However, we can test the veracity of the method by
applying them to events at NTS where the yield and depths of the events have been
reported. Table 3 is a list of seven explosions (six nuclear, one chemical) having a
published yield and depth of burial (Springer et al., 2002; Denny, 1994; Rohrer, 1994).

Figure 10a is a plot showing regional waveform envelopes for the Non-
Proliferation Experiment recorded at station ELK in the 2-3 Hz frequency band. The
observed envelopes (shown in blue) are determined by averaging the envelopes of the
two horizontal components where the individual components are deconvolved to ground
velocity, narrow-band filtered, and plotted on a log-scale. Synthetic envelopes are
calculated by determining the source spectra for a Mw 4.16 event and propagating the
source amplitudes through the attenuation model to determine the direct phase
amplitudes, then using coda calibration parameters to specify the coda decay. This is
shown as the green line in Figure 10a, which has a characteristic sawtooth pattern where
the Pn, Pg, Sn, and Lg regional phases arrive. Notice the low amplitudes for the Sn phase
which, as noted, does not propagate well in the Basin and Range. The line may fit the S-
waves for a smaller Mw value, but clearly misfits the P-waves.

Similarly, synthetic envelopes for an explosion can be calculated in the same way
by propagating explosion sources through the model. We use the Mueller-Murphy P-
wave explosion source model (Mueller and Murphy, 1971) where one specifies
parameters of yield, depth, and source material. For the NPE, we select a tuff shot point
and specify S-wave source amplitudes according to the Fisk conjecture (Fisk, 2006). A
grid search is conducted where we vary the yield and depth of the explosion and calculate
the RMS misfit of the log-amplitudes for each station in a number of narrow frequency
bands from 1-8 Hz. The RMS misfit as a function of yield and depth is shown in Figure
10b, where the star indicates the best fit (RMS=0.33). Also plotted on the figure are
standard depth of burial lies drawn for a number of values ranging from DOB =
90(W)"¥ to DOB = 120(W)"?. Depth/yield values above and to the left of these lines
are unlikely due to containment issues, and have been omitted. The resulting envelope
from the best fitting explosion is shown as the red line in Figure 10a. As Figure 10b



shows, the estimated parameters of 2 ktons at 400 m depth is quite close to the true value
of 1.07 kton chemical yield at 390 m depth (Denny, 1994) which is indicated by the open
circle. It is even closer to the estimated yield of 1.9 kton nuclear yield equivalent
(Rohrer, 1994) which is indicated by the open diamond. This is a more appropriate
comparison value since the Mueller-Murphy explosion model specifies an input nuclear
yield.

We find similar results for the other events that had reported depths of burial and
yields. Results are shown for a number of events in Figure 11. In all cases, we have
excluded yields and depths where the scaled depth of burial is less than 90. The Atrisco
event was discussed in the appendix of an earlier study using ELK only (Pasyanos et al.,
2012b), but is repeated here with more stations (ELK, MNV, KNB) and with updated
coda shape parameters and site transfer functions, and a finer sampling of depths and
yields.

It looks like, in many cases, the depth is burial is not well defined. This is due, in
part, to the tradeoffs between depth and yield in the underlying source model (Mueller
and Murphy, 1971). There appears to be a tendency to run along a ridge of low misfit to
deeper event depths. Fortunately, this does not seem to have a large effect on the
estimated yield. There is also some concern about the broadness of the misfit. This
comes, in part, from the different patterns of the misfit functions among the individual
stations and frequency bands. This will likely improve as calibration of both the
attenuation model and associated site terms improves.

Conclusions

We have developed an attenuation model of the crust and upper mantle for North
America, which can be used to predict the amplitudes of regional phases. Predicting
amplitudes can be used in magnitude estimation, strong ground motion estimation, and
event discrimination and analysis. We have demonstrated the application of each of
these, in turn.

The model presented here was developed rather straightforwardly using a small
number of events using the well-distributed national networks. The model can be further
improved by measuring amplitudes for a larger number of events. Higher resolution
models could also be obtained using the Transportable Array of USArray, which has an
average station spacing of 70 km in the United States. Similarly, the inclusion of
temporary deployments such as CANOE (CAnadian NOrthwest Experiment) and
CRANE (Canadian Rockies and Albert NEtwork) can improve coverage in Canada.

Improved path coverage, which should be possible given the station coverage of
USArray, should allow us to achieve sufficient path coverage to allow us to use more
layers in our earth model (e.g. sediments, multiple crustal layers) coupled with even more
realistic ray paths which could include multipathing, and should result in improved
attenuation models.



Data and Resources

We use stations in the United States Geological Survey’s (USGS) Advanced
National Seismic System (ANSS) Backbone
(http://earthquake.usgs.gov/monitoring/anss/) network, the Canadian National
Seismograph Network (CNSN) (http://earthquakescanada.nrcan.gc.ca/stndon/), and
stations in the Global Seismographic Network (GSN)
(http://www.iris.edu/hg/programs/gsn) and several other networks (Berkeley Digital
Seismic Network, Caltech Regional Seismic Network) available through IRIS
(http://www.iris.edu). Additional data comes from an assembled Western United States
dataset (Walter et al., 2004).
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Figure captions

Figure 1. Study area showing topography and physiographic provinces from Fenneman
and Johnson (1946). Red diamonds show locations used in Figure 4.

(Ad = Adirondack Province, App = Appalachian Plateaus province, BR = Blue Ridge
Province, C-S = Cascade-Sierra Mountains, CP = Colorado Plateau, ILP = Interior Low
Plateaus, MRM = Middle Rocky Mountains, NEP = New England Province, NRM =
Northern Rocky Mountains, Ou = Ouachita Province, Oz = Ozark Plateaus, Pac = Pacific
Border Province, Pie = Piedmont Province, SRM = Southern Rocky Mountains, SU =
Superior Uplift, VR = Valley and Ridge Province, Wy = Wyoming Basin)

Figure 2. Path map of study area showing path coverage of Pn, Pg, Sn, and Lg phases in
the 1-2 Hz passband.

Figure 3. Map of lateral variations in the attenuation parameter Q in North America for
crustal Qs, mantle Qs, crustal Qp, and mantle Qp in the 2-4 Hz passband. Q is plotted on
a logarithmic scale.

Figure 4. a) Qs vs. frequency at points in several provinces through our study area.
Crustal values are shown as solid lines, while upper mantle values are shown as dashed
lines. Points are shown as red diamonds on the map in Figure 1. b) Qp vs. frequency at
the same set of points.

Figure 5. a) A comparison of several different regional M,, formulas for a Wells, NV
aftershock. Small circles are individual estimates, while the colored symbols and bars
show the mean and standard deviations of the regional My, values. The solid gray line is
the M, value from moment tensor solution and the dashed gray line is the local
magnitude Mr. b) A comparison of regional My, to local magnitudes and moment
magnitudes determined using regional waveform modeling for the events in the sequence.
RMS values between Mw from moment tensor solutions and the four regional My,
formulas and M. are indicated in the upper left corner.

Figure 6. 1 Hz spectral acceleration (SA) of the Mineral, VA earthquake (provided in
units of g). a) Map showing 1 Hz SA with observed SA indicated by colored triangles,
and SA predicted by Atkinson and Boore (2006) indicated by contour lines. The location
of the mainshock as a star. b) Map showing 1 Hz SA with observed SA indicted by
colored triangles and SA predicted by the attenuation model indicated by contour lines.

Figure 7. A comparison of predicted and observed SA (in g) for the Mineral, VA
earthquake. The red circles indicate 1-D ground motion predictions of Atkinson and
Boore (2006), while the blue circles indicate 2-D ground motion predictions from
attenuation tomography. Numbers on plot indicate RMS difference in log-amplitude
units.
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Figure 8. Pn/Lg discriminant at 4-6 Hz frequency recorded at station KNB showing raw
data and data with 1-D and 2-D attenuation corrections. The plots on the left show
log(Pn/Lg) as a function of magnitude. Earthquakes are designated by blue circles, while
explosions are designated by red stars. The plots on the right show the discriminants in
map view color-coded by the discriminant value.

Figure 9. Summary of discrimination results for station KNB showing the Mahalanobis
distance A’ (left axis) and equiprobable point (right axis) at 0.5-1, 1-2, 2-4, 4-6, 6-8, and
8-10 Hz for raw amplitude ratios (red) and 1-D (yellow) and 2-D (green) path corrected
amplitude ratios. Error bars are the standard deviations of the discriminant values
determined using bootstrapping. Number of earthquake and explosions observed in that
frequency band are provided below the passbands.

Figure 10. a) Regional waveform envelopes for the Non-Proliferation Experiment (NPE)
explosion recorded at station ELK in the 2-3 Hz passband. The y-axis shows log
amplitude of velocity. The envelopes determined with data from the two horizontal
components are shown in blue. Synthetic envelopes for a M, 4.16 earthquake are shown
in green. Synthetic envelopes for the best-fitting explosions are shown in red. b) Misfit
of the NPE explosion as a function of depth of burial and explosive yield assuming the
Mueller-Murphy model, tuff shot point and the Fisk conjecture. The minimum RMS is
indicated with the star. Contours of 5% and 10% above the minimum are drawn. The
line shows a standard depth of burial of 90-120(W)"".

Figure 11. Yield-depth estimates for a number of events at the Nevada Test Site:

Hearts, Jomada, Atrisco, Chancellor, Glencoe, and Cybar. Each figure shows misfit as a
function of depth of burial and explosive yield. The minimum RMS is indicated with the
star. Actual yield and depths are indicated by the open circles.
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Table 1. Number of amplitude measurements and unique paths in each frequency band.

Frequency (Hz) Amplitudes Paths
0.5-1 8520 2742
1-2 9424 2890
2-4 8859 2801
4-6 6982 2412
6-8 5857 2152
8-10 3698 1449

Table 2. Events in the 2008 Wells, NV earthquake sequence having moment tensor
solutions (Bob Herrmann, St. Louis University, personal communication;
http://www.eas.slu.edu/eqc/eqc mt/MECH.NA/ )

Origin time (GMT) | Epicenter Depth | ML | My, regional M,
yyyy/mm/dd hh:mm | Lat Lon (km) Lg Pn All [Lg
1-2 1-2 1-2 | BB
2008/02/21 14:16 | 41.08 -114.77 | 10.0 | 6.3 |5.88 | 593 |5.68 |583 |6.15
2008/02/21 16:20 | 41.20-114.86 | 5.0 44 389 [4.08 [4.11 |4.10 |4.13
2008/02/21 23:57 | 41.05-11492 | 10.0 |4.6 |4.61 |448 |4.56 |4.49 |4.51
2008/02/22 01:50 | 41.02-11493 |10.0 |3.9 [3.86 |4.01 |4.07 |4.05 |4.20
2008/02/22 23:27 | 41.04 -114.85 | 10.0 4.2 [4.32 |4.37 | 430 |4.35 |4.46
2008/02/27 07:59 | 41.12-114.68 | 5.0 42 [4.12 [ 426 (424 | 426 |4.58
2008/02/28 15:10 | 41.04 -11490 | 10.0 |3.9 [3.98 |3.93 |395 |3.93 |4.02
2008/03/15 16:22 | 41.09 -11492 | 10.0 |3.3 |3.57 |3.64 |3.87 |3.69 |3.58
2008/04/01 13:16 | 41.22-114.83 | 7.6 42 |4.12 [432 |427 431 |4.59
2008/04/22 20:40 | 41.22-114.81 | 7.7 44 383 |397 |4.16 [4.08 |4.10

Table 3. Source data for select nuclear tests at the Nevada Test Site. All information
from nuclear tests is taken from Springer et al. (2002). Information on the chemical and
nuclear equivalent yield of the NPE is taken from Denny (1994) and Rohrer (1994),

respectively.
Name Date Epicenter Depth | Yield (kt) | Medium | Location
yyyy/mm/dd | Lat. Long. (m)

Hearts 1979/09/06 | 37.088 -116.054 | 640 140 Tuff Yucca
Jomada 1982/01/28 | 37.091 -116.052 | 639 139 Tuff Yucca
Atrisco 1982/08/05 | 37.084 -116.007 | 640 138 Tuff Yucca
Chancellor | 1983/09/01 37.273 -116.356 | 624 143 Rhyolite | Pahute Mesa
Glencoe 1986/03/22 | 37.083 -116.067 | 610 29 Tuff Yucca
Cybar 1986/07/17 | 37.279 -116.356 | 627 119 Rhyolite | Pahute Mesa
NPE 1993/09/22 | 37.017 -116.210 | 390 1.07 (1.9) | Tuff Pahute Mesa
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