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Introduction

Historically, the discrimination between earthquakes and buried explosion sources
using seismic waves has relied upon, among other things, the ratio of seismic shear
wave energy to the compressive wave energy. As a discriminant, this ratio of S-to-P
energy assumes that buried explosions do not generate a significant amount of shear
wave energy whereas earthquakes do (e.g. Taylor 00 00, 1989; Kim 00 00, 1993;
Walter 00 000, 1995; Fisk, 2006; Allman [0 000, 2008; Baruah 00 00, 2016). However,
we often observe a significant amount of shear wave energy from buried explosion
sources (Kisslinger 00 0L, 1961; Wright and Carpenter, 1962), which can confound
our ability to discriminate the seismic source type based on this metric. Because of
this difficulty, one of the primary motivations for the Source Physics Experiments
(SPE) is to quantify, in a series of controlled experiments, shear wave generation
from buried explosions (e.g. Snelson 00 01, 2014).

Various physical phenomena can explain the generation of shear waves from an
isotropic explosion source (e.g. Baker 00 0, 2012; Pitarka 00 011, 2015; Hirakawa, [l

000, 2016), which generally fall into three categories:

1. Processes related to explosion-generated spall. In this context, spall is the

process by which a large portion of ground material directly above the buried



explosion is physically upheaved and subsequently falls back to the Earth.
This nonlinear reaction of the ground surface to the explosion-generated shock
typically results in the generation of vertically polarized shear (SV) waves as

well as Rayleigh waves (Day 00 01, 1983; Day and McLaughlin, 1991).

2. Slip on tectonically loaded, pre-existing faults and slip on near-source joints
(Wallace 00 O, 1985; Day 00 00, 1987; Stevens and Thompson, 2015). This
type of induced seismic slip is likely triggered by the nearby explosion processes
momentarily increasing fault-parallel stresses, and /or reducing the fault friction
due to momentary reduction of fault-normal stresses (Johnson and Sammis,

2001; Patton 00 00, 2005; Vorobiev 01 O, 2015).

3. P-to-S conversions due to the scattering of P waves from geologic structure
(e.g. Pitarka 00 00, 2015; Darrh 00 O0.; 2019) such as faults and conversions at
formation boundaries, and/or wavelength-scale heterogeneities in the subsur-

face (Herraiz & Espinosa, 1986; Myers [0 00, 1999; Hirakawa 00 010, 2016).

Additionally, scattering of Rg and Lg surface waves has been shown to produce a
significant amount of shear wave energy at local scales (Myers 00 01, 1999), however
this increase in energy is most prominent at frequencies below 5 Hz. In all of the
above listed cases, the local geologic conditions play a defining role in shear wave
generation, and part of the goal of the SPE experiments was to better quantify the
relative importance of the known geologic conditions (Snelson 00 01, 2014; Mellors [l
00, 2018). In this paper, we present an analysis of seismic data recorded during three

explosions detonated as part of SPE Phase II: Dry Alluvium Geology (DAG). The



DAG underground explosions were recorded by a network of dense seismic instru-
mentation termed the DAG Large-N array. First, we quantify the spatial variation
of the ratio of transversely to radially polarized energy recorded by the Large-N
array. Then, we invert the data for the P- and S-wave mean free paths, which is
related to scattering, at each station of the Large-N. The goal of our analysis is
to quantify the spatial variation of subsurface scattering in the vicinity of a buried
explosion and better understand how this scattering can lead to shear wave radiation

patterns.

Background and Experimental Setup

One of the main goals of the SPE is to improve the understanding of explosion-
generated shear waves (Pitarka 00 000, 2015; Mellors 00 0, 2018). To this end, two
experiment campaigns were conducted in which underground chemical explosions
were detonated in different geologic materials at the Nevada National Security Site
(NNSS) in Nevada, U.S.A. In SPE Phase I, a series of five explosions were detonated
in a single borehole that penetrated the Climax stock granite. For SPE Phase II, or
Dry Alluvium Geology (DAG), the chemical explosions were detonated in the dry
alluvium of Yucca Flat at the NNSS (Figure 1). This material consists of Quaternary
alluvium overlaying Tertiary-aged volcanic tuffs and Paleozoic carbonates and shale
(Colton and McKay, 1966; Slate 00 0L, 1999; Prothro 00 011, 2017; Prothro & Wagoner,
2020) (Figure 2). Additionally, several buried faults have been identified within a

few kilometers of the DAG explosions. These are mostly normal faults that dip to



the east with a northward strike (Cole 00 00l 1997; Prothro & Wagoner, 2020). Note
that all of the explosions conducted as part of the DAG experiments were detonated
in a single borehole, where each explosion occurred at a different depth with various
yields (Table 1).

The DAG Large-N array consisted of nearly 500 three-component DT-SOLO 5-
Hz velocity geophones (Larotonda & Townsend, 2021). The geophones were arranged
in a regular grid around the borehole, with the majority of the stations located to the
south of the borehole (Figure 1). The station interval was approximately 100 meters,
although a smaller station interval of 50 m was deployed in two lines of geophones
radiating outwards from the source location. Four explosions were detonated as part
of the DAG experiment (Table 1). However, because the first DAG explosion was
too small to provide high signal-to-noise (SNR) seismograms, we only analyzed the
data produced by the last three DAG explosions (DAG-2, -3, and -4). The explosive
charges used in the DAG experiments were scaled such that the seismic amplitudes
generated by the explosions were approximately equal to those generated by the SPE
Phase I explosions. In general, the DAG explosions needed to be larger than those
of the SPE Phase I charges due to the reduced coupling efficiency of explosions in
alluvium (Snelson 00 00, 2014).

Data

We show a subset of seismograms in Figure 3, where the data have been filtered to

the 5-50 Hz passband and rotated into ray-based components (vertical, radial, and



transverse). For clarity, we only show data from an arc of stations within a narrow
source-receiver offset (1200 m), where we define this distance based on the surface
location of the borehole. For DAG-3 and DAG-4, the data were collected at a sample
rate of 500 Hz, whereas for DAG-2 the data were collected with a combination of 500
Hz and 1000 Hz sample rates. For consistency, however, we downsampled the 1000
Hz data to 500 Hz, requiring the application of an antialias filter to mitigate potential
artifacts. Upon visual inspection of the data, we identified several seismograms that
were clipped. These seismograms (twenty-seven from DAG-2 and one from DAG-
4) were subsequently removed from further analysis. The geophones used for the
DAG experiments have a roll-over frequency of 5 Hz, and we have converted the
data to physical units (velocity) but have not applied an instrument correction.
We therefore restrict our analyses to a minimum frequency of 5 Hz to ensure our
analyses are conducted where the instrumental response was nearly uniform, with

similar instrument sensitivities.

Analysis Methods

Our analysis strategy is to identify and quantify spatially variable shear wave gen-
eration over the physical extent of the DAG Large-N array. To quantify shear wave
generation, we analyze the data for two quantities: the ratio of transverse to radial
component seismic energy and the P and S mean free paths. Transverse component
seismic energy would most likely be generated by a combination of P-to-S conver-

sions off of large scale deterministic structure on the scale of at least several seismic



wavelengths (e.g. geologic interfaces and/or faults) and/or P-to-S scattering from
small-scale stochastic heterogeneities in the subsurface, as an isotropic explosion
source is assumed to generate only radially-polarized P waves. Mean free path, on
the other hand, is the mean distance that the wavefield propagates between each
scattering event, thus estimating the P- and S- wave mean free paths can be a proxy
for the amount of frequency-dependent P-to-P and P-to-S scattering.

The DAG experiments do show the presence of direct S-waves in near-source bore-
hole accelerometer data (Steedman, 2019). The presence of direct S-waves suggests
that some amount of shear wave energy is source-generated, however the amplitudes
of these shear waves are  30% the amplitude of the recorded P-waves at a depth of
300 m in the borehole (Mellors 00 O, 2021), and these shear waves are not visible
in the surface geophone data. This difference in amplitude suggests that while there
may be source-generated shear wave energy present, it does not explain the amount
of transversely polarized energy observed in the DAG experiments. On average, the
amplitude of the transversely polarized energy across the DAG-2 to -4 arrays, is
nearly equal to that of the radially polarized energy. In some cases, the amplitude
of the transversely polarized energy is nearly 2.6 times that of the radially polarized
energy.

The point of these two analyses, the ratio of transverse to radial component
seismic energy and the P and S mean free paths, is to estimate the spatially variable
seismic scattering potential at the DAG site, and thus demonstrate that near-source
scattering of P waves can produce shear waves that may have a radiation pattern

in the far field. Azimuthally variable P-to-S scattering can lead to apparent S wave



radiation patterns in the far field, and can potentially confound explosion-source
discrimination based on the ratio of P- and S-wave energy (Myers 00 00, 1999;
Hirakawa 00 000, 2016).

Transversely to Radially Polarized Energy Ratios

We estimate transversely to radially polarized energy at each station k, located at

(z,y) as v
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where uITg and uIRg are are 10 second windows of transverse and radial component
seismograms, respectively. The start time of each data window corresponds to the
first arriving P wave. We normalize the sums of these components by N, the number
of samples used in the analysis for each station. Prior to computing T, we apply a
5-50 Hz passband filter to our data.

Our analysis is based on the assumption that an isotropic or near-isotropic ex-
plosion source will mainly produce radially polarized seismic energy in the form of
P waves, in a homogeneous subsurface with minimal topography. However, there
is topography present in the DAG region, varying by 100 m (Prothro & Wagoner,
2020) across the array, which could contribute to transverse motion in this analysis.
With an isotropic explosion source, transversely polarized energy is either due to S

waves generated by P-to-S scattering or reflected P waves, and must therefore be



produced by reflections and/or refractions from large-scale geologic structure or scat-
tering from small-scale heterogeneities. Large scale geologic structure in this study
are assumed to be features that vary across kilometers, such as the boundaries be-
tween geologic formations, faults, topography. Small-scale stochastic heterogeneities
are here defined as features that vary across 10s to 100s of meters in the subsurface,
e.g. boulders and alluvial channels. Therefore, the ratio T aids in identifying regions
of shear wave generation for our near-isotropic explosion sources; larger values of T
indicate areas where the wavefield contains a greater amount of scattered or shear

wave energy.

Mean Free Path

Assuming the majority of the observed shear waves are generated by P-to-S scat-
tering, we would expect that higher values of the ratio T at a given observation
location correspond to a greater number of scattering events experienced by the
wavefield prior to arriving at the observation location. To quantify the number of
scattering events, we invert the data for the seismic mean free path, for both the P
and S wavefields. We begin with the model where the total energy of the seismic
wavefield, not limited to any one wave arrival, is a combination of compressive and

shear energy:
2

WP +Wws s

Ex(t) = WH(t)e Pt (2)

where Ey is the total seismic energy density at station k&, WP is the initial com-
pressive energy, WS is the initial shear energy, r is the offset at station k, H is a

Heaviside function, and ¢ is time (Sato 00 01, 2012). Equation 2 assumes the diffusion
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approximation and therefore smaller offset stations may violate this assumption. D,

is given as
1 Qo 3 Bo

Dy=— " Y45
KT3A+298) B T,

, (3)

where vy is the ratio between P and S wavespeeds and ag and [y are the P- and
S- wave speeds, respectively (Sato 00 I, 2012). The parameters g8 and gg_are
the effective P and S scattering coefficients for the anisotropic scattering solution to
equation 2 at station k:
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where g5 = go> + gSE, ggk = ggs + 98: , and ¢ is the scattering coefficient from z to
y (Sato 00 O, 2012). Because we assume local isotropic scattering, the coefficients
g8 = gof = goo = g8 = 0. This assumption is a local approximation, such that we
assume scattering is isotropic over the scale length of a few 100 m. Scattering may,
however, vary over the spatial extent of the Large-N array, which has a nominal

aperture of a few kilometers. The P and S mean free paths are the reciprocal of

equations 4 and 5 and are defined as

1
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The goal of estimating the mean free path is that it will provide a quantitative
measure of scattering strength that will corroborate the T observations. In the next

section, we describe our inversion scheme to estimate the mean free path.

Inversion formulation

The goal of our inversion is to estimate the scattering coefficient vectors ng, 95 985,
and gy’ for each station in the array. We organize these parameters into an M 1

model vector m

m =[5, ¢3°. 95", 951, (8)

where M is four times the number of stations. We set the initial scattering coefficients

to be
g’ = 1/1700 m !,

9 = 298",
g5 = 295,
g9 = 95°/6,

for all geophones for our initial model, assuming a strong scattering medium (Ya-
mamoto & Sato, 2010). We solve for the scattering parameters by minimizing the

objective function ¢ (Parker, 1994)

min¢ = ¢g + fiom = jjWa(d™  d”*)jj? + @iWm(m®™  meer)ii®,  (9)
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where ¢yq is the data objective function, u is a Lagrange multiplier, ¢ is the model
objective function, d°® and dP"®® are N 1 vectors of the observed and predicted
data vectors, respectively, which are comprised of the calculated total energy at each
station in time. Additionally, m{™ is the current model, Myt is the reference model,
which we set to be equal to the initial model, Wy, is the model weighting matrix,
and Wy is the data weighting matrix which is defined as a NxN matrix Wy;; = €;djj,
in which ;;j is the Kronecker delta function, and ¢; is typically defined as a scalar
equal to the reciprocal of the standard deviation of the noise of the i trace. The
data weighting matrix is designed to downweight data that has higher uncertainty.
However, instead of using the reciprocal of the standard deviation of the noise, we
instead use the signal to noise ratio of the data, estimated by taking the average
of the post-arrival data points over the average of the pre-arrival data points. This
formulation allows for a higher weight on any station that has a high signal to noise

ratio. We can linearize equation 9 to solve for the model update ém:

@"WIWGJ + pWEW)om = ITWI WA dPed) W WM™ mye),

(10)
where m™ is the current model, J is the Jacobian matrix of size NxM, and W,
is the model weighing matrix, which is typically used to introduce penalties in the
difference between the predicted and reference model and/or to control how rough the
recovered model is. In this case, since we are implementing a parametric inversion,
we set W] Wy, equal to the identity matrix and therefore do not weight any model

parameter over another or enforce additional smoothness in the recovered model.
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The Jacobian, J, is defined as the partial derivatives of the data with respect to
each model parameter, which we calculate using a finite difference approximation.

Specifically, the jth column of the Jacobian matrix is given as

2 3

@di(m") @dy (m")

@mf7 emy,
J=

@dn (m™) @dn (m™) (11)
@m?7 ompy,

E[m™-+dm,] E[m®™] Elm{"™+dm;] E[m™] Elmgy +dmm] Em™)]

dmy dmj dmm

where E[.] denotes the partial derivative of the energy (equation 2) with respect to
the model parameter j, m™ is the current model at iteration n, and m}n) + dm;
is the current model with the jth cell perturbed by perturbation dmj, which we
set to dmj = 10 °, an order of magnitude smaller than the numerical value of the
model parameters. Equation 10 is solved iteratively for the model update. For each

iteration, equation 10 takes the form of a system of linear equations AX = b, where
A =JI"WJWyJ + W] W, (12)

and

b=J3"W]Wy(d*® d’®) W] WM™ me), (13)

which is solved in a least squares sense for X, which is the model perturbation ém

(X =dm).
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Inversion implementation

In order to incorporate the observed data in our inversion, we first solve for the total

energy density at each station over time, which is defined as follows

Eobs = P(qujz + juyj2 + juzjz]mean)7 (14)

(Nakahara 00 00, 1999; Nakahara, 2008; Sato 00 0, 2012). The notation [.Jmean
indicates a moving time average applied with a window length that is dependent on
the sample rate of the seismic data to ensure an accurate comparison between data
of different sample rates. The variable ju;j is the absolute value velocity seismogram
with x, y, and z components, and p is the density, for which we use a value of 1900
kg/m3 (Prothro & Wagoner, 2020). To form the data vector (d°®) (equation 10),
we apply a third order Butterworth filter to the seismograms using three frequency
bands, 5-15, 10-30, and 30-50 Hz before computing the total energy using equation
14. We display the filtered three component seismograms and the energy density
calculated from equation 14 in Figure 4. For computational efficiency, we resample
the total energy, originally of length 5001 samples, for each station. This resampling
is done by applying a finite impulse response filter of order 30 to the data, using a
Hamming window, and then resampling to 20 equally-spaced points. These points are
all located after a time ts, at which we estimate that the diffusion assumption is likely
to hold. We estimate ts as ts = 2r /[y + 2, where r is the source-receiver distance and
Bo is the shear wavespeed. Based on this formulation, ts is approximately two seconds

after the time it would take an S wave to travel twice the offset of the receiver. The
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diffusion assumption holds when energy is diffused throughout a medium due to the
impact of scatterers on the seismic wavefield (Herraiz & Espinosa, 1986). Therefore
our analysis starts at ts, firmly in the later portion of the waveform where any non-
surface wave arrivals are due to multiple conversions or scattering and the wavefield
energy more likely to be diffusive.

For our predicted data (dP"®?), we solve for the energy density using the current
model scattering coefficients (equation 2). Since we assume a near-isotropic explosive
source, the shear initial energy is set to WS = 0 and the compressive energy W¥ is
set equal to the yield of the DAG explosions (Table 1). An inaccurate estimation of
WP to WS would not affect our inversion, as the contributions from a scalar WS and
WP are additive in equation 2. Both would sum to the overall yield in this equation,
even if there is more shear energy than the assumption used here. We also scale
the predicted data to the field data by taking the ratio between the average energy
density in the field data to the average energy density of the predicted data and
apply this scalar to the predicted energy density for all stations to ensure the same
relative amount of energy is maintained between the filtered observed and predicted
data. We use a compressional wavespeed of 1700 m/s to calculate our predicted data
(equation 2), which we estimated from the observed moveout of the P-wave arrivals.
Finally, we define the S wavespeed (fp) using Brocher’s regression fit (Brocher, 2005)
to ensure accurate shear wavespeeds, especially in the alluvium.

We solve equation 10 for the model update dm. Because the length of the data
vector d°® is twenty times the number of seismic stations, the problem is overde-

termined. Thus regularization is not absolutely necessary, however, applying it does
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result in a more stable solution (Lawson & Hanson, 1995; Rim & Li, 2015).
We use the Gauss-Newton method to solve equation 9, for a range of i values,
updating the model until a set convergence criteria is met:

) ¢n (bn 1 )

le m, (15)
where 7 is set to 10 2 and ¢" is the value of the objective function given in equation
9 at a given iteration and ¢" ! is the ¢ at the previous iteration. We only use the
reference model as the initial model for the first p value estimation. All other pu
values use the previously solved model for their initial model so as to decrease the

number of iterations needed and to attempt to decrease the amount of possible local

minimums. (Parker, 1994).

Results

Transverse to radial ratios

We computed the ratio of transversely to radially polarized energy T (equation 1) for
every station in the Large-IN, for DAG 2-4, and present the results in Figure 5. The
value of T is indicated by a logarithmically-scaled colorbar and is centered at 1.0, so
any station displayed in shades of red indicates that the ratio of T is less than one,
and therefore there is a greater proportion of radial component energy. Conversely,
shades of blue indicate higher proportion of transverse component energy. Because we

assume that the explosions are approximately isotropic, we interpret any transverse
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component energy to have a significant contribution from P-to-S scattering. The
ratio T for all three DAG explosions shown in Figure 5 generally show a similar
spatial pattern over the extent of the Large-NN: a large amount of radially polarized
energy (T < 1) in the center of each array, directed to the south of the source,
with regions of greater transversely polarized energy located in the east and west
portions of the array. This observation suggests that a greater amount of P-to-S
scattering is occurring in two main directions: to the east and to the west of the
source location, with a smaller amount of scattering directly south of the source.
Additionally the mean and median of all DAG T results are around 0.9, indicating
that, on average, most stations have a higher proportion of radially polarized energy.
However, DAG-2 in particular has an average T of 0.97, indicating a near equal
amount of transversely to radially polarized energy on average. DAG-4 has the

smallest amount of transversely polarized energy, on average, with a mean of 0.9.

Mean free path

In order to estimate regions of larger scattering potential, we estimated the mean free
path of the seismic wavefield. A shorter mean free path indicates more scattering and
therefore a larger degree of scattering-induced shear waves, thus differences between
the mean free paths across the array will indicate broad-scale anisotropy in the spatial
distribution of scattering potential at this site.

We show the estimated S-wave mean free path for the DAG-2 to -4 data in Figure
6. The P-wave mean free paths are not included, however they show similar, less

prominent, trends. Prior to inverting for the S-wave mean free path, we filtered
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the data into three frequency bands, where each frequency range of data will be
sensitive to scattering in a given range of heterogeneity correlation length. The
results for each dataset are arranged in columns showing the frequency band used
to filter the data prior to inverting it (Figure 6). We estimate the sensitivity to
heterogeneity correlation length by assuming that a large amount of scattering is
occurring. We assume that the wavefield is in the diffusive scattering regime, based
on the observed complexity of the waveforms. The diffusion regime is applicable
when the product of the wavelength and correlation length (ka) ranges from 1 to
10, indicating strong scattering (Herraiz & Espinosa, 1986). By using the relation
of ka = 2w fa/v, where f is frequency and v is the seismic wave speed, we can solve
for the minimum and maximum expected correlation lengths for a given velocity and
frequency band (Figure 7). If the product of wavelength and correlation length is
outside this 1 to 10 range, then the wavefield will be less sensitive to heterogeneities at
the specified frequency and correlation length, and, at significantly larger or smaller
values, scattering will no longer be proportional to the correlation length and instead
would be proportional to the standard deviation of the heterogeneities (Vyas 00 O,
2021). Therefore if instead weaker scattering is occurring, we may under- or over-
estimate the expected correlation lengths for a given frequency band.

In Figure 6, stations displayed in lighter yellow indicate a longer shear wave
mean free path, whereas stations in darker blue indicate a shorter shear wave mean
free path and therefore more scattering. In most of the results, there is a large
region of shorter mean free paths (Is <0.2 km) to the east and northeast portions

of the array, with a few cases of shorter mean free paths (ls <0.2 km) in the south
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and west of the source, most notable in the higher frequency band mean free path
estimates. The estimated mean free paths for the 30 - 50 Hz frequency bands (Figure
6c, f, i) are longer in the east portion of the array than the lower frequency bands.
The eastern region of shorter mean free paths that we observe from the recovered
models coincide with the approximate direction of higher transversely to radially
polarized energy observed in Figure 5, notably the eastern direction containing higher
transversely polarized energy. Generally, with increasing frequency, the mean and
median values of the mean free path results decrease, with the exception of DAG-3,
which has the highest mean and median values in the 30-50 Hz band. This indicates
that any potential scattering is likely increasing with higher frequency, and that
heterogeneities with correlation lengths in the 10s to 150 m lengths are more likely
to be contributing to the scattering observed in the DAG data.

The estimated mean free paths show a dependence with offset, likely due to the
forward calculation (equation 2) used in the inversion having a high dependence on
offset, with the exponential containing the negative squared offset divided by D,,
which contains the P- and S- wave mean free path parameters. Therefore, a station
at a higher offset will have a much smaller total energy density than stations at
closer offsets. As we do not introduce any weighting in our inversion to account
for this change in offset, the stations that are further away from the source will
display mean free paths that are dependent with offset, as the inversion will attempt
to fit all observed data at every offset equally, despite the difference in amplitude
between stations with offset. This bias due to varying station offset is the same at all

azimuths, resulting in a similar mean free path rate of change with respect to offset
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(Figure 8). Therefore, for a given radius, we can compare mean free path results and

interpret them as a function of azimuth (Figure 9).

Simulating scattering

The results for both the transversely to radially polarized energy and the estimated
mean free paths for the DAG-2 to -4 data indicate that there is a common region
with a greater degree of potential scattering, located mainly to the east. The first
question that arises from this observation is, why is the scattering anisotropic? There
are likely two potential sources of seismic scattering for the DAG experiments: scat-
tering that results from wavefield interactions with large scale, deterministic geologic
structure and scattering that results from wavefield interactions with high wavenum-
ber stochastic heterogeneities (e.g. Holliger and Levander, 1992; Holliger 00 0., 1993;
Goff 00 00, 1994). We do not suspect significant shear energy caused by reactivated
faults because the source is located in alluvium (Prothro & Wagoner, 2020). Addi-
tionally, all DAG experiments show evidence of spall which contributes to vertically
polarized shear waves (Abbott 00 0II, 2019); however, we do not expect a significant
amount of transverse shear energy generation occurring from spall due to two rea-
sons. 1) We observe similar recovered T and mean free path results for all DAG
experiments. Spall generally results in the generation of Rayleigh waves (Viecelli,
1973), which result in vertically and radially polarized ground motions, and would
not account for the higher areas of transversely polarized energy observed at the DAG
Large-N array, especially in the frequency ranges we examine. 2) The observed spall

is radially symmetric to the first order and would not result in the anisotropic radia-
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tion pattern of T seen in our results (Berg & Poppeliers, 2022); however topography
in the area could scatter surface waves onto the transverse component. To help
determine the relative importance of scattering due to large-scale structure, or scat-
tering due to heterogeneities, we constructed a series of geologic models, simulated
wavefields through them, and analyzed the synthetic data similarly to the observed
data. To simulate the wavefield propagation (and scattering) through a model with
realistic geologic structure, we first build a model based on estimated P-wave ve-
locities and interfaces in the geologic framework model for the region (Prothro and
Wagoner, 2020), which also shows a preponderance of faults and dipping geologic
boundaries (Figures 1 & 2). The shear wave speeds used in our model are calculated
from the observed P wave speeds using Brocher’s regression fit (Brocher, 2005). 1D
P- and S-wave speed profiles as well as anticipated direct waves, refractions, and
reflections are shown in Figure 10. We then construct simple halfspace models where
the primary scattering medium is small-scale stochastic heterogeneities which are
preferentially aligned.

We compute the synthetic data using a 3-D finite difference solution to the elastic
wave equation (see Poppeliers and Preston, 2021 for details). For each geologic
model that we consider, we discretize it with a 2.0 m grid spacing, and simulate
explosion Green’s functions, where the source is located in the same relative position
as the DAG explosion that we are simulating. The discrete time step for the finite
difference simulation is 0.00015 to 0.00025 s, depending on the simulation. Based
on the wavespeed range of our models and the model discretization, and calculating

the maximum frequency according to the Courant—Friedrichs-Lewy (CFL) stability

22



criterion, we are able to generate wavefields that are free from significant numerical
dispersion up to a frequency of approximately 30 Hz. We place an array of simulated
three-component velocity seismometers at a depth of 4.0 meters, corresponding to
two model nodes below the air-Earth interface to avoid numerical artifacts related to
the Earth-air model boundary. The geometry of the simulated array matches that of
the Large-N array. The source for all synthetic simulations is placed at a depth of 51
m, to correspond with the shallowest experiment, DAG-4 and is approximated as a
point source. To form the data, we convolve the estimated Green’s functions with a
model of an explosion source time function. For our work here, we chose the source
time function developed by Haskell (1967) and Mueller and Murphy (1971), where we
ensure that the source time function contains no frequencies above 30 Hz. Although
the Green’s functions will be numerically dispersive due to the delta function source,
by convolving them with a simulated explosion source time function, the resulting
data is effectively highcut filtered according to the passband of the source function.
Because we explicitly define the frequency range of the (physical) explosion source
time function, we can ensure that no significant numerical dispersion exists in our
synthetic data.

We filter our synthetic data to two passbands, 5-15 Hz and 10-30 Hz and estimate
T and mean free paths, using the same procedure as was used for the observed data.
We show the T ratios for the synthetic data alongside the estimated mean free paths
for each frequency band in Figure 11.

For our first simulation, we used the geologic framework model (Prothro and

Wagoner, 2020) with no stochastic heterogeneities and a flat topography to isolate
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effects due to the subsurface. According to Figure 10, the most likely geologic con-
tacts where P- to S-wave conversion could occur, are at the surface and at the zeolitic
non-welded tuff to Paleozoic rock interface, as all other impedance contrasts in the
model are smaller. Analysis of the synthetic T results shows very little scattering,
most stations have a ratio of l0g;; T < 0 with an average T ratio of 0.28 in the 5-15
Hz frequency band and all stations in the 10- 30 Hz frequency band, indicating that
the synthetic data is generally dominated by radial component energy (Figure 11e-
11f). However, there are stations with log;q T > 0 located in the southwest portion
of the array, indicating that there is scattering occurring in that region. The esti-
mated mean free path results for the geologic framework model synthetic test show
shorter mean free path estimates also to the southwest of the array, as well as to
the east, most notably in the 10-30 Hz band (Figurellc- 11d). There is likely a very
small amount of scattering anisotropy introduced by the structure, as there are a few
stations with shorter MFPs (ls < 0.95 km) in the southwest and east of the array,
with the east containing [s values shorter than 0.8 km. As the minimum of the [s
values ( 0.74 km) are greater than the average mean free path values observed in the
DAG data (a maximum of 0.63 for the DAG-2 5-15 Hz results), there is insufficient
scattering shown on the synthetic seismogram as a result of the geologic structure in
the area. The estimates of T and mean free path results are relatively isotropic, with
T mostly comprised of radially polarized energy (a maximum T ratio mean of 0.28
when DAG-4 had a T ratio mean of 0.9), and thus suggests that the scattering from
the geologic framework model cannot explain the anisotropy seen in the observed

data.
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Given the lack of sufficient scattering from the known geological structure, ex-
cepting the topography, which was not modeled, we simulated data using halfspace
models that contained only preferentially-aligned stochastic heterogeneities to see if
heterogeneities could help explain the higher amounts of transverse energy in the
DAG data. We simulate high-wavenumber scattering heterogeneities using a contin-
uous von Karman autocorrelation model, which is parameterized by the correlation
length of the density /wavespeed heterogeneities, the Hurst exponent, and the root
mean squared (RMS) variation of the density/wavespeed perturbations about the
local background (e.g. Goff and Jordan, 1988; Holliger & Levander, 1992; Holliger [l
00., 1993; Imperatori & Mai, 2013). We fix the Hurst exponent at 0.3 (after Imper-
atori & Mai, 2013) and the density/wavespeed perturbations to be +/-14% of the
background, which was selected to provide enough anisotropy to measure, as well as
visually match the observed variation in the data. Thus, we only alter the correlation
lengths (and their orientations) of the stochastic heterogeneities in our simulations.

We next formed two halfspace models: for model 1, correlation length parameters
of the stochastic heterogeneities are [ayx, ay,a,] = [200,1000,100] m, and model 2
has heterogeneities with correlation lengths [ay, ay,a,] = [1000,200,100] m. The
correlation length of 1000 m represents the long axis (on the horizontal plane), and
200 m is the short axis. The parameter a, is the vertical correlation length. For these
simulations, we selected correlation lengths that would be likely to cause scattering
in the frequency ranges used (Figure 7), as well as set a long and short axis to observe
potential variation in scattering due to the difference in axis length and orientation.

The estimates of T are shown in Figure 12, and the estimated mean free paths are
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shown in Figure 13.

The estimates of T for the two halfspace simulations show a higher amount of
transversely polarized energy (log,q T > 0) propagating to the south for the model
where the long axis of the heterogeneities was oriented in the north-south direction,
with the majority of stations 1 km south of the source displaying log,, T values
greater than 0. Additionally, we observe 10g;, T > 0 ratios to the east and west
for the data generated using the model where the long axis of the heterogeneities
was parallel to the east-west axis. As these two simulations were run with the long
axis of the heterogeneities oriented orthogonal to each other, along the y and x
axis respectively, these regions of higher transversely polarized energy indicate that
increased P-to-S scattering occurs along the long axis of the heterogeneities. The
estimated mean free paths for the 5-15 Hz frequency band of the model 1 and model
2 simulations are generally similar (Figure 13a & c¢) with shorter mean free paths
closer to the source that gradually lengthen as offset increases. However, the spatial
patterns of the estimated mean free paths for the highest frequency band (10-30 Hz)
show a slight difference between the two models: model 1 (Figure 13b) shows an area
of shorter mean free paths at larger offsets directly south of the source, which we
do not observe for model 2 (Figure 13d). Both the T and ls mean free path results
for both models have similar mean and median values to the observed DAG data,
especially in the 10-30 Hz range. The model 2 results have higher mean T ratios and
shorter mean /g values than model 1, with the 10-30 Hz model 2 results containing
the maximum T mean at a value of 0.91, and a minimum /g mean of 0.48 km at this

frequency band. These simulations suggest that broad-scale scattering anisotropy,
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such as that observed in the DAG data, can be introduced by preferentially-oriented
stochastic heterogeneities.

To better quantify the scattering in each of these models and how they compare to
the observed DAG data, we compare each synthetic result in the 10-30 Hz frequency
band with the DAG-4 10-30 Hz results (Figure 14). We subtract the mean free path
(Figure 14a-14c) and log,, T (Figure 14d-14f) DAG-4 results from the synthetic
results. The simulation from the geologic framework model (Figure 14a & 14d) has
the largest difference from the DAG-4 data with an average [s difference of 0.77 km
and an average 109,y T difference of -0.8. The model 1 and 2 results display similar
trends, with the synthetic data displaying shorter lg values near the source than
the DAG-4 results and longer s values at greater offsets. The log,o T results show
that the synthetic results have higher amounts of radially polarized energy than the
DAG data with a mean l0og,o T difference of -0.24 to -0.25. This negative difference
indicates that the synthetic data results, while showing significant scattering with
T means at a value of 0.9-0.91, are not fully representing the complexity observed
in the DAG data. The mean and median [s and log,, T difference values for both

model 1 and 2 are within 0.01-0.02 of each other, indicating similar fits.

Discussion

In this study, we evaluated various preferentially oriented heterogeneities to see if the
presence of heterogeneities could explain the areas of higher transversely polarized

seismic energy and shorter mean free paths in our analysis of the DAG data, con-
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ducted in the 5 to 50 Hz passband. The simulations using the stochastic halfspace
models indicate that scattering due to oriented heterogeneities can result in areas
of shorter estimated mean free paths that extend across a large region of the array
directed in the orientation of the long axis. As the eastern region of the DAG array
contains a large area of shorter mean free paths and higher transversely polarized
energy in both the eastern and southwestern portions of the array, it is more prob-
able that the scattering observed in the eastern region is due to primarily oriented
heterogeneities than the large-scale geologic structure, considering that our stochas-
tic models showed similar areas of shorter mean free paths and higher transverse
energy.

Additionally, there are a few craters from previous underground explosions lo-
cated to the northeast of the array, with a few intersecting the array, located in the
large gaps in receiver coverage in the array. We may be seeing additional scattering
occurring as a result of crater chimneys, however, there is also a region of low mean
free paths to the east and additional higher transversely polarized energy in the
southwestern portion of the array, where there is no crater damage. Additionally,
the minimum distance between these craters is 346.6 m, which is longer than the
mean free path values observed in the eastern portion of the array. Therefore, the
higher T and shorter mean free path region to the east is more likely to be the result
of a combination of oriented heterogeneities with potentially a smaller amount of
scattering caused by the crater chimneys in the area.

There are a few limitations to this study, namely the frequency band that we

used to analyze the data, the exclusion of models containing both geologic structure
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and heterogeneities, and the exclusion of topography. The frequency band from 5 to
50 Hz was selected to minimize the influence of the instrument response. At lower
frequencies, there would likely be increased scattering from surface waves and more
contribution from large scale features such as faults. However, there is a large degree
of scattering present at higher frequency bands that suggest significant scattering
due to small-scale structure, which is the focus of this study.

Additionally, we do not include an example of a model containing both 3D geo-
logic structure and heterogeneities. However, previous work has examined the com-
bination of 3D layers and heterogeneities for the SPE phase I area, which contains
similar geology at depth (Scalise 00 000, 2020). The inclusion of heterogeneities with
the geologic framework model did increase the amount of scattering observed, but the
structure mainly increased scattering observed in long-period waves, with the hetero-
geneities necessary for reproducing the high frequency scattering observed. For the
observation distances within this study, all less than 2.5 km, and the frequencies that
we examine, we anticipate similar results: that the addition of a model containing
both stochastic heterogeneities and geologic features would still result in scattering
created predominantly due to the heterogeneities. Therefore, we do not include an
additional model containing both 3D geologic structure and heterogeneities, as the
inclusion of geologic structure will likely not have a profound impact on the observed
results in comparison to the effect of the heterogeneities.

Topography, which we have not included in our synthetic tests, could also con-
tribute to scattering (Imperatori & Mai, 2015) especially in the northeast region

where the topography has the most variation. We have not tested the effect of
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topography on the analyses in this region, as we wanted to isolate the effects of
stochastic heterogeneities on the observed scattering. We anticipate that if topogra-
phy has contributed to scattering, it would be primarily in the eastern portion of the
array. The topography varies in the eastern portion of the array due to the presence
of craters, however, the southern and southwestern portion of the arrays do not have
significant topographic variation. The topography in the southern and southwestern
portions of the array has a gradual change in elevation, varying by 10 m over a 1
km distance. In the DAG data, we observe a similar T ratio in the southwestern
portion of the array, which has a much more gradual topographic relief, as in the
eastern portion of the array. There would not be two regions of higher transversely
to radially polarized energy if topography was the prominent cause of all scattering,
as the more topologically complex eastern portion of the array would be expected to
be the only area of T > 1, in that case. Therefore, topographic effects alone cannot
explain the amount of transversely to radially polarized energy observed in the data.
As the eastern region also contains Paleozoic rock at a deeper depth than the rest
of the array area, we can infer that potential oriented heterogeneities are more likely
to be present in the alluvium and volcanic rock. The alluvium in this area is known
to contain poorly sorted mixtures of volcanic and sedimentary rock debris which
vary in size from clay to boulders (Prothro & Wagoner, 2020). It is likely that the
alluvium is the primary source of potential oriented heterogeneities, especially as the
oldest and youngest alluvium deposits tend to be longest from northwest to southeast
(Figure 2) which could result in preferential orientation of these heterogeneities.

Additionally, there is potential surface wave scattering resulting in shear wave
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energy even at our analysis frequency bands, and potentially significant scattering
occurring at lower frequency bands that may contribute to some of the difference
between the synthetic geologic framework model and DAG results. However, we
assume that surface wave scattering is not as significant a contribution as other,
higher-frequency, seismic wave scattering due to our analysis being above the max-
imum frequency (5 Hz) at which shear wave energy generated from surface wave
scattering is the most prominent. We therefore do not believe surface wave to shear
wave scattering to be a significant cause of the higher T and shorter mean free paths
that are observed in the DAG data, but acknowledge that there is likely some minor
contribution to our results, most probable at the lowest frequency bands.

Based on our analyses, we observe that there is a region of increased scattering
at the DAG site directed to the east, which is identified as a region with higher
transversely to radially polarized energy and shorter mean free paths. When we
conducted the same analysis using synthetic data generated using the GFM of the
region containing only structure, we did not see the same level of higher transverse
energy and shorter mean free paths. Therefore, it is unlikely that significant scat-
tering (indicated by many stations in a region having a 10g,o(T ) value greater than
0 and ls <200 m) is being generated from the large-scale structure at the DAG site,
in contrast to what was observed at the SPE phase I site (Darrh 00 0L, 2019). The
estimates for the geologic framework model simulation without heterogeneities indi-
cate that the data is dominated by radially polarized energy with a small amount of
transverse energy located to the southwest of the array with only 4 stations showing

a 10910(T) > 0 in the 5-15 Hz frequency band. The mean free path estimates do not
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show any stations with /g values less than 0.74 km. The location of these few stations
with a higher T value and the lack of shorter Ig values suggests that if large-scale
geologic structure present at the DAG array does contribute to scattering, it would
likely be in the southwest portion of the Large-N array as well as the region observed
in the east. However, the few stations that show a higher T value and the higher
mean free path values observed in the geologic framework model synthetic results
are not enough to explain the large regions of higher T and shorter mean free paths
present in the DAG data.

As the DAG-2, DAG-3, and DAG-4 experiments all occurred at the same loca-
tion but with variable depth and yield, it is expected that the results show some
variation. However the overall trend of both the mean free path and T results are
similar, with shorter mean free paths (Is < 200m) to the east, longer mean free paths
(Is > 0.6) in the southern and southwestern portions of the array, and two regions
where 109,5(T) > 0 in the eastern and southwestern portions of the array. These
observations indicate that the results shown here are more likely due to the explosion-
generated wavefield interacting with the surrounding geology, than any source-based
effects. In recent studies, the P/S ratios for the DAG experiments, as well as sim-
ilar experiments at this location, have been shown to not depend on source depth
(Pyle & Walter, 2021), further indicating that scattering and conversion effects are
more likely to be the cause of the higher transverse to radially polarized energy than

specific source effects such as spall or slip on near-source joints or faults.
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Conclusions

In this study, we estimated the amount of scattering occurring due to stochastic
heterogeneities at the DAG site in the 5-50 Hz frequency band. This was done
with the goal of better understanding how shear waves could be generated from an
explosive source. Comparison of the observed scattering results to those generated
from a simulation containing only the geologic structure for the area indicate that
insufficient scattering is likely generated from deterministic scale geologic structure,
and if scattering is generated from large scale structure, it is small and directed to
the southwest or east of the array. Stochastic heterogeneities on the other hand, were
able to produce similar transverse to radial component ratios above 1, similar to what
is observed in the data from the DAG experiments. The two models included in this
study had patterns of high and low transverse to radial component ratios that varied
depending on the orientation of the heterogeneities. Based on our simulations, the
scattering anisotropy that we observe in the data is likely better explained by crater
chimneys in the area and preferentially-aligned, small-scale heterogeneities. The
variations in the surficial alluvium deposits, where the majority of the scattering
is anticipated to occur, tend to trend in a NW-SE direction, so the orientation of
heterogeneities is likely somewhere in between the orientation of the heterogeneities

in the two models in this study.
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Data and Resources

The dataset used in this study was acquired as a part of the Source Physics Experi-
ment. The data is available upon request from the Incorporated Research Institutions

for Seismology Data Management Center (IRIS-DMC) as an assembled dataset.
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Tables

Table 1: Summary of the DAG experiments. The date, midpoint depth, yield, and
scaled depth of burial (sDOB) for each chemical explosion.

| Test | Date | Depth (m) | Yield (tons, TNT equiv.) | sDOB (m/kt'™) |
DAG-1 | 20 July 2018 385 0.908 3156
DAG-2 | 19 Dec. 2018 299.8 o1 642
DAG-3 | 27 Apr. 2019 149.9 0.91 1229
DAG-4 | 22 June 2019 51.6 10.4 188
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Figure Captions

Figure 1: Location of the DAG experiments and a geologic overview. (a) The DAG
experiments, part of SPE phase II (red star) were performed at the Nevada National
Security Site in Nevada, USA. The blue star indicates the location of the SPE phase I
experiments (modified from NSTec Environmental Restoration, 2011). (b) The DAG
Large-N array consisted of three-component geophones, shown here with black dots.
Also shown on this map by the two green lines are two cross-sections (c) and (d),
displaying the underlying geology in the area from the Geologic Framework Model,
consisting of alluvium, upper welded tuff (UWT), vitric nonwelded tuff (VNT), ze-
olitic nonwelded tuff (ZNWT), and paleozoic rocks with major faults indicated with
red lines (Colton & McKay, 1966; Prothro & Wagoner, 2020). Cross-section (c) dis-
plays the depth of the DAG-2 through -4 sources.
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Figure 2: Location of the DAG source (red star) and Large-N array (red dots) plotted
over a geologic map (Slate 00 0L, 1999) indicating surficial deposits and geologic
features as well as the topography in the area (blue, green, and orange labeled lines).
The darker yellow geologic unit labeled QTa is comprised of old alluvial deposits, the
tan geologic unit is comprised of intermediate alluvial deposits, and the light beige
geologic unit is comprised of young alluvial deposits. The solid black lines indicate
where a fault is known to be located, dotted lines indicate the approximate location
of faults, which are slightly shifted from the final fault locations used in the geologic
framework model (Prothro & Wagoner, 2020). Most topographic variation is due
to craters from previous explosions located to the northeast of the Large-N array,
represented by the circles in the overlain topographic contour map.
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Figure 3: Radial and transverse component seismograms of a selected subset of
stations from the DAG-3 and -4 datasets with amplitudes normalized to one, using
a 5-50 Hz passband, located at the same offset (1200 m) from the source, with
the crossover distance between the direct wave and refractions from the base of the
alluvium for the S-waves indicated (dashed red line). P-wave arrival picks are shown
as red dots. (a) The DAG-4 array showing the source location (red asterisk), and
the locations of the selected stations (solid black circles), which are numbered from
1 to 16. (b-c) DAG-3 radial and transverse component seismograms displayed as a
function of time, where the vertical axis shows the azimuthal location of the station,
measured clockwise from north. Station numbers corresponding to those in (a) are
labeled next to (c). (d-e) Similar to panes (b) and (c), but for DAG-4 seismograms.
Note that for both DAG-3 and -4, the seismograms in the 210 to 260 range have
slightly later arrival times for the first-arriving energy than the other stations.
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