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Abstract  18 

Seismologists distinguish underground nuclear explosions from more commonly occurring 19 

earthquakes using moment tensor inversion, high-frequency P/S amplitude ratios, mb:MS 20 

comparisons, and P-pP differential travel times. These methods are generally successful for large 21 

seismic events (M>3–4) well-recorded at regional-to-teleseismic distances (>150 km); however, 22 

it is unclear if they can be modified to work for small events (M<3) well-recorded only at local 23 

distances (<150 km). Here we evaluate a recently proposed, local-distance seismic source 24 

discriminant—the difference between local magnitude (ML) and coda duration magnitude 25 

(MC)—using seismograms of earthquakes and buried, single-fired chemical explosions recorded 26 

in three regions of the western U.S. The quantity ML-MC was previously found to be sensitive to 27 

source depth, effectively discriminating mine blasts, induced earthquakes, and very shallow 28 

tectonic earthquakes from deeper crustal earthquakes. In this study, we report the first evaluation 29 

of ML-MC as a depth discriminant using data from buried, single-fired explosions which, unlike 30 

the seismic sources studied earlier, are good analogs for underground nuclear explosions. We 31 

find that even when using generic, uncalibrated methods of assigning magnitudes, ML-MC 32 

separates single-fired explosions and earthquakes, with the area under the receiver operating 33 

characteristic curve being 0.92 for 19 explosions and 14 earthquakes in Washington, 0.90 for 22 34 

explosions and 90 earthquakes in Wyoming, and 0.99 for 3 explosions and 149 earthquakes in 35 

Nevada. ML:MC comparisons have the potential to enhance discrimination based on high-36 

frequency P/S amplitudes ratios—which perform less well at local than regional distances—37 

because the two metrics have complementary sensitivities. 38 

 39 

 40 
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Introduction 41 

Underground nuclear explosions can be detected, located, identified, and characterized 42 

using seismic data (e.g., Douglas, 2013). Source constraints derived from seismic analysis can be 43 

important for verifying nuclear test-ban treaties such as the Comprehensive Nuclear-Test-Ban 44 

Treaty (e.g., Bowers and Selby, 2009). For large seismic events (M>4) well-recorded at regional-45 

to-teleseismic distances (>150 km) there are several useful seismic methods for identifying 46 

explosions from the much larger population of earthquakes. Nuclear explosions tend to have 47 

relatively high body wave magnitudes (mb) compared to surface wave magnitudes (MS) (e.g., 48 

Stevens and Day, 1985), relatively high ratios of high-frequency P/S energy (e.g., Walter et al., 49 

1995; Kim and Richards, 2007), and relatively large isotropic moments (e.g., Ford et al., 2009; 50 

Alvizuri and Tape, 2018; Chiang et al., 2018).  51 

Smaller explosions (M<3) that are well-recorded only at local distances (<150 km) can be 52 

more difficult to identify. mb and MS are classically defined at teleseismic distances, and 53 

although they have been extended to regional distances (e.g., Russell, 2006; Bonner et al., 2006), 54 

it is challenging to extend their viability to local distances. High-frequency P/S amplitude ratios 55 

tend to show higher variability at local distances compared to regional distances (O'Rourke et al., 56 

2016a; Pyle and Walter, 2019), presumably because of stronger path effects. And it is difficult to 57 

infer the moment tensors of seismic events with magnitude below 3–3.5 because of low signal-58 

to-noise ratios at periods (>10 s) for which acceptable Green's functions can easily be 59 

synthesized (e.g., Herrmann et al., 2011). Because of these factors, there is strong interest in 60 

developing new or improved seismic methods of low-yield discrimination. For example, it has 61 

been debated whether or not the Democratic People's Republic of Korea detonated a low-yield 62 

(~3 tons TNT equivalent) nuclear explosion on 12 May 2010 (e.g., Zhang and Wen, 2015; Kim 63 
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et al., 2017).  64 

Recent work has found that comparisons of the two most commonly assigned magnitudes 65 

for small seismic events, local magnitude (ML) and coda duration magnitude (MC), may be 66 

useful for discriminating explosions from earthquakes at local distances (Koper et al., 2016). 67 

Extremely shallow seismic events tend to have relatively large MC compared to ML because of 68 

anomalously strong or long coda waves, and buried explosions are generally much shallower 69 

than naturally occurring tectonic earthquakes. Hence, at local distances ML:MC comparisons may 70 

be useful in identifying especially shallow seismic events that deserve detailed analysis as 71 

potential explosions, similar to how mb:MS comparisons are used as an explosion screening tool 72 

at regional-to-teleseismic distances (Selby et al., 2012; Ford and Walter, 2014).  73 

Earlier studies observed enhanced MC for mining induced earthquakes in Utah, mine 74 

blasts in Utah, very shallow earthquakes induced by wastewater injection in the Oklahoma 75 

region, and very shallow tectonic earthquakes in Utah, the region around Yellowstone National 76 

Park, and Italy (Koper et al., 2016; Holt et al., 2019b; Voyles et al., 2020). However, these 77 

source types have important differences from underground nuclear explosions. Mine blasts are 78 

typically composed of a series of smaller explosions distributed across space and time that 79 

generate waveforms systematically different than those generated by single-fired explosions 80 

(e.g., Kim et al., 1994; Stump et al., 2002). And earthquakes tend to be well-described by 81 

double-couple source models, whereas single-fired explosions are better described by a 82 

combination of isotropic and compensated linear vector dipole source models (e.g., Alvizuri et 83 

al., 2018). 84 

In this study, we assign ML and MC to events occurring during three seismic experiments 85 

that recorded buried single-fired explosions as well as nearby tectonic earthquakes: the 2009–86 
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2010 Bighorn Arch Seismic Experiment (BASE) in the Bighorn Mountains of northern 87 

Wyoming (O'Rourke et al., 2014; Worthington et al., 2016), the 2014–2016 imaging Magma 88 

Under St. Helens (iMUSH) experiment near Mount St. Helens (Kiser et al., 2016; Ulberg et al., 89 

2020), and Phase I of the Source Physics Experiment (SPE), which occurred at the Nevada 90 

National Security Site (NNSS) during 2011–2016 (Snelson et al., 2013; Pyle and Walter, 2019). 91 

For each experiment, we compare ML and MC values of the explosions to those of nearby 92 

earthquakes and quantify the ability of ML-MC to separate the two source populations. Because 93 

buried, single-fired chemical explosions are good seismic analogs for underground nuclear 94 

explosions (Stump et al., 1999), our results are directly relevant to assessing whether ML-MC is 95 

likely to be effective at discriminating small nuclear explosions from earthquakes at local 96 

distances. 97 

 98 

Assigning ML and MC Values 99 

Our procedure for assigning ML follows the approach currently used by the University of 100 

Utah Seismograph Stations (UUSS; Pechmann et al., 2007), which is based on the original 101 

formulation by Richter (1935, 1958). We measure amplitudes from the horizontal components of 102 

high-gain, broadband channels (BH and HH) that have been processed to have the instrument 103 

response of a Wood-Anderson seismometer, which has peak sensitivity at a period near 0.8 s 104 

(IASPEI, 2013). The amplitude on a single component is defined as one-half of the largest peak-105 

to-peak value in a 30-s window beginning at the theoretical S wave arrival time. The station 106 

amplitude is defined as the square root of the product of the two horizontal component 107 

amplitudes. A station amplitude is accepted for use in assigning a station ML if it is larger than 108 

twice the value of the noise amplitude, which is defined as the average absolute value in a 10-s 109 
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window beginning 12 s before the theoretical P wave arrival time. We define the station ML as 110 

the log10 of the station amplitude plus a distance correction. The distance corrections vary from 111 

1.5 at 10 km to 4.9 at 600 km (Richter, 1958). An event ML is defined by taking the median of 112 

three or more station ML values. We do not use station corrections.  113 

Our procedure for assigning MC is related to the approach currently used by UUSS 114 

(Pechmann et al., 2006), which is based on earlier work that used Md or Mt to indicate duration 115 

magnitude (Lee et al., 1972; Real and Teng, 1973; Herrmann, 1975). We measure durations from 116 

the vertical components of high-gain channels (BH, EH, HH, and SH) that have been instrument-117 

corrected to ground velocity in units of m/s and filtered with a 4-pole Butterworth bandpass 118 

between 1 and 10 Hz. We take the envelope of the seismogram (defined as (x2(t)+ H2[(x(t)])1/2 119 

where H indicates the Hilbert transform and x(t) is the original seismogram) to create a strictly 120 

positive function representing instantaneous amplitude. We take the log10 of the envelope and fit 121 

a least-squares line to the data in a post-S time window. The beginning of the post-S time 122 

window is defined as t1 + 0.25(t2 – t1) where t1 is the time of the maximum amplitude in a 30-s 123 

window starting at the theoretical S arrival time (tS), and t2 is the time at which the amplitude 124 

drops below twice the pre-P noise level, which is defined as the average value in a 10-s window 125 

starting 12 s before the theoretical P wave arrival time (tP). The end of the post-S time window is 126 

defined as t2. The station duration (t) is defined as the time, in units of seconds, when the best-127 

fitting line from the post-S time window falls below a value of 1.724 x 10-8 m/s (t3) minus tP 128 

(Figure 1). Defining t relative to a fixed cut-off value, instead of relative to the pre-P noise level, 129 

increases consistency during swarm sequences when the P-wave of an event often arrives during 130 

the coda of a previous event. It also mitigates the influence of diurnal changes in ambient seismic 131 

noise. The particular cut-off value used here was selected in part to make MC values consistent 132 
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with ML values in the Utah region. A station duration is accepted for use in assigning a station 133 

MC if the sample correlation coefficient of the line fit in the post-S window is less than -0.2, in 134 

which case the station MC is defined using the UUSS formula for seismic events in the Utah 135 

region, 136 

MC = –2.25 + 2.32log10[t] + 0.0023D     (1) 137 

where D is the source-receiver distance in kilometers. An event MC is defined by taking the median 138 

of three or more station MC values. No station corrections are used.  139 

These definitions of ML and MC are optimized for the Utah region and since we do not 140 

attempt to recalibrate the magnitude scales for the other regions studied here, we also consider 141 

alternate magnitude scale definitions to test the robustness and transportability of our results, as 142 

discussed below. 143 

 144 

Analysis of Data from the Bighorn Experiment 145 

 The Bighorn Arch Seismic Experiment (BASE) was a two-year deployment of broadband 146 

and short-period seismometers in northern Wyoming and southern Montana (Figure 2; O'Rourke 147 

et al., 2014; Yeck et al., 2014; Worthington et al., 2016). BASE included an active-source 148 

component and was sited in a seismically active region, making it suitable for studies of small-149 

magnitude source discrimination. A large number of blasts from coal mining operations in the 150 

nearby Powder River Basin were also recorded during BASE, providing a third source type for 151 

local-distance discrimination studies. O'Rourke et al. (2016a) used BASE data to test P/S 152 

amplitude ratio discrimination, O'Rourke and Baker (2017) used BASE data to develop a 153 

spectrogram-based method of Rg detection, and Kintner et al. (2020) used BASE data to test the 154 

ability of Rg/Sg amplitude ratios to act as a depth discriminant. 155 
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Here we evaluate the efficacy of ML-MC as a source discriminant using local-distance 156 

waveforms of seismic sources cataloged in O'Rourke et al. (2016a): 22 local earthquakes, 24 157 

borehole shots, and 37 mine blasts (Figure 2). The earthquakes were detected, located, and 158 

characterized using BASE data (O'Rourke et al., 2016b). The depths vary between 6.1 and 39.0 159 

km and the magnitudes (ML) vary between 0.44 and 2.42. The borehole shots were all single-160 

fired at shallow depths with charge size varying from 113 to 907 kg. Detailed information about 161 

the mine blasts is lacking, but they were most likely delay-fired blasts at or near the surface with 162 

total charge sizes on the order of tens of thousands of kilograms (O'Rourke et al., 2016a). 163 

For each of the 83 sources, we downloaded all available seismic data from stations within 164 

150 km, with the exception of strong-motion channels (channels beginning with HN and EN) 165 

and data from the Texan 4.5 Hz geophones (channel EHZ with station code ZI). In total, we 166 

collected data for 282 high-gain stations from 11 permanent or temporary regional seismic 167 

networks (Figure 2). Using the procedures described previously, we were able to assign both ML 168 

and MC to 14 of 22 earthquakes, 19 of 24 borehole shots, and 37 of 37 mine blasts (Figure 3). 169 

The median number of stations used in assigning ML/MC values was 9/57 for earthquakes, 10/95 170 

for borehole shots, and 23/52 for mine blasts. More stations were used to assign MC values 171 

because of the relatively large number of short-period, vertical component sensors deployed 172 

during BASE. Our ML values tracked the catalog ML values for the earthquakes very well, with a 173 

correlation coefficient of 0.98 and a mean difference of 0.04. There were no catalog ML values 174 

for the borehole shots or mine blasts, and no catalog MC values for any of the sources. Our ML 175 

and MC values were positively correlated for all three source types with correlation coefficients 176 

of 0.97 for earthquakes, 0.88 for borehole shots, and 0.97 for mine blasts. 177 

The mine blasts were uniformly bigger than the borehole shots, however the ML-MC 178 
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distributions were very similar with means of -0.483 ± 0.066 (borehole) and -0.492 ± 0.056 179 

(mine blasts), where the quoted uncertainties represent ~95% confidence intervals for the 180 

population means. The ~95% confidence intervals are defined as plus or minus twice the 181 

standard error, not the larger standard deviation, and we maintain this convention for the 182 

remainder of the study. Combing the explosions into a single population gives a mean ML-MC of 183 

-0.489 ± 0.044. The earthquake ML-MC distribution was significantly more positive than the 184 

explosion distributions with a mean of -0.171 ± 0.102. The separation between the explosion and 185 

earthquake populations can be quantified with the Hellinger distance (H) (e.g., Gibbs and Su, 186 

2002), a general measure of similarity between two discrete probability distributions, pi and qi, 187 

defined as 188 

𝑯 =	 𝟏
√𝟐
$∑ &'𝒑𝒊 −'𝒒𝒊+

𝟐𝒏
𝒊&𝟏 ,

𝟏
𝟐    (2) 189 

where n is the number of probability bins. It varies from 0 for identical distributions to 1 for non-190 

overlapping distributions. Using a bin size equal to the precision of our magnitude estimates 191 

(0.01), gives an H of 0.96 between the earthquake and borehole ML-MC distributions. This value 192 

is biased high because at this scale there are many empty bins in between non-empty bins. If we 193 

instead approximate the two distributions as continuous and Gaussian, and perform the 194 

integration of the corresponding Gaussian functions with the trapezoid rule in small step sizes 195 

from (µ - 3s)explosion to (µ + 3s)earthquake (-0.91 to 0.41), we find H=0.60. We use the second 196 

approach for the remainder of the study. 197 

The separation between populations can also be quantified using concepts from binary 198 

classification theory (James et al., 2013), which is being increasingly used in seismology because 199 

of the growth in machine learning applications (Bergen et al., 2019; Kong et al., 2019). We 200 

define a cut-off ML-MC value, Mcut, such that sources with ML-MC < Mcut are classified as 201 
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explosions, otherwise they are classified as earthquakes. As Mcut is systematically varied, in this 202 

case from -1.5 to 0.5 in steps of 0.01, the false positive rate (FPR) and true positive rate (TPR) 203 

vary from 0.0 to 1.0, tracing out a receiver operating characteristic (ROC) curve (Figure 4). Here 204 

the TPR is the number of explosions with ML-MC < Mcut divided by the total number of 205 

explosions, and the FPR is the number of earthquakes with ML-MC < Mcut divided by the total 206 

number of earthquakes. The point on the ROC closest to the ideal classifier (TPR=1, FPR=0) 207 

gives the optimal value of Mcut. More importantly, the area under the ROC curve (AUC) is a 208 

measure of how similar the two populations are. It varies from 0.5 for a random classifier to 1.0 209 

for an ideal classifier. We find AUC=0.92 when comparing the earthquake and borehole ML-MC 210 

distributions. 211 

Finally, we test the robustness of the ML-MC separation between earthquakes and 212 

borehole explosions by considering alternate definitions of ML and MC. For a second ML 213 

definition, we use the IASPEI (2013) formula 214 

ML = log10[A] + 1.11log10[D] + 0.00189D – 2.09   (3) 215 

where A is amplitude in nm and D is distance in km. For a second MC definition, we use the 216 

UUSS formula for seismic events in the Yellowstone region, 217 

MC = –2.60 + 2.44log10[t] + 0.0040D     (4) 218 

where t is duration in seconds and D is distance in km. We measure A and t in the same manner 219 

as before, and again use the median of three or more station magnitude estimates to define an 220 

event magnitude. Considering the four possibilities resulting from combining the two ML 221 

definitions with the two MC definitions, we find Hellinger distances of 0.49–0.60 and AUC 222 

values of 0.86–0.92, indicating that the clear distinction between earthquake and explosion ML-223 

MC distributions in this region is a robust result.  224 
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 225 

Analysis of Data from the iMUSH PASSCAL Experiment near Mount St. Helens 226 

The 2014–2016 iMUSH experiment was a collaborative project aiming to image the 227 

structure of the crust and upper mantle magma plumbing system underlying Mount St. Helens. 228 

The active-source component of iMUSH consisted of 23 borehole explosions (Figure 5) with 229 

charge weights of 450–900 kg that were detonated 24 July 2014 – 1 August 2014 and recorded 230 

by thousands of vertical component 4.5 and 10 Hz geophones (Kiser et al., 2019). The shots 231 

were also recorded by 71 broadband stations that were part of iMUSH (Mann et al., 2019; 232 

Ulberg et al., 2020), as well as an additional ~190 broadband and short-period seismometers—233 

from other, mostly permanent, seismic networks—that were within 150 km of the source region 234 

(Figure 5). We did not use waveforms from the vertical-component geophones deployed during 235 

the 10-day active source experiment because they provide few opportunities for comparison of 236 

earthquakes and explosions with similar magnitudes (Hansen and Schmandt, 2015). The 237 

explosions were assigned magnitudes of 0.9–2.3 by the Pacific Northwest Seismic Network 238 

(PNSN). The PNSN also located 91 crustal earthquakes with magnitudes of at least 1.5 in the 239 

explosion source region between 28 November 2014 and 22 August 2016 (Figure 5). The 240 

earthquake depths varied from -1.4 to 23.2 km relative to sea level, with a median value of 11.2 241 

km. Wang and Schmandt (2019) used this dataset to evaluate P/S amplitude ratios as a source 242 

discriminant at local distances. 243 

We were able to assign MC to 22 of the 23 borehole explosions. The number of stations 244 

used in the assignments varied from 46 to 127 with a median of 90, and the MC values varied 245 

from 1.09 to 2.22 with a median of 1.47. We assigned ML to all 23 explosions. The number of 246 

stations varied from 22 to 82 with a median of 48, and the ML values varied from 1.03 to 2.23 247 
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with a median of 1.57. These values were similar to PNSN catalog ML values with a mean 248 

difference of -0.10 and a correlation coefficient of 0.81. Our explosion MC and ML values were 249 

strongly correlated, with a correlation coefficient of 0.89 (Figure 6). The mean of the ML-MC 250 

differences was 0.065 ±0.068. 251 

We were able to assign MC to all 91 of the crustal earthquakes. The number of stations 252 

used in the assignments varied from 5 to 147 with a median of 95, and the MC values varied from 253 

1.00 to 2.66 with a median of 1.54. We assigned ML to 90 of 91 crustal earthquakes. The number 254 

of stations varied from 3 to 97 with a median of 51, and the ML values varied from 1.09 to 3.42 255 

with a median of 1.92. These values were similar to PNSN catalog ML values with a mean 256 

difference of -0.09 and a correlation coefficient of 0.94. Our earthquake MC and ML values were 257 

strongly correlated, with a correlation coefficient of 0.91 (Figure 6). The mean of the ML-MC 258 

differences was 0.364 ± 0.042, about 0.3 units more positive than the corresponding explosion 259 

value. The Hellinger distance between the earthquake and explosion distributions was 0.55 and 260 

the AUC value was 0.90. The population separation remained robust with respect to ML and MC 261 

definitions, with H varying from 0.42 to 0.55, and AUC varying from 0.84 to 0.90. 262 

Because of the extraordinarily high density of seismometers available during iMUSH, we 263 

can evaluate the effect of source-receiver distance on the ability of ML-MC to separate source 264 

populations. We consider four different distance ranges, 10–150 km, 10–50 km, 50–100 km, and 265 

100–150 km, and compare the separation to the base case of 0–150 km. We exclude stations 266 

closer than 10 km because at these distances the hypocentral distance is often significantly 267 

different than the epicentral distance and amplitudes can have high variance. For each distance 268 

range we recalculate event magnitudes using only those station magnitudes that meet the 269 

distance criterion. For distance ranges of 10–150 km and 10–50 km we find little difference with 270 
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respect to the base case, with Hellinger distances of 0.58 and 0.57, respectively, compared to the 271 

base value of 0.55; however, Hellinger distance decreases to 0.34 for 50–100 km, and to 0.40 for 272 

100–150 km (Figure 7). At the two farther distance ranges the variances of the explosion ML-MC 273 

distributions become large, due in part to a lower number of stations, and the means of all four 274 

ML-MC distributions increase significantly. The shift in mean ML-MC values with distance could 275 

probably be resolved by developing calibrated magnitude scales for this region, however it is 276 

unclear if the Hellinger distances would increase. It could be that ML-MC based source 277 

discrimination is inherently more effective at the smallest distances (0–50 km). 278 

 279 

Analysis of Data from Phase I of the Source Physics Experiment 280 

The Source Physics Experiment (SPE) is an ongoing project that aims to improve 281 

capabilities for seismic monitoring of nuclear weapon tests by recording and modeling data from 282 

a series of chemical explosion analogs to historic nuclear explosions (Snelson et al., 2013). Here 283 

we use data from Phase I of SPE, which consisted of 6 explosions at the Nevada National 284 

Security Site (NNSS) between 3 May 2011 and 12 October 2016. The single-fired explosions 285 

were detonated in the same borehole, in granite, at depths of 31.4–87.2 m with yields of 89–5025 286 

kg TNT equivalent (Pyle and Walter, 2019). The fourth shot misfired on the first attempt (SPE-287 

4) and the successful second attempt was named SPE-4'. We compare magnitudes from the SPE 288 

Phase I explosions to those from the Pyle and Walter (2019) catalog of 265 earthquakes that 289 

occurred near NNSS during 2000–2018 (Figure 6). The nominal depths of the earthquakes vary 290 

from 0.0 to 18.9 km, although they are poorly resolved in most cases. Magnitudes in the 291 

earthquake catalog were assigned by various agencies and vary from 0.81 to 4.2 for ML and from 292 

1.07 to 4.32 for Mw. For each of the 271 seismic sources we downloaded all available seismic 293 
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data from high-gain stations within 150 km. This resulted in a total of 146 stations from 10 294 

temporary and permanent regional networks (Figure 8). We did not download geophone data 295 

from the large-N component of SPE (e.g., Mellors et al., 2018). 296 

We were able to assign MC for each shot except SPE-1, which had waveforms that were 297 

partially corrupted by a nearly simultaneous regional earthquake. For SPE-2 through SPE-6 the 298 

number of stations used in assigning MC were 4, 15, 8, 39, and 29. The MC values varied from 299 

0.98 to 2.33 and were strongly correlated with log10[yield], having a correlation coefficient of 300 

0.98 (Figure 8). The only anomaly involved an MC of 1.53 for SPE-2, which had a yield of 997 301 

kg, while SPE-3 had a larger MC of 1.75 for a smaller yield of 905 kg. We were able to assign 302 

ML for shots SPE-3, SPE-5, SPE-6, using amplitudes from 3, 28, and 20 stations, respectively. 303 

SPE-2 had a valid amplitude measurement at only 1 of 7 available broadband stations 304 

(US.TPNV), while SPE-4' was so small that it had no valid measurements from 18 available 305 

broadband stations. The three ML values (1.38, 2.06, and 1.65) were strongly correlated with 306 

log10[yield], having a correlation coefficient of 0.99 (Figure 9). The mean ML-MC value for the 307 

three shots assigned both magnitudes was -0.327 ± 0.058 (Figure 10). 308 

We were able to assign MC to 187 of the earthquakes. The number of stations used in the 309 

assignments varied from 3 to 45 with a median of 15, and our MC values varied from 0.83 to 3.45 310 

with a median of 2.20. There were no catalog MC values to use for comparison. We were able to 311 

assign ML to 149 of the earthquakes. The number of stations used in the assignments varied from 312 

3 to 20 with a median of 8, and our ML values varied from 1.38 to 4.36 with a median of 2.34. 313 

Our ML values were positively correlated with the catalog ML values, with a correlation 314 

coefficient of 0.83, and a mean difference of only 0.01 units. For the 149 earthquakes we 315 

assigned both MC and ML, the two magnitudes were strongly correlated with a correlation 316 
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coefficient of 0.90. The mean ML-MC value was 0.109 ± 0.032, over 0.4 units larger than the 317 

corresponding value for the three explosions (Figure 10). With only three explosions the distance 318 

measurements between the explosion and earthquake ML-MC probability distributions are less 319 

meaningful than in the previous two cases; however, we report them here for completeness, 320 

finding H=0.88 and AUC=0.99. The high separation is maintained under the alternative ML and 321 

MC definitions, with H varying from 0.86 to 0.90, and AUC varying from 0.96 to 0.99. The 322 

difference in ML-MC population means also remains robust, varying from 0.369 to 0.431 units in 323 

the four scenarios. 324 

 325 

Discussion 326 

A summary of ML-MC distributions for earthquakes and buried, single-fired explosions is 327 

presented in Figure 11. The ML-MC distributions for a given source type vary substantially from 328 

region to region. For instance, the mean ML-MC value for earthquakes varies by nearly 0.5 units, 329 

from -0.171 in BASE, to 0.109 in SPE, to 0.300 in iMUSH. This should not necessarily be 330 

surprising though, because our magnitude scales were not calibrated for any of the three study 331 

regions. Substantial effort is usually involved in designing an ML scale that properly accounts for 332 

regional variation of amplitude with distance and site effects (e.g., Savage and Anderson, 1995; 333 

Miao and Langston, 2007; Pechmann et al., 2007; Sheen et al., 2018; Holt et al., 2019a). 334 

Likewise, regional calibration is needed for developing a coda duration magnitude scale (e.g., 335 

Lee et al., 1972; Pechmann et al., 2006). Nevertheless, the separation of single-fired explosions 336 

and earthquakes in ML-MC space is robust from region to region. The separation is also 337 

independent of the precise rule used to assign ML and MC. This suggests that a fundamental 338 

difference in the source properties of buried, single-fired explosions and earthquakes is strongly 339 
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encoded in ML-MC values computed at local distances (<150 km). 340 

The source property with the biggest impact on ML-MC values is likely the depth since 341 

crustal earthquakes are observed to have increasingly negative ML-MC values as the focal depth 342 

approaches the surface (Koper et al., 2016; Holt et al., 2019b). Enhanced coda for several 343 

extremely shallow events in the western U.S. was also observed by Mayeda and Walter (1996), 344 

and Murphy et al. (2009) suggested that coda-derived source spectra could be used as a depth 345 

discriminant. Initial work simulating the high-frequency wavefield at local distances in realistic 346 

Earth models supports this interpretation. Voyles et al. (2019) used a 3D finite-difference 347 

method to simulate the wavefield for frequencies up to 5 Hz and distances up to 150 km. They 348 

compared synthetics for isotropic and double-couple sources at depths of 1–10 km in a suite of 349 

velocity models that contained deterministic 3D heterogeneity in the form of basins, stochastic 350 

3D heterogeneity in the form of volumetric scatterers, and surface topography. The same 351 

explosion source modeled near the surface and at depth produced contrasting coda durations, 352 

whereas explosion and earthquake sources modeled at the same depth yielded comparable coda 353 

durations. Voyles et al. (2019) found 3D volumetric heterogeneity (scattering) to be the most 354 

important factor in creating synthetics that matched the character of the observations. Simple 1D 355 

reference velocity models (e.g., IASP91; Kennett and Engdahl, 1990) without topography were 356 

not able to reproduce the observations.  357 

Source discrimination or screening based on ML-MC is likely comparable to methods 358 

based on Rg/Sg amplitude ratios, another metric that is known to be very sensitive to source depth 359 

for small events recorded at local distances (Ma and Motazedian, 2012; Kolaj, 2018; Tibi et al., 360 

2018a; Kinter et al., 2020), but methods based on ML:MC comparisons may be simpler to 361 

implement. Rg/Sg observations require regionally-dependent group velocity windows, and 362 
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possibly frequency bands, whereas the same generic definitions of ML and MC—with theoretical 363 

travel times predicted by IASP91—were effective in the three regions studied here. Furthermore, 364 

Rg is known to attenuate rapidly in some regions (e.g., Myers et al., 1999) and in these cases the 365 

Rg time window may become dominated by S coda. ML:MC methods do not require phase 366 

identification, the existence of Rg, or customized velocity models for predicting body wave (Pg 367 

and Sg) arrival times. 368 

Because ML-MC source discrimination is primarily a depth discriminant, it needs to be 369 

combined with other evidence or discriminants to definitively separate very shallow earthquakes 370 

from buried explosions. The most obvious partner for ML-MC is high-frequency P/S ratios. An 371 

excellent discriminant at regional distances, P/S ratios are relatively poorly studied with mixed 372 

results for small explosions recorded at local distances. O’Rourke et al. (2016a) found that 373 

single-station P/S ratios were able to distinguish between earthquake and explosion populations 374 

in Wyoming, but that discrimination failed more often at distances smaller than 50 km, while 375 

Pyle and Walter (2019) found that P/S discrimination for events in Nevada was inconsistent at 376 

individual seismic stations. Both studies observed that network averaging generally improved 377 

discrimination performance above ~6 Hz. One reason for the inconsistent P/S performance is 378 

large scatter in the earthquake populations at local distances compared to regional distances, 379 

which is likely a function of both source radiation effects and path effects that are mitigated at 380 

longer distances by scattering and attenuation. Another factor is that the generation of shear 381 

waves from the explosions may be strongly azimuthally dependent (Pitarka et al., 2015). ML-MC 382 

requires at least 3 stations, so it also takes advantage of network averaging, and is therefore less 383 

sensitive to source radiation effects than single-station P/S ratios.   384 

There is empirical evidence that combining seismic discriminants can generate significant 385 
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gains in source classification at local distances. Tibi et al. (2018b) combined Rg/Sg ratios with 386 

Pg/Sg ratios in a multivariate quadratic discriminant function framework, and found that the 387 

addition of Rg/Sg observations improved source misclassification by 4–14% compared to Pg/Sg 388 

ratios on their own. We expect combining ML-MC with Pg/Sg ratios would lead to even bigger 389 

gains because of its greater independence from Pg/Sg. ML-MC is completely insensitive to Pg 390 

amplitude and is sensitive to Sg amplitude in a frequency band around 1 Hz, whereas local-391 

distance Pg/Sg ratios strongly depend on Pg and Sg amplitudes at frequencies >5–6 Hz. It is also 392 

possible that ML-MC and Pg/Sg have a complementary dependence on distance, with ML-MC 393 

being more effective at distances <50 km and Pg/Sg being more effective at distances of 50–150 394 

km, although more work is needed to confirm this.  395 

 396 

Conclusions 397 

We observe that the difference between local magnitude (ML) and coda duration 398 

magnitude (MC) effectively separates earthquakes from buried, single-fired explosions in 399 

Washington, northern Wyoming, and southern Nevada. We assigned magnitudes using generic, 400 

uncalibrated formulas on seismic data assembled from a mix of networks and instrument types. 401 

The discrimination performance of ML-MC reported here could likely be improved by carefully 402 

calibrating both magnitude scales for regional wave propagation and site effects, however its 403 

success in this study implies that it would add value in the real-world case of identifying a small 404 

underground explosion occurring in an area which lacks a dense, permanent regional network. In 405 

that case, an uncalibrated pseudo-network must be created dynamically by assimilating all 406 

available nearby seismic data. It is also likely that the discrimination performance of ML:MC 407 

comparisons could be improved by considering functionals more complicated than ML-MC, such 408 
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as the linear relationships between mb and MS that are used in screening large seismic events 409 

recorded teleseismically (e.g., Selby et al., 2012; Ford and Walter, 2015). 410 

ML-MC acts primarily as a local-distance depth discriminant, separating extremely 411 

shallow seismic sources (<2–3 km) from earthquakes occurring deeper in the crust. It is similar 412 

to using Rg identification (e.g., Kafka, 1990; Saikia, 1992) or Rg/Sg amplitude ratios (e.g., Zeiler 413 

and Velasco, 2009; Ma and Motazedian, 2012) as indicators of shallow depth, but it may be 414 

easier to implement since it does not rely on phase identification and seems less sensitive to the 415 

details of wave propagation in a given area. We recommend combining ML:MC comparisons 416 

with network averaged high-frequency P/S amplitude ratios to confidently identify underground 417 

explosions from other very shallow seismic sources, perhaps using a formalism similar to the 418 

event classification matrix method developed for combining teleseismic discriminants (Anderson 419 

et al., 2007). The two metrics have complementary sensitivities and their combination could 420 

significantly enhance the classification of small seismic sources recorded at local distances. 421 

 422 
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Figure 1. Example coda duration measurement. (a) Ground velocity from the SPE-6 explosion 659 

filtered between 1 and 10 Hz. The dashed red lines indicate the theoretical P arrival time (tP), the 660 
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theoretical S arrival time (tS), the time of maximum amplitude in the S time window (t1), and the 661 

time at which the signal reaches twice the pre-event noise level (t2). (b) The log10 of the envelope 662 

of the ground velocity record in m/s. The horizontal red line indicates the cut-off level and the 663 

sloping red line between the two circles shows the best-fitting line to the coda (correlation 664 

coefficient of -0.35). The dashed red line indicates the time of intersection between the two solid 665 

red lines (t3). The duration, t, is given by t3 – tP. 666 

 667 

Figure 2. Locations of high-gain seismometers that were within 150 km of a local seismic source 668 

(stars) during the 2009–2010 BASE experiment. The 288 stations come from 11 temporary and 669 

permanent seismic networks: IU (1), IW (1), MB (3), PB (6), RE (6), TA (35), US (2), WY (17), 670 

XV (38), Z2 (7), ZH (172), where the numeral after each network code indicates the number of 671 

seismometers from that network. We do not include data from ~1,000 Texan 4.5 Hz geophones 672 

deployed during BASE with the network code ZI. Locations of the seismic sources are taken 673 

from O'Rourke et al. (2016b). 674 

 675 

Figure 3. (a) Relationship between ML and MC for sources recorded during BASE. The dashed 676 

line has a slope of 1. (b) ML-MC histograms in units of 0.1 for the borehole shots and 677 

earthquakes. The mine blast histogram is not shown. 678 

 679 

Figure 4. Receiver operating characteristic (ROC) curve (red line) for using the quantity ML-MC 680 

as a binary classifier between borehole explosions and earthquakes recorded during BASE. The 681 

false positive rate is the probability of classifying an earthquake as an explosion, and the true 682 

positive rate is the probability of classifying and explosion as an explosion. Each point on the 683 
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ROC curve corresponds to a specific ML-MC value (Mcut) used for classification. The dashed line 684 

represents a random classifier, while an ideal classifier would plot in the upper left corner. The 685 

point on the ROC curve closest (in the sense of Euclidean distance) to an ideal classifier occurs 686 

at ML-MC = -0.32.  687 

 688 

Figure 5. (a) Locations of the 262 high-gain seismometers that were within 150 km of the 689 

borehole shots or nearby earthquakes during the 2014–2016 iMUSH experiment. The 690 

seismometers come from ten temporary and permanent seismic networks: 7D (2), CC (12), IU 691 

(1), PB (18), TA (10), US (2), UW (114), X4 (12), XD (71), YH (20), where the numeral after 692 

each network code indicates the number of seismometers from that network. The dashed box 693 

encloses the iMUSH experimental region shown in the adjacent panel. (b) Epicenters of 23 694 

borehole shots and 91 earthquakes recorded during iMUSH. 695 

 696 

Figure 6. (a) Relationship between ML and MC for sources recorded during iMUSH. (b) ML-MC 697 

histograms in units of 0.1 for the borehole shots (red) and earthquakes (gray). 698 

 699 

Figure 7. Separation of ML-MC distributions for earthquakes (EQ) and explosions (EX) when 700 

both magnitudes are calculated with data from restricted distance ranges during the iMUSH 701 

experiment. 702 

 703 

Figure 8. (a) Locations of the 146 high-gain seismometers that were within 150 km of the SPE 704 

Phase I borehole during 2011–2016 or nearby earthquakes during 2000–2018. The seismometers 705 

come from 10 temporary and permanent seismic networks: CI (13), IM (3), LB (2), NN (45), PB 706 
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(4), SN (31), TA (25), US (2), UU (4), and XE (17), where the numeral after each network code 707 

indicates the number of seismometers from that network. The dashed box encloses the source 708 

region shown in the adjacent panel. (b) Epicenters of 265 earthquakes (gray stars) that occurred 709 

between 17 January 2000 and 8 April 2018 within ~150 km of the SPE Phase I test site (Pyle and 710 

Walter, 2019), which is indicated with the red star. 711 

 712 

Figure 9. Magnitude estimates for the explosions from SPE Phase I. The dashed line has a slope 713 

of 1. Yield is in units of kg equivalent TNT. 714 

 715 

Figure 10. (a) Relationship between ML and MC for SPE Phase I explosions and nearby 716 

earthquakes. The dashed line has a slope of 1. (b) ML-MC histograms in units of 0.05 for the 717 

explosions (red) and earthquakes (gray).  718 

 719 

Figure 11. Summary of ML-MC distributions for earthquakes (EQ) and single-fired chemical 720 

explosions (EX) using data recorded at local distances (<150 km). All distributions are 721 

approximated with Gaussians and plotted ±3s around the mean. From top to bottom the 722 

Hellinger distances (H) are 0.88, 0.55, and 0.60. 723 

 724 

  725 
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 726 

 727 

 728 

Figure 1. Example coda duration measurement. (a) Ground velocity from the SPE-6 explosion 729 

filtered between 1 and 10 Hz. The dashed red lines indicate the theoretical P arrival time (tP), the 730 

theoretical S arrival time (tS), the time of maximum amplitude in the S time window (t1), and the 731 

time at which the signal reaches twice the pre-event noise level (t2). (b) The log10 of the envelope 732 

of the ground velocity record in m/s. The horizontal red line indicates the cut-off level and the 733 

sloping red line between the two circles shows the best-fitting line to the coda (correlation 734 

coefficient of -0.35). The dashed red line indicates the time of intersection between the two 735 

(extrapolated) solid red lines (t3). The duration, t, is given by t3 – tP. 736 
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 738 

 739 

 740 

Figure 2. Locations of high-gain seismometers that were within 150 km of a local seismic source 741 

(stars) during the 2009–2010 BASE experiment. The 288 stations come from 11 temporary and 742 

permanent seismic networks: IU (1), IW (1), MB (3), PB (6), RE (6), TA (35), US (2), WY (17), 743 

XV (38), Z2 (7), ZH (172), where the numeral after each network code indicates the number of 744 

seismometers from that network. We do not include data from ~1,000 Texan 4.5 Hz geophones 745 

deployed during BASE with the network code ZI. Locations of the seismic sources are taken 746 

from O'Rourke et al. (2016b). 747 
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 749 

 750 

 751 

 752 

 753 

Figure 3. (a) Relationship between ML and MC for sources recorded during BASE. The dashed 754 

line has a slope of 1. (b) ML-MC histograms in units of 0.1 for the borehole shots and 755 

earthquakes. The mine blast histogram is not shown. 756 
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 758 

 759 

 760 

Figure 4. Receiver operating characteristic (ROC) curve (red line) for using the quantity ML-MC 761 

as a binary classifier between borehole explosions and earthquakes recorded during BASE. The 762 

false positive rate is the probability of classifying an earthquake as an explosion, and the true 763 

positive rate is the probability of classifying and explosion as an explosion. Each point on the 764 

ROC curve corresponds to a specific ML-MC value (Mcut) used for classification. The dashed line 765 

represents a random classifier, while an ideal classifier would plot in the upper left corner. The 766 

point on the ROC curve closest (in the sense of Euclidean distance) to an ideal classifier occurs 767 

at ML-MC = -0.32.  768 
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 770 

 771 

 772 

 773 

Figure 5. (a) Locations of the 262 high-gain seismometers that were within 150 km of the 774 

borehole shots or nearby earthquakes during the 2014–2016 iMUSH experiment. The 775 

seismometers come from ten temporary and permanent seismic networks: 7D (2), CC (12), IU 776 

(1), PB (18), TA (10), US (2), UW (114), X4 (12), XD (71), YH (20), where the numeral after 777 

each network code indicates the number of seismometers from that network. The dashed box 778 

encloses the iMUSH experimental region shown in the adjacent panel. (b) Epicenters of 23 779 

borehole shots and 91 earthquakes recorded during iMUSH. 780 
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 782 

 783 

 784 

 785 

 786 

 787 

Figure 6. (a) Relationship between ML and MC for sources recorded during iMUSH. (b) ML-MC 788 

histograms in units of 0.1 for the borehole shots (red) and earthquakes (gray). 789 
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 791 

 792 

 793 

 794 

Figure 7. Separation of ML-MC distributions for earthquakes (EQ) and explosions (EX) when 795 

both magnitudes are calculated with data from restricted distance ranges during the iMUSH 796 

experiment. 797 
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 799 

 800 

 801 

Figure 8. (a) Locations of the 146 high-gain seismometers that were within 150 km of the SPE 802 

Phase I borehole during 2011–2016 or nearby earthquakes during 2000–2018. The seismometers 803 

come from 10 temporary and permanent seismic networks: CI (13), IM (3), LB (2), NN (45), PB 804 

(4), SN (31), TA (25), US (2), UU (4), and XE (17), where the numeral after each network code 805 

indicates the number of seismometers from that network. The dashed box encloses the source 806 

region shown in the adjacent panel. (b) Epicenters of 265 earthquakes (gray stars) that occurred 807 

between 17 January 2000 and 8 April 2018 within ~150 km of the SPE Phase I test site (Pyle and 808 

Walter, 2019), which is indicated with the red star. 809 
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 811 

 812 

 813 

 814 

 815 

Figure 9. Magnitude estimates for the explosions from SPE Phase I. The dashed line has a slope 816 

of 1. Yield is in units of kg equivalent TNT. 817 
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 819 

 820 

 821 

 822 

Figure 10. (a) Relationship between ML and MC for SPE Phase I explosions and nearby 823 

earthquakes. The dashed line has a slope of 1. (b) ML-MC histograms in units of 0.05 for the 824 

explosions (red) and earthquakes (gray).  825 
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 827 

 828 

 829 

 830 

Figure 11. Summary of ML-MC distributions for earthquakes (EQ) and single-fired chemical 831 

explosions (EX) using data recorded at local distances (<150 km). All distributions are 832 

approximated with Gaussians and plotted ±3s around the mean. From top to bottom the 833 

Hellinger distances (H) are 0.88, 0.55, and 0.60. 834 


