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13 Abstract

14 We compile and process an electronic database of ground motions recorded on accelerometers 

15 and broadband seismographic instruments for induced earthquakes of M≥4 at distances <50 km 

16 in central and eastern North America.  Most of the data are from Oklahoma, with some records 

17 from Alberta.  Our focus is on the subset of available records that are of most interest for 

18 engineering analyses aimed at evaluation of the potential hazards from induced events, which is 

19 a pressing issue in western Canada and other regions experiencing induced seismicity.  We 

20 considered all records to 50 km for events of M≥4.5.  For events of M4 to 4.5, we select records 

21 at close distance (<10 km), having good signal strength (PGA >~3%g), in order to allow high-

22 quality time histories to be obtained. These records have strong signal-to-noise ratio, making 

23 them suitable for engineering applications, such as dynamic analysis, after proper scaling. The 

24 selected records are windowed, filtered and instrument-corrected to compile a set of records 

25 having acceptable acceleration, velocity and displacement time histories.  The records and their 

26 response spectra are provided as an electronic supplement at 

27 http://www.seismotoolbox.ca/IS_Strong_Motions/ .  We note that the record set is not suitable as 

28 a response spectra database for development of ground-motion prediction equations, because for 

29 M<4.5 the record selection is biased to records with higher amplitudes.  Rather, the intended use 

30 of the records is as seed records, which can be readily scaled in the time domain to 

31 approximately represent induced-event target scenarios for engineering applications.

32 Key words:  earthquake time histories, induced earthquakes, dynamic analysis, critical 

33 infrastructure
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35

36 Introduction

37 The rate of earthquake activity in central and eastern North America (CENA) has risen sharply 

38 due to induced events related to oil and gas development (Ellsworth 2013; Atkinson et al. 2015a; 

39 Atkinson et al. 2016), causing a notable increase in seismic hazard in many areas (Atkinson et al. 

40 2015b; Petersen et al. 2015).  There is a need for engineering analyses to evaluate the impact of 

41 induced events on structural response, which in turn leads to a requirement for suitable 

42 earthquake time histories for such analyses.  This need is particularly pressing for the evaluation 

43 of critical infrastructure in regions such as western Alberta and eastern B.C., which are 

44 experiencing significant rates of induced seismic activity (Atkinson et al. 2016; Atkinson 2017).  

45 Suitable records are those of M~4 to 6 (where M is moment magnitude) recorded at close 

46 distances (<10 km from the hypocenter) because these are the scenarios that dominate the hazard 

47 (e.g. Bourne et al. 2015; Atkinson et al. 2015b), and which are most likely to produce strongly-

48 felt motions of potential concern.  Such records are scarce because the requirement for close 

49 distances greatly limits the number of available recordings.  It is therefore necessary to consider 

50 a somewhat wider range of distances in the search for records, and to accept that significant 

51 scaling may be required to bring the amplitudes of the records to the levels expected at very 

52 close distances.  Records from a number of similar regions should also be considered, to obtain 

53 the widest-possible database.  Here we assemble and process a ground-motion database for 

54 induced-seismicity applications, considering events of M≥4 at distances <50 km.  
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55 The considered events have a shallow focus and occurred in areas where most of the seismicity is 

56 believed to be induced.  However, we do not attempt to address whether every selected event 

57 was induced.  As noted by Yenier and Atkinson (2015), there are no obvious differences in 

58 ground motions between natural and induced events in CENA for events of the same magnitude 

59 and focal depth.  Therefore, in the development of a ground-motion database for induced events, 

60 it is not of primary importance to identify whether every event can be definitively classified as 

61 induced.

62 The purpose of the database compiled here is to provide spectral amplitudes and processed time 

63 histories for those records of most relevance in assessing the engineering response of structures 

64 to induced events. The database comprises publicly-available broadband and accelerometer 

65 records from events in Oklahoma and Alberta from 2010 to 2016 at distances <10 km for M 4 to 

66 M 4.5, and at distances to 50 km for M≥4.5.  Selected records from large events (M>4.5) at 

67 close distances will be added to the database in future as they become available.  It should be 

68 noted that this database, comprised of a few hundred records, is not intended to be a spectral-

69 amplitude database for GMPE development for induced events, because we have focused our 

70 study on the available records having the strongest shaking – and the dataset is thus potentially-

71 biased. For broader GMPE development purposes, a larger compilation project is required, 

72 involving thousands of records over a broad distance range, so that the effects of source, path and 

73 site can be separated empirically.  This larger database compilation is in progress under a 

74 separate study.  There is also a Next-Generation-Attenuation (NGA) project for Induced 

75 Seismicity underway at Pacific Engineering Research Center (PEER) that will compile a suitable 

76 database for GMPE development.  While these larger projects are being conducted, we compile a 

77 targeted database of the records of most interest for engineering and provide their processed time 
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5

78 histories. The focus on a subset of records allows for record-by-record inspection and processing, 

79 which may not be feasible for very large databases that need to rely on fully- automatic 

80 processing.  We visually inspect every record to ensure that the resulting time histories are 

81 reasonably well-behaved in acceleration, velocity and displacement.

82 Database and Processing

83 There have been a significant number of recorded induced events of M≥4 in the last few years, 

84 with most of the records coming from Oklahoma or western Canada.  The events in Oklahoma 

85 are primarily induced by wastewater disposal (Ellsworth 2013), whereas those in western Canada 

86 are often induced by hydraulic fracturing (Atkinson et al. 2015a; 2016).  There is no compelling 

87 evidence to date that triggered earthquakes, whether related to disposal or hydraulic fracturing, 

88 are fundamentally different from shallow natural earthquakes.  In terms of ground motions that 

89 are generated near the source, low-frequency ground motions are controlled by the seismic 

90 moment, which defines the moment magnitude.  High-frequency ground motions are 

91 characterized by the stress parameter.  The stress parameter scales with magnitude and focal 

92 depth and may vary regionally, but there appears to be no discernible difference based on 

93 whether an event is natural or induced (Yenier and Atkinson 2015).  Shallow earthquakes, 

94 whether natural or induced, have lower stress parameters than deeper events, on average.  This 

95 would tend to lower the spectral amplitudes at high frequencies.  On the other hand, shallow 

96 events can be experienced at very close distances, due to the short distance from the hypocentre 

97 to the surface, and this tends to lead to increased spectral amplitudes.  These factors offset each 

98 other, resulting in similar spectral amplitudes for natural and induced events.  In terms of signal 

99 duration, this will scale with magnitude and distance.  Induced events that are of small-to-

100 moderate magnitude (e.g. M<5) will be relatively short in duration compared to large regional 
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101 earthquakes.  The maximum size of induced events is not known, but is likely similar to the 

102 maximum size for tectonic events (van der Elst et al. 2016).

103 The scaling trends of both natural and induced events were evaluated by Atkinson and 

104 Assatourians (2017) and used to identify candidate GMPEs that reflect current knowledge of 

105 ground-motion trends for induced events in CENA.  That study suggests that we could 

106 potentially select either natural or induced events (or some combination) as proxies for induced 

107 events in development of a time history database.  However, since we seek records of moderate 

108 events at very close distances, and therefore very shallow depth, induced-earthquake records are 

109 a natural choice, and are the most plentiful.  We thus restrict our record selection to recent 

110 earthquakes in regions where induced seismicity is occurring frequently, and is being recorded 

111 on high-quality seismic networks.  These regions are Oklahoma and western Canada. Most of the 

112 near-distance records from western Canada are not publicly available, and thus the focus of the 

113 time history database is on Oklahoma records.   The stations recording the events are high-

114 quality broadband seismographic stations or strong-motion instruments recording three-

115 component waveforms sampled at 40, 100 and 200 samples/sec.  We prefer records at higher 

116 sampling rates (100 or 200 samples/sec), but have considered 40 samples/sec records for the 

117 largest two events (M>5.5) when these are the only records available.

118 Ground-motion records are from a database compiled from publicly-available broadband and 

119 accelerometer recordings for events recorded in Oklahoma and Alberta, processed as described 

120 by Assatourians and Atkinson (2010).  Most of the data were downloaded directly from IRIS 

121 (Incorporated Research Institutes for Seismology).  To select records for the study, we examine 

122 earthquake catalogues and station lists from western Canada and Oklahoma to identify events of 

123 M≥4 that have one or more records at hypocentral distances of Rhypo<20 km, focusing on the 
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124 closest available records.  For the largest events (M≥4.5), we consider records to distances of 50 

125 km because there are few very close records.  The largest events considered are the 2011 Prague 

126 and 2016 Pawnee, Oklahoma events of M~5.6 to 5.8 (where 5.8 is the moment magnitude for 

127 Pawnee is that given by the U.S. Geological Survey; the Oklahoma Geological Survey lists its 

128 magnitude as M=5.6). Figure 1 shows the geographical distribution of earthquakes and stations 

129 in and around Oklahoma from which most of data in this study are drawn.

130 Figure 2 shows the distribution of the initial database in magnitude, distance and horizontal-

131 component peak ground acceleration (PGA).  The records of most interest are those with 

132 significant spectral amplitudes at intermediate-to-high frequencies, as indicated in the figure by 

133 the 5%-damped, horizontal-component pseudo-acceleration spectral amplitude (PSA) at 5 Hz.  

134 We focus our more detailed time history development on records for M≥4.5 at distances to 50 

135 km, plus records of M4 to 4.5, at hypocentral distances < 11 km, and having 5-Hz PSA >90 

136 cm/s2 (on at least one horizontal component).  We emphasize that for GMPE development, we 

137 would be interested in an unbiased dataset (not just the stronger records) and we would therefore 

138 not make such a selection for GMPE development.  In this study, by contrast, we wish to obtain 

139 records of good signal quality that will result in well-behaved records in the time domain, and we 

140 therefore focus on the subset of stronger signals. 

141 All records shown in Figure 2 (at left) are processed to obtain peak motions and response 

142 spectra. A selected subset of stronger records (at right) is chosen for more detailed analysis and 

143 processing.  The selected records are those having strong signal; this includes all records of 

144 M≥4.5 to 50 km, plus records of M4-4.5 at Rhypo<11 km with 5-Hz PSA >90 cm/s2 on at least 

145 one horizontal component. Moreover, we exclude any records of poor quality as based on visual 

146 inspection of the signals (Note: poor records are those with a quality index of 6, where the 
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147 quality index is described in the Appendix.)  Table 1 lists the events for which more detailed 

148 processing was performed, and from which the time history database is developed.  The moment 

149 magnitude of each event (M) was determined as described by Novakovic and Atkinson (2015) 

150 for Western Canada earthquake (MNA15), or taken from Oklahoma Geological Survey (OK) and 

151 Advanced National Seismic System (ANSS) catalogues for Oklahoma earthquakes.  

152 For each of the records shown in Figure 2, we download 3-component ground motions from 

153 IRIS for all stations within 20 km or within 50 km for M≥4.5.  For each record, a window of 160 

154 seconds duration is obtained around the signal containing 20 seconds of pre-event noise, the 

155 strong part of the signal (i.e. the signal window), and the significant coda.  The records are 

156 processed using an updated version of the ICORRECT program developed by Assatourians and 

157 Atkinson (2010).  This program was developed to follow the general processing guidelines for 

158 earthquake records as discussed by Boore and Bommer (2005), in a way that can be implemented 

159 efficiently in an automatic format that will be valid for both broadband and accelerometer 

160 records.  The Appendix provides a summary of the processing procedures, and the steps taken to 

161 refine them for the selected subset of records, in order to ensure high-quality time series in 

162 acceleration, velocity and displacement, free from trends or other artifacts. 

163 For each record we provide the instrument-corrected ground acceleration, velocity and 

164 displacement. The peak values of the processed records for each component are also calculated.  

165 Caution is required for records associated with quality 5 (minor clipping), as the peak motion 

166 values may not be reliable; however the response spectra are insensitive to such minor clipping. 

167 The response spectrum is calculated from the accelerograms using the algorithm of Nigam and 

168 Jennings (1969).  We also calculate the Arias intensity (IA):
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169  
T

A dtta
g

I
0

2

2


170 where a(t) is the acceleration time history in units of m/s2, g is the acceleration of gravity in units 

171 of m/s2, and T represents the complete duration of recording.  A common measure of significant 

172 duration is the time interval between 5% and 75% of IA, denoted D5-75 (more details are provided 

173 in Kempton and Stewart 2006).  The value of D5-75 is also calculated.

174 Cumulative absolute velocity (CAV) is defined as the integral of the absolute value of an 

175 acceleration time series (Campbell and Bozorgnia 2010):

176  dttaCAV
t

 max

0

177 where a(t) is the acceleration time series in m/s2, t is time, and tmax is the total duration of the 

178 time series. Here, we calculate CAV over the whole signal duration for our 160-sec record-

179 processing window. Users may calculate standardized CAV (Campbell and Bozorgnia 2010) if 

180 desired, after selecting a set of time series from the database and applying proper scaling factors. 

181 We didn’t calculate standardized CAV for processed accelerograms because their values for 

182 scaled records will not be related to our CAV measure through simple scaling.

183

184 Some attributes of the processed database

185 As a guide to the amplitude levels and distance scaling of the ground motions, in Figure 3 we 

186 compare the recorded horizontal-component (geomean) ground motions from events of M 4.0 to 

187 4.5 in Oklahoma and the few available Alberta records to selected ground-motion prediction 
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188 equations (GMPEs), at close distances .  The plotted GMPEs are those identified by Atkinson 

189 and Assatourians (2017) as being appropriate for induced events in CENA.  In order to produce 

190 an unbiased figure of amplitudes at close distances, all of the available data in the magnitude-

191 distance range are included (i.e. all data on the left side of Figure 1). The site conditions of the 

192 recording stations are not yet classified in available databases.  To make an approximate 

193 correction to the B/C reference condition of the GMPEs for Figure 3, it is assumed that all 

194 records are on NEHRP (National Earthquake Hazards Reduction Program) site class C, with 

195 Vs30=450 m/s (where Vs30  is the time-averaged shear-wave velocity over the top 30 m).  The site 

196 correction factors of Seyhan and Stewart (2014), assuming linear site response, are used to make 

197 a first-order correction from C to B/C; the Seyhan and Stewart (2014) site corrections were also 

198 used by Atkinson (2015) and Yenier and Atkinson (2015) to correct observations to B/C before 

199 developing their GMPEs.  The assumption of Class C for Oklahoma stations is likely a 

200 reasonable average when taken over the database, but is not intended to represent a realistic site 

201 correction for any individual record.  The use of an average site correction factor will map into 

202 increased variability of the ground-motion amplitudes.  More detailed site corrections will 

203 require compilation of information on site conditions, and/or empirical regressions to determine 

204 site terms.  

205 From Figure 3 we conclude that, despite the larger scatter in the data, the observations at 

206 distances <15 km are generally consistent with the GMPEs, especially when one considers that 

207 few (or none) of these data were used in the GMPE derivations, and that the conversions of 

208 observations to B/C conditions were not site-specific.  A noteworthy observation is that despite 

209 general consistency of observed amplitudes with GMPEs, the decay of amplitudes in the first 20 

210 km appears to be quite steep, especially at high frequencies.  The slope is steeper than the trend 
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211 of  that applies to the Atkinson (2015; A15) GMPE (at 5 Hz), and much steeper than the 7.1
hypoR

212 decay of  that is often assumed in ground-motion modeling.  We emphasize the steepness of 0.1
hypoR

213 the distance scaling by plotting a line of slope 1/R for reference, at an arbitrary amplitude level, 

214 on Figure 3.  The steep amplitude scaling with distance is apparent only at small-to-moderate 

215 magnitudes because for large magnitudes this effect is counteracted by an increasing near-

216 distance saturation effect (e.g. Yenier and Atkinson 2014).  The steep amplitude decay is an 

217 important factor in scaling of records for induced-seismicity hazard studies. This steep decay is 

218 common to the selected GMPEs shown on Figure 3.  We caution that many GMPEs assume a 

219 distance scaling of 1/R, or otherwise invoke a more pronounced near-distance saturation that 

220 may result in underestimation of expected near-distance ground motions, if the GMPE was 

221 developed from regression of data at distances beyond 10 km.  Note that values of PGA in the 

222 range from 10% to 40%g are not unusual for events of M 4 to 4.5 at distances within 10 km of 

223 the hypocenter.  The large variability of amplitudes is also noteworthy, although some of the 

224 variability comes from the range of unknown site conditions.

225

226 Organization of the time history database

227 The processed time histories are provided at the following URL location:  

228 http://www.seismotoolbox.ca/IS_Strong_Motions/ 

229 We also provide an overall index table of response spectra for all selected records, along with 

230 their key attributes, to aid in selection of records for further evaluation against a set of desired 

231 criteria. The individual time history files are compressed in a number of zip files, along with 
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232 associated PSAs for those records. Grouping a number of time histories and associated PSAs in 

233 zip files is done for easier access and download of the required files. The time history and PSA 

234 files have identical headers for the same record. Each PSA file contains two columns: frequency 

235 and corresponding PSA values. The body of time history files have seven columns: time, 

236 instrument-corrected time history values of acceleration, velocity, displacement, raw data count 

237 (uncorrected), Husid, and cumulative absolute values. The filenames follow a logical convention: 

238 each file name specifies the corresponding event date/time, recording station name, channel, and 

239 location code. For example “2010.10.11.13.33.40.ARK1.EHE.--.tra” carries time histories of an 

240 event on 2010/10/11 at 13:33:40 recorded at station ARK1 on component EHE. Note that the 

241 records are unscaled.  As described in the next section, they may require scaling to be suitable 

242 for specific purposes.

243

244 Some Suggestions for Scaling of Time Histories

245 It can be concluded from Figure 3 that the expected amplitudes of ground motion will depend 

246 strongly on hypocentral distance.  It should also be recognized that amplitudes will vary with 

247 magnitude and with site condition.  Moreover, some records will be stronger-than-average, while 

248 others will be weaker.  For these reasons, a common practice in using time histories for 

249 evaluation of the response of structures is to first scale them to approximately match a target 

250 spectrum having the desired amplitudes and spectral content.  In general, the target spectrum can 

251 be defined based on a probabilistic seismic hazard analysis, using either the uniform hazard 

252 spectrum or the conditional mean spectrum (e.g. Baker 2011).  This is the approach usually taken 

253 for site-specific analysis considering natural seismicity.  The same approach can be used to 
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254 define the target for induced-seismicity applications, but with some modifications.  For induced 

255 seismicity, the source zone to consider for the hazard includes specific oil and gas operations, or 

256 a collection of such operations.  The likelihood of induced events needs to be assessed, and 

257 considered within the context of the assigned magnitude recurrence parameters for the analysis.  

258 Whilst conceptually straightforward, the probabilistic assessment of the target spectrum is 

259 fraught with difficulty due to the very large uncertainties affecting the key rate parameters and 

260 the processes that control them.  Examples of use of the probabilistic approach to assign a target 

261 spectrum are provided by Atkinson et al. (2015b) and Atkinson (2017). 

262 Alternatively, the target spectrum is sometimes based on a postulated scenario of interest.  This 

263 approach is particularly applicable to induced-seismicity applications, in which we are especially 

264 interested in the effects of events at a close distance – and in which this distance may be known 

265 because it is tied to specific operations.  The use of a scenario is also sometimes used for 

266 preliminary evaluations due to its conceptual simplicity and transparency.  Atkinson (2017) used 

267 a combination of probabilistic analysis and the scenario approach to argue that hydraulic fracture 

268 operations should be kept a minimum distance of 5 km from critical infrastructure that might be 

269 vulnerable to strong ground motions from moderate events, such as older major dams built with 

270 minimal seismic resistance.  In that context, the target spectrum considered was based on a 

271 scenario event of M4.5 at Rhypo= 5km, which may have a likelihood of the order of 1/10,000 for 

272 operations in areas prone to induced seismicity.

273 To illustrate the use of the time histories, we use the scenario approach to define a target 

274 spectrum for the event considered by Atkinson (2017) - an earthquake of M4.5 at Rhypo= 5km.  

275 The target is defined as the median-plus-sigma spectrum predicted by the three GMPEs shown 

276 on Figure 3, for this magnitude and distance (where sigma is the standard deviation, assumed 
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277 here to be 0.3 units; see Atkinson and Assatourians 2017). We assume that only linear 10log

278 amplitude scaling is to be applied.  We note that it is also common practice to use spectral 

279 matching techniques to more close match a target spectrum (e.g. Hancock et al. 2006).  However, 

280 it is not clear that such procedures offer any real advantage, other than to make the records 

281 appear more similar to the target (Bazzurro and Luco 2006; NIST 2012). Therefore, we restrict 

282 our focus in this demonstration to linear amplitude scaling procedures.  

283 To find the records that best match the target spectra with only simple linear amplitude scaling 

284 being applied, we seek those records that have suitable spectral shape, without any dramatic site-

285 response peaks in the spectra that cause them to deviate significantly from the target shapes.  The 

286 actual site conditions are not known at most sites, so these shape checks are our best tool to 

287 select records with appropriate site characteristics.

288 To aid in identifying the most suitable records we determine, for each record, the mean value of 

289 (PSA(targ)/PSA(obs)), along with its standard deviation, over a selected frequency range, 10log

290 assumed here to be from 1 to 10 Hz. PSA(targ) is the target median-plus-sigma spectral values, 

291 and PSA(obs) are the corresponding values calculated from the instrument-corrected 

292 accelerograms.  The metric being used in this computation is the geometric mean of the two 

293 horizontal components of ground motion.

294 The value of (PSA(targ)/PSA(obs)), averaged over the selected frequencies, gives the scaling 

295 factor that needs to be applied to the records so that the geomean of the horizontal components 

296 will match the target. The same scaling factor is applied to vertical component motions. The 

297 standard deviation is a measure of how closely the shape of the record matches that of the target, 

298 over the selected frequency range.  We prioritize the records based on the signal quality and 
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299 existence of noise, necessary scaling factor, and misfit RMS respectively, then inspect the 

300 response spectra of the observations against the target graphically to select the subset of most 

301 suitable records.  Note that most records will require a significant scaling factor because they are 

302 at greater distances than the target distance.

303 Figure 4 shows a sample of 11 selected records based on these criteria and compares their 

304 geomean horizontal-component spectra to that of the target spectrum, after scaling. The selected 

305 records range in magnitude from M4.2 to M4.9, and in hypocentral distance from 6.4 km to 38.7 

306 km; because the hypocentral distances are greater than the target of 5 km, significant scaling is 

307 required.  Table 2 lists the attributes of the selected records and the applied scaling factors. The 

308 time histories of acceleration, velocity and displacement for two record sets along with their 

309 response spectra after scaling, are provided in Figures 5 to 12. Note that the accelerations are 

310 significant, while the displacements are small, even after scaling. 

311 Conclusion

312 We have compiled an electronic database of high-quality processed ground motions from 

313 induced earthquakes of M≥4 at distances <50 km in central and eastern North America.  The 

314 records are suitable for engineering analyses aimed at evaluation of the potential hazards from 

315 induced events, which is a pressing issue in western Canada and other regions experiencing 

316 induced seismicity.  The intended use is as seed records that can be scaled in the time domain to 

317 approximately represent induced-event target scenarios.  The records and their response spectra 

318 are provided as an electronic supplement at http://www.seismotoolbox.ca/IS_Strong_Motions/ .  

319
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401 Figures

402

403 Figure 1 – Geographical distribution of earthquakes and stations (and network names) in and 

404 around Oklahoma. These earthquakes and records are the main source of data used in this 

405 study.

406

407 Figure 2 – Selection of the processed database in magnitude, distance and amplitude; the two 

408 horizontal components are plotted. Left: PSA at 5 Hz for available records of M4-4.5 to 20 km, 

409 and M≥4.5 to 50 km.  Right: the subset selected for more detailed processing to produce 

410 engineering time histories. In the selected subset, poor records and weak signals have been 

411 removed (see text for details).

412  

413 Figure 3 – Observed horizontal-component ground motions (symbols) for induced events of 

414 M4.0 to 4.5 (converted to B/C) in Oklahoma (OK) and Alberta (AB), compared to Atkinson 

415 (2015) (A15 alternative-h model),  Yenier and Atkinson (2015) (YA15 CENA; assumed 

416 depth=4km) and Abrahamson et al. (2014) (ASK14, unspecified depth) GMPEs (lines).  ASK14 

417 and YA15 are plotted versus rupture distance; A15 and observations are plotted versus Rhypo. 

418 Heavy dashed line at bottom of each panel shows 1/R trendline, plotted at an arbitrary amplitude 

419 level. Note that only the stronger records in this magnitude range are included in the time 

420 history database – see Figure 2 for details.

421
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422

423 Figure 4 – Selected records scaled to the target median-plus-sigma spectrum for an event of 

424 M=4.5 at Rhypo=5km.  

425

426 Figure 5 – Scaled accelerograms of M4.4 event at 8.5km distance (event number 17) for 

427 matching the M4.5 scenario event at 5 km for each of the three components.

428

429 Figure 6 – Scaled velocity time series of M4.4 event at 8.5km distance (event number 17) for 

430 matching the M4.5 scenario event at 5 km for each of the three components.

431

432  Figure 7 – Scaled displacement time series of M4.4 event at 8.5km distance (event number 17) 

433 for matching the M4.5 scenario event at 5 km for each of the three components.

434

435 Figure 8 – Response spectra of M4.4 event at 8.5km distance (event number 17) in acceleration, 

436 velocity and displacement, after scaling the records to the M4.5 scenario event at 5 km.  HN1 

437 and HN2 are the two orthogonal horizontal components; HNZ is the vertical component.

438

439 Figure 9 – Scaled accelerograms of M4.9 event at 18.4km distance (event number 9) for 

440 matching the M4.5 scenario event at 5 km for each of the three components.
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441

442 Figure 10 – Scaled velocity time series of M4.9 event at 18.4km distance (event number 9) for 

443 matching the M4.5 scenario event at 5 km for each of the three components.

444

445 Figure 11- Scaled displacement time series of M4.9 event at 18.4km distance (event number 9) 

446 for matching the M4.5 scenario event at 5 km for each of the three components.

447

448 Figure 12 – Response spectra of M4.9 event at 18.4km distance (event number 9) in 

449 acceleration, velocity and displacement, after scaling the records to the M4.5 scenario event at 5 

450 km.  HN1 and HN2 are the two orthogonal horizontal components; HNZ is the vertical 

451 component.

452

453
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454 Tables

455 Table 1 – List of events for which records were analyzed 

No Date
Time 

[UTC]
Latitude 
[◦]

Longitude 
[◦]

Depth 
[km] M*

# of 
records Source

1 2011/02/28 05:00:51.51 35.269 -92.355 3.2 4.72 6 USGS
2 2011/11/06 03:53:11.11 35.522 -96.780 3.1 5.7 3 OK
3 2011/11/08 02:46:58.58 35.518 -96.786 2.5 4.8 3 OK
4 2013/12/07 18:10:24.24 35.607 -97.385 8.4 4.5 9 OK
5 2014/06/16 10:47:35.35 35.592 -97.399 5.0 4.3 6 OK
6 2014/06/18 10:53:02.2 35.593 -97.396 5.0 4.1 6 OK
7 2014/08/19 12:41:35.35 35.773 -97.468 4.9 4.4 3 OK
8 2014/10/02 18:01:24.24 37.245 -97.955 5.0 4.3 15 USGS
9 2014/11/12 21:40:00.0 37.271 -97.621 4.0 4.9 30 USGS
10 2015/04/08 20:52:00.0 35.818 -97.420 2.5 4.3 3 OK
11 2015/07/20 20:19:03.3 36.843 -98.257 4.1 4.4 6 OK
12 2015/07/27 18:12:15.15 35.989 -97.572 5.0 4.5 3 OK
13 2015/09/18 12:35:17.17 35.987 -96.795 0.2 4.1 6 OK
14 2015/09/25 01:16:37.37 35.987 -96.787 2.9 4.0 12 OK
15 2015/10/10 22:03:05.5 35.986 -96.803 3.3 4.4 15 OK
16 2015/11/19 07:42:12.12 36.661 -98.458 5.9 4.7 6 OK
17 2015/11/23 21:17:46.46 36.838 -98.275 5.0 4.4 6 OK
18 2015/11/30 09:49:13.13 36.761 -98.056 2.3 4.7 12 OK
19 2015/12/29 11:39:19.19 35.665 -97.405 6.5 4.3 3 OK
20 2016/01/01 11:39:39.39 35.669 -97.406 5.8 4.2 3 OK
21 2016/01/12 18:27:23.23 54.411 -117.290 5.0 4.21 6 NA15 
22 2016/02/13 17:07:07.7 36.483 -98.735 3.2 5.1 6 OK
23 2016/07/08 21:31:58.58 36.477 -98.739 7.3 4.2 24 OK
24 2016/07/09 02:04:27.27 36.465 -98.756 7.2 4.4 9 OK
25 2016/09/03 12:02:44.44 36.426 -96.929 5.6 5.8 3 USGS

456 * 1 is MNA15, calculated using the Novakovic and Atkinson (2015) magnitude formulation (M. 

457 Novakovic, 2016, pers. comm.); 2 is duration magnitude; all others are moment magnitude as 

458 given by Oklahoma Geological Survey (OK) or the U.S. Geological Survey (USGS). Note: 

459 negative longitudes used for western hemisphere.

460
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461 Table 2 – Characteristics of the Selected and Scaled Records:  M4.5 at Rhypo= 5km. (Rhypo in 

462 km; PGA, PGV, and PGD in cgs units; AI and CAV in m/s, and Duration (Dur) in seconds).

Event 
# M Sta Com

p

Rhyp

o
[km

]

PGA
[cm/s2]

PGV
[cm/s]

PGD
[cm]

AI
[m/s]

CAV
[m/s]

Dur
[sec.

]
Factor

4 4.
5 OK001 HNE 13.1 1.65E+0

2
6.02E+0

0 5.43E-01 2.21E-
01

4.55E+0
0 3.78 8.419

4 4.
5 OK001 HNN 13.1 4.91E+0

2
8.69E+0

0
1.05E+0

0
6.45E-

01
5.43E+0

0
1.05

5 8.419

4 4.
5 OK001 HNZ 13.1 9.74E+0

1
1.70E+0

0 1.27E-01 8.65E-
02

2.71E+0
0

3.15
5 8.419

8 4.
3

KAN1
2 HHE 8.6 2.31E+0

2
5.13E+0

0 2.97E-01 3.77E-
01

6.13E+0
0 2.62 4.487

8 4.
3

KAN1
2 HHN 8.6 3.40E+0

2
8.26E+0

0 8.50E-01 7.21E-
01

7.19E+0
0

2.28
5 4.487

8 4.
3

KAN1
2 HHZ 8.6 3.50E+0

2
6.81E+0

0 3.26E-01 4.44E-
01

4.72E+0
0

1.82
5 4.487

9 4.
9

KAN0
1 HNE 18.4 2.31E+0

2
7.86E+0

0 9.51E-01 2.65E-
01

4.56E+0
0

3.01
5 3.100

9 4.
9

KAN0
1 HNN 18.4 2.90E+0

2
1.07E+0

1 8.25E-01 3.48E-
01

4.98E+0
0

2.53
5 3.100

9 4.
9

KAN0
1 HNZ 18.4 1.01E+0

2
2.66E+0

0 3.17E-01 7.41E-
02

2.55E+0
0

3.93
5 3.100

11 4.
4 OK032 HN1 7.3 2.33E+0

2
1.05E+0

1 7.75E-01 1.67E-
01

2.24E+0
0 0.42 1.067

11 4.
4 OK032 HN2 7.3 1.85E+0

2
5.91E+0

0 2.72E-01 1.27E-
01

2.25E+0
0 0.67 1.067

11 4.
4 OK032 HNZ 7.3 1.19E+0

2
1.86E+0

0 1.27E-01 4.45E-
02

1.24E+0
0 1.23 1.067

16 4.
7 OK032 HH1 27.9 2.68E+0

2
4.41E+0

0 2.86E-01 6.41E-
01

1.07E+0
1

11.8
4 5.440

16 4.
7 OK032 HH2 27.9 6.79E+0

2
9.55E+0

0 5.58E-01 9.66E-
01

1.13E+0
1 6.68 5.440

16 4.
7 OK032 HHZ 27.9 1.07E+0

2
1.28E+0

0 9.85E-02 1.73E-
01

5.80E+0
0

15.2
1 5.440

17 4.
4 OK032 HN1 8.5 3.69E+0

2
9.92E+0

0 7.43E-01 4.13E-
01

4.28E+0
0 1.35 2.751

17 4.
4 OK032 HN2 8.5 2.40E+0

2
4.78E+0

0 3.60E-01 2.29E-
01

3.75E+0
0 1.49 2.751

17 4.
4 OK032 HNZ 8.5 1.37E+0

2
1.76E+0

0 2.03E-01 6.56E-
02

2.03E+0
0

1.93
5 2.751

18 4.
7 STN19 HH1 16.4 3.40E+0

2
5.68E+0

0 8.59E-01 3.96E-
01

4.08E+0
0 1.96 6.554

18 4.
7 STN19 HH2 16.4 2.27E+0

2
5.22E+0

0 5.77E-01 2.26E-
01

3.53E+0
0 1.92 6.554

18 4.
7 STN19 HHZ 16.4 2.21E+0

2
4.48E+0

0 5.27E-01 1.96E-
01

3.11E+0
0 1.52 6.554

18 4.
7 STN20 HH1 38.7 4.62E+0

2
8.99E+0

0 9.54E-01 3.31E-
01

4.60E+0
0 2.56 12.22

9

18 4.
7 STN20 HH2 38.7 2.68E+0

2
5.48E+0

0 6.90E-01 1.74E-
01

3.90E+0
0 4.24 12.22

9
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18 4.
7 STN20 HHZ 38.7 2.03E+0

2
3.04E+0

0 5.42E-01 1.01E-
01

2.84E+0
0 2.37 12.22

9

21 4.
2

WSK0
1 HH1 9.4 3.10E+0

2
7.28E+0

0 4.51E-01 1.54E-
01

2.21E+0
0 0.45 9.257

21 4.
2

WSK0
1 HH2 9.4 2.23E+0

2
9.69E+0

0 6.51E-01 1.29E-
01

2.05E+0
0 0.82 9.257

21 4.
2

WSK0
1 HHZ 9.4 8.02E+0

1
1.94E+0

0 1.99E-01 2.68E-
02

1.13E+0
0 2.07 9.257

24 4.
2 OK038 HN1 6.4 2.39E+0

2
8.32E+0

0 4.20E-01 2.03E-
01

3.43E+0
0 1.83 1.499

24 4.
2 OK038 HN2 6.4 2.58E+0

2
7.30E+0

0 3.22E-01 2.31E-
01

3.40E+0
0 1.47 1.499

24 4.
2 OK038 HNZ 6.4 2.91E+0

2
3.41E+0

0 6.29E-02 2.96E-
01

3.63E+0
0

1.48
5 1.499

24 4.
2 OK043 HN1 7.9 3.45E+0

2
1.35E+0

1 6.53E-01 3.78E-
01

3.34E+0
0 0.47 2.460

24 4.
2 OK043 HN2 7.9 3.09E+0

2
6.13E+0

0 1.92E-01 1.51E-
01

2.68E+0
0 0.97 2.460

24 4.
2 OK043 HNZ 7.9 1.95E+0

2
3.31E+0

0 1.46E-01 1.11E-
01

2.09E+0
0 1.18 2.460

463

464
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1 Appendix – Time Series Processing Procedures

2 The ICORRECT algorithm upon which the time series processing was based, and its validation, 

3 are described in Assatourians and Atkinson (2010).   The processing includes deglitching, 

4 detrending, windowing and initial filtering (4th order Butterworth with high-pass at 0.1 Hz), 

5 along with removal of the complex instrument response in the frequency domain.  Differentiation 

6 and integration of broadband seismometer signals is carried out by multiplying and dividing the 

7 instrument-corrected velocity spectrum by iω (ω is angular frequency in radians/sec and i is 

8 ) in the complex frequency domain, to obtain acceleration and displacement, respectively. 1

9 The processing produces an initial set of instrument-corrected acceleration, velocity and 

10 displacement records, having a useable frequency range from ~0.2 to 40 Hz.  The flowchart of 

11 this processing stage is shown in Figure A-1 (where the time histories in correct physical units 

12 are the result of the processing step shaded in grey and are input to the second (manual) stage of 

13 processing). 

14 In a second stage of processing, applied to the selected subset of records (Table 1), every 

15 component is inspected and processed manually, refining the filtering as necessary to supress the 

16 effects of low-frequency noise and any other artifacts of automatic processing from appearing in 

17 displacement time series.  The details of the secondary processing steps are illustrated in the 

18 flowchart of Figure A-2.  We visually inspected the acceleration, velocity and displacement 

19 traces produced by the initial processing.  If all traces were acceptable, no additional processing 

20 was performed, and a quality flag of 1 was assigned to these records (where quality=1 denotes a 

21 high-quality record over the entire frequency range from 0.2 to 40 Hz, as determined by visual 

22 inspection of all traces). If we noted that some of the velocity or raw records were clipped (due 
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23 to limited dynamic range of the broadband instruments), we assessed the relative degree of 

24 clipping.  The processed time series were assigned a quality flag of 5 if there is very minor 

25 clipping (e.g. clipping of a few points only, not appearing to significantly cut signal amplitudes) 

26 that would have minimal impact on the response spectra.  A quality flag of 6 was assigned to 

27 strongly-clipped traces, which are judged to be useless as engineering time histories.  

28 If the displacement records showed unrealistic pre-event artifacts such as ringings or bumps, 

29 which can result from the application of zero-phase bandpass filtering in automatic processing, 

30 then additional (zero-phase) bandpass filters with narrower pass bands were applied to the 

31 filtered data, and all motions were re-checked visually in both the time and frequency domains. 

32 Such artifacts can be problematic particularly for doubly-integrated accelerograms from 

33 relatively low magnitude earthquakes, which have weak signal at longer periods. In cases where 

34 this additional filtering repaired the artifacts to a negligible level, further processing was not 

35 performed, and time series were assigned the quality flag of 2 (good quality record, but over a 

36 more restrictive bandpass than the initial range of 0.2 to 40 Hz).  

37 For records for which more restrictive band pass filtering did not reduce pre-event signal 

38 processing artifacts in the displacement records to negligible levels, the velocity records were 

39 windowed in three segments, which often resulted in improved signal recovery.  The three 

40 segments are: 1- from the record start to the beginning of the signal window; 2- the main signal 

41 window; and 3- from the end of the main signal window to the end of record. The main signal 

42 window starts with the arrival of the P-wave and includes the entire strong part of the waveform; 

43 its selection is done by visual inspection of the velocity time series after application of bandpass 

44 filters and amplitude scaling, to allow for better visualization of the most significant part of the 

45 record. In such cases, the first segment (pre-event) was high-pass filtered with a corner frequency 
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46 of 10Hz while the other two segments were baseline and trend corrected. Differentiation and 

47 integration for calculating acceleration and displacement time series for such records is carried 

48 out in the time domain using the entire time series. The signal portions are already filtered and 

49 detrended, so any residual trends after rejoining the segments are marginal and have little effect.  

50 Thus no additional filtering or tapering need be applied before merging sub-windows. Finally, it 

51 is confirmed visually that there are no unrealistic artifacts appearing in the Fourier or response 

52 spectra or time series of signals after going through this process. This process was generally 

53 successful in removing pre-event artifacts on displacement records, while having minimal impact 

54 on either Fourier or response spectra (except for some minor changes at very low frequencies, 

55 below the bandwidth of interest). The records processed by this multi-window processing 

56 approach are assigned a quality flag of 3.  

57 As an additional check on our processed record amplitudes, we compared our automatically-

58 processed response spectra for Oklahoma to records in common from a similar database compiled 

59 by the U.S. Geological Survey (Morgan Moschetti, personal communication 2017);  their 

60 processing was based on the routines used by PEER (Pacific Earthquake Engineering Research 

61 Center) for the NGA (Next Generation Attenuation) projects (Ancheta et al. 2014).  The values are 

62 not completely comparable because the USGS tabulated the orientation-independent horizontal 

63 measures, RotD50 and RotD100 (Boore 2010), whilst we have tabulated the as-recorded 

64 component measures (east component, north component).  There are also other more minor 

65 differences such as the selected window for processing, and the filter parameter procedures.  

66 Nevertheless,  our values of the geometric mean of the two horizontal components should be 

67 similar to the USGS values of RotD50 in most cases (e.g. see Boore and Kishida 2017).  This 

68 expectation was realized, over a comparison of 56 records in common to the two databases.  The 
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69 average difference between our computed geomeans and the USGS values of RotD50 (for records 

70 in common to the two databases) was 5% to 10% over most frequencies.  This is slightly larger 

71 than the difference found by Boore and Kishida (2017) between the geomean and RotD50 for the 

72 NGA-West2 database (2% to 8%), but acceptable given the small size of the sample and the 

73 automated processing procedures employed.

74

75

76 Appendix Figures

77 Figure A1 – Flowchart of signal processing steps in first (automatic) stage by program 

78 Qcorrect. Outputs from the step shaded in grey are time histories in correct units.

79

80 Figure A-2 – Flowchart of manual signal processing steps, illustrating assigned quality flags. 

81 The flags are an ordinal representation of the quality of final products with 1 being the highest 

82 quality and 6 being useless. Quality 1 signals don’t need manual processing; Quality 2 signals 

83 are further bandpass filtered; Quality 3 signals are band pass filtered and multi-window 

84 processed; Quality 4 is reserved for weaker signals, not appearing in this study; Quality 5 

85 signals carry minor clipping; Quality 6 signals are damaged and/or useless.

86
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