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ABSTRACT 
The observed increase in seismicity in Texas, Oklahoma, and Kansas during the last 10 years has made the evaluation of 
the seismic hazard in these States increasingly pertinent. Such evaluation requires the development of ground motion 
prediction equations (GMPEs) that are tuned to the characteristics of the observed, and potentially induced, seismicity. 
Accordingly, we use 4,815 ground motions recorded during M>3.0 events in Texas, Oklahoma, and Kansas, to develop a 
GMPE for this region.  The GMPE updates the Hassani and Atkinson (2015) Central and Eastern United States (CEUS) 
GMPE based on identified differences between the regional ground motion observations and the predictions by the 
reference CEUS GMPE. The developed model includes site effects based on updated VS30 values derived from the P-
wave seismogram method (Zalachoris et al., 2017) or regional geologic-slope proxies (Parker et al. 2017). The predicted 
response spectral accelerations at short distances (R ≤ 20 km) for Texas, Oklahoma, and Kansas can be up to 2 times 
larger than those predicted by the reference GMPE. The VS30 scaling for the newly developed model predicts less 
amplification at VS30 < 200 m/s than the reference GMPE, about 50% less at T < 0.3 s and about 70% less at T = 1.0 s. 
This effect is likely due to the generally thinner sediments in the study area.  Finally, for M>4.5 events and T<0.5 s, the 
new model predicts spectral accelerations about 50% smaller than those predicted by the reference GMPE, possibly due 
to lower stress drops associated with the potentially induced seismicity in Texas, Oklahoma, and Kansas. 
 
 
 
1 INTRODUCTION 
 

Throughout the last decades there has been an 
increasing need for reliable estimates of ground motions 
that may be produced by future earthquakes. Such 
prediction requires a detailed and accurate models of 
earthquake source, attenuation, and site amplification 
characteristics. The increasing number of recorded 
observations from past events provide an empirical basis 
to constrain the model parameters for ground motion 
prediction. Taking advantage of the observational data, 
numerous statistical models have been developed that 
predict the probability distributions of observed ground 
motion parameters. These statistical models are generally 
referred to as Ground Motion Prediction Equations 
(GMPEs) or Ground Motion Models (GMMs). 

Typically, GMPEs are based on regression analysis 
that fit a predefined functional form to data from recorded 
earthquake motions. The result is a relationship that 
predicts a ground motion Intensity Measure (IM) as a 
function of a set of variables describing the earthquake 
source, the wave propagation path, and local site 
conditions (Douglas, 2003). In the past decades, hundreds 
of GMPEs have been developed (Douglas, 2016) for 
application in various tectonic regions (i.e., shallow crustal, 
subduction zones, stable continental). The selection of the 
most appropriate GMPE for a certain application is one of 
the most crucial decisions for a successful seismic hazard 
analysis. One of the most systematic approaches in the 
development of GMPEs for a certain region has been 
developed by the Next Generation Attenuation (NGA) 
projects organized by the Pacific Earthquake Engineering 
Research (PEER) Center at the University of California at 
Berkeley. Within the framework of NGA, GMPEs were first 
developed for shallow crustal events (e.g., California) in the 

Western United States (WUS) through the NGA-West and 
NGA-West2 projects (http://peer.berkeley.edu/ngawest/) 
and subsequently for earthquakes in stable continental 
regions (NGA-East, http://peer.berkeley.edu/ngaeast/) and 
subduction zones (NGA-Subduction). 

It is generally acknowledged that between 1980 and 
2010 the seismicity rates in the Central and Eastern United 
States (CEUS) was relatively stable. Nonetheless, recent 
rates in some areas (i.e., North Texas/Oklahoma/South 
Kansas) have increased by more than an order of 
magnitude (Petersen et al., 2016). This increased 
seismicity rate has been associated with and possibly 
“induced” by human activities, such as fluid injection or 
extraction (Hough, 2014). These potentially induced 
earthquakes nucleate as a result of increased pore 
pressure due to processes such as waste water injection 
and release stored tectonic stress along an adjacent fault 
(Hough, 2014). Due to their nature, the induced events are 
likely to be of smaller magnitude and at shallower focal 
depth than natural earthquakes. The focal depths of 
potentially induced events lie generally within the upper 5 
km of the crust, thus, making the seismic wave propagation 
more dependent on the heterogeneous properties of the 
uppermost crustal layers (Bommer et al., 2016). Therefore, 
GMPEs developed for application in regions with 
predominantly potentially induced events should provide 
robust predictions for small, shallow earthquakes at close 
source-to-site distances (Douglas et al., 2013). These 
characteristics of induced seismicity often make the 
development of application-specific GMPEs a necessity, 
or, at least, require the development of application-specific 
adjustment factors for a host region GMPE. 

Accordingly, in this study, ground motion recordings at 
seismic stations in Texas, Oklahoma, and Kansas, are 
used to develop a new GMPE for small-to-moderate 



 

 

earthquake events particularly tuned to the characteristics 
of the observed, and potentially induced, seismicity in 
these States. Given that the recordings in Texas, 
Oklahoma, and Kansas are too sparse within the 
magnitude-distance range of engineering interest to allow 
direct development of GMPEs by empirical regression 
techniques, and acknowledging the generic similarities in 
anelastic attenuation and geometrical spreading 
characteristics - at least in regional distances - between 
potentially induced events and natural seismicity (Atkinson, 
2015), a new model was developed by modifying a CEUS 
GMPE using regional observations of shaking. Here, the 
Hassani and Atkinson (2015) model, which was developed 
as part of the NGA-East project (PEER, 2015), was 
selected as the reference CEUS GMPE. Any of the NGA-
East models could have functioned as a reference model 
with relatively similar results. The Hassani and Atkinson 
(2015) GMPE is particularly convenient because it was, in 
itself, developed by updating a WUS GMPE (Boore et al., 
2014), using empirical observations in the CEUS. Thus, the 
approach adopted here aims to take advantage of the 
knowledge accumulated based on recorded ground motion 
amplitude data from both the WUS and CEUS regarding 
important but complex source and distance scaling effects. 
 
 
2 GROUND MOTION DATABASE FOR TEXAS, 

OKLAHOMA AND KANSAS 
 
Currently, there is not a complete, consistently processed 
and widely utilized ground motion database for potentially 
induced earthquakes in Texas, Oklahoma, and Kansas. 
Therefore, following the general event selection and signal 
processing framework adopted by the NGA-East project 
(Goulet et al., 2014), recordings at seismic station locations 
in Texas, Oklahoma, and Kansas were used to develop a 
database of ground motion intensity measures (peak 
ground acceleration (PGA), peak ground velocity (PGV), 
and response spectra (5% damped pseudo-acceleration, 
PSA) at spectral periods from 0.01 s to 10 s) for horizontal 
components of ground motions. 

To obtain a substantial number of earthquake ground 
motions, a catalog of earthquake events with epicenters 
located in Texas, Oklahoma, and Kansas was created. For 
that purpose, the comprehensive database of the 
Incorporated Research Institutions for Research, IRIS 
(https://www.iris.edu/hq/) was utilized. Accordingly, 398 
earthquake events occurring after January 2005, with 
magnitudes greater than 3.0 and at least 3 ground motion 
recordings, were selected. The locations and magnitudes 
of the selected earthquakes are illustrated in Figure 1a. 
The moment magnitudes (MW) of the selected earthquakes 
were either known through IRIS, or computed using 1-Hz 
PSA amplitudes of the vertical component of the ground 
motion records (Atkinson and Mahani, 2013; Atkinson et 
al., 2014). Figure 1b shows the locations of the seismic 
stations in Texas, Oklahoma and Kansas, which recorded 
ground motion data during the events depicted in Figure 
1a. Due to the substantially different geologic 
characteristics of the Gulf Coast Plain, and the associated 
difference in site amplification, the ground motion data 

recorded at seismic stations located within the Gulf Coast 
Plain (Figure 1b) are not considered in this study.  

Accordingly, ground motion data recorded at the 
considered stations (Figure 1b) were retrieved using tools 
available via IRIS (i.e., Standing Order for Data -SOD, 
https://ds.iris.edu/ds/nodes/dmc/software/downloads/sod/)
. The collected data and associated metadata were quality 
assured and reviewed several times. All collected time 
series were processed in a unified manner. The recordings 
were instrument corrected and the mean was removed. 
The records were examined for obvious irregularities (i.e., 
clipping, distortion, apparent high noise) on an individual 
basis. Then, 5% cosine tapering, acausal Butterworth 
filtering, and baseline correction were applied. The high-
pass and low-pass filter frequencies were determined 
based on a Signal-to-Noise Ratio (SNR) threshold of 3. Any 
records with SNR values consistently less than 3 within the 
examined bandwidth were rejected. Overall, the developed 
ground motion database of this study consists of 4,815 3-
component ground motion records from 223 seismic 
stations. Finally, rotation-angle-independent ground 
motion intensity measures (RotD50) (Boore, 2010) were 
computed for 429 spectral periods, as per the NGA-East 
database (Goulet et al., 2014).  

To quantify site amplification most GMPEs use the 
time-averaged shear wave velocity of the upper 30 m (i.e., 
VS30) as a measure of the physical properties of the near-
surface geologic conditions. Due to the lack of existing in-
situ measurements of shear wave velocity profiles in 
Texas, Oklahoma, and Kansas, reliable proxy estimates of 
VS30 values in these States are necessary. As part of the 
NGA-East project, VS30 estimates at sites throughout 
CEUS were developed using a hybrid slope-geology proxy 
method (Parker et al., 2017). These proxy-based estimates 
for the stations in Figure 1b were assigned directly from the 
statistical proxies based on the local geology and slope, 
and did not involve any physics-based derivation. An 
alternative approach is the P-wave seismogram method (Ni 
and Somerville 2014; Kim et al., 2016), which uses 
recordings from seismic stations and theoretical wave 
propagation considerations to estimate VS30. Zalachoris et 
al. (2017) used the P-wave seismogram method to 
estimate VS30 at numerous seismic station locations in 
Texas, Oklahoma, and Kansas. In this study, the VS30 
values as estimated by Zalachoris et al. (2017) were used, 
with the exception of seismic station locations where P-
wave seismogram VS30 estimates were not available. At 
these stations, the hybrid slope-geology proxy VS30 values, 
as defined by Parker et al. (2017), were utilized.  

Figure 2a illustrates the moment magnitude (MW)-
hypocentral distance (Rhyp) coverage of the developed 
ground motion database. Data from events with 
magnitudes between MW = 3 and MW = 5.8, and distances 
Rhyp = 4 – 500 km are included. In particular, the database 
has approximately 880 records with Rhyp < 50 km (Figure 
2a). Moreover, Figure 2b shows the distribution of the 
considered seismic stations based on their National 
Earthquake Hazards Reduction Program (NEHRP) site 
classification. It is estimated that 98 of the considered 
seismic stations are located on “rock” site conditions, 
defined as locations with VS30 greater than 760 m/s (site 
class A and B, Figure 2b).



 

 

 
Figure 1. Map of the states of Texas, Oklahoma, and Kansas showing: a) locations of earthquake epicenters of the selected 
events, b) locations of seismic stations considered in this study 
 
 
3 GMPE DEVELOPMENT METHOD 
 
In this study, a GMPE tuned to the seismicity in Texas, 
Oklahoma, and Kansas was developed, by applying 
adjustment factors to a CEUS GMPE. Specifically, the 
NGA-East model developed by Hassani and Atkinson 
(2015) was updated using the regional ground motion 
database described above. The Hassani and Atkinson 
(2015) GMPE is a reference empirical model; that is, the 
developers used ground motion data from CEUS to adjust 
a well-calibrated empirical WUS GMPE (Boore et al., 

2014). In this manner, both region-specific empirical 
ground-motion data, and experience regarding attenuation 
characteristics from CEUS and source parameters from 
WUS, are used to develop a reference empirical GMPE for 
small-to-moderate earthquakes in Texas, Oklahoma, and 
Kansas. 

To establish the aforementioned adjustment factors, 
residuals, defined as the difference (in natural-log units) 
between the regional observed RotD50 ground motion 
intensity measures (IMs) and the corresponding predicted 
IMs by the Hassani and Atkinson (2015) model, are com- 

 

 
Figure 2. Ground motion database utilized in this study: a) Moment Magnitude (MW) – Hypocentral Distance (Rhyp) 
distribution, and b) number of stations per NEHRP site classification 
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puted. Input parameters for the Hassani and Atkinson 
(2015) model are the earthquake magnitude, MW, the 
epicentral distance, Repi, the site parameter, VS30, and the 
source mechanism (assumed as unspecified). To account 
for site conditions different than the reference site (i.e., VS30 
= 760 m/s), the reference CEUS GMPE utilizes the Boore 
et al. (2014) site amplification model, which was developed 
based on WUS data. 

The residuals, lni,j, are computed for each recording, 
j, and event, i, as a function of spectral period (), as: 
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where IMobs is the regional observed ground motion 
intensity measure, and IMpred is the corresponding 
predicted value by the Hassani and Atkinson (2015) CEUS 
GMPE. Subsequently, a mixed effects regression 
(Abrahamson and Youngs,1992) of the computed 

residuals (ln), is performed to separate intra-event (i,j) 
and inter-event (i) residuals. Accordingly, any regional 
variations in attenuation parameters, site effects, and 
magnitude scaling, are identified by plotting the intra-event 
residuals against attenuation and site parameters such as 
Rhyp, and VS30, and inter-event residuals against event 
parameters such as MW. 

Figure 3 shows the intra-event residuals (i,j) as a 
function of hypocentral distance, at four spectral periods 
(PGA, T=0.05 s, T=0.2 s, and T=1.0 s). The computed 
values are separated based on three magnitude bins. 
Mean and 90% confidence interval values are depicted. 
Based on Figure 3, it can be readily seen that the reference 
CEUS GMPE accurately predicts the attenuation of the 
observed IMs with distance at approximately Rhyp > 20 km; 
indicating that the overall anelastic attenuation and 
geometrical spreading characteristics at regional and large 
distances are similar between the potentially induced 
events of Texas, Oklahoma, and Kansas, and the natural 
seismicity of the CEUS. Nonetheless, at Rhyp < 20 km, a 

 
 

 
Figure 3. Intra event residuals (εi,j) at four spectral periods (PGA, T = 0.05 s, T = 0.2 s, and T = 1.0 s) versus hypocentral 
distance (Rhyp). Data are separated based on three magnitude bins. Mean and 90% confidence interval values are depicted 
for 8 log-spaced distance bins 



 

 

general underprediction of the recordings is identified. The 
underestimation is more prominent at smaller spectral 
periods (i.e, T=0.05 s), with positive residuals of up to 0.7 
(i.e., the observed IMs are ~2 times larger than the 
predicted values). This underestimation can possibly be 
attributed to the generally shallower focal depths of the 
events in Texas, Oklahoma, and Kansas with respect to the 
naturally seismicity in CEUS. 

When plotted against the site effects parameter (VS30) 
(Figure 4), the intra-event residuals (i,j) show an obvious 
trend towards strongly negative residuals (i.e., over-
prediction) at VS30 values smaller than about 500 m/s. 
Indeed, for very soft sites (VS30<200 m/s), the recordings 
indicate IMs approximately 50% smaller than the CEUS 
GMPE at short spectral periods (i.e, T<0.3 s), while the 
data are almost 70% smaller than the CEUS GMPE at 
longer periods (i.e, T=1.0 s) (Figure 4). The identified 
inability of the reference CEUS model to accurately predict 
the response at soft sites in Texas, Oklahoma, and 
Kansas, is due to the fact that it utilizes a WUS site 
amplification model (Boore et al., 2014). As discussed in 

Zalachoris et al. (2017), in Texas, Oklahoma, and Kansas 
the depth to “reference” rock (i.e, VS30>760 m/s) at sites 
with low VS30 tends to be small. Contrary, the WUS is 
typically characterized by deeper sediments, which results 
in larger amplification of the ground motion amplitudes, 
particularly at longer periods.  It should be noted that the 
data in Figure 4 have been binned based on four levels of 
Peak Ground Acceleration (PGA), as computed at a 
reference condition of VS30=760 m/s (PGArock). Since the 
vast majority of the computed residuals correspond to 
values of PGArock<0.05 g, the observed difference in the 
VS30 scaling between the observations and the site 
amplification model used by the Hassani and Atkinson 
(2015) GMPE represents only the linear-elastic part of site 
amplification. 

Finally, to investigate any difference in the magnitude 
scaling between the CEUS GMPE and the observations 
from the observed seismicity in Texas, Oklahoma, and 
Kansas, the inter-event residuals (i) are plotted against 
the moment magnitude (MW) of each event (Figure 5).  

 
 

 
Figure 4. Intra event residuals (εi,j) at four spectral periods (PGA, T = 0.05 s, T = 0.2 s, and T = 1.0 s) versus VS30. Data 
are separated based on four PGArock bins. Mean and 90% confidence interval values are depicted for 6 log-spaced VS30 
bins



 

 

 
Figure 5. Inter event residuals (i) at four spectral periods (PGA, T = 0.05 s, T = 0.2 s, and T = 1.0 s) versus MW. Mean 
and 90% confidence interval values are depicted for 5 magnitude bins 
 
 
From Figure 5, a strong magnitude dependence of the 
computed residuals, is observed. The effect seems to be 
more prominent at T<0.5 s.  The computed residuals are 
close to zero for MW~3.5 and slightly positive for smaller 
magnitudes. These underpredictions are possibly due to a 
distance censoring effect (Abrahamson et al., 2014). At 
these small magnitudes, the ground motions, particularly at 
large distances, are fairly weak and often below the noise 
threshold for a wide period range. Therefore, the records 
that are included in the database are only the ones with 
“exceptionally high” amplitude and SNR values for the 
given magnitude and distance. This effect is particularly 
valid for the database of the present study because during 
its development the records having SNR<3 persistently 
across the bandwidth were rejected, effectively biasing the 
dataset at MW<3.5.  Figure 5 also shows that for larger 
magnitudes (i.e., MW>4.5) the inter-event residuals (i) 
become strongly negative (i.e., the Hassani and Atkinson 
(2015) model over-predicts the observations by 
approximately 50%), particularly at T<0.5 s. Even though 
the database for MW>4.5 is somewhat sparse, leading to 
some uncertainty in the magnitude trends, the magnitude 
dependence of the inter-event residuals, particularly at low 

periods, may be explained by differences in stress drop 
and/or other source parameters (i.e., mechanism). Indeed, 
several researchers (e.g., Hough, 2014) have suggested 
that potentially induced earthquakes may be associated 
with lower stress drop values than natural earthquakes, 
possibly leading to weaker ground motions at regional and 
large distances. 

Once the existing trends in the residuals between the 
regional observations and the CEUS predictions are 
identified, adjustment factors to account for the differences 
in regional distance, VS30, and magnitude scaling, are 
developed. An overall adjustment factor (F), using each 
recording, j, and event, i, is computed as: 
 
 

jiiMSR CFFFF ,ln       [2] 

 
 
where, FR is the adjustment factor to account for the 
difference in the near source distance scaling (Figure 3), 
FS adjusts the site amplification model (Figure 4), FM 
accounts for the regional variation in magnitude scaling 
(Figure 5), and C is a factor to adjust the overall level of the 



 

 

Hassani and Atkinson GMPE (2015) for any residual 
effects from source and path variations between regions 
and/or events. Finally, i is the inter-event term for event, i, 
and i,j is the intra-event residual for recording, j, and event, 
i. Inter-event terms are assumed to be normally distributed 
with zero mean and standard deviation of , and intra-event 
residuals are assumed to be normally distributed with zero 
mean and standard deviation . The total standard 
deviation, , is computed as: 
 
 

22          [3] 

 
 

The distance scaling term FR is defined as the hinged 
function: 
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where Rb is the transition distance beyond which the 
Hassani and Atkinson (2015) model accurately predicts the 
attenuation of the observed IMs with distance,  is a model 
coefficient, and R is an effective point-source distance 
which includes an effective depth parameter (heff), as 
defined in Atkinson (2015): 
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The use of an effective distance measure forces the 
attenuation function to saturate at near-source distances, 
thus avoiding unrealistic ground motion amplitudes 
particularly at distances below the minimum Rhyp 
considered (i.e., Rhyp<4 km). 

The site effects scaling factor FS, is defined as a 
function of VS30, as: 
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where Vc is the limiting velocity above which the site 
amplification in the study area can be accurately predicted 
by the Boore et al. (2014) site amplification model, and c is 
a model coefficient. 

The FM term is defined as a function of magnitude, M, 
using a linear function, as: 
 

 
MbbFM  10       [8] 

 
 
where b0 and b1 are model coefficients. 

Table 1 presents the computed model coefficients and 
standard deviations for Peak Ground Acceleration (PGA), 
Peak Ground Velocity (PGV), and selected spectral 
periods between 0.05 s and 10 s. The adjusted ground 
motion predictions, applicable for small-to-moderate 
earthquake events in Texas, Oklahoma, and Kansas (IMTx-

Ok-Ks), can, thus, be obtained as: 
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where F is given by equations 2-8 and IMHA15 is the ground 
motion parameter value from the Hassani and Atkinson 
(2015) CEUS GMPE. 

Figures 6 and 7 illustrate comparisons between the 
observed data in Texas, Oklahoma, and Kansas, and the 
predictive relationship developed in this study. The 
Hassani and Atkinson (2015) reference CEUS GMPE is 
also shown. The observed data have been corrected to a 
reference site condition of VS30=760 m/s using the revised 
VS30 scaling developed in this study. For events with 
3.5<MW<4.0 (Figure 6), the developed model matches the 
observations at all distances and spectral periods, as 
expected. For T<0.2 s, the Hassani and Atkinson (2015) 
GMPE under-predicts the ground motion amplitudes at 
hypocentral distances less than about 20km due to the 
shallower depths of the potentially induced events of the 
study area. For T>0.2 s, the Hassani and Atkinson (2015) 
GMPE underpredicts the observations by the same level at 
all distances, indicating differences in source and path 
characteristics in the study region not captured by the 
distance, site amplification, and magnitude scaling of 
Hassani and Atkinson (2015). Similar observations can be 
made from the data from MW>5.0 earthquakes (Figure 7). 
The adjusted model fits the observations, while the 
Hassani and Atkinson (2015) model over-predicts the 
response at periods less than 0.2 s, possibly due to lower 
stress drops associated with the potentially induced events 
in Texas, Oklahoma, and Kansas. At longer periods (i.e, 
T>0.2 s), once again, the Hassani and Atkinson (2015) 
GMPE underpredicts the observations by the same level at 
all distances, due to residual source and path variations. 
 
 
4 CONCLUSIONS 
 
In this study, seismic station recordings are used to modify 
the Hassani and Atkinson (2015) CEUS GMPE to the 
observed, potentially induced, seismicity of Texas, 
Oklahoma, and Kansas. A ground motion database was 
developed; the database includes 4,815 recordings from 
398 events and 223 seismic station locations. The ground 
motion data cover a magnitude range of 3.0≤MW<5.8, and 
a distance range of 4 km≤Rhyp<500 km. 



 

 

Table 1. Model Coefficients and Standard Deviations (in natural-log units) 

Period 
(sec) 

α Rb b0 b1 c Vc C τ φ σ 

PGA -0.7385 16.75 1.1925 -0.3327 0.5893 536.67 -0.231 0.32 0.57 0.65 
PGV -0.6418 14.04 1.2555 -0.3503 0.7945 506.46 0.193 0.28 0.54 0.61 
0.05 -0.8177 18.11 1.1049 -0.3083 0.2304 664.40 -0.253 0.35 0.60 0.70 
0.065 -0.7226 18.65 1.1400 -0.3181 0.4290 560.50 -0.164 0.35 0.60 0.70 
0.08 -0.6056 19.85 1.1394 -0.3179 0.4180 601.16 -0.053 0.35 0.61 0.70 
0.1 -0.4871 20.81 1.2104 -0.3377 0.4730 588.62 0.112 0.34 0.61 0.70 

0.15 -0.4860 19.34 1.2711 -0.3546 0.5280 548.51 0.205 0.33 0.61 0.69 
0.2 -0.4985 18.11 1.2774 -0.3564 0.5377 536.37 0.249 0.32 0.61 0.69 
0.3 -0.5485 15.08 1.2340 -0.3443 0.6021 519.04 0.327 0.30 0.60 0.67 
0.4 -0.6184 12.50 1.1303 -0.3154 0.7413 511.31 0.380 0.28 0.58 0.65 
0.5 -0.6901 10.84 1.0164 -0.2836 0.8916 507.39 0.426 0.27 0.56 0.62 

0.65 -0.7629 9.78 0.8642 -0.2411 0.9594 522.73 0.473 0.26 0.53 0.59 
0.8 -0.8168 9.18 0.6881 -0.1920 0.9760 531.01 0.499 0.25 0.51 0.57 
1 -0.6941 9.55 0.4406 -0.1229 1.0214 535.79 0.517 0.27 0.49 0.56 

1.5 -0.6390 9.80 0.3296 -0.0920 1.0323 536.18 0.513 0.28 0.48 0.56 
2 -0.6076 9.95 0.2062 -0.0576 1.0367 536.53 0.499 0.29 0.48 0.56 

2.5 -0.5958 9.98 0.0766 -0.0214 1.0367 535.26 0.482 0.31 0.47 0.56 
3 -0.6164 9.89 -0.0369 0.0102 1.0312 532.77 0.462 0.32 0.47 0.57 

3.5 -0.6662 9.76 -0.1087 0.0302 1.0173 530.19 0.442 0.32 0.47 0.57 
4 -0.7393 9.63 -0.1275 0.0355 0.9936 528.23 0.422 0.32 0.47 0.57 
5 -0.8600 9.84 -0.0053 0.0017 0.9268 525.30 0.395 0.30 0.48 0.56 
6 -0.8939 10.57 0.2564 -0.0703 0.8464 524.80 0.382 0.27 0.48 0.55 

7.5 -0.8505 11.39 0.7081 -0.1928 0.7591 516.05 0.381 0.24 0.47 0.53 
10 -0.8082 11.43 1.3348 -0.3589 0.6949 475.02 0.389 0.22 0.49 0.54 

 
 

  
Figure 6. Comparison of the observed data for 3.5<MW<4.0 with the CEUS Hassani and Atkinson (2015) GMPE and the 
adjusted model, for reference site conditions (VS30=760 m/s) 
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Figure 7. Comparison of the observed data for MW>5.0 with the CEUS Hassani and Atkinson (2015) GMPE and the 
adjusted model, for reference site conditions (VS30=760 m/s) 
 
 

Using the developed database, as well as VS30 
estimates from Zalachoris et al. (2017) and Parker et al. 
(2017), residuals (in natural-log units) between the 
observations and the predictions by the reference CEUS 
GMPE, were computed. These residuals were used to 
identify trends in the data with respect to distance, VS30, 
and magnitude. The Hassani and Atkinson (2015) 
reference GMPE underpredicts by a factor of 2 the ground 
motion at small Rhyp values (i.e., Rhyp<20 km) due to the 
relatively shallower depths of the potentially induced 
events. Moreover, the site amplification model (Boore et 
al., 2014) utilized by the reference Hassani and Atkinson 
(2015) GMPE overestimates the site amplification at softer 
sites (i.e., VS30<500 m/s); here the observed motions are 
50-70% smaller than the Hassani and Atkinson (2015) 
predictions. Finally, the Hassani and Atkinson (2015) 
GMPE substantially overpredicts the ground motion 
amplitudes at MW>4.5 and T<0.5 s, possibly due to 
variations in stress drop between the potentially induced 
events and natural earthquakes. Based on these remarks, 
adjustment factors are developed to account for the 
observed differences in near-source distance scaling, site 
amplification, and magnitude scaling. The adjusted model 
was compared with the observed data and the Hassani and 
Atkinson (2015) CEUS GMPE, and shown to provide better 
predictions of the recorded motions in the study area. 
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