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Abstract
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]I study aspects of seismicity clustering, subsurface structures and stress orientations by analyzing seismicity at two of the most seismically active regions in the USA (Hawaii and Central USA). The notable volcanic, seismic, and collapsing activities at the summit of Kilauea volcano in 2018, provided a significant opportunity to observe and quantify naturally occurring earthquake clusters and their characteristics. I perform a spatiotemporal clustering analysis of the high-resolution earthquake catalog presented by Shelly and Thelen (2019) following the nearest neighbor workflow in Cheng and Chen  (2018). We identify two modes (M1 and M2) of naturally occurring earthquake clusters. M1 focuses on restricted time and distance separation with: . It consists of 45 clusters (20+ events). M1 clusters do not show clear temporal correlation with collapsing events (M≥5) and are  found as isolated patches of seismicity off the main crater. M2 focuses on time separation with  finding 42 clusters (20+ events). M2 clusters can be defined as a seismicity cycles, where the collapsing events (M5.2 – M5.4) mark the end of the cycle. M2 clusters identify the precursory activities leading up to major collapsing events and corresponds to the deformation activity (tilt rate) at the summit of Kilauea volcano. On the other hand, the central USA has experienced significant seismicity rate fluctuations over the last decade (Schoenball & Ellsworth, 2017). A key question to better understand the triggering mechanism is the relative depth to basement and injection layer. However, determining absolute depth is challenging due to station coverage and imperfect 1D velocity models. In this study, I analyze crustal reverberations (reflection within the upper sedimentary layer) to improve earthquake depths estimation for the Cushing fault zone sequence. I use waveform cross-correlation to group events into different similar event clusters, then I obtain double difference relative locations and examine waveform signatures of different clusters. Upon careful examination, I find that events originated at different depth have different amplitudes of reverberations. For Cushing sequence, I identify a narrow layer at shallow depth, likely representative of more weathered portion of the top of crystalline basement. To execute a regional spatial analysis of fast polarization directions (ɸ) in the central U.S.A. I use the shear wave splitting (SWS) technique to measure SWS parameters (fast direction [ɸ] and delay time [dt]). I use 33,367 local earthquakes recorded from 2010 to 2019 and the automated SWS software MFAST (Savage et al., 2010) to calculate SWS parameters. I successfully calculate 524,395 splits. The high-quality measurements provide a complete localized and regional dataset of SWS measurements for the Central U.S.A. All stations in this study present two directions of fast polarization, primary (pri) and secondary (sec). The presence of these sec is potentially caused by  local stress perturbations and shear-fabric alignments. At the regional level, either pri or sec correlate with the maximum stress orientation (max) in the region. However, many sub-regions show a clear deviation between ɸ and max directions. These discrepancies are potentially caused by local structures. 
xi
[bookmark: _Toc481981957][bookmark: _Toc38702089][bookmark: _Toc39845862]Chapter 1: Introduction
This research project focuses on two very seismically active regions in the USA: Hawaii and central USA. I conducted three independent research studies to better understand earthquake clustering, subsurface structures and stress orientations. In the first study, I analyzed naturally occurring clusters at Kilauea volcano in Hawaii’s main island. In the second study, I observed and analyzed earthquake crustal reverberations at the Cushing fault zone in Oklahoma, and on the third and last study I performed a regional shear wave splitting analysis in Oklahoma and southern Kansas.  
In Hawaii, I studied the seismic, collapsing, and volcanic activities associated with one of the most active volcanoes in the world, Kilauea volcano (USGS, 2019). On May 4th, 2018 a major seismic event of  Mw6.9, occurred in the fault zone near Hawaii’s main island, which is the largest event in Hawaii in the last 43 years (Neal et al., 2019). Since May 3rd 2018 a series of seismic events, caldera collapses, and explosions occurred progressively and lasted until August 2018 (Shelly & Thelen, 2019). For this first part of the study, I focus on precursory seismic activity leading to major caldera collapses at the summit of Kilauea volcano. A clustering analysis technique (Cheng and Chen, 2018), based on the nearest neighbor method in both time and space domains, was performed to link seismic events as clusters. The results of this study show that the increase in seismic activity, clustering and collapsing behavior correlates well with the volcanic activity at Kilauea volcano during this period.
On the other hand, the central USA, specially the state of Oklahoma, has experienced a significant increase in seismicity over the last decade, mostly due to anthropological activities like wastewater disposal and hydraulic fracturing (Keranen et al., 2014; Schoenball & Ellsworth, 2017). In the second study, I analyzed crustal reverberations on individual channels to better constrain focal depths for earthquakes at the Cushing fault zone in Oklahoma. I applied the waveform cross-correlation technique to group events into clusters based on waveform similarity on vertical and horizontal channels at each seismic station in the area. In the stacked trace of each cluster, I detected crustal reverberations by cross-correlating the direct P–wave or S-wave arrival along the stacked trace with a moving time window. Once these crustal reverberations were detected, I calculated the delay time and amplitude ratio between each reverberation and the direct wave arrival. I also use an earthquake relocation program HypoDD (Waldhauser and Ellsworth, 2000) to improve the relative locations of the events and to provide a better preliminary earthquake source depth for this earthquake sequence. The obtained results show that events originated at different depths have different amplitude ratios but relative constant delay time. 
	In the third and last study, I apply the shear wave splitting technique to identify spatial patterns or crustal anisotropy and stress orientation in Oklahoma and southern Kansas. To calculate the shear wave splitting parameters, I used the automated shear wave splitting software MFAST (Savage et al., 2010). This study focuses on the spatial analysis of the fast direction of polarization () in Oklahoma and southern Kansas. The results of this study show that most stations have a primary fast direction of polarization (pri) and secondary fast direction of polarization (sec). At most stations either the primary fast direction of polarization (pri) or the secondary fast direction of polarization (sec) is consistent with the shear stress (max) orientations around the USA mid-continent. However, there are some discrepancies between fast polarization directions () and shear stress orientations (max) probably caused by local stress perturbations in the region. No significant stress direction changes over time were detected with this technique.
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[bookmark: _Toc38702091][bookmark: _Toc39845864]Introduction
The Kilauea volcano located on Hawaii’s main island has erupted 34 times since 1952, making it one of the most active volcanoes in the world (USGS, 2019). According to USGS, eruptive activity along Kilauea volcano’s East Rift Zone (ERZ) was nearly continuous from 1983 to 2018.  On April 30th 2018, a dike intrusion in the ERZ ended the 35-yearlong continuous eruption of Kilauea volcano (Anderson et al., 2019).  On May 3rd 2018, the dike intrusion and a major volcanic eruption triggered a major outpouring of lava in the ERZ, which is located approximately 40 kilometers away from the volcano’s summit. More than 1 km3 of lava was erupted, destroying hundreds of properties and putting thousands of civilians at risk (Anderson et al., 2019).  Since then, a series of caldera collapses, explosions, and  seismic events occurred progressively and lasted for three months until August 2018 (Shelly & Thelen, 2019). On May 4th, 2018 a major seismic event of  Mw6.9, occurred in the fault zone near Hawaii’s main island, which is the largest event in Hawaii in the last 43 years (Neal et al., 2019).
The Kilauea summit’s collapsing sequence is the best documented sequence in the world with the largest comprehensive dataset (Shelly & Thelen, 2019). This dataset includes a multi-parameter monitoring network, including ground deformation measurements with borehole tilt-meters, InSAR, GPS, LiDAR and GNSS (Neal et al., 2019; Shelly & Thelen, 2019).  A total of 62 collapses were recorded between May and August 2018, these collapses are estimated in 825 million m3 at Kilauea volcano, which is the largest amount in the last 200 years (Anderson et al., 2019; Neal et al., 2019).  The deformation associated with the collapsing sequence suggests a considerable amount of magma drainage from the shallower reservoir towards the rift zone (Neal et al., 2019). During this sequence, each caldera collapse terminates a seismic cycle that includes hundreds of magnitude Mw3.0 – Mw 4.0 summit events, or thousands of events if we consider micro seismic events (Shiro et al., 2018). The caldera collapses are generally associated with a Mw 5.2 – Mw 5.4 seismic events that occurred almost on a daily basis (Butler, 2019; Neal et al., 2019; Segall et al., 2019; Shelly & Thelen, 2019), making it an ideal sequence to perform clustering analysis.  
Seismic clustering analysis provides key information on earthquake dynamics based on the spatiotemporal behavior of the seismic events (Zaliapin & Ben-Zion, 2013). In this study, we perform a spatiotemporal clustering analysis using the high-resolution earthquake catalog presented by Shelly and Thelen (2019). We focus on the precursory seismic activity leading to the summit collapses at Kilauea volcano during the period of highest seismicity rate from May to August 2018. The clustering analysis follows the nearest neighbor workflow in Cheng and Chen (2018). With this clustering technique we aim to quantify and characterize naturally occurring clusters and their direct relationship with the volcanic activity at Kilauea volcano. After executing the clustering analysis, we examine the temporal variation of cluster characteristics and their relationship with tilt-meter data from two nearest tilt-meter stations and volcanic activities observed at the summit of Kilauea volcano. 

[bookmark: _Toc38702092][bookmark: _Toc39845865]Data
	We use the earthquake catalog from Shelly and Thelen (2019). The matched-filter detected and relocated catalog consists of 44,188 events associated to seismic activity at the summit of Kilauea volcano between April 29th and August 6th 2018 (Figure 1). Most of the events are located from 0 to 2.5 kilometers deep. The event magnitudes range from Mw -1.17 to Mw 5.4, including both micro-seismic events and major events associated with caldera collapses. For analysis in this study, only events above the magnitude of completeness (Mc = 1.8) are considered (Figure 2). The magnitude frequency distribution of the catalog exhibits two trends: (1) events below Mw4.3 can be well explained with Gutenberg-Richter relationship with a b-value of about 0.94 (Gutenberg & Richter, 1942); (2) excess of larger events with Mw≥4.3 (Figure 2) that are potentially associated with major collapse events (Shelly & Thelen, 2019).
Tilt-meter datasets from borehole stations SDH (south of the summit) and SMC (east of the summit) were obtained from the Hawaii Volcano Observatory (HVO) (Figure 1). The tilt-meter data provides slope inclination measurements over time in both east (X) and north (Y) directions from April 30th to August 5th 2018. 

[bookmark: _Toc38702093][bookmark: _Toc39845866]Methods
Earthquake clustering provides information about interactions among seismic events. To fully understand the seismicity behavior at the summit of the Kilauea Volcano during the eruption, we perform clustering analysis following Cheng and Chen (2018). This method is based on nearest-neighbor distance approach, using a single-link method to cluster events with the smallest spatial and temporal separation. 
First, we obtain the combined spatiotemporal distance between all event pairs (event i and j) following Zaliapin and Ben-Zion (2013) and Cheng and Chen (2018): 
;

where, d  is the fractal dimension of the epicenters, a value of 1.6 from Cheng and Chen (2018) is chosen,   represents the interevent time in days and  the interevent epicentral distance (Cheng & Chen, 2018). 
Then, we search for the nearest neighbor for each event j that have the smallest  that occurred before j. 
Finally, we represent the spatial and temporal component between event j and its nearest neighbor event k by 

In Figure 3a, we clearly see a bimodal distribution of nearest neighbor distances from the 2D density plot: mode 1 with longer inter-event time but shorter inter-event distance and mode 2 with relatively shorter inter-event time but longer inter-event distance. When examining the histograms of neighboring distances, both the combined distance  and time difference  appear as single-mode (Figure 3c and 3d), but the distance difference  shows clear bimodal distribution (Figure 3b).
Based on the observations, we perform two clustering analyses: 
(1) M1: focus on mode 1, and consider both time and restricted distance separation with: . The shorter spatial distance separation would potentially allow us to identify individual faults with highly concentrated seismicity. 
(2) M2: focus on the time separation with . Previous studies suggest that the microseismicity exhibit cyclic behavior with strong clustering in time (Shelly & Thelen, 2019), this allows us to identify both mode 1 and mode 2. The rescaled distance of 6.3096 km corresponds to 3.94 km in absolute distance.
For each parameter set, we define clusters based on the single-link method used in Cheng and Chen, (2018). For clusters with more than 20 events, we obtain the total number of events and cluster duration (defined as the duration contains 95% of the events). In addition, for each cluster, we obtain the corresponding tilt-meter data from the East and North directions from stations SDH and SMC. Visual inspection suggests that both event number and tilt changes follow constant rate increase during each cluster, therefore, we perform linear fitting for both event growth and tilt amount change with time for each cluster. The result of linear fitting is used to discuss the relationship between earthquake rate and deformation rate during each cluster. 

[bookmark: _Toc38702094][bookmark: _Toc39845867]Results
[bookmark: _Toc38702095][bookmark: _Toc39845868]Cluster analysis M1
This analysis focuses on shorter spatial distance, and found 1,157 clusters. Histogram of number of events within each cluster shows a power law decay relationship, with about 500 clusters with 2 events, and about 10 clusters with 10 events. Figure  summarizes distributions of 45 clusters with more than 20 events. Figure 4a and 4b shows the map view and depth view of identified clusters. With the shorter distance criterion, the clusters are concentrated within several isolated patches off the main crater center. There is no clear temporal correlation between individual cluster and occurrence of M≥5 collapse events. These clusters tend to peak during two time periods: around June 20th to June 26th, and July 24th to July 26th. The first-time period corresponding to a transition between ash producing collapses and non-ash producing collapses (the alert level was changed from red to orange on June 24) (USGS, 2018). The second-time period corresponds to the end of the collapsing sequence. It is possible that these events occur within boundary faults and almost all events occur within 160m of another event with these fault patches.  
[bookmark: _Toc38702096][bookmark: _Toc39845869]Cluster analysis M2
This analysis focuses on the time separation, where all events within the caldera that are within 0.1 day of their nearest neighbor can fall within the same cluster. This results with 166 clusters, and 55 clusters with more than 20 events. In comparison to M1 results (Figure 4), where only isolated patches are identified, Figure 5 shows that most of these events fall within clusters with more than 20 events. Out of the 44 events with M≥5, 42 events fall within one of the 55 clusters, and are always the last event of these clusters (the two events that do not fall within clusters occurred on May 30th and June 4th). This indicates that the temporal clustering analysis identifies the precursory activities leading up to major collapsing events. Figure 5f shows that the duration of these clusters corresponds well with time separation between successive M≥5 earthquakes. 
Figure 5e shows (mostly) linear increase of event numbers with time. Linear regression analysis finds that the event growth with time for all the clusters can be well explained with constant event rate (R-square values are all greater than 0.9 using “fitlm” function in MATLAB). The cluster duration gradually increases with time, from the about 0.5 days at the beginning to 1.5 days towards the end of the eruption sequence (Figure 5f), which can also be visualized in Figure 5e through the gradual color changes. Event number per cluster rapidly increased around June 11th (Figure 5d), which is the time when the highly compacted spatial clusters started to occur (Figure 4d). Event number per cluster peaked around June 21st (Figure 5d), consistent with the peak time of clustering with shorter distances (Figure 4d). 

[bookmark: _Toc38702097][bookmark: _Toc39845870]Discussion
[bookmark: _Toc38702098][bookmark: _Toc39845871]Relationship between earthquakes and volcano activities
From Figure 4d and 5d, it appears that there are two important dates related to changes in event clustering characteristics: June 11th and June 21st. The first date corresponds to rapid increase in precursory seismicity and appearance of isolated fault patches with large number of earthquakes. This likely suggests activation of major boundary faults surrounding the caldera. Based on chronology of volcano activities, on June 10th and 11th, major changes in eruption at fissure 8 occurred with three closely spaced lava fountains erupting at large heights (USGS, 2018). The second-time stamp corresponds to a period when collapse events transition from ash-producing to non-ash producing, suggesting a possible transition in how the caldera system accommodates deformations (USGS, 2018).
The gradual increase in cluster duration correlates well with the gradual increase in the intervals between M≥5 events (collapses events). However, the cluster duration is systematically shorter than M5 event interval by about 0.5 days, which suggests a period of quiescence after major collapsing events (Figure 5f), consistent with visual observations in Shelly and Thelen, (2019). The increased cluster duration suggests that the caldera system requires longer time for re-pressurization following each collapse events as the magma chamber is depleting.   
[bookmark: _Toc38702099][bookmark: _Toc39845872]Relationship between earthquake rate and deformation rate
Linear regression analysis is performed for tilt-meter data during each cluster period. The tilt-meter is sampled at 60 seconds. Because of the short-term fluctuations (Figure 6), data is smoothed for every 3 hours before linear fitting. Time periods with R-squared greater than 0.9 can be considered as having constant deformation rates. East and North components from two nearest tilt-meter stations (SDH and SMC) are analyzed (Figure 6). The linear regression analysis suggests that the east component of station SDH has the most time periods that meet linear approximation criteria (R-square ≥ 0.9), which is then used for analysis between earthquake rate and deformation rate. A complete geodetic analysis is beyond the scope of this paper. The purpose of the analysis here is to understand the controlling factors of earthquake rates during each cycle. 
Figure 6 shows that station SDH started to have large amplitude short-term fluctuations two days before June 11th, corresponding to the activation of isolated fault patches. Detailed inspection of two example clusters (Figure 7) shows that these large fluctuations are likely associated with relatively larger earthquakes (e.g., M≥3). Figure 6d shows that before June 11th, there is a negative correlation between earthquake rate and tilt rate. The negative correlation and absence of active fault patches suggests that most of the deformation during this period are aseismic, likely due to volcano inflation/deflation. 
On June 21st, both cluster event number and tilt rate at station SMC experienced peak values. Following June 21st, earthquake rate during each cluster decreases with decreased tilt rate, and tilt rate gradually flattens towards the end of the sequence (Figure 6c). The lowered alert level of the volcano (due to absence of ash producing collapses) and positive correlation between earthquake rate and deformation rate (Figure 6e) suggests that much of the deformation is accommodated by boundary faults activated during the eruption. 

[bookmark: _Toc38702100][bookmark: _Toc39845873]Conclusion
	The significant seismic, volcanic, and collapsing activities at the summit of Kilauea volcano in 2018, provide an incredible opportunity to observe and quantify two modes (M1 and M2) of naturally occurring clusters and their empirical characteristics. For M1 (shorter space distance), 1,157 clusters are identified of which 45 clusters have 20 or more events. These clusters are characterized for being found in isolated patches off the main crater and not having a clear temporal correlation between individual clusters and collapses events ( M≥5). M1 clusters show a direct correlation between the summit collapsing activity behavior (e.g. ash producing collapses, non-ash producing collapses, end of the collapsing sequence, etc.) to the peak clustering formation. On the contrary, M2 (longer space distance) clustering results focus on the time separation of the events. For this mode, 166 clusters were identified, where 55 clusters have 20 or more events and 42 clusters out of the 55 can be defined as a seismicity cycle. The beginning of the cycle is characterized by a period of latent seismicity, followed by a period of significant seismicity increase and finalizing with a Mw5.2 – Mw5.4 caldera collapse. Indicating that this temporal clustering analysis identifies the precursory activities leading up to major collapsing events. The cluster duration gradually increases with time, from about 0.5 days at the beginning to 1.5 days towards the end of the eruption sequence. M2 clustering behavior is directly correlated to the volcanic activity at Kilauea volcano, specifically to the summit deformation due to pressure decrease in the magma reservoir measured by borehole tilt-meter stations. Along the sequence, correlation between earthquake rate and deformation rate suggests that much of the deformation is accommodated by boundary faults activated during the eruption. In the contrary, negative correspondence between tilt rate and earthquake rate suggest that most of the deformation during this period is aseismic, likely due to volcano inflation/deflation. 
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[bookmark: _Toc39713589]Figure 1. Seismic activity at Kilauea volcano on Hawaii’s main island. The seismic catalog  (Shelly and Thelen, 2019) includes 44,188 high-resolution events (red dots) between April 29th and August 6th 2018. The yellow triangles denote the location of the tilt-meter stations and seismic station SDH and SMC.
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[bookmark: _Toc39713590]Figure 2. Magnitude-frequency distribution, and b-value calculation for the seismic catalog (Shelly & Thelen, 2019). 


[image: ][bookmark: _Toc39713591]Figure 3. Overview of clustering thresholds. (a) 2D density view of distance and time of nearest neighbors. The white solid lines show the thresholds used for the two clustering analyses with the main difference in distance. (b) Histogram of rescaled space distance with nearest neighbor events. (c) Histogram of time difference with nearest neighbor events. (d) Histogram of the combined space-time distance. The red vertical lines in (b), (c) and (d) mark the thresholds.

[image: ]   [image: ][bookmark: _Toc39713592]Figure 4. Overview of results from clustering analysis 1 with shorter space distance. For all figures, each cluster is marked with the same color. (a) and (b) are map view and depth view of clusters. The grey dots are non-clustered events, and the black circles denote events with M≥5. (c) magnitude versus time. (d) Number of events in each cluster versus time. (e) Normalized cumulative number of events versus time within each cluster. Clusters that have M≥5 events are shown as solid lines, and the other clusters are shown as dashed lines. (f) Duration versus time. 
[bookmark: _Toc39713593]Figure 5. Overview of results from clustering analysis 2 with longer space distance. For all figures, each cluster is marked with the same color. (a) and (b) are map view and depth view of clusters. The grey dots are non-clustered events, and the black circles denote events with M≥5. (c) magnitude versus time. (d) Number of events in each cluster versus time. (e) Normalized cumulative number of events versus time within each cluster. Clusters that have M≥5 events are shown as solid lines, and the other clusters are shown as dashed lines. (f) Duration versus time. The black circles denote time separation between successive M≥5 earthquakes for comparison. 
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[bookmark: _Toc39713594]Figure 6. Summary of tiltmeter and earthquake rate relationship. (a) and (b): East (left axis) and North (right axis) tiltmeter data for stations SMC (a) and SDH (b). (c): earthquake rate and tilt rate for clusters with tiltmeter R-squared values ≥ 0.9 versus time. (d) and (e) are earthquake rate versus tilt rate for clusters before 2018/06/11 (d) and after 2018/06/21 (e).  



          (a)
(b)

[bookmark: _Toc39713595]Figure 7. Correlation between seismic waveform (orange), X-tiltmeter data (blue), Y-tiltmeter data (green), and earthquake magnitude (gray circles). Top: Correlation between seismic waveform, X-tilt data and Y-tilt data. Bottom: Correlation between seismic waveform amplitude and earthquake magnitude. (a) Cluster C1 (June 16th 04:21:00 to 20:41:00 hours), last approximately 16:20:00 hours and includes 127 earthquakes. (b) Cluster C2 (June 26th 06:46:00 hours to June 27th 08:41:00 hours), lasted approximately 25:55:00 hours and includes 391 events.
[bookmark: _Toc481981961][bookmark: _Toc38702101][bookmark: _Toc39845874]Chapter 3: The Anatomy of the Cushing Fault Based on Earthquake Clustering and Crustal Reverberation 

[bookmark: _Toc38702102][bookmark: _Toc39845875]Introduction
The USA midcontinent has seen rapid increase in seismic activity and the state of Oklahoma has experienced the most significant earthquake rate increase, where the occurrence of seismic events exponentially increased from 2012 to 2015 (Schoenball & Ellsworth, 2017) and have slowly decreased since then. In Oklahoma, this increase in seismicity is mostly due to anthropological actives such as waste water disposal associated with oil and gas exploration (Keranen et al., 2014; McGarr, 2014); however, geological structures have a major influence on the spatial location of earthquakes sequences (Shah & Keller, 2017; Pei et al., 2018). Cushing, Oklahoma, is an interesting study area because a major oil and gas pipeline transportation system run through it (McNamara et al., 2015) and it has experienced a M5.0 sequence in November 2016 (McGarr & Barbour, 2017) and M4.3 sequence in October 2014 (McNamara et al., 2015).   
Earthquakes within the M4.3 sequence are relatively shallow and in alignment with faults within the overlying Arbuckle group and the crystalline basement (McNamara et al., 2015). This sequence reactivated complex conjugate structures south of Cushing with a main fault striking WNW, which increased the likelihood of experiencing a larger event in the surrounding area (McNamara et al., 2015). The M5.0 earthquake sequence includes 48 earthquakes of M>3.0 and is considered as a continuation of the M4.3 sequence (McGarr & Barbour, 2017). The M5.0 sequence shiftted from the fault zone in 2014, and ruptured a previously unknown fault striking NE. The M5.0 sequence passed through the city limit of Cushing, and caused structural damage, but fourtunately, no damage to oil storage facilities (McNamara et al., 2015; McGarr & Barbour, 2017). 
The Cushing fault zone has hosted some of the larger events in Oklahoma (e.g. M≥4 and M5.0 events), making it one of the major active fault zones in Oklahoma. For this reason, full characterization of the fault zone and improvements of the 1D velocity models in this area are essential to reduce uncertainties in earthquake locations, ground motion estimations, and to better understand controlling factors of large earthquake occurrences. In this study, we focus on constraining shallow structures, basement depth, and earthquake depths by combining waveform cross-correlation, identification and modeling of crustal reverberations.

[bookmark: _Toc38702103][bookmark: _Toc39845876]Data
We use the earthquake catalog from OGS (Oklahoma Geological Survey) (Walter et al., 2019) for Cushing fault zone from June 2013 to July 2018, which includes 681 events with magnitudes from M0.25 to M5.0. About 95% of the events are located at depths between 0.1 km to 8.0 km (4.85%(8.01 – 86.3 km) and 95.15%(0.1 – 8.0 km)), with an average depth of 4.8 km. We downloaded event waveforms from IRIS (Incorporated Research Institutions for Seismology) DMC (Data Management Center) from 145 stations within 175 km of the fault zone. This resulted with a waveforms database consists of 16,031 P waveforms and 32,062 S waveforms. The waveforms are organized in GISMO waveform format (Thompson and Reyes, 2018). An auto-picker (Li and Peng, 2016) is applied to automatically pick P and S arrivals using a 1D velocity model for Cushing area extracted from the 3D model in Chen (2016). Based on the automatic phase picks, the waveforms are cropped into 4-second segments for P-waves, and 5.5-second segments for S-waves, each segment starting at -0.5 s of the picked arrival. The windowed waveforms are resampled to a uniform 100 Hz sampling rate. Seismicity in the Cushing fault zone is displayed on Figure 8. 

[bookmark: _Toc38702104][bookmark: _Toc39845877]Methods
[bookmark: _Toc38702105][bookmark: _Toc39845878]Earthquake Cross-correlation
We measure waveform cross-correlation (CC) at each station for all possible event pairs after applying a Butterworth filter between 1 and 10 Hz to remove higher frequencies. Resampling is performed at peak CC to obtain more precise differential times using the GISMO package (Thompson and Reyes, 2018). We cluster event pairs with CC > 0.75 at each station for P and S waves. 
[bookmark: _Toc38702106][bookmark: _Toc39845879]Relative Double Difference Relocation 
Differential times with CC values higher than 0.65 are used to obtain more precise relative locations using hypoDD (Waldhauser, 2001). The absolute location may shift depending on the 1D velocity model used, however, more precise relative locations are important to understand the crustal reflection patterns. For the hypoDD relocation input files, we used 226,801 differential times from CC and 100,130 differential times from the auto-picker catalog. The minimum and maximum number of CC measurements per events pair are 3 and 142 respectively.  For the auto-picker catalog, we only include picks that have a signal to noise ratio (SNR) greater than 2.5 and we only consider events that are recorded at least at four stations. We performed five sets of iterations, specifications can be found on Table 1. After the CC and auto-picker catalogs differential time matched, we perform the relocation with 581 initial trial sources recorded at 174 seismic stations. The vp/vs ratio used for the relocation is vp/vs = 1.69 in the sedimentary layer. A nine layers 1D velocity model based on Darold et al., (2015) adapted for the Cushing area, with a shallower top layer is used. The velocity model can be found on Table 2.
[bookmark: _Toc38702107][bookmark: _Toc39845880]Event Clustering
We refine our previously grouped events by only considering event pairs with CC > 0.85 and group them into high-quality clusters based on waveform similarity. For P waves, we only use the vertical channels and require at least 7 events with CC > 0.85 to form a high-quality cluster. For S waves, we use the two horizontal channels separately and require at least 5 events to form a high-quality cluster. Finally, we stacked the events and obtain the stacked waveform for each high-quality cluster. 
[bookmark: _Toc38702108][bookmark: _Toc39845881]Crustal Reverberations Detection
Visual examination of selected stations found multiple phases following the initial P and S arrivals. Previous studies suggests that these phases are likely caused by crustal reverberation within the sedimentary layer (Mori, 1991). A detection algorithm is developed to detect crustal reverberations in both vertical (P-wave) and horizontal (S wave) channels separately. To reduce random noise, the detection is performed on stacked waveforms for each cluster at each station. Only seismic stations that record two or more clusters with CC > 0.85 are considered for furthers steps. To detect crustal reverberations, we first divided the previously stacked waveforms of each sub-cluster into two signals: Signal Prime and Signal Analysis. For vertical channels, Signal Prime is defined as the first 0.35 seconds of data after P-wave arrival. For horizontal channels, Signal Prime is defined as the first 0.4 seconds of data after the S-wave arrival. Signal Analysis is defined as the data contained between Signal Prime and the end of the waveform data for both P and S waveforms. Finally, we compute a running correlation between Signal Prime and Signal Analysis to identified crustal reverberations (multiples) for individual channels based on absolute correlation coefficients (CC > 0.85). To improve the detection of subsequent arrivals, an envelope function based on Hilbert transform was implemented to obtain more precise parameters by accounting for the phase shifts from reflection as described by Hill, (1974). When all crustal reverberations are identified, we systematically measure and store the relative delay time and amplitude difference between the crustal reverberations for all clusters in individual channels separately.

[bookmark: _Toc38702109][bookmark: _Toc39845882]Results
[bookmark: _Toc38702110][bookmark: _Toc39845883]HypoDD relocation
The HypoDD relocated catalog for the Cushing Fault Zone includes 567 events with magnitudes from M0.3 to M5.0. The catalog event depths range from 0.1 km to 8.3 km, with an average depth of 2.2 km. HypoDD relocation results for Cushing sequence can be found on Figure 9. Clusters C1, C2 and C3 are randomly located in the original OGS catalog (Figure 9a,d), but they show a preferred earthquake depth distribution on the relocated catalog (Figure 9e). However, there is not a clear earthquake relocation along the fault zone (Figure 9b). Comparison between the original OGS catalog and the relocated catalog suggests significant improvement in delineating the fault zone (Figure 9b) and relative earthquake depth distribution (Figure 9e).
[bookmark: _Toc38702111][bookmark: _Toc39845884]Similar event clusters
Based on waveform similarity and relative depth determination we detected similar event clusters at twelve different stations located between 30 km to 106 km from the Cushing seismic sequence. At each station we identify between two to three clusters, where each cluster is confined within narrow depth ranges (Figure 9e). The spatial distribution of these clusters confirms the accuracy of the relative depth determination of our relocation results. 
[bookmark: _Toc38702112][bookmark: _Toc39845885]Characteristics of crustal reverberations
We identify crustal reverberations in vertical channels at nine stations (RH07, RH11, STN01, STN02, STN03, STN07, STN08, STN20, and STN33) and in horizontal channels at five stations (STN03, STN09, STN15, STN31, and STN33). Station STN03 shows crustal reverberations in all channels (HH1, HH2, and HHZ) and station STN33 shows crustal reverberations in the vertical and one horizontal channel (HH1). 
Each individual station has between two and three clusters, where each cluster is confined within narrow depth ranges. These clusters show at least one crustal reverberation (two peaks) and up to three crustal reverberations (four peaks). In this case, the first peak always corresponds to the direct P-wave arrival or S-wave arrival for vertical and horizontal channels respectively, thus the delay time for the first peak is always zero (dt = 0) and the amplitude ratio is always 1 (Amp. ratio = 1). Complete crustal reverberations parameters for vertical channels are listed on Table 3 and for horizontal channels on Table 4.
Figures 10 and 11 show examples of three similar event clusters grouped by waveform similarity on the vertical (HHZ) and horizontal (HH2) channels on station STN03. For both channels, the three clusters are confined within narrow depth ranges at shallow (~1.70 km), intermediate (~2.00 km), and deep (~2.60 km) depths. However, there is no clear location separation along the fault zone for these clusters. Figures 10c-d and 11c-d show velocity and displacement waveforms of the stacked P-wave and S-wave for the three clusters, respectively. 
Figures 12 and 13 show other examples of three similar event clusters on the vertical (HHZ) channel and two similar event clusters on horizontal (HH2) channel group by waveform similarity on station STN33. For both channels, the shallow and deep clusters are confined within narrow depth ranges at 1.65 km and 2.42 km respectively. The intermediate cluster on the vertical channel is confined within a narrow depth range around 1.86 km. Similarly, to station STN03, the clusters on station STN33 do not show clear location separation along the fault zone. Figures 12c-d and 13c-d show velocity and displacement waveforms of the stacked P-wave and S-wave clusters respectively. For stations STN03 and STN33, it can be noted that the delay times between successive reverberations are very similar for the three clusters at different depths, despite slight delay of the deepest cluster. The main difference is the relative amplitude of the reverberations: the shallowest clusters have strongest reverberation signal, which can have higher amplitude than the direct P/S arrivals. Clusters at intermediate and deeper depths have similar amplitude ratios, despite slight lower amplitude for reverberations from the deepest clusters. 
Figure 14a shows a map view of all stations that recorded crustal reverberations on one or more channels. Figure 14b and 14c show the stacked waveform of all observations for P wave clusters and S wave clusters respectively. P wave clusters are detected at stations located between 30 km to 104 km from the seismic sequence (Figure 14b). S wave clusters are detected at stations located between 35 km to 66 km from the seismic sequence (Figure 14b). Our observations suggest nearly constant delay time between crustal reverberations across wide distance ranges.

[bookmark: _Toc38702113][bookmark: _Toc39845886]Discussion
The strong spatial clustering of similar event clusters from multiple stations suggests that reliability of the double-difference relocation performed in this study (Waldhauser, 2001). If only differential times from cross-correlation are used in relocation, the largest earthquakes (M≥4) are excluded from the relocation due to lack of waveform similarity with smaller events. With high-quality picks from the auto-picker, the relocation successfully relocated the M4.3 and M5.0 events within the Cushing fault zone (Figure 15). 
The presence of crustal reverberations in this area is caused by free surface reflections at the interface between the low-velocity sedimentary layer and the high-velocity crystalline basement (Frohlich et al., 2014). Similar observations made in Texas, California, and the New Madrid seismic zone (Mori, 1991; Langston, 2003; Frohlich et al., 2014) suggest the possibility of using crustal reverberations to constrain earthquake depth and shallow structures depth. In this study, we use a systematically technique that combines crustal reverberation analysis and cross-correlation to calculate earthquake depths relative to the basement interface for earthquake clusters. This systematically technique is transferable to other earthquake sequences in Oklahoma (e.g. Prague, Guthrie, Fairview, etc.) and nearby regions in the central US such as Kansas, Texas, and New Madrid seismic zone.
The relative amplitude variations of crustal reverberations (Figure 10-11) are clear evidence that events with different source depths have different waveform characteristics. Although, the direct P-wave or S-wave arrivals are similar, the full waveforms have different behavior. Proper modeling needs to be done to accurately identify the amplification or attenuation parameters of the seismic waveforms, especially of the crustal reverberations. The relative timing and amplitude variations of the crustal reverberations can be used to constrain earthquake depth with the implementation of forward modeling (Mori, 1991; Frohlich et al., 2014). Determining accurate absolute event depth is a key factor for ground motion modeling and to understand the triggering mechanism of events by proper identification of the seismogenic zone.
The HypoDD relocated catalog for the Cushing Fault Zone includes 567 events with magnitudes from M0.3 to M5.0. The catalog event depths range from 0.1 km to 8.3 km, with an average depth of 2.2 km. The relocated catalog suggests significant improvement in delineating the fault zone and relative depth relocation, where the relocated clusters show a preferred depth distribution. Shallow event clusters are found near a narrow dipping surface, which may be an erosional surface at basement interface. Based on our double-difference relocation results and preferred earthquake depth cluster distribution (Figure 9e), we suggest that the dipping basement interface may range from 1.6 km to 2.0 km.
Observations in Figures 10-13 suggest that the delay time may not change much for clusters located at different depth. However, the relative amplitude changes significantly between the shallowest and deeper depths. Forward waveform modeling suggests that the delay time is mainly related to basement depth and shallow velocity gradient, while the earthquake depth is the main control on relatively amplitudes of crustal reverberation. The strong reverberation amplitude and the narrow depth range of the shallowest cluster suggest that it occurs directly beneath the basement interface. 
The relative amplitude variations of crustal reverberations (Figure 10 - 13) are clear evidence that events with different source depths have different waveform characteristics. Although the direct P-wave or S-wave arrivals are similar, the full waveforms have different behavior. The relative timing and amplitude variations of the crustal reverberations can be used to constrain earthquake depth with the implementation of forward modeling (Mori, 1991; Frohlich et al., 2014). The analysis that combines crustal reverberation and cross-correlation to constrain earthquake depths relative to the basement interface for earthquake clusters can be transferable to other earthquake sequences in Oklahoma (e.g. Prague, Guthrie, Fairview, etc.) and nearby regions in the central US such as Kansas, Texas, and New Madrid seismic zone.
These multiple reverberations may cause multiple shaking reports for the same earthquake, and the stronger amplitudes for later arrivals for shallow events can cause problem for ground motion modeling. In addition, because the delay time for the same fault zone only shows very little variations with source-receiver distance, the later arrivals could be regarded as separate events occurring at regular intervals, which can cause problem for earthquake sequence analysis (e.g. multiple events occurring at regular intervals versus just a single event). The identification of shallow events potentially directly below the basement interface is very important to understand fluid pathways from injection wells to fault zone. The analyses here underscore the importance for accurate depth determination and shallow structure in both hazard assessment and earthquake triggering.

[bookmark: _Toc38702114][bookmark: _Toc39845887]Conclusion
We use a technique that systematically combines crustal reverberation and cross-correlation to better understand waveform behavior and characteristics for groups of events at different depths in the Cushing fault zone. This technique and the implementation of forward modeling can be used to constrain shallow structures depths and earthquake depths relative to the basement interface. This technique is transferable to nearby regions in Oklahoma and the central USA. In the crustal reverberations analysis, we study the relative time and amplitude variations between crustal reverberations for clusters confined within narrow depth ranges. The relative timing between crustal reverberations is consistent for clusters at different depths, however the relative amplitude of the crustal reverberations varies with source depth. The shallower depth cluster (C1) shows stronger reverberation arrivals than intermediate and deeper depth clusters. We identify crustal reverberations in the vertical channel at nine stations and at five stations in horizontal channels. Individual stations present between two to three clusters with different depth sources, and each cluster presents between one to three reverberations after the direct P-wave or S-wave arrivals. 
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[bookmark: _Toc39713596]Figure 8. Map view of the study area. Cushing Fault Zone events (black dots) and stations that recorded crustal reverberations in one or more channel (triangles). The color of each station corresponds to the type of crustal reverberations (multiples) recorded: P multiples (red), S multiples (blue), P and S multiples (green). The outline color of each station corresponds to the type of recording station: seismic stations (black) or nanometric stations (white).
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[bookmark: _Toc39713597]Figure 9. Comparison between the original Oklahoma Geological Survey (OGS) catalog (gray dots) and the double-difference relocated (HypoDD) catalog (black dots). Similar cluster events at station STN03, C1 – shallow cluster (blue circles), C2 – intermediate cluster (yellow circles), and C3 – deep cluster (red circles). (a) OGS catalog map view. (b) HypoDD catalog map view. (c) Map view comparison between OGS and HypoDD catalogs. (d) OGS catalog cross-section view. (e) HypoDD catalog cross-section view. (f) Cross-section view comparison between OGS and HypoDD catalogs.





[bookmark: _Toc481981962][image: ]
[bookmark: _Toc39713598]Figure 10. Crustal reverberations on vertical channel (HHZ) at station STN03 for three clusters: C1- shallow depth cluster (blue), C2- intermediate depth cluster (yellow), and C3- deepest depth cluster (red). (a) Map view of C1, C2, and C3 in the Cushing Fault Zone. (b) Cross-section view of C1 (located around 1.60 km), C2 (located around 1.82 km), and C3 (located around 2.61 km). We suggest a dipping basement interface ranging from 1.6 km to 2.0 km. (c) Stacked waveforms for C1 (blue waveform), C2 (yellow waveform), and C3 (red waveform). (d) Stacked displacement waveforms for C1 (blue waveform), C2 (yellow waveform), and C3 (red waveform). 
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[bookmark: _Toc39713599]Figure 11. Crustal reverberations on horizontal channel (HH2) at station STN03 for three clusters: C1- shallow depth cluster (cyan), C2- intermediate depth cluster (purple), and C3- deepest depth cluster (magenta). (a) Map view of C1, C2, and C3 in the Cushing Fault Zone. (b) Cross-section view of C1 (located around 1.68 km), C2 (located around 1.91 km), and C3 (located around 2.80 km). We suggest a dipping basement interface ranging from 1.6 km to 2.0 km. (c) Stacked waveforms for C1 (cyan waveform), C2 (purple waveform), and C3 (magenta waveform). (d) Stacked displacement waveforms for C1 (cyan waveform), C2 (purple waveform), and C3 (magenta waveform).
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[bookmark: _Toc39713600]Figure 12. Crustal reverberations on vertical channel (HHZ) at station STN33 for three clusters: C1- shallow depth cluster (blue), C2- intermediate depth cluster (yellow), and C3- deepest depth cluster (red). (a) Map view of C1, C2, and C3 in the Cushing Fault Zone. (b) Cross-section view of C1 (located around 1.64 km), C2 (located around 1.86 km), and C3 (located around 2.44 km). We suggest a dipping basement interface ranging from 1.6 km to 2.0 km. (c) Stacked waveforms for C1 (blue waveform), C2 (yellow waveform), and C3 (red waveform). (d) Stacked displacement waveforms for C1 (blue waveform), C2 (yellow waveform), and C3 (red waveform).
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[bookmark: _Toc39713601]Figure 13. Crustal reverberations on horizontal channel (HH1) at station STN33 for two clusters: C1- shallow depth cluster (cyan) and C2 - deep depth cluster (purple). (a) Map view of C1and C2 in the Cushing Fault Zone. (b) Cross-section view of C1 (located around 1.66 km) and C2 (located around 2.41 km). We suggest a dipping basement interface ranging from 1.6 km to 2.0 km. (c) Stacked waveforms for C1 (cyan waveform) and C2 (purple waveform). (d) Stacked displacement waveforms for C1 (cyan waveform) and C2 (purple waveform).
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[bookmark: _Toc39713602]Figure 14. (a) Map view of stations in central Oklahoma that recorded crustal reverberations on one or more channels from the Cushing sequence (black dots). Stations that recorded P wave crustal reverberations (white outline), S wave crustal reverberations (blue outline), and P and S wave crustal reverberations (black outline). The color of each station corresponds to the color of waveform in panels (b) and (c). (b) Stacked waveforms for nine stations that recorded P wave crustal reverberations sorted by distance. (c) Stacked waveforms for five stations that recorded S wave crustal reverberations sorted by distance. 
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[bookmark: _Toc39713603]Figure 15. Oklahoma Geological Survey (OGS) catalog (red dots) and double-difference relocated (HypoDD) catalog (black dots) comparison for Cushing sequence and M4.4 event (blue circle) and M5.0 (magenta circle). (a) OGS catalog map view. (b) HypoDD catalog map view. (c) OGS catalog cross-section view. (d) HypoDD catalog cross-section view. 

















[image: ][bookmark: _Toc38001063][bookmark: _Toc38001217][bookmark: _Toc38001309][bookmark: _Toc39714054]Table 1. Iteration parameters for double difference relocation. * Last iteration to use the following weights †Weight P cross-correlation ‡ Weight S cross-correlation ¶ Weight P catalog § Weight S catalog ‖Residual threshold in seconds for cross-correlation data # Residual threshold in seconds for catalog data **Maximum distance in kilometers between cross-correlation linked pairs †† Maximum distance in kilometers between catalog linked pairs ‡‡Damping
















	LAYER #
	1
	2
	3
	4
	5
	6
	7
	8
	9

	TOP* (km)
	0
	0.3
	1.0
	1.5
	8.0
	21.0
	42.0
	50.0
	80.0

	VEL† (km/s)
	2.50
	2.95
	4.15
	5.80
	6.27
	6.41
	7.90
	8.15
	8.50


[bookmark: _Toc39714055]Table 2. Nine-layer 1D velocity model for Cushing fault zone adapted from Darold et al., (2015). * Depth of top of layer †Velocity.


















	STA*
	CHAN†
	CLUS No‡
	EPC¶
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]PN§
	DELAY TIMES
	AMP RATIO||
	AVE DEP#
	AVE DIS**

	RH07
	EHZ
	1
	11
	4
	0;0.73;1.46;2.21
	1,-1.05,1,1
	1.81
	31.17

	RH07
	EHZ
	2
	52
	4
	0;0.74;1.48;2.20
	1,-1.04,0.73,0.42
	1.89
	30.36

	RH07
	EHZ
	3
	66
	4
	0;0.75;1.50;2.25
	1,-0.94,0.72,0.40
	2.17
	30.27

	RH11
	EHZ
	1
	9
	4
	0;0.73;1.43;2.21
	1,-0.75,0.81,0.92
	1.90
	49.65

	RH11
	EHZ
	2
	8
	4
	0;0.74;1.44;2.20
	1,0.76,0.76,0.75
	2.85
	49.59

	STN01
	HHZ
	1
	22
	2
	0;1.06
	1,0.96
	1.55
	78.72

	STN01
	HHZ
	2
	15
	2
	0;1.05
	1,0.79
	1.74
	78.72

	STN01
	HHZ
	3
	17
	2
	0;1.06
	1,0.64
	1.99
	78.66

	STN02
	HHZ
	1
	14
	4
	0;0.91;1.70;2.44
	1,1.03,1.05,1.14
	1.94
	63.92

	STN02
	HHZ
	2
	21
	4
	0;0.91;1.67;2.44
	1,1.02,-0.97,0.59
	2.54
	63.38

	STN03
	HHZ
	1
	9
	4
	0;0.74;1.48;2.23
	1,-1.06,1.21,1.40
	1.60
	35.41

	STN03
	HHZ
	2
	18
	4
	0;0.75;1.50;2.25
	1,-1.08,1.06,0.94
	1.82
	35.18

	STN03
	HHZ
	3
	7
	4
	0;0.76;1.57;2.21
	1,-1.05,-1.09,0.83
	2.61
	35.01

	STN07
	HHZ
	1
	17
	3
	0;1.05;1.89
	1,0.96,-1.08
	1.73
	89.80

	STN07
	HHZ
	2
	8
	3
	0;1.06;1.89
	1,0.61,0.45
	2.02
	89.44

	STN08
	HHZ
	1
	19
	4
	0;0.75;1.60;2.30
	1,-1.03,-1.06,1.14
	1.66
	65.83

	STN08
	HHZ
	2
	13
	4
	0;0.76;1.51;2.32
	1,-1.01,0.88,0.81
	1.91
	65.95

	STN08
	HHZ
	3
	17
	4
	0;0.78;1.56;2.33
	1,-0.83,0.67,0.45
	2.57
	65.58

	STN20
	HHZ
	1
	8
	3
	0;0.81;1.64
	1,-0.99,1.04
	1.65
	103.52

	STN20
	HHZ
	2
	11
	3
	0;0.84;1.70
	1,-0.97,0.83
	1.91
	103.55

	STN33
	HHZ
	1
	39
	4
	0;0.78;1.50;2.20
	1,-0.90,1.06,1.14
	1.64
	37.29

	STN33
	HHZ
	2
	26
	4
	0;0.79;1.53;2.34
	1,-0.96,0.92,0.93
	1.86
	37.19

	STN33
	HHZ
	3
	34
	4
	0;0.80;1.55;2.25
	1,-0.85,0.50,0.36
	2.44
	36.95


[bookmark: _Toc39714056]Table 3. Crustal reverberations parameters in vertical channels. *Seismic station †Channel ‡Cluster number  ¶Number of earthquakes per cluster §Number of peaks  ||Amplitude ratio  #Average depth in kilometers, rounded to the nearest hundredths  **Average distance in kilometers, rounded to the nearest hundredths.









	STA*
	CHAN†
	CLUS No‡
	EPC¶
	PN§
	DELAY TIMES
	AMP RATIO||
	AVE DEP#
	AVE DIS**

	STN03
	HH1
	1
	35
	3
	0;1.59;3.36
	1,1.06,-1.02
	1.68
	34.91

	STN03
	HH1
	2
	18
	3
	0;1.82;3.33
	1,-0.82,-0.64
	1.91
	35.35

	STN03
	HH2
	1
	23
	3
	0;1.65;3.37
	1,1.12,-0.99
	2.80
	34.81

	STN03
	HH2
	2
	31
	3
	0;1.75;3.30
	1,1.10,0.74
	2.05
	34.68

	STN03
	HH2
	3
	28
	3
	0;1.80;3.26
	1,0.84,-0.40
	2.60
	34.97

	STN09
	HH1
	1
	15
	3
	0;1.60;3.20
	1,-1.04,1.14
	1.70
	47.18

	STN09
	HH1
	2
	8
	3
	0;1.98;3.58
	1,-1.02,-0.87
	1.95
	47.25

	STN15
	HH2
	1
	23
	2
	0;1.81
	1,-0.99
	1.67
	65.53

	STN15
	HH2
	2
	19
	2
	0;1.83;
	1,-0.84
	1.86
	65.61

	STN31
	HH2
	1
	28
	2
	0;2.44
	1,1.09
	1.73
	62.66

	STN31
	HH2
	2
	33
	2
	0;2.33
	1,-0.77
	1.90
	62.56

	STN31
	HH2
	3
	9
	2
	0;1.80
	1,0.75
	2.57
	62.85

	STN33
	HH1
	1
	26
	3
	0;2.05;3.17
	1,-1.08,-1.14
	1.66
	37.24

	STN33
	HH1
	2
	45
	4
	0;1.98;3.24
	1,-1.03,-0.94
	2.41
	36.94


[bookmark: _Toc39714057]Table 4. Crustal reverberations parameters in horizontal channels. *Seismic station †Channel ‡Cluster number  ¶Number of earthquakes per cluster §Number of peaks  ||Amplitude ratio  #Average depth in kilometers, rounded to the nearest hundredths  **Average distance in kilometers, rounded to the nearest hundredths
 











[bookmark: _Toc38702115][bookmark: _Toc39845888]Chapter 4: Spatially Distinct Tectonic Zones Across Oklahoma Inferred from Shear Wave Splitting

[bookmark: _Toc481981963][bookmark: _Toc38702116][bookmark: _Toc39845889]Introduction
The U.S. midcontinent, especially Oklahoma and southern Kansas, has experienced significant seismicity rate changes over the last decade, where the number of seismic events dramatically (not necessarily exponentially) increased from 2009 until 2016, and has slowly decreased since end of 2016 (Schoenball & Ellsworth, 2017; Walter et al., 2019). These fluctuations in seismicity are linked to the significant amount of wastewater that were disposed into the Arbuckle formation, which overlies the crystalline basement in Oklahoma and southern Kansas (Ellsworth, 2013; Walsh & Zoback, 2015; Schoenball & Ellsworth, 2017). Many of the earthquake sequences occur due to reactivation of pre-existing structure. However, in some cases, the network geometry is unfavorable to map fault structures and dominant stress orientations in the region, which limits our understanding of the driving mechanism of earthquake sequences (Schoenball & Ellsworth, 2017). In this study, we perform shear wave splitting analyses on individual stations to better understand regional shear wave polarization that may be caused by underlying geologic structures and regional stresses.
When a shear wave encounters an anisotropic medium, it can split into two orthogonally polarized quasi-shear waves (Crampin, 1984), with one wave arriving first with faster velocity, and the second wave arriving later with slower velocity and orthogonal to direction of the faster shear wave. There are two shear wave splitting parameters that  help quantify the anisotropy in the medium: delay time (t) and fast polarization direction (). The delay time (t) represents the difference in arrival time between the fast and slow shear waves, the delay time (t) is proportional to the percentage of anisotropy in the medium. The fast polarization direction () is the angle between the fast and slow shear waves, it also reflects the orientation of the structure that is causing the anisotropy in the area. Shear wave splitting parameters are mostly used for monitoring stress changes (Savage et al., 2010; Unglert et al., 2011; Johnson & Savage, 2012), to explore possible earthquake prediction (Castellazzi et al., 2015), and to map fracture networks (Verdon et al., 2009; Gao et al., 2011; Wuestefeld et al., 2011; Baird et al., 2013).
In this study, we used an automatic shear wave splitting (SWS) technique (Savage et al., 2010) to measure SWS parameters (fast direction [] and delay time [t]). We also execute a spatiotemporal analysis of the fast direction of polarization () in Oklahoma and Southern Kansas, and compare with other datasets to better understand the control factors of seismic anisotropy and relationship with geological structure. 

[bookmark: _Toc38702117][bookmark: _Toc39845890]Data
We use the Oklahoma Geological Survey (OGS) earthquake catalog (Walter et al., 2020) to calculate shear-wave splitting parameters. The earthquake catalog includes 33,367 events in Oklahoma from January 2010 to September 2019. The events range in magnitude from M 1.0 to M 5.8 and in depth from 0 to 45.25 kilometers, with an average depth of 8.87 kilometers. The map view of the seismicity is displayed on Figure 16. The earthquakes are recorded by 247 seismic stations from the Oklahoma Seismic Network (OK), the Oklahoma Consolidated Temporary Seismic Network (O2), the US Geological Survey Network (GS), and other stations.

[bookmark: _Toc481981964][bookmark: _Toc38702118][bookmark: _Toc39845891]Method
	To calculate the shear wave splitting parameters, the fully automated software MFAST (Multiple Filter Automatic Splitting Technique) was used. The MFAST software filters the data, calculates the signal to noise ratio (SNR), and finally calculates the shear-wave splitting parameters, including the time delay between the original and split waves (t) and fast direction of polarization (). The only manual step of this software is to pick the P and S arrival times.
The MFAST tool uses a combination of the minimum energy and the Eigenvalue techniques developed by Silver and Chan (1991), and implements a cluster analysis on multiple measurement windows to determine the best results (Savage et al., 2010). Multiple bandpass filters are used to find the best signal and frequency bands for parameter calculations. Broader bandpass filter is preferred over narrow bandpass filter, because the latter may cause cycle skipping problems (Savage et al., 2010). For each event, the optimal bandpass filter is determined from a set of 14 predefined bandpass filters based on the signal to noise ratio (SNR) and the width of the filter. 
The signal to noise ratio (SNR) is calculated for the filtered data using the same window length for the signal and noise (~7 seconds). The signal window starts immediately after the S wave arrival and the noise window ends immediately before the S wave arrival. The ratios of the root mean square (rms) between the signal amplitude and the noise amplitude from the north and east components are averaged to calculate the signal to noise ratio (SNR) (Savage et al., 2010). Measurements that are below the predefined minimum signal to noise ratio (SNR < SNRmax, usually equals 3), are not considered at the time of interpretation. If more than one filter gives the same signal to noise (SNR) value, the measurement that is most stable with frequency will be chosen as the final measurement. 
The minimum energy method can only be successfully applied when the polarization of the incoming waves is known (SKS and SKKS waves). On the other hand, the Eigenvalue method can be used when the polarization is unknown but this technique is very susceptible to noise, so it can provide less accurate splitting parameters in comparison to other splitting techniques like the cross-correlation method (Fukao, 1984). Since the MFAST software uses a combination of the minimum energy and Eigenvalue methods, the resulted parameters give the best approximate solution for shear wave splitting parameters.

[bookmark: _Toc38702119][bookmark: _Toc39845892]Results
We obtained 524,395 shear wave splitting measurements from MFAST software. To ensure the reliability of subsequent analysis, we constrain the results by applying a quality control factor. We follow previous studies (Savage et al., 2010; Rafayee et al., 2014; Li & Peng, 2017) and define high-quality measurements by (1) A-grade cluster; (2) delay time (t) < 0.2 seconds, since we are only working with local seismicity; (3) fast direction error (f_err) < 10°; (4) delay time error (t_err) < 0.05 seconds; (5) signal to noise ratio (SNR) > 3; and (6) epicentral distance () < 25 kilometers.  After applying these thresholds, we have 7,916 high-quality measurements at 35 stations for localized seismicity. However, when we defined high-quality measurements for regional seismicity (epicentral distance () < 150 kilometers), we obtain 384,325 high-quality measurements. 
We display all stations that have more than 100 high-quality measurements in Oklahoma and southern Kansas in Figure 16. To illustrate sub-regional variations and the influence of data quality control, especially the effect of epicentral distance control, we present SWS results for localized (Figure 17) and regional (Figure 18) seismicity. We isolate eight representative stations in four distinct regions of the study area: (1) southern Kansas: KAN01 and KAN10; (2) Fairview area, located in northwestern Oklahoma: FW06 and OK039; (3) Pawnee area, located in northeastern Oklahoma: PW11 and PW14; (4) central Oklahoma: FNO and SMO. The spatial distribution of the stations with reliable results provides adequate coverage to identify spatial patterns of anisotropy in this region over the last nine years.
The SWS-determined fast direction of polarization () for localized seismicity is shown on Figure 17a for localized seismic and on Figure 18a for regional seismicity. Contrary to other SWS studies (Nolte et al., 2017), we did not observe time varying fast polarization directions (). However, we find the peculiar characteristic that at most stations, we observe the presence of two predominant directions of fast polarization as seen on Cochran et al., (2020). These fast polarization directions, primary (pri) and secondary (sec), are defined at each station by finding the local maxima (peaks) among the SWS-measured values. To find these peaks, the MATLAB function findpeaks is used. The primary fast polarization direction is defined as the most prominent peak, and the secondary fast polarization direction is defined as the second most prominent peak that is also found at least 30 degrees away from the primary peak. If there is just one peak (global maxima) detected on the dataset, then this station will only have a primary fast direction of polarization. 
The thicker black line represents the orientation of the primary direction, and the thin white line represents the orientation of the secondary direction (Figure 17a,18a,20,21). The length of the black line is constant for all stations and the length of the white line varies depending on the number of  measurements of sec with respect to the number of measurements of pri. The length of the white line represents the ratio between the number of measurements of pri and sec thus representing the strength of sec (Figure 17a,18a,20,21).  As shown in Table 5 (localized seismicity SWS results) and Table 6 (regional seismicity results), we gather primary and secondary fast directions for 35 and 62 stations respectively.   are mostly perpendicular or quasi-perpendicular to each other with an absolute difference in orientation between 59 and 126. 
[bookmark: _Toc38702120][bookmark: _Toc39845893]Spatial patterns of shear wave splitting from localized seismicity
Based on results from localized seismicity shown in Figure 17. The primary and secondary fast directions are mostly perpendicular or quasi-perpendicular to each other with an absolute difference in orientation between 54 and 126. At the eight selected stations, pri and sec are sub-perpendicular to each other. However, at stations FNO, GORE, OK009, OK020, OK022, and PW17 pri and sec are perpendicular to each other. We will discuss the spatial patterns for each of the four regions separately: 
In southern Kansas area, the primary fast direction (pri) of most stations show a NE – SW preferred orientation, whereas the secondary fast directions (sec) show a preferred NW – SE  orientation, denoting obliquity between these two preferred orientations. The polar histograms of the two representative stations (KAN01 and KAN10) clearly show such pattern (Figure 17b). However, station KAN13 that is located near the state boundary, shows significantly gentler pri orientation in comparison to other stations in the area. 
In the Pawnee area, we observe more complex patterns than in Kansas, but the fast directions of polarization can still be grouped spatially, where at the majority of stations pri shows a preferred ENE – WSW orientation, except station PW11 which shows a preferred NNW – SSE pri orientation.  . sec do not show a general trend in the area, but pri and sec are parallel (PW17) or subparallel to each other. The polar histograms of the representative stations (PW11 and PW14) clearly show such behavior (Figure 17c).
The Fairview area also shows complex patterns with no predominant pri in the region. However, the relation between pri and sec at all stations denotes perpendicular or sub-perpendicular behavior. Figure 17d displays such relationship in the polar histograms of the representative stations (FW03 and OK039). On the other hand, among the stations, there are two preferred patterns of fast polarization. (1) The representative stations (FW03 and OK039) and stations FW04, FW09, and OK041 show a preferred pri in the NW-SE orientation, and a sec in the NE – SW direction, except for station FW09, which shows a prefer sec in the N – S orientation. (2) Stations FW10, OK035, OK036, and OK042 show a dominant pri in the NE – SW orientation, and a sec in the NW – SE direction.
Finally, in central Oklahoma, we observe a general trend of E – W pri directions and N – S sec directions at most stations in this region. The representative stations show perpendicular (FNO) and quasi-perpendicular (SMO) behavior between pri and sec. The polar histograms of the representative stations show such behavior (Figure 17e). Stations SMO, OK021, OK022, and OK028 show a preferred NE – SW pri orientation and a preferred NW – SE sec orientation. Station V35A, shows a peculiar behavior for this region by denoting a preferred pri in the NW-SE orientation and  sec in the E – W direction, which is opposite to other stations in the region.
[bookmark: _Toc38702121][bookmark: _Toc39845894]Spatial patterns of shear wave splitting from regional seismicity
Based on results from localized seismicity shown in Figure 18. The primary and secondary fast directions are mostly perpendicular or quasi-perpendicular to each other with an absolute difference in orientation between 54 and 144. At the eight representative stations, pri and sec show sub-perpendicular or perpendicular behavior. Stations KAN01, KAN10, and FNO show perpendicular behavior. We will discuss the general spatial patterns for each of the four regions separately and the main differences with localized seismicity results: 
In southern Kansas area, in contrast to localized seismicity results (Figure 17a), the primary fast direction (pri) of most stations show a quasi-north preferred orientation, whereas the secondary fast directions (sec) show a preferred E-W orientation, denoting orthogonality between these two preferred orientations. The polar histograms of the two representative stations (KAN01 and KAN10) clearly show such pattern (Figure 18b). However, station KAN13 that is located near the state boundary, shows a preferred NE-SW orientation for pri and a N-S preferred orientation for sec, in correspondence to the results from localized seismicity. 
In the Pawnee area, we observe good correspondence between the localized seismicity results (Figure 17a,c) and the regional seismicity results (Figure 18a,c). However, station PW11 show a pri in the ENE – WSW direction and a sec in the NNW – SSE direction, which denotes alternation between fast polarization direction in comparison to the results obtain from localized seismicity. 
The Fairview area shows excellent correspondence between localized (Figure 17a,d) and regional seismicity (Figure 18a,d) results. The fast polarization directions show the same preferred orientations as the localized seismicity results, but the regional results show slightly stepper azimuths. 
Finally, in central Oklahoma, we observe good correspondence between localized seismicity results (Figure 17a) and regional seismicity results (Figure 18a). There are few exceptions like stations OK028 and station V35A that show alternation between fast polarization directions in comparison to localized seismicity results.  
[bookmark: _Toc38702122][bookmark: _Toc39845895]Temporal patterns of shear wave splitting
In contrast to previous studies, like Nolte et al., (2017), where significant fluctuations of fast polarization directions () were detected over time in Southern Kansas and Northern Oklahoma. In this study, we did not observe any major time dependent fluctuations of fast polarization directions () for our regional seismicity results. On Figure 19, we observe the distribution of the fast polarization directions over time for six stations, one station from each region (KAN01, RH11, OK035 and FNO) and two of the longest recording stations in the central USA (X37A and WMOK). The data is plotted as 2-D histograms. On the vertical axis, the data is divided into 30 bins, where each bin is 6 degrees long. On the horizontal axis, the data is divided into 20 bins, where each bin is 0.5 years long. On the temporal domain, the bins where normalized to highlight the highest density of fast direction measurements in the vertical axis. 
Station KAN01 (Figure 19a), show that the directions of polarization are stable over time, pri around 0 and sec around -90 or 270 as displayed on the polar histogram on Figure 18b. There are some minor fluctuations at the beginning on 2019 for pri and sec.  Station RH11 (Figure 19b), shows that pri is mostly stable over time around -72 or 288, it shows minor fluctuations of  10 in 2015. On the other hand, sec is mostly stable around 36, there are minor fluctuations of  5 in 2015. Station OK035 (Figure 19c) shows that pri and sec are mostly stable over time around 60 and -30 or 330respectively. There are some minor fluctuations of  5 at the end of 2015 and beginning of 2016 for both directions. Station FNO (Figure 19d) show some minor fluctuations, specially between 2012 and 2014. However, the two fast directions of polarization still are very distinguishable between each other. pri is mostly stable around 90, it shows minor fluctuations of   5. sec is mostly stable around 0, shows some fluctuations of  15. Station X37A (Figure 19e) shows a pri with stability over time around 6, there are some minor fluctuations of  15 in 2016 and 2017. On the other hand, sec is mostly stable around 84 with minor fluctuations of  5 in 2012 and 2018. Finally, station WMOK shows that pri is stable over time around -72 or 288 and sec is stable around 18. There are some minor fluctuations of  15 in 2010, 2011, and 2018 for both stations.   

[bookmark: _Toc481981965][bookmark: _Toc38702123][bookmark: _Toc39845896]Discussion
[bookmark: _Toc481981971]	Our localized and regional shear wave splitting results from nine years of data provides a complete SWS parameters dataset for 35 (Table 5) and 62 (Table 6) stations in Oklahoma and Southern Kansas respectively. The relationship between fast polarization directions (), primary and secondary, and the maximum shear stress orientations (max) is shown on Figure 20 for localized results and on Figure 21 for regional results. In both cases, we agree with the observations presented in Cochran et al., (2020), where the orientation of pri corresponds to previously calculated shear stress orientations. In this study, we compare our SWS results with max measurements  presented by Qin et al. (2019) or the World Stress Map (WSM) website (Heidbach et al., 2016, 2018). The agreement between  and max orientations at the regional level implies that  are extremely sensitive to horizontal stresses and is generally consistent with Cochran et al., (2020). 
From localized seismicity observations (Figure 20), in southern Kansas, there is not a clear general correlation between pri and max orientations. At station KAN13 pri and max show a direct correlation and at station KAN10 pri and max are similarly orientated, but there is not a direct correlation. However, there is a good correspondence between sec and the seismogenic faults in this area (for seismogenic fault orientation refer to Qin et al., 2019). On the other hand, from regional seismicity observations (Figure 21), there is a good correlation between sec and max. Comparison between statistical analysis of fast directions between localized and regional results (Figure 22), suggests that the primary fast polarization is controlled by horizontal stresses in the area and the secondary fast polarization is controlled by subsurface structures and crustal heterogeneities. 
In Pawnee, from both localized (Figure 20) and regional (Figure 21) seismicity results, there is good correlation between pri, max, and seismogenic faults (Qin et al., 2019) in the area  at multiple stations. From Figure 23, we can suggest that fast polarization directions in this region are mostly influenced by shear stresses in the area. The presence of the sec is probably caused by local stress perturbations caused by seismogenic faults. In the localized statistical analysis (Figure 23a), we observe more define polarization directions in comparison to regional statistical analysis (Figure 23b). The primary fast polarization directions differ between the localized and regional statistical analyses. This is probably caused by stress perturbation along the ray path of further events considered in the regional statistical analysis. However, the secondary fast polarization directions show a similar orientation in both localized and regional analyses. 
In Fairview, most of the stations show perpendicularity between the fault systems in this region and the pri at these stations. At stations OK036, OK039, and OK041, there is good correspondence between pri, max, seismogenic and sedimentary faults (Qin et al., 2019) in this area from localized (Figure 20) and regional (Figure 21) seismicity results. Stations OK035 and FW09 show close resemblance between pri and max (Figure 20 and 21). Comparison between statistical analysis of fast polarization directions between localized and regional results (Figure 24), suggests that shear stress, seismogenic and sedimentary faults are the major controllers of crustal anisotropy in the area. 
Central Oklahoma shows the best correlation between pri and max, from both localized (Figure 20) and regional (Figure 21) results. These fast polarization directions () are parallel to the fault systems in this area. Stations in the southeast corner of these region are not bounded by fault systems of significant geological structures. From Figure 25, we can suggest that horizontal stresses are the driven factor of fast polarization direction in the area. 

[bookmark: _Toc38702124][bookmark: _Toc39845897]Conclusion
We performed a regional shear wave splitting analysis to identify spatial patterns of anisotropy in the central USA over the last nine years (2010 – 2019). We obtained 7,916 high-quality SWS parameters from localized seismicity at 35 stations and 384,325 high-quality splits from regional seismicity at 62 stations in Oklahoma and southern Kansas. We present a shear wave splitting dataset, for both localized and regional seismicity, that is fully reproducible due to the implementation of completely automated methodologies. We observed that in both cases all stations show the presence of a preferred primary fast direction of polarization (pri) and a secondary fast direction of polarization (sec). At most stations in Oklahoma, the primary fast direction of polarization (pri) correlates with the orientation of shear stresses in the region (max) obtained from focal mechanism inversions (Qin et al., 2019) and world stress map (WSM) measurements (Heidbach et al., 2016, 2018). However, some stations show small deviations between pri and max orientations. These discrepancies are potentially caused by local structures in the area (e.g. Fault networks). The secondary fast direction of polarization (sec) is potentially caused by local stress perturbations in the area. Cochran et al., (2020) suggest that such perturbations may indicate the presence of shear fabric aligned sub-parallel to main faults in the region. This shear wave splitting catalog could be a important tool to better understand crustal anisotrphy and its relationship with shear stress orientations (max) in the central USA.
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[bookmark: _Toc39713604]Figure 16. Oklahoma map displaying the seismic sequence distribution (blue dots) between 2010 and 2019, the fault systems (gray lines), and the stations location included in this study (red triangles). The interest areas are as follows:  1. Kansas: stations KAN01 and KAN10 (orange); 2. Fairview: stations FW03 and OK039 (green); 3. Pawnee: stations PW11 and PW14 (yellow); 4. Central Oklahoma: stations FNO and SMO (cyan). 
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[bookmark: _Toc39713605]Figure 17. Localized seismicity results. Regional map of Oklahoma and southern Kansas seismic network showing primary (black) and secondary (white) ϕ directions at each station. Polar histograms for the six isolated stations. Kansas (orange): KAN01 (pri:18° – sec: 48°) and KAN10 (pri:66° – sec: -54°). Fairview (green): FW03 (pri: -54° – sec: 60°) and OK039 (pri: -73° – sec: 36°). Pawnee (yellow): PW11 (pri: 6° – sec: 78°) and PW14 (pri: 78° – sec: 18°). Central Oklahoma (cyan): FNO (pri: 95° – sec: 5°) and SMO (pri: 61° – sec: -46°).
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[bookmark: _Toc39713606]Figure 18. Regional seismicity results. Regional map of Oklahoma and southern Kansas seismic network showing primary (black) and secondary (white) ϕ directions at each station. Polar histograms for the six isolated stations. Kansas (orange): KAN01 (pri: -12° – sec: 78°) and KAN10 (pri: -18° – sec: 72°). Fairview (green): FW03 (pri: -51° – sec: 53°) and OK039 (pri: -72° – sec: 36°). Pawnee (yellow): PW11 (pri: 78° – sec: -6°) and PW14 (pri: 78° – sec: 18°). Central Oklahoma (cyan): FNO (pri: 90° – sec: 0°) and SMO (pri: 60° – sec: -42°). 
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[bookmark: _Toc39713607]Figure 19. Fast polarization directions over time. 2D histograms for four of the isolated stations: KAN01, RH11, OK035, FNO, X37A, and WMOK. On the vertical axis, the data is divided into 30 bins, where each bin is 6 degrees long. On the horizontal axis, the data is divided into 20 number of bins, where each bin is 0.5 years long.
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[bookmark: _Toc39713608]Figure 20. Regional comparison between primary (black) and secondary (white) ϕ directions from localized seismicity and 𝜎max orientations. Red dashed line: world stress map (wsm) measurements. Red solid line: Qin et al., (2019) measurements.
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[bookmark: _Toc39713609]Figure 21. Regional comparison between primary (black) and secondary (white) ϕ directions from regional seismicity and 𝜎max orientations. Red dashed line: world stress map (wsm) measurements. Red solid line: Qin et al., (2019) measurements.
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[bookmark: _Toc39713610]Figure 22. Statistical analysis of fast polarization directions (ϕ) in southern Kansas and comparison with average regional 𝜎max orientations (Qin et al., 2019). (a) Localized seismicity. (b) Regional seismicity. 
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[bookmark: _Toc39713611]Figure 23. Statistical analysis of fast polarization directions (ϕ) in Pawnee and comparison with average regional 𝜎max orientations (Qin et al., 2019). (a) Localized seismicity. (b) Regional seismicity. 
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[bookmark: _Toc39713612]Figure 24. Statistical analysis of fast polarization directions (ϕ) in Fairview and comparison with average regional 𝜎max orientations (Qin et al., 2019). (a) Localized seismicity. (b) Regional seismicity. 

















[image: ]
[bookmark: _Toc39713613]Figure 25. Statistical analysis of fast polarization directions (ϕ) in central Oklahoma and comparison with average regional 𝜎max orientations (Qin et al., 2019). (a) Localized seismicity. (b) Regional seismicity. 

























	#
	Station
	Region
	PRI†
	SEC‡
	𝜎max¶
	Abs. Diff.
|pri  – sec|§
	Abs. Diff.
|pri  – 𝜎max|||

	1
	ADOK
	Central OK
	90
	36
	82
	54
	8

	2
	BCOK
	Central OK
	84
	0
	79
	84
	5

	3
	CROK
	N/A
	66
	-42
	92*
	108
	26

	4
	FNO
	Central OK
	95
	5
	69*
	90
	26

	5
	FW03
	Fairview
	-51
	53
	82
	104
	47

	6
	FW04
	Fairview
	72
	12
	85
	60
	13

	7
	FW09
	Fairview
	78
	6
	82
	72
	4

	8
	FW10
	Fairview
	48
	-48
	85
	96
	37

	9
	GC02
	N/A
	60
	-48
	82
	108
	22

	10
	GORE
	N/A
	6
	96
	84
	90
	78

	11
	KAN01
	Kansas
	18
	-48
	82
	66
	64

	12
	KAN09
	Kansas
	38
	96
	82
	58
	44

	13
	KAN10
	Kansas
	66
	-54
	76
	120
	10

	14
	KAN13
	Kansas
	78
	18
	82
	60
	4

	15
	KNG1
	N/A
	54
	99
	83
	45
	29

	16
	OK005
	Central OK
	90
	6
	86
	84
	4

	17
	OK009
	Central OK
	84
	-6
	79
	90
	5

	18
	OK020
	Central OK
	102
	12
	83
	90
	19

	19
	OK021
	Central OK
	48
	-54
	83
	102
	35

	20
	OK022
	Central OK
	84
	-6
	83
	90
	1

	21
	OK028
	Central OK
	78
	-18
	81
	96
	3

	22
	OK033
	N/A
	84
	-42
	75*
	126
	11

	23
	OK035
	Fairview
	72
	-24
	80*
	96
	8

	24
	OK036
	Fairview
	72
	-36
	85
	108
	13

	25
	OK039
	Fairview
	73
	26
	85
	46
	12

	26
	OK041
	Fairview
	102
	30
	91*
	72
	11

	27
	OK042
	Fairview
	42
	-60
	82
	102
	40

	28
	PW07
	Pawnee
	60
	-18
	78
	78
	18

	29
	PW08
	Pawnee
	84
	-12
	78
	96
	12

	30
	PW11
	Pawnee
	6
	78
	78
	72
	72

	31
	PW14
	Pawnee
	78
	18
	83
	60
	5

	32
	PW17
	Pawnee
	-60
	30
	83
	90
	37

	33
	RH11
	Pawnee
	90
	-18
	81
	108
	11

	34
	SMO
	Central OK
	61
	-46
	79
	107
	18

	35
	V35A
	Central OK
	18
	90
	83
	72
	65


[bookmark: _Toc39714058]Table 5. Shear wave splitting parameters database for Oklahoma and southern Kansas from localized seismicity at 35 seismic stations. †Primary fast direction of polarization. ‡Secondary fast direction of polarization. ¶Maximum shear stress orientations (Qin et al., 2019). *Maximum shear stress orientations (wsm). §Absolute difference between primary and secondary fast directions of polarization. ||Absolute difference between primary fast direction of polarization and maximum shear stress orientations. All measurements are presented in degrees from north.

	#
	Station
	Region
	PRI†
	SEC‡
	𝜎max¶
	Abs. Diff.
|pri  – sec|§
	Abs. Diff.
|pri  – 𝜎max|||

	1
	ADOK
	Central OK
	90
	-30
	82
	120
	8

	2
	BCOK
	Central OK
	84
	18
	79
	66
	5

	3
	CROK
	N/A
	-66
	60
	92*
	126
	12

	4
	CSTR
	N/A
	42
	-66
	N/A
	108
	N/A

	5
	FNO
	Central OK
	90
	0
	69*
	90
	21

	6
	FW03
	Fairview
	-54
	60
	82
	114
	44

	7
	FW04
	Fairview
	-48
	78
	85
	126
	47

	8
	FW09
	Fairview
	-78
	12
	82
	90
	20

	9
	FW10
	Fairview
	48
	-54
	85
	102
	37

	10
	GC02
	N/A
	48
	-72
	82
	120
	-34

	11
	GORE
	N/A
	96
	6
	84
	90
	8

	12
	KAN01
	Kansas
	-12
	78
	82
	90
	86

	13
	KAN08
	Kansas
	0
	78
	76
	78
	76

	14
	KAN09
	Kansas
	-6
	60
	82
	66
	88

	15
	KAN10
	Kansas
	-18
	72
	76
	90
	86

	16
	KAN12
	Kansas
	-6
	84
	76
	90
	82

	17
	KAN13
	Kansas
	60
	0
	82
	60
	22

	18
	KAY1
	Pawnee
	96
	6
	82
	90
	14

	19
	KNG1
	N/A
	-48
	60
	83
	108
	49

	20
	KS20
	Kansas
	30
	-78
	82
	108
	52

	21
	LOOK
	N/A
	84
	-30
	28*
	114
	56

	22
	OK005
	Central OK
	90
	6
	86
	84
	4

	23
	OK009
	Central OK
	84
	-6
	79
	90
	5

	24
	OK020
	Central OK
	102
	12
	83
	90
	19

	25
	OK021
	Central OK
	60
	-42
	83
	102
	23

	26
	OK022
	Central OK
	84
	-6
	83
	90
	1

	27
	OK028
	Central OK
	-60
	84
	81
	144
	39

	28
	OK033
	N/A
	-72
	36
	75*
	108
	33

	29
	OK035
	Fairview
	60
	-30
	80*
	132
	20

	30
	OK036
	Fairview
	72
	-54
	85
	126
	13

	31
	OK039
	Fairview
	-72
	36
	85
	108
	23

	32
	OK041
	Fairview
	-78
	48
	91*
	126
	24

	33
	OK042
	Fairview
	48
	-60
	82
	108
	34

	34
	PW02
	Pawnee
	6
	66
	78
	60
	72

	35
	PW07
	Pawnee
	54
	-78
	78
	132
	24

	36
	PW08
	Pawnee
	78
	12
	78
	66
	0

	37
	PW11
	Pawnee
	78
	-6
	78
	84
	0

	38
	PW13
	Pawnee
	72
	6
	83
	66
	11

	39
	PW14
	Pawnee
	78
	18
	83
	60
	5

	40
	PW17
	Pawnee
	-66
	0
	83
	66
	31

	41
	RH02
	Central OK
	0
	72
	64*
	72
	64

	42
	RH04
	Central OK
	-18
	66
	99*
	84
	63

	43
	RH11
	Pawnee
	-72
	36
	81
	108
	27

	44
	RLOK
	N/A
	90
	0
	N/A
	90
	N/A

	45
	SC02
	N/A
	-54
	48
	85*
	102
	41

	46
	SC03
	N/A
	60
	-60
	71*
	120
	11

	47
	SC05
	Central OK
	72
	-36
	89*
	108
	17

	48
	SC07
	N/A
	-36
	18
	71*
	54
	73

	49
	SC10
	N/A
	60
	-60
	71*
	120
	11

	50
	SC19
	N/A
	-65
	31
	83
	96
	32

	51
	SMO
	Central OK
	60
	-42
	79
	102
	19

	52
	SWND
	Central OK
	30
	96
	79
	66
	49

	53
	T35A
	N/A
	57
	3
	91*
	54
	34

	54
	TUL3
	N/A
	78
	-48
	N/A
	126
	N/A

	55
	U35A
	Pawnee
	24
	-60
	83
	84
	59

	56
	U36A
	N/A
	48
	-42
	N/A
	90
	N/A

	57
	U37A
	N/A
	66
	-48
	N/A
	114
	N/A

	58
	V34A
	Central OK
	-54
	24
	86*
	78
	40

	59
	V35A
	Central OK
	66
	-24
	83
	90
	17

	60
	V37A
	N/A
	72
	-18
	N/A
	90
	N/A

	61
	WMOK
	N/A
	108
	18
	74*
	90
	34

	62
	X37A
	N/A
	6
	84
	N/A
	78
	N/A



[bookmark: _Toc39714059]Table 6. Shear wave splitting parameters database for Oklahoma and southern Kansas from regional seismicity at 62 seismic stations. †Primary fast direction of polarization. ‡Secondary fast direction of polarization. ¶Maximum shear stress orientations (Qin et al., 2019). *Maximum shear stress orientations (wsm). §Absolute difference between primary and secondary fast directions of polarization. ||Absolute difference between primary fast direction of polarization and maximum shear stress orientations. All measurements are presented in degrees from north.
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I investigate two of the most seismically active regions in the USA (Hawaii and central USA) by conducting three independent research studies to better understand earthquake clustering behavior and characteristics, subsurface structures, stress orientations, and spatial anisotropy patterns. 
 In the first study, after concurrently analyzing the volcanic, seismic, and collapsing activities at the summit of Kilauea volcano, I perform a spatiotemporal clustering analysis, following the nearest neighbor approach (Cheng and Chen, 2018), on the high-resolution earthquake catalog presented by Shelly and Thelen (2019). I identify two modes (M1 and M2) of naturally occurring clusters. After further analysis of M1(shorter space distance), I find: 
· 1,157 clusters of which 45 clusters have 20 or more events, 10 clusters have 10 or more events, and about 500 clusters have at least 2 events.
· The clusters are found as isolated patches of seismicity off the main crater.
· M1 clusters do not show a clear temporal correlation with collapsing events (M5.2 – M5.4). 
· M1 clustering behavior correlates with collapsing activity behavior.
 I then further analyzed M2 (longer space distance) clustering behavior and find:
· 166 clusters of which 55 clusters have 20 or more events.
· Most of catalog events fall within clusters with more than 20 events.
· 42 clusters with 20 or more events can be classify as a seismicity cycle.
· M2 clusters duration gradually increase over time, from 0.5 to 1.5 days.
· M2 clustering behavior directly correlates to volcanic activity at Kilauea volcano, especially to summit deformation.
Based on M1 and M2 clustering observations, I determinate that the previously classified seismicity cycles are characterized by a period of latent seismicity, followed by a period of significant seismicity increase and finalizing with a Mw5.2 – Mw5.4 caldera collapse. During the entire seismic sequence, there is correlation between earthquake rate and deformation rate. Positive correlation suggests that much of the deformation is accommodated by boundary faults activated during the eruption, and negative correlation suggest that most of the deformation is aseismic likely due to volcano inflation/deflation. 
In the second study, I systematically used a technique combining cross-correlation and earthquake crustal reverberation observations to better understand waveform behavior and characteristics for groups of events confined within narrow depth ranges in the Cushing fault zone in Oklahoma. From crustal reverberation analyses I find:
· Crustal reverberations at nine stations on the vertical channel.
· Crustal reverberations at five stations on individual horizontal channels.
·  Two to three earthquake clusters with different source depths recorded at individual stations.
· One to three crustal reverberations after the direct wave arrivals at each cluster.
· The relative timing between crustal reverberations is consistent for clusters at different depths.
· The relative amplitude between crustal reverberations varies with source depth, where shallower depth clusters show stronger reverberation arrivals than intermediate and deeper depth clusters. 
· Nearly constant delay time for crustal reverberations across wide distance ranges for P and S waveforms.
Based on the consistency of these observations, I conclude that this technique is transferable to nearby regions in Oklahoma and the central USA. This technique plus the implementation of forward modeling can be used to constrain shallow structures depths and earthquake depths relative to the basement interface. 
In the third and last study, I performed a regional shear wave splitting analysis in Oklahoma and southern Kansas to analyze spatial patterns of crustal anisotropy in the region. I used the automated technique (MFAST) to obtain shear wave splitting parameters for localized seismicity and regional seismicity from the last nine years (2010 – 2019) of seismicity in the central USA and find:
· We obtained 7,9186 high-quality splits from localized seismicity at 35 seismic stations in Oklahoma and southern Kansas.
· We obtained 384,325 high-quality splits at 62 stations from regional seismicity in Oklahoma and southern Kansas. 
· We observed that all stations show the presence of a pri and sec. 
· sec are potentially caused by local stress perturbations in the area, local structures or the presence of shear fabric alignments in the region (Cochran et al., 2020).
· In Oklahoma, at most stations, pri correlates with max orientations in the region.
· The small deviations between pri and max orientations are potentially caused by local structures in the area (e.g. Fault networks). 
· Localized seismicity results shows a better correlation with max orientations.
Based on these observations, I present a shear wave splitting dataset that is fully reproducible due to the implementation of completely automated methodologies. This shear wave splitting catalog could be considered an important tool to better understand crustal anisotrophy and its relationship with shear stress orientations (max) in the central USA.
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