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1. Introduction
An earthquake seismogram is a combination of source, path, and site effects. In the frequency domain, the earth-
quake displacement spectrum u(f) can be expressed by (Boore, 2003):

𝑢𝑢(𝑓𝑓 ) = 𝑒𝑒(𝑓𝑓 )𝑝𝑝(𝑓𝑓 )𝑠𝑠(𝑓𝑓 ), (1)

where f is the frequency, e(f) is the source spectrum, p(f) is the influence of the wave path, and s(f) represents 
the site effect caused by near surface heterogeneity. The site effect s(f) has been of great interest for earthquake 

Abstract We investigate the effects of site response on source parameter estimates using earthquakes 
recorded by the LArge-n Seismic Survey in Oklahoma (LASSO). While it is well known that near-surface 
unconsolidated sediments can cause an apparent breakdown of earthquake self-similarity, the influence of 
laterally varying site conditions remains unclear. We analyze site conditions across the 1825-station array on 
a river plain within an area of 40 km by 23 km using vertical ground motions from 14 regional earthquakes. 
While the source radiation pattern controls P-wave ground motions below 8 Hz, the surface geology correlates 
with P-wave ground motions above 8 Hz and S-wave ground motions at 2–21 Hz. Stations installed in alluvial 
sediments have vertical ground motions that can exceed three times the array median. We use the variation 
of ground motion of regional earthquakes across the array as a proxy for site effects. The corner frequencies 
and stress drops of local earthquakes (ML = 0.01–3) estimated using a standard single-spectra approach show 
negative correlations with the site-effect proxy, while the seismic moments show positive correlations. In 
contrast, the spectral-ratio approach effectively shows no correlation. The overall bias is small as expected for 
this relatively homogeneous structure; accurate estimation of site-related biases requires at least 30 stations. 
Correcting for site-related biases reduces the standard deviations of the source parameters by less than 13% of 
the total variations. Remaining variations are partially associated with source directivity and model misfits— as 
small earthquakes can have complex ruptures.

Plain Language Summary An observed earthquake record is affected by the earthquake source, 
the wave path, and local site conditions, such as geology and soil properties. We need to separate these terms 
to accurately characterize the earthquake source. However, how local site conditions, called site effects, affect 
our ability to estimate accurate source parameters is not well-understood. We use a dense array in Oklahoma on 
a flat river plain to quantify the influence of site effects on previously estimated source parameters, including 
corner frequency, seismic moment, and stress drop. The ground motions from regional earthquakes can be three 
times larger in certain frequency bands and time windows with spatial patterns that are related to the geology. 
We use the ground motions as a proxy for relative site effects. Despite the small structural changes, site effects 
systematically influence source parameters estimated using a standard approach of fitting individual spectra. 
In comparison, the spectral-ratio approach that uses co-located event pairs effectively removes site effects. We 
recommend a minimum of 30 stations to capture the site effects. In addition to the systematic site-effect related 
bias, observations made by single stations are subject to large uncertainty associated with source directivity and 
complex rupture, even for small earthquakes.
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engineering, as soft, unconsolidated sediments can cause significant amplification of ground motion, or resonance 
(Borcherdt, 1970; Field et al., 1997). Ground motion prediction models aim to characterize site responses using 
ground motion observations (e.g., the horizontal-to-vertical noise spectral ratio (H/V ratio); Nakamura, 1989), 
rock and soil properties such as shear-wave velocity (Boore et al., 1993; Borcherdt, 1994) and attenuation (e.g., 
Anderson & Hough, 1984; Ktenidou et al., 2014), and topography (Wald & Allen, 2007; Yong et al., 2012). 
Ground Motion Prediction Equations (GMPEs) use the so-called Vs30, or the averaged shear-wave velocity over 
the top 30 m, as a proxy for site effects (Boore et al., 2014; Goulet et al., 2018). Wald and Allen (2007) and Yong 
et al. (2012) estimate Vs30 using the slope and convexity of the topography to characterize site conditions. In the 
Central and Eastern United States (U.S.) where large post-glacial sedimentary basins overlay stable cratons, the 
depth to the crystalline basement also plays an important role in ground motion modeling (Goulet et al., 2018).

Site effects result in biases when we try to measure earthquake source parameters from the source spectra e(f). 
The source parameters, including corner frequency, seismic moment, and stress drop, are important for under-
standing the size of the rupture and the energy being released. However, derived earthquake source parame-
ters suffer from large uncertainties that can vary across several orders of magnitude, of which the cause is still 
poorly resolved (Abercrombie, 2021; Allmann & Shearer, 2009; Kane et al., 2011; Pennington et al., 2021; Taira 
et al., 2021). Shallow geologic structure that amplifies some frequencies while highly attenuating others can bias 
corner frequency and stress drop estimates (e.g., Abercrombie, 1995; Ko et al., 2012). It is still not clear how 
much lateral site heterogeneity contributes to source parameter uncertainty. The influence of site effects is often 
buried in the large uncertainty due to model misfits caused by using an overly simplistic source model to fit 
complex source spectra (Abercrombie, 2021; Kaneko & Shearer, 2014, 2015). In this study, we use the spatially 
dense data from the LArge-n Seismic Survey in Oklahoma (LASSO) (Dougherty et al., 2019) to investigate the 
uncertainties of source parameters and the influence of site effects. The relatively homogeneous structure in the 
region (low relief, near-horizontal sedimentary structure) allows us to assess the influence of site effects when 
relatively little variation would typically be expected.

An earthquake source is typically modeled using a simple circular rupture and parameters including corner 
frequency (fc), seismic moment (M0), and stress drop (Δσ), that are related to the dimension, size, and energy 
released from the source. Source parameters can be estimated by modeling the far-field source displacement 
spectrum Ωt(f) (Boatwright, 1978; Brune, 1970):

Ω𝑡𝑡(𝑓𝑓 ) =
Ω0𝑒𝑒

−(𝜋𝜋𝑓𝑓𝑡𝑡∕𝑄𝑄)

[

1 + (𝑓𝑓∕𝑓𝑓𝑐𝑐)
𝛾𝛾𝛾𝛾
]1∕𝛾𝛾

, (2)

where Ω0 is the long-period spectral amplitude, t is travel time, n is the high frequency fall-off rate, Q is the 
frequency-independent quality factor, and γ controls the shape of the corner depending on whether a Brune 
(γ = 1; Brune, 1970) or a Boatwright (γ = 2; Boatwright, 1980) model is used. After fitting Equation 2 to estimate 
fc and Ω0, the seismic moment is determined by (Shearer, 2019):

𝑀𝑀0 =
4𝜋𝜋𝜋𝜋𝜋𝜋3𝑅𝑅Ω0

𝑈𝑈𝜙𝜙𝜙𝜙

, (3)

where ρ is the rock density, c is the P-wave velocity at the focal depth, R is the hypocentral distance, and 
Uϕθ = 0.52 is the mean radiation pattern coefficient for P waves (Boore & Boatwright,  1984). The use of a 
constant Uϕθ may not fully account for the influence of the radiation pattern. If we assume a theoretical rupture 
model (Madariaga, 1976), the uniform stress drop across a circular crack can be expressed by (Eshelby, 1957):

Δ𝜎𝜎 =
7

16

(

𝑓𝑓𝑐𝑐

𝑘𝑘𝑘𝑘

)3

𝑀𝑀0, (4)

where k is a constant related to the spherical average of the model corner frequency. The shear wave velocity 
at the source focal depth is represented by β. A constant stress drop implies earthquake self-similarity, where 
corner frequency scales inversely with seismic moment in Equation 4. Stress drop uncertainties remain largely 
unconstrained and the calculated stress drop values among different studies can vary across several magnitudes 
(Abercrombie, 2021). The main source of uncertainty rests in the fc estimate, which is amplified through the 
cubic relation in Equation 4. As mentioned previously, non-source related effects can cause scatter in fc. While 
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attenuation along the path is included in the model by assuming frequency-independent Q in Equation 2, site 
effects are more difficult to estimate.

The LASSO array was deployed between 14 April and 10 May in 2016 to record local earthquakes likely induced 
by saltwater disposal (Dougherty et  al.,  2019). The saltwater, which is a byproduct of oil and gas produc-
tion, was injected into 1–2 km deep injection wells. LASSO consisted of 1,825 stations in a 40 km by 23 km 
region (spacing ∼400  m) of little topographic relief. The region has horizontally layered sedimentary rocks 
of Permian and Quaternary ages overlaid by alluvial sediments and terrace deposits from streams and rivers 
(Heran et  al.,  2003). More than a thousand local events were recorded during the 26-day deployment period 
(Cochran, Wickham-Piotrowski, et al., 2020). By comparison, a typical regional network or temporary deploy-
ment would likely have one to five stations deployed in a region of similar size (e.g., Cochran, Wolin, et al., 2020; 
Hauksson et al., 2020), making it hard to distinguish source, path and site effects. Kemna et al. (2020) inves-
tigated the source properties of events recorded by LASSO, including corner frequency, seismic moment, and 
stress drop. They found that source parameter estimates vary significantly across the array (relative deviation as 
high as 150% for measurements made by < 5 stations) and statistically quantified the expected deviation with 
increasing number of stations. Here, we attempt to quantify the contribution of site effects to the variability of 
source parameters estimates calculated using (a) a standard approaches by fitting earthquake source spectra and 
(b) a spectral-ratio method (Hartzell, 1978; Hough, 1997). Spectral-ratio approaches in which one or more small, 
co-located earthquakes are used to remove or reduce the influence of the path and site and isolate the source 
are commonly preferred (Abercrombie, 2014; Huang et al., 2017; Ko et al., 2012; Kwiatek et al., 2014; Mori & 
Frankel, 1990; Shearer et al., 2006; Viegas et al., 2010), when suitable small earthquake recordings are available. 
We apply the spectral-ratio approach to a small number of events to see if the spectral-ratio approach reduces the 
source parameter variability.

In the following, we first introduce the LASSO array and the data set. We then divide the analyses into four 
sections: we start by evaluating and quantifying the site conditions across the array using ground motion from 
regional earthquakes. Then, we derive an empirical relation between our estimated site effects and source param-
eter estimates of local earthquakes, comparing the standard single-spectra approach and a spectral-ratio approach. 
Next, we use this relation to correct the measured source parameters and estimate the influence of site effects. 
Finally, we discuss the implications for the variability of source parameters.

2. Data and the LASSO Array
The LArge-n Seismic Survey in Oklahoma (LASSO; Figure 1) operated for a month in 2016. The array consisted 
of 1,825 vertical-component nodal geophones with an inter-station spacing of ∼400 m (Dougherty et al., 2019). 
The nodal geophones have a resonance frequency of 10 Hz and a sampling rate of 500 Hz. The array covered 
an area of 40 km by 23 km with maximum elevation difference of less than 150 m (Figure 2a). The small topo-
graphic relief predicts Vs30 values ranging from 200 to 500 m/s based on a topographic slope Vs30 model from 
Wald and Allen (2007). The range of Vs30 matches the dense (CD)—loose sand (DE) categories in the site classi-
fication defined by the National Earthquake Hazards Reduction Program (NEHRP) (Figure S1b in the Supporting 
Information S1; Building Seismic Safety Council, 2020). The Salt Fork Arkansas River that passes through the 
southern third of the array is fed by the stream systems to the south and north (Figure 2a) and the Great Salt 
Plains Lake to the west. The regional geological structure (Figure 2b) consists of combinations of shale, silt-
stone, sandstone, and conglomerate of Permian age with no significant folding or faulting, overlain in places by 
Quaternary alluvium and terrace deposits (Heran et al., 2003). Quaternary unit thickness in Oklahoma ranges 
from 8—30 m (Johnson & Luza, 2008). The depth to the Precambrian crystalline basement is 2.5 km, dipping 
<1° to the south-west (Crain & Chang, 2018). The sparsely populated area has one main East-West oriented state 
highway that passes through the middle of the array. The raw data were recorded in vertical velocity. We demean, 
detrend, prefilter (bandpass between 0.006 and 250 Hz), remove the instrument response, and convert the data to 
displacement (Text S1 in the Supporting Information S1).

The LASSO array recorded 1,104 events with local magnitudes (ML) ranging from 0.01 to 3.0 (Cochran, 
Wickham-Piotrowski, et al., 2020) that occurred primarily between 1.5 and 5.5 km depth. Kemna et al. (2020) 
calculated corner frequency, seismic moment, and static stress drop from P-wave spectra for a total of 962 events, 
of which they investigate the estimate robustness of 336 events. They found that stress drop values scatter (with 
relative deviation of 30% within a 95% confidence interval) even when using as few as 20 stations. The seismic 
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Figure 2. Topography (a) and geological units (b) near the LArge-n Seismic Survey in Oklahoma (LASSO) array. The black networks (a) are stream systems 
(Oklahoma Water Resources Board, 2022) with relief shown in gray scale (NASA JPL, 2013). Colored dots show the elevation at LASSO stations. Inset on the bottom 
right shows the array location (black box) in Oklahoma (shaded in red). In (b), the geological units in yellow colors (Qal, Qt) are Quaternary alluvium (Qal, age: 
Holocene) and terrace deposits (Qt, age: Pleistocene) (Heran et al., 2003). The youngest unit, Qal, hosts the riverbeds of the main stream systems in (a). The units 
in blue (Pk, Psp, Pfa, Pg) are of Permian age. Pk and Psp contain combinations of shale, siltstone, and sandstone; Pfa is mainly shale; Pg is mainly sandstone and 
conglomerate. The cyan color block is the Great Salt Plains Lake. Black dots mark LASSO stations. The map on the left and right of the vertical line are from two 
reports compiled in Heran et al. (2003).

Figure 1. Location of the LArge-n Seismic Survey in Oklahoma array (blue dots) and 14 regional events (ML or 
Mwr = 3.0–3.7; Table S1 in the Supporting Information S1) used to quantify site effects (red stars, with some stars 
overlapping). Upper right inset shows the array location (dashed square) in Oklahoma (shaded in red). Focal mechanisms 
and magnitudes are shown for the three largest events (U.S. Geological Survey, 2022). The back-azimuth ranges from 143° to 
161°. The elevation data are from NASA JPL (2013).
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moment and corner frequency estimates from individual spectra exhibit spatially coherent patterns across the 
array (Figure 2 in Kemna et al., 2020). The reason for the large variation was not clear and may result from source, 
site effects, or uncertainties in the measurement. Trugman et al. (2021) suggested these events have complicated 
source mechanisms based on the decreasing double-couple component of the P-wave radiation patterns, particu-
larly at frequencies above 15 Hz. Pennington et al. (2022) investigated several small magnitude events and found 
they have complicated source-time-functions that deviate from a simple pulse and suggest complex ruptures. 
They were able to map the heterogeneous slip distributions using finite fault inversion. Source complexity can 
increase the uncertainty of source parameters when estimated assuming a simplified spectral model such as 
Equation 2 (Abercrombie, 2021). Building on these studies, we quantify the contribution of site effects to the 
variability of source parameters reported in Kemna et al. (2020).

3. Quantifying Site Effects
3.1. Method

To use the ground motions of reference earthquakes as a proxy for site effects, reference earthquakes must meet 
two requirements. The first requirement is that there should be minimal variations across the array caused by 
path and source effects. The second requirement is the availability of higher frequency signals, ideally, above 
4 Hz (Al-Shukri et al., 1995), to characterize near-surface site conditions in the same frequency range that is used 
to model source parameters. The earthquakes that best meet the first requirement are teleseismic earthquakes 
(>1,000 km), but the signal bandwidths of teleseismic events are generally below 1 Hz. Hence, we follow Johnson 
et al. (2020) and use the ground motion of regional events to investigate site response. We use 14 regional earth-
quakes (regional magnitude Mwr or local magnitude ML = 3.0–3.7) in Central Oklahoma (red stars in Figure 1; 
Text S2 in the Supporting Information S1). The hypocentral distances are approximately 140–240 km, which are 
about 2.7–4.6 times the array aperture (40 km). The spectrograms have clear P- and S-arrivals (Figure S2 in the 
Supporting Information S1). The majority of the stations have signal-to-noise ratio (SNR) between 3 and 250 
over the 2–21 Hz range (except for the P waves of the smallest event).

We calculate the root-mean-square (RMS) amplitude of vertical ground displacement of the 14 regional earth-
quakes across a range of frequency bands and time windows. The nine frequency bands that we examine are 
0.5–1  Hz, 1–2  Hz, 2–4  Hz, 4–6  Hz, 6–8  Hz, 8–10  Hz, 10–15  Hz, 15–21  Hz, and 21–27  Hz. The five time 
windows relative to P-arrival times (phase arrivals) that we investigate are: –1—10 s (P-arrival and P-coda), 
3–13 s (P-coda), 10–30 s (S-arrival and S-coda), 25–35 s (S-coda), and –1—30 s (both P-, S-arrivals and their 
coda). We pick the P-arrivals by visually examining the moveout across the array assuming the P-wave velocity 
(vp) is constant (we find vp = 6.46 km/s). The S waves arrive between 17—19 s after the P waves. We calculate the 
background noise level by the RMS amplitudes in a window before the P-arrival (−50 to −20 s). The background 
noise level is small compared to the P and Swaves at most of the stations (SNR >3) (Figure S3 in the Supporting 
Information S1). We subtract the noise level from the median RMS amplitude to use only earthquake-related 
ground motions.

Because of the size of the LASSO array, we first need to minimize the ground motion amplitude variations that 
may be attributed to path effects. Path effects are related to source-station distances and result from geometric 
spreading and attenuation. We apply a least squares regression method similar to Trugman et al. (2021) to remove 
the travel-time (i.e., distance) dependent trends (Text S3 in the Supporting Information  S1). The path-effect 
adjustments are small, confirming the regional earthquakes are sufficiently far from the array and that site effects 
likely dominate the variability (Figure S4 in the Supporting Information S1).

After adjusting for path effects, we calculate a “residual” term for each station to quantify the ground motion 
variability. We define the residual to be the deviation of the ground motion, (dev(A)i), from the array median:

𝑑𝑑𝑑𝑑𝑑𝑑(𝐴𝐴)𝑖𝑖 =
𝐴𝐴𝑖𝑖 − �̄�𝐴

|�̄�𝐴|
, (5)

where, for each frequency band, Ai is the median RMS amplitude of the 14 events at station i and 𝐴𝐴 �̄�𝐴 is the median 
RMS amplitude of the 14 events across all stations in the array. We call the residual term determined from Equa-
tion 5 the “site RMS” (the site-effect proxy) in the rest of the article. We also investigate using peak-ground-ve-
locity (PGV) to quantify ground motions following Johnson et al. (2020). The RMS amplitude and the PGV have 
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similar deviation patterns across the array (Figures S5 and S6 in the Supporting Information S1), so using either 
the RMS amplitude or the PGV as the site effect proxy yields negligible differences in the following analysis.

We examine several site-specific parameters to determine their influence on ground motion variation, including: 
far-field radiation pattern, surface geology, hypocentral distance, and Vs30. The largest three regional events have 
focal mechanism solutions (U.S. Geological Survey, 2022). We use the far field function in Obspy (Beyreuther 
et al., 2010) to calculate the radiation pattern on the vertical component based on the focal mechanisms. We 
quantify the surface geology by upsampling (spacing 50 m) the digital map of Heran et al. (2003) and labeling 
Quaternary and Permian unit grid points with 1 and 0, respectively. At the boundaries of the two units, the thick-
ness of the sedimentary rocks likely changes gradually. To account for the gradual change between units, we 
smooth the grid with a Gaussian filter with a standard deviation of ∼0.5 km after assigning the labels. We then 
interpolate values at station locations as a rough quantification of surface geology. We interpolate the Vs30 values 
directly at station locations on the Vs30 digital map from Wald and Allen (2007). See Figure S1 in the Supporting 
Information S1 for the site-specific values we assign for geological units and Vs30.

We evaluate the correlation between the site RMS and the site-specific parameters using the Pearson's correlation 
coefficient (cc) and p-value. The cc is the degree of linear correlation between the data sets while the p-value 
indicates the statistical significance. We deem a p-value less than 0.05 to indicate significant correlation, in which 
the probability of an uncorrelated data set exhibiting a similar apparent correlation would be less than 5%.

3.2. Results

The site RMS values exhibit significant frequency and time-window dependence across the array (Figures 3a and 3b). 
The range of variability can reach 1–3.5 times the array median. The variability can be attributed to the source 
radiation pattern or the site effects. For the P waves (Figure 3a), the variability between 2 and 4 Hz is dominated 
by the source radiation pattern of the largest regional event (Figure 3c; Event 1 in Table S1 in the Supporting Infor-
mation S1). The focal mechanisms of the three largest events have similar influence on the array (Figure S7 in the 
Supporting Information S1) because of consistent fault orientations in the source region (Holland, 2013). For the S 
waves (Figure 3b), the large amplifications (345%) between 2 and 4 Hz qualitatively correspond to the Quaternary 
unconsolidated sedimentary units (Qt, Qal). Amplification of the youngest alluvial unit (Qal) appears to have a signif-
icant impact on S-wave ground motions at all frequencies and P waves above 6 or 8 Hz (Figure 3d); the highest ground 
motions correlate with alluvial units along the major stream systems. An area of anomalous site RMS values occurs 
in the SW corner of the array where the geologic map indicates Permian units (Psp, Pk, and Pfa). The field crew that 
deployed the array indicated this area was notably sandy. These sandy deposits appear to be absent on the geological 
map, but the signature of unconsolidated sandy deposits is visible in the high frequency ground motion data.

To quantify the spatial patterns described above, we calculate cross correlation values between site RMS and 
site parameters. We observe a high correlation (>0.6cc) between P-wave radiation pattern and the site RMS at 
2–4 Hz (Figure 4a left), confirming the strong influence of the radiation pattern. We find site RMS positively 
correlates with surface geology (the Quaternary units) across all frequency bands for S waves and above 8 Hz for 
P waves, with overall larger cc values between site RMS and surface geology for S waves at 2–4 Hz (Figure 4a 
right). The positive correlation agrees with the observations in Figure 3, where the amplification is concentrated 
at the youngest alluviums (Qal). Note that we cannot determine whether site RMS and surface geology correlate 
above 21 Hz due to inadequate SNR.

Hypocentral distance has a cc less than 0.1 with site RMS after removing path effects, with the exception of 
frequencies below 6 Hz in the P-wave window, which is likely due to coincidental correlation with the P-wave 
radiation pattern. The Vs30 estimates based on topographic slope have low or insignificant cc with site RMS for 
all frequency bands and phase windows. The low correlation with topographic slope variations are presumably 
due to the roughly flat relief (<150 m elevation change in Figure 2a), such that the topographic slope variations 
are not a good proxy for local Vs30.

Note that we must interpret the cc carefully because some site parameters spatially correlate with each other and 
result in an apparent correlation with site RMS. For example, the Quaternary units are more abundant on the west 
side of the array (Figure 3d. Hence, the surface geology spatial pattern tends to be opposite to the P-wave radiation 
pattern and is similar to the S-wave radiation pattern (Figures 3c and 3d). For P waves, the negative cc between the 
low-frequency site RMS and surface geology, and between high-frequency site RMS and radiation patterns, are 
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also likely to be only apparent correlations. Similarly, the influence of S-wave radiation pattern and geology are 
difficult to untangle because they positively correlate with each other. However, the S-wave radiation pattern is a 
weaker control on observed amplitudes because only vertical component data are available (Figure 3c).

For now, we choose the 10–15 Hz site RMS in the S-wave window (Sarr + Scoda) as a proxy for site effects because 
of the observed correlation with surface geology and the higher overall SNR of regional S waves compared to P 
waves (Figure 4b). Next, we examine whether this site effect proxy can be used to improve the coherency of stress 
drop and reduce the variability of source parameters for local earthquakes. In Section 5, we will compare how site 
RMS estimated for other frequency bands and time windows impact source parameter estimates.

4. Correlation Between Earthquake Source Parameters and Site RMS
We examine if source parameters (corner frequency, moment, and stress drop) correlate with site RMS. We 
examine corner frequency calculated by two different approaches: the single-spectral fitting method introduced 
in Section 1 (using measurements from Kemna et  al.,  2020), and the spectral-ratio method (Hartzell,  1978; 
Hough, 1997) that may more effectively remove site effects.

4.1. Methods: Single-Spectral Versus Spectral-Ratio Fitting

The first approach — the single-spectral fitting method — fits earthquake displacement spectra using Equation 2. 
The path effect is considered with an exponential term in the numerator that accounts for attenuation and travel 

Figure 3. Site residuals (site RMS) quantified by the median Root-Mean-Square (RMS) amplitudes of 14 regional earthquakes in the (a) P- and (b) S-wave windows 
with increasing frequency from left to right. The path effects are removed. ΔRange is the range of the site residuals (the difference between the lowest and the highest 
site RMS values excluding the extreme 1% on both side), which shows the ground motions can be 1.2 to 3.5 times the array median. The colorbar ranges are saturated at 
the lowest and highest 5% of the site RMS to emphasize spatial patterns. The patterns in (a) and (b) have apparent influence from (c) P- and S-radiation patterns and (d) 
local geology. (c) Shows the calculated far-field radiation patterns (vertical component) for the largest event (U.S. Geological Survey, 2022). The location of LArge-n 
Seismic Survey in Oklahoma array is indicated in red on the focal mechanism. The arrow indicates the back azimuth. In (d), sites in Quaternary units (Qal, Qt: pale 
yellow/yellow; Heran et al., 2003) tend to have higher RMS amplitudes (at 10–15 Hz in the S-wave window).
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time. Variations in the spectral falloff due to site effects are left uncorrected. Some approaches do solve for a 
high frequency attenuation term to account for shallow attenuation (Anderson & Hough, 1984; Kilb et al., 2012; 
Neighbors et al., 2017), but near surface amplification and resonance are still hard to quantify and constrain. 
We use the single-spectral fitting results from Kemna et al. (2020). We do not derive the uncertainties of the 
measurements.

For the second approach, the spectral-ratio method, we fit the ratio of the spectra of the main event and a co-located 
small event at individual stations to determine the corner frequency and moment (Hartzell, 1978; Hough, 1997). 
The spectral ratio at each station is

Ω𝑟𝑟(𝑓𝑓 ) = Ω0𝑟𝑟

[

1 + (𝑓𝑓∕𝑓𝑓𝑐𝑐2)
𝛾𝛾𝛾𝛾

1 + (𝑓𝑓∕𝑓𝑓𝑐𝑐1)
𝛾𝛾𝛾𝛾

]1∕𝛾𝛾

, (6)

where fc1 and fc2 are corner frequencies for the main and the small events, respectively, Ω0r is the relative 
long-period spectral amplitude, and n and γ are the spectral fall-off rate, similar to Equation 2. The small event 
acts as an empirical Green's function (EGF) for the main event. By taking the ratio of the displacement spectra of 
a co-located event pair, the path and site effects are canceled, leaving only the source terms (Equation 1). Hence, 
we expect the spectral-ratio method to be less subject to site effects than the single-spectra modeling of Kemna 
et al. (2020).

We calculate spectral-ratios and estimate corner frequency at each station for three event pairs with local magni-
tudes between 2.1—2.5 (Table S2 in the Supporting Information S1) selected by Kemna et al.  (2020), as the 
individual station measurements were not calculated in the earlier study. The corresponding EGF events have 
local magnitudes ranging between 1.1—1.4. The pre-analysis data treatments are similar to Section 3.1 (see 
Text S1 in the Supporting Information S1 for more details). We cut the time window 0.2 s before and 0.3 s after 
the P-arrivals and align the main event and EGF waveforms at their maximum correlation. Figure S8 in the 
Supporting Information S1 shows representative example spectra. We discard stations with poor quality data 
based on the following criteria (Abercrombie, 2014, 2015; Abercrombie et al., 2016): (a) the waveform corre-
lation between main and EGF events must be > 0.7; (b) the longest continuous spectra must pass the SNR >3 

Figure 4. (a) Correlation coefficients (cc) between site parameters (see legend for color codes) and site root-mean-square 
(RMS) calculated for the P- (left column) and S-wave windows (right column) across a range of frequencies. We only show 
significant results (p-value<0.05). The P-wave radiation pattern (red) dominates below 6 Hz and the surface geology (green) 
dominates at above 8 Hz. Note that the radiation pattern mirrors the geology, causing apparent correlations for both P and S 
waves (e.g., The higher cc between S-wave radiation pattern and site RMS above 10 Hz; see text for details). (b) The median 
signal-to-noise ratio (SNR) for each of the 14 regional events used to calculate site RMS. Only data with the median SNR >3 
(black curves above the dashed line) are included in the calculation.
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threshold in both main and EGF event for every frequency point; (c) the amplitude ratio (amp-ratio) between 
high- and low-frequency points on the best-fitted spectral-ratios model must be > 1.5. This amp-ratio threshold is 
less strict than the amp-ratio >2 used in Abercrombie (2014) enabling us to include more data; (d) to compensate 
for the less strict requirement, we discard the results if the standard fitting error is >20%. We first determine both 
fc1 and fc2 for the stacked spectral-ratio. We then determine the fc1 of individual ratios with fc2 fixed at the values 
determined by the stacked ratio. Fixing fc2 ensures the variation of fc1 is not related to changes in fc2, which is 
often driven by fitting misfit (Shearer et al., 2019). Text S4 in the Supporting Information S1 provides additional 
details about the procedure.

We calculate the residuals of the (log-scaled) source parameters in a similar approach as shown in Equation 5 that 
is, dev(log10fc), dev(log10M0), and dev(log10Δσ). Using the deviations allows us to minimize biases of individual 
events. We examine the cc between the source parameters and the site RMS and use a least squares regression 
method to determine the relation between them. We only use events recorded on at least 5 stations, and as many 
as 1,202 stations (906 total events). Because the source directivity can also contribute to the variability, we use 
the focal mechanism solutions in Trugman et al. (2021) (20 events) and calculate the distribution of cc between 
the P-wave radiation pattern, site RMS, and source parameters.

4.2. Results

The source parameters estimated using the single-spectral fitting method at each station correlate with site RMS 
at 10–15 Hz in the S-wave window (Figure 5a). The residuals of corner frequency and stress drop show a negative 
correlation while the moment shows a positive correlation with site RMS. The correlations, although weak, are 
significant. On the contrary, the corner frequencies estimated using spectral-ratio method show no such correla-
tion (Figure 5b). The correlations suggest the single-spectral fitting method is more biased by site effects than the 

Figure 5. Correlation between site root-mean-square (RMS) and the residuals of source parameters (log-scaled) estimated using (a) single-spectral fitting method 
(number of samples (N) = 551 stations) and (b) spectral-ratio method (N = 385, 147, and 243 stations) at each station. Each dot is an individual station estimate. The 
origin is the median of the array. We only show cc values when they are significant (p-value <0.05). “—” means insignificant. The site RMS are calculated in the 
S-wave time window (10–30 s) at 10–15 Hz. The source parameters estimated using single-spectra method have weak to moderate but significant bias related to site 
effects.
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spectral-ratio method, as expected. They also demonstrate the effectiveness of the spectral-ratio method at remov-
ing site effects. However, the source parameters estimated using both methods still exhibit significant scatter.

We find the observed correlations are consistent among events, which agrees with the expectation that site effects 
are event-invariant. In Figure 6, we plot the site RMS versus the residuals of log-scaled corner frequency and 
moment for all local events and the linear relations determined separately for each event. The corner frequency 
negatively correlates with site RMS (Figure  6a) whereas the moment positively correlates with site RMS 
(Figure 6b). The negative correlation between corner frequency and site RMS is likely caused by the imprint of 
higher attenuation due to soft sediments on the spectra (Abercrombie, 1995, 1997; Sonley et al., 2006). The atten-
uation suppresses high frequency amplitudes and increases the spectral fall-off rate, and hence, trades off with 
the measured corner frequency (Ko et al., 2012). The positive correlation between moment and site RMS may be 
because the amplification of soft sediment boosts the plateau of the displacement spectra, which results in larger 
moment estimates (due to a larger Ω0 in Equation 2). The deviation of corner frequency is more sensitive to site 
RMS than that of the moment (an absolute median slope of 0.101 in Figure 6a versus 0.018 in Figure 6b), which 
suggests the corner frequency measurements are more sensitive to attenuation-related fitting bias. Based on Equa-
tion 4, we expect a related bias in stress drop (Figure 5a). Events recorded on more stations have a relationship 
closer to the overall average as compared to those recorded on fewer stations, which are more poorly constrained. 
The average slope does not change significantly if calculating only using events with >30 stations.

Figure 6. Estimated linear relations between site root-mean-square (RMS) and the residuals of log-scaled (a) fc and (b) M0. 
We overlay the residuals of all individual station measurements from events with more than 5 stations as black dots in the top 
row (906 events in total; the maximum number of station is 1,202). The thin lines colored in yellow—purple are relations in 
individual events with the colors indicating number of available stations in each event (log-scaled). The thick red line is the 
average linear relation, with the slope (parameter a) and the y-intercept (parameter b) shown in the legend. The bottom panel 
shows the distributions of the slope (parameter a) center around the average relation (the red vertical line). Gray histograms 
show all events and black histograms show events with >30 stations. Site RMS is calculated in S-wave windows (10–30 s) at 
10–15 Hz. The influence of site effects, being event-invariant, is consistent among all events, while event with >30 recordings 
is more likely to have an estimate closer to the average relation.
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The correlation coefficients between site RMS and the residuals of log-scaled fc, M0, and Δσ are narrowly distrib-
uted and center around −0.5, 0.3, and −0.1, respectively (Figure 7; the solid curves in blue). The non-zero mean 
of the cc values demonstrates the site RMS causes a consistent bias in corner frequency, moment, and stress 
drop. In contrast, the distributions of cc between the P-wave radiation pattern and the source parameters (the solid 
curves in red) center around zero for this event. While the majority of events are similar, some events do show a 
large cc between the P-wave radiation patterns and source parameters, but these higher cc values are both positive 
or negative. Next, we use the site RMS to correct the source parameter estimates (dashed curves).

5. Applying Site-Effect Corrections to Source Parameters
5.1. Method

We apply an empirical correction to remove the trends in Figure 6 between site RMS and fc and M0. For each 
event, the correction at station i is

𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖 = 𝑎𝑎 𝑎𝑎𝑎𝑎𝑎𝑎(𝑥𝑥)𝑖𝑖 + 𝑏𝑏𝑏 (7)

where x represents log10fc or log10M0. dev(x)i is the residual of source parameter x at station i. a and b are the linear 
trend between dev(x) and site RMS. Note that the corrections are not reliably estimated if an event has fewer than 
30 stations (blue—purple lines in Figure 6); thus, it may not be feasible to apply this type of correction to a small 
network. We subtract the correction term from the source parameter residuals:

𝑑𝑑𝑑𝑑𝑑𝑑(𝑥𝑥)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑑𝑑𝑑𝑑𝑑𝑑(𝑥𝑥)𝑐𝑐 − 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (8)

We then determine the corrected fc and M0:

𝑥𝑥𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑑𝑑𝑑𝑑𝑑𝑑(𝑥𝑥)𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × |�̄�𝑥| + �̄�𝑥𝑐 (9)

where the 𝐴𝐴 𝐴𝐴𝐴 in Equation 9 are the median value of log10fc or log10M0 for all stations before the correction. We then 
recalculate stress drop using Equation 4 using the corrected fc and M0 values.

We next compare the effectiveness of the source parameter correction using site RMS at other frequencies and 
phase time windows. We examine the reduction of standard deviation of source parameters for all of the different 
site RMS corrections. The site-effect correction should be consistent from event to event at a given station, so we 
quantify the variability of the correction by computing the coefficient of variation:

𝐶𝐶𝐶𝐶 = inter-station median

[

inter-event standard deviation(𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖)

inter-event mean(𝑐𝑐𝑐𝑐𝑐𝑐𝑖𝑖)

]

. (10)

where cori is the correction term at station i in Equation 7.

Figure 7. The kernel density distributions of correlation-coefficient (cc) of the residuals of (a) log10fc, (b) log10M0, and (c) log10Δσ versus P-wave radiation pattern 
(red) or site root-mean-square (RMS) (blue). The solid curves show original data which shift to the dashed curves after the site-effect correction. Note the effective 
removal of the dependence on site effect (the distributions of cc are closer to 0, indicated by the arrows). The radiation pattern shows no obvious correlation with the 
source parameters (the distributions of cc center around 0) either before or after the site-effect correction. We calculate the radiation patterns using the focal mechanism 
solutions from Trugman et al. (2021) (20 local events). The site RMS is shown for the S-wave window (10–30 s) at 10–15 Hz.
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To estimate the likely bias and variation caused by site effects for more typical network configurations with 
sparser station density, we use bootstrapping to consider randomly selected sub-arrays of the array. We calculate 
the reduction in the source parameter estimate deviation produced by the correction using small sub-arrays of 
LASSO nodes as a proxy for the expected uncertainty caused by site effects in a more typical source parameter 
study. We choose an event recorded on the highest number of stations (Event 1 with 1,202 recordings as shown in 
Table S1 of Kemna et al., 2020) and assume its median corner frequency, moment, and stress drop give the “true” 
values. We then randomly sample sub-arrays and calculate the median corner frequency, moment, and stress drop 
to investigate how sub-arrays may produce values that deviate from “true” median values. For sub-arrays with 
a given number of stations, we sample 100 times and take the median deviation for both original and corrected 
source parameters.

5.2. Results

The site-effect correction significantly reduces the correlation between source parameters and site RMS (the blue 
solid curves vs. the blue dashed curves in Figure 7). Nevertheless, small mean cc > 1 values remain between site 
RMS and fc,corr, Δσcorr (Figures 7a and 7c), that suggest the linear correction, being a first order approximation, 
slightly overestimates the site effects for corner frequency and, thus, stress drop. The cc between the source 
parameters and the radiation pattern does not change significantly (from red solid curves to red dashed curves), as 
expected, and reassures us that the observed site effect biases and the correction (the blue curves) are not related 
to the assumed radiation patterns for these events.

The site-effect correction generally improves the consistency of the source parameters, as evidenced by the 
decrease in the standard deviation of the corner frequency and moment residuals (Figures 8a and 8b). Note that 
the standard deviation values are in logarithmic units. Estimates for events with fewer than 30 stations are less 
stable, suggesting ineffective corrections. The effectiveness of the correction on stress drop values is less obvious 
for individual events, but we note a decrease of the median standard deviation, indicating a bulk improvement 
(0.676–0.585; red lines in Figure 8c). The median standard deviations for corner frequency and moment decrease 
from 0.069 to 0.060 and from 0.019 to 0.018, respectively (red lines in Figures 8a and 8b). The site-effect-related 
standard deviation is 13% for corner frequency, 7% for the moment, and 13% for the stress drop. We estimate the 
site-effect-related variability to be 1.2 Hz and 0.16 MPa for an event with a corner frequency measurement of 
30 Hz and a median stress drop of 2 MPa (Figure S9 and Text S5 in the Supporting Information S1).

Figure 8. Source parameter variability for the 906 local events before and after the site-effect correction. Each dot is the standard deviation of the residuals of 
log-scaled (a) fc, (b) M0, and (c) Δσ estimates for an event before (x-axis) and after (y-axis) correction. Colors indicate the number of stations for each event and black 
lines are the 1:1 ratio. Histograms show the number of events along the x and y-axes, where the red lines are the median standard deviation for events with >30 stations. 
The correction uses site RMS in the S-wave window (10–30 s) at 10–15 Hz. The correction reduces the variability of the source parameters consistently for events with 
30 or more stations (blue—green—yellow dots located below the 1:1 line).
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Overall, the site-effect-related deviations are consistent, but small. Despite the small site-effect deviations, the 
variability of source parameters decreases after the site-effect correction (Figure 9). Further, the corner frequency 
and stress drop estimates are more consistent after the correction (Figures 9a and 9c). The variation of moment for 
this event is clearly dominated by the focal mechanism (Figure 9b), which also appears to influence the remaining 
variation in corner frequencies (Figure 9a bottom). We note that we do not see a consistent similarity between 
the distribution of source parameters and the radiation pattern among events (the red distributions in Figure 7 
centered around 0). We discuss the potential cause of the remaining variation in Section 6. We note that the 
median stress drop of all local events with more than 30 stations increases slightly after applying the site-effect 
correction (2.09–2.25 MPa; Figure S9 in the Supporting Information S1).

The standard deviations of source parameter residuals after correcting for site RMS are strongly dependent on 
the frequency band used, but are similar across the different phase time windows. The average post-correction 
standard deviation (Figure 10a) and the coefficient of variation of the correction term (Figure 10b) decreases for 
frequency bands from 2 to 21 Hz, with similar trends across the different phase time windows. Site corrections 
for the 15–21 Hz frequency band result in the lowest standard deviations for fc and M0. In contrast, stress drop 
shows similar reductions in the standard deviation using site RMS corrections across frequency bands between 6 
and 21 Hz. Thus, the frequency band of the site RMS correction that most strongly reduces the variability of both 
fc and M0 does not always result in as clear of a reduction in the stress drop variability.

Figure 11 shows the behavior of the sub-arrays before and after the site-effect correction. The sub-arrays tend 
to produce higher corner frequency and stress drop values than the array median and the correction brings the 
trend down (Figures  11a and  11c). The higher estimated corner frequency suggests the assumed attenuation 
used in Kemna et al. (2020) might be higher than the array average (Ko et al., 2012). The site-effect correction, 
despite being small, corrects the moment and stress drop values closer to the average value (i.e., moving toward 
the M0/M0,true and Δσ/Δσtrue = 1 lines in Figures 11b and 11c), suggesting improved spatial coherency. We find 
that the correction using site RMS at 10–15 Hz improves the stress drop coherency (Figure 11c) while correction 
using site RMS at 15–21 Hz decreases the coherency of stress drop despite increasing the coherency of corner 
frequency and moment (Figure S10 in the Supporting Information S1). Hence, site RMS at 10–15 Hz is a more 
effective site-effect proxy for obtaining consistent stress drop estimates.

Figure 9. Comparison of the spatial distributions of the residuals of log-scaled (a) fc, (b) M0, and (c) Δσ before and after the site-effect corrections (Event 1 in Table 
S1 in Kemna et al., 2020). The focal mechanism is at the event location (at 6.05 km depth). The colorbar range is truncated at the pre-correction 5–95 percentiles. 
The correction uses site root-mean-square (RMS) in the S-wave window (10–30 s) at 10–15 Hz. The site-effect correction visibly reduces the spatial variability. The 
remaining variability of the source parameters for this event are likely associated with source directivity. The patterns are largely unclear for most other events (e.g., 
Figure S12 in the Supporting Information S1).
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6. Discussion
In the first part of this study, we investigate site conditions across the LASSO array using the ground motion 
of regional earthquakes. We adjust ground motions for empirical geometric spreading and anelastic attenuation 
and solve for ground motions potentially related to source or site effects. The resulting ground motions exhibit 
significant variability. The amplitude variabilities are largest for the S-wave windows across all frequencies and 
for higher frequency (>10 Hz) P-wave windows (Figure 3). Roughly 5%–7% of the stations deviate by at least 

Figure 10. Comparison between the corrections using site root-mean-square (RMS) in a range of frequency bands and for different phase time windows (colors in 
the legend). (a) The standard deviation after correction (colored curves) for the residuals of log-scaled fc, M0, and Δσ. The values plotted are the inter-event median 
standard deviation among the 906 events after correction. The dashed line marks the standard deviation before correction. Corrections using site RMS at the 10–15 Hz 
and 15–21 Hz frequency ranges are more effective in reducing the variability of source parameters. (b) The coefficient of variation (CV) of the correction term among 
the 906 events. The values plotted are the inter-station median CV of all stations (Equation 10). The smaller the CV, the lower variability of the correction terms on the 
stations across different events suggesting the corrections represent stationary site terms.

Figure 11. Deviations of source parameters (a) fc, (b) M0, and (c) Δσ obtained using a boot-strapping method with different number of stations in the sub-array. Each 
dot is the median of 100 randomly sampled sub-array of a given number of stations from one event (Event 1 in Table S1 in Kemna et al., 2020). For each sub-array, 
we calculate the median fc, M0, and Δσ and divide them by the median values of the entire array (fctrue, M0true, and Δσtrue) to compare the deviation from the expected 
values. Blue and red dots use source parameters before and after the site-effect correction, respectively. The correction here uses site RMS in the S-wave window 
(10–30 s) at 10–15 Hz, improves the coherency of the stress drop (which is not the case for that at 15–21 Hz; see text).
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100% from the median of the array, and 2%–3% deviate over 200% across the 40 km by 23 km area (Figure S5 
in the Supporting Information S1). Johnson et al. (2020) found a 22% variation of the peak ground motions in an 
0.6 km by 0.6 km small array across the San Jacinto Fault in California. In comparison, we observe larger ground 
motion deviation in LASSO likely because ground motions are examined across a larger area, and may also be 
affected by amplification of the alluvial sediments. We find the thin (8–30 m; Johnson & Luza, 2008) Quaternary 
sediments along major stream systems correspond to sites with high ground amplification (Figures 3d and 4). Vs30 
values estimated from topographic slope do not have a similar spatial distribution to the Quaternary units (Figure 
S1 in the Supporting Information S1) and correlate poorly with the observed ground motions (from 0.5 to 27 Hz; 
purple curves in Figure 4). The low correlation suggests topographic slopes in low relief regions such as LASSO 
(less than 150 m; Figure 2a) cannot accurately characterize Vs30.

In the Central U.S., basin resonance also plays an important role in characterizing the ground motion (Goulet 
et al., 2018). The higher ground motions above 10 Hz toward the south west of the array (Figures 3a and 3b) 
match the dip direction of the Precambrian crystalline basement at 2.5 km depth (Crain & Chang, 2018). Despite 
the shallow basement dip (less than 1°; Crain & Chang, 2018), small changes in the thicknesses of the sediment 
layers can result in large local variations. The correspondence between larger ground motions and major river 
networks supports the results from a previous study that found higher ground water levels can amplify vertical 
ground motions (Liu & Tsai, 2018).

We observe the ground motions of regional earthquakes have progressively lower correlations with the P-wave 
radiation pattern with increasing frequency (Figure 4a left). This observation agrees with Trugman et al. (2021) 
who found a similar result by examining P arrivals of local earthquakes recorded by LASSO. They attributed 
the decreasing influence of radiation pattern at higher frequency to source complexity. Takemura et al. (2009) 
also found that amplitude variations associated with the S-wave radiation faded at high frequencies (>5 Hz) for 
a Mw = 6.6 regional earthquake in Japan. They suggested the loss of a discernible radiation pattern in the ground 
motions is caused by scattering due to crustal heterogeneity along the path. In our case, with longer time windows 
(11–20 s compared to 0.2 and 5 s in Takemura et al., 2009; Trugman et al., 2021), we interpret the loss of radiation 
pattern as being due to an increasing influence of surface geology (a site effect rather than a source or path effect). 
We also find the young sedimentary rocks and unconsolidated sediments amplify ground motions, resulting in 
positive cc between surface geology and site RMS. In the P-wave window, the amplification is observed mainly 
above 8 Hz (Figure 4a left) while in the S-wave window, the site amplification dominates across a larger range 
of frequencies (2–21 Hz; Figure 4a right). The high amplitude ground motions correlate with Pleistocene terrace 
deposits (Qt) at 2–4 Hz and shift to the youngest formation — the Holocene alluvium (Qal) — at increasing 
frequencies (Figure 3d), showing the depth sensitivity shifting to shallower layers in the subsurface with increas-
ing frequency. A > 8 Hz amplification relates to a scale of less than 100 m near the surface (Al-Shukri et al., 1995).

We use site RMS in the S-wave window as a proxy for site effects. The lack of correlation between corner frequen-
cies estimated using spectral-ratio methods and site RMS demonstrates the effectiveness of the spectral-ratio 
method at removing site effects (Figure 5b). The spectral-ratio approach makes no assumption about the atten-
uation and, therefore, is less subject to site effects (Ide et al., 2003). However, a good EGF is difficult to find in 
most cases. For EGF-related uncertainties and data selection criteria for reducing the uncertainties, we refer the 
interested readers to Abercrombie (2015). Corner frequencies estimated using single-spectral fitting method do 
appear to be influenced by site effects (Figure 5a). The negative correlation between corner frequency and site 
RMS (Figure 6a) is likely related to the attenuation effect of the soft sedimentary rocks and alluvium, which 
can have considerably low Q (Q < 50 in previous studies; Abercrombie, 1997) at local stations. The attenuation 
changes the spectral fall-off rate and has a tradeoff with the corner frequency measurements. The fitting uncer-
tainty does not reflect this bias which has been demonstrated in Ko et al. (2012). Meanwhile, the amplification 
effect of the soft sedimentary layers and alluvium boosts the amplitude of the displacement spectra. The joint 
effect of a suppressed high frequency spectrum and a boosted low frequency plateau has been shown in literature 
comparing surface and borehole stations (e.g., Figure 4 in Abercrombie, 1997). The elevated spectral amplitudes 
result in positive correlation between seismic moment and site RMS (Figure 6b). The stress drops calculated 
using uncorrected M0 and fc parameters show a slightly negative correlation with site RMS, showing that site 
effects have an apparent bias on stress drop measurements across the LASSO array.

We capture the first order relationship between site effects and source parameters using a linear regression 
(Figure 6). We find the largest reduction in the variability of fc and M0 using corrections from the site RMS in the 
15–21 Hz band (Figure 10a). However, the coherency of stress drops are not significantly improved (Figure S10 
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in the Supporting Information S1), suggesting the simple linear correction may result in over-correction. We find 
site RMS in the 10–15 Hz band improves the coherency of stress drops while reducing the biases in measured 
corner frequency and moment (Figure 11); hence, the 10–15 Hz band may provide a better proxy for site effects. 
The portion of the source property standard deviations that can be attributed to site effects are small (13%, 7%, 
and 13% for fc, M0, and Δσ, respectively), in agreement with the relatively small travel time spent in the shallow 
layers and the overall minimal differences in shallow structure and topography across the LASSO array. We 
note that at least 30 or more stations are required to derive a reliable empirical relation to perform the site-effect 
correction. Linear relations estimated using fewer than 30 stations are unstable (Figure 6) and might increase the 
variability of source parameters (Figure 8).

Even after removing the site effect-related bias, the source parameters still show significant scatter (Figure 9, 
Figures S11 and S12 in the Supporting Information  S1). The remaining variations might come from a few 
potential factors. The first factor is the attenuation of deeper structure (down to the basement at roughly 2 km; 
Johnson & Luza, 2008) as the ground motions we analyze are sensitive to only the top tens to at most a few 
hundreds of meters. However, if the change in sedimentary layer thickness is small as expected from the flat 
topography and the near-horizontal layers (K. S. Johnson & Luza, 2008) the effect is likely small. More work 
on local subsurface structure could verify the attenuation effect of the sedimentary layers. The second factor is 
the source directivity. We observe that some events exhibit similarities between the radiation pattern and source 
parameters (Figures 7a–7c); however, we find both positive and negative ccs and we only observe a high cc 
for a small number of events (Figure 7). The third factor is the model misfits due to an overly simplistic source 
model. Heterogeneous slip distributions may cause complex source spectra (e.g., Abercrombie,  2021). Thus, 
the uncertainty increases when fit with the Brune spectral model (Equation 2) that assumes a simple, circular 
fault. The source time functions of the event pairs we use in the spectral-ratio method show some earthquakes, 
despite being small, have complex rupture pulses (Figure S13 in the Supporting Information  S1) that affect 
the spectral fits (Figures S14 and S15 in the Supporting Information S1). Ground motion analysis in Trugman 
et al. (2021) also suggested that our Events 15–17, along with other 21 local earthquakes they analyzed, have 
complex sources. Pennington et al. (2022) examined the source time functions of other events in the LASSO array 
and found complicated source pulses with multiple peaks. Hence, model misfit likely contributes significantly 
to the uncertainty of source parameters for local events like Events 15–17, where we do not observe significant 
correlation between  source  parameters and the source directivity (Figures S12, S14, and S15 in the Supporting 
Information S1).

To summarize, we find that site-effects may bias the measured source parameters. The site-effect biases are 
relatively small compared to the model misfit uncertainty, at least in a low-relief river plain similar to where 
LASSO was deployed. Having a dense station coverage around the source to capture the deviations due to source 
directivity and model misfit is of higher priority than having stations on different site conditions in a sedimentary 
plain like LASSO. Kemna et al. (2020) suggested that an increase from 10 to 20 stations can improve the 99.5% 
precision by three times for single-spectra estimates. Alternately, if few stations (<10) are available, minimizing 
azimuthal gaps can significantly reduce the uncertainty of stress drop. At sites with larger variation in topography, 
rock type (e.g., between hard rock and soft sediments), or basement depths, the amount of the bias due to site 
effects may be larger but further work could verify. Note that the site effect bias may be hard to quantify using our 
method in a typical network (usually <10 stations, nearly always <20 stations in regions of similar size).

7. Conclusions
We analyze the ground motions across the dense LArge-n Seismic Survey array in Oklahoma (LASSO) to quan-
tify site effects and examine their relationship to source parameter estimates. The LASSO array is situated in a 
flat river plain (less than 150 m relief in a 40 km by 23 km area) with layered sedimentary rocks of Permian and 
Quaternary ages over a deep basement (2.5 km depth) gently dipping (less than 1°) to the south west. Despite 
the simple topography, the vertical ground motions of regional earthquakes (hypocentral distance 140–240 km) 
show significant variations that correspond to surface rock types and stream systems. Sites on Quaternary allu-
vial sediments can have ground motions that are three times larger than the array median. The site amplification 
is  significant in the S-wave window from 2 to 21 Hz with spatial patterns likely reflecting the thickness of sedi-
mentary layers and water content. In the P-wave window, the source radiation pattern dominates at low frequency 
(<4 Hz). The Vs30 estimated based on topographic slope poorly correlates with the rock units and the observed 
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ground motions. We suggest that topographic slope alone is unlikely to accurately characterize the near-surface 
velocity in low relief regions like LASSO.

We find that the source parameters estimates for local earthquakes (ML < 3) using the standard single-spectral 
fitting approach correlate with average ground motions of regional earthquakes at 10–15 Hz (site RMS). The 
corner frequency (fc) negatively correlates (cc = −0.5) and seismic moment (M0) positively correlates (cc = 0.3) 
with site RMS (Figure 6). The stress drop (Δσ) shows a negative correlation (cc = −0.1) with site RMS. The 
biases likely relate to the distortion of spectra caused by (a) high frequency attenuation and (b) an elevated low 
frequency plateau due to ground motions amplification by young, soft sedimentary rocks and alluvium. On the 
other hand, we show the spectral-ratio method can effectively remove the site-effect-related bias as expected 
(Figure 5b). We use a linear regression to estimate the first-order influence of site effects and correct the biased 
source parameters, which reduces 13%, 7%, and 13% of the standard deviation for the measured corner frequency, 
moment, and stress drop, respectively. We find a minimum of 30 stations is required to get a stable site-effect 
estimate and improves the spatial coherency of the target source parameters (Figures 6 and 8).

The weak-to-moderate but statistically significant correlation between ground motions and source parameters 
implies the site effects affect the source parameter estimates, but other important influences also exist. Factors 
that may contribute to the variability include (a) attenuation of deeper sedimentary layers (0.1–2 km), (b) source 
directivity, and (c) model misfit due to using an over-simplified source model. The uncertainty from model misfit 
is likely the main contributor of the variability, supported by the complex source time functions and other studies 
in this region (Pennington et al., 2022; Trugman et al., 2021). Even small magnitude earthquakes (ML = 0.01–3) 
can have complex ruptures that produce source spectra more complicated than assumed by the simple, circular 
source model (Figure S13 in the Supporting Information S1). Some events also show significant influence from 
source directivity. A more detailed mapping of the subsurface structure underneath the LASSO array could help 
verify the attenuation of the sedimentary layers and explain the observed ground motion patterns (Figure 3). Site 
effects are expected to play a larger role in regions with more strongly varying topography, rock types, and depth 
to basement, which could be investigated in the future. If three-component data are available, using the H/V ratio 
to quantify site effects and compare with site effects estimated by our methodology could also be valuable.

Data Availability Statement
The earthquake waveform data used in this study are openly available at the International Federation of Digi-
tal Seismograph Networks (FDSN) (Dougherty et al., 2016). The local events catalogs and focal mechanisms 
are from Cochran, Wickham-Piotrowski, et al. (2020) and Trugman et al. (2021). The regional events catalogs 
and focal mechanisms are downloaded from Earthquake Hazards Program Advanced National Seismic System 
(ANSS) Comprehensive Catalog of Earthquake Events and Products (U.S. Geological Survey, 2022). The Okla-
homa river and stream system maps are downloaded from the Oklahoma Water Resources Board Open Data 
(Oklahoma Water Resources Board, 2022). The Vs30 are available on the U.S. Geological Survey Earthquake 
Hazards Program Vs30 Map (Yong et al., 2016). The authors use Obspy (Beyreuther et al., 2010) to process the 
seismograms and plot the local maps. The authors use PyGMT (Uieda et al., 2022) and GMT (Wessel et al., 2019) 
to plot the regional maps and download the Earth relief data from the National Aeronautics and Space Admin-
istration (NASA) (NASA JPL, 2013). The authors use LMFIT (Newville et al., 2016) to perform the regression 
analysis and fit the spectra. The authors use Pykonal (White et al., 2020) to calculate the earthquake ray path in 
Figure S16 in the Supporting Information S1.
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