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ABSTRACT 

We have analyzed shear wave splitting data from local earthquakes in the Permian Basin in 

West Texas to understand crustal stress and induced seismicity. The selected events of 

ML2.0 are recorded by the TexNet and USArray/Transportable Array (TA) stations.  SWS 

parameters, the fast polarization direction and the delay time, are computed using a semi-

automatic algorithm.  Only a single measurement is obtained at several TA stations near the 

west and east boundary of the Midland Basin.  More SWS parameters are determined in the 

Delaware Basin and the Snyder area.  Fast directions show a dependence on source location 

and the ray paths, indicating a heterogeneous anisotropic structure.  In the Snyder area, 

varying fast directions are observed at eight closely located stations.  The NE-SW fast 

direction is roughly consistent with the maximum horizontal stress direction as well as the 

strikes of active normal faults, and the NW-SE fast direction is attributed to the NW trending 

strike-slip faults.  The different combinations of the multiple faults may be the cause of other 

different fast directions.   

 

SWS results are unique in the Delaware Basin.  First, the delay time tends to be small at long 

distances, reflecting varying anisotropy along ray paths.  On the other hand, the large delay 

times are from close and shallow events, implying a highly anisotropic upper crust.  Second, 

the stations in the high seismicity region have significantly diverse fast directions.  Such 

diversity could be explained by the presence of multiple sets of cracks that have different 

orientations.  This situation is possible in the crust with high pore pressure.  In addition, the 

complex anisotropy is also attributed to the cracks generated by hydraulic fracturing in the 

Delaware Basin. There is no systematic change in the SWS measurements over time and no 
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clear correlation between the splitting parameters and the rate of seismicity.  We propose that 

the diversity of fast SWS directions could be a typical phenomenon in the regions with a high 

rate of induced seismicity.  However, more SWS measurements are necessary to support the 

interpretations made from the data. 
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INTRODUCTION 

Motivation 

Injection-induced earthquakes have increased markedly in the past decade in the central 

United States (Ellsworth 2013;Weingarten et al. 2015;Frohlich et al. 2016).  The Permian 

Basin in West Texas is one such region experiencing a high rate of induced seismicity (Figure 

1).  The Permian Basin has been a primary field of hydrocarbon exploration for many decades 

and undergone numerous well injections associated with oil stimulation and production.  

Early studies suggested that small earthquakes in West Texas were related to oil production 

and tectonic activity (Keller, Rogers, and Orr 1987;Doser et al. 1992).  The significant 

increase of seismicity in the Permian Basin since 2010 is chiefly attributed to wastewater 

injections (Figure 2) (Frohlich et al. 2016;Jing, Zhou, and Li 2017;Frohlich et al. 2020). 

In order to better understand the earthquakes and to monitor seismicity in Texas, The Texas 

Seismological Network (TexNet) has been established and provided seismic data since 

January 2017 (Savvaidis et al. 2019).  TexNet is composed of a backbone network with sparse 

coverage of the state as well as localized coverage in the Delaware Basin, Midland Basin, 

Snyder area, Dallas/Ft. Worth area, and Eagle Ford Basin (Figure 3).  Many of the stations are 

three-component permanent instruments, while some are temporary and rapidly deployable.  

We had the opportunity to deploy six instruments in the Midland Basin as part of the denser 

network for this area (Appendix C).  

Earthquakes in West Texas concentrate in a few local areas even though injection wells are 

almost all over the place (Frohlich et al. 2016).  A large number of small earthquakes are 

detected in the Delaware Basin especially near the city Pecos (Figure 4) (Savvaidis et al. 
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2019;Lomax and Savvaidis 2019;Huang, Guo‐chin Dino, Savvaidis, and Walter 2019).  

Besides recovery and wastewater injections, hydraulic fracturing is also suggested as the 

cause of a series of earthquakes near Pecos (Huang, Guo‐chin Dino, Savvaidis, and Walter 

2019;Lomax and Savvaidis 2019).  Another high seismicity area in the Permian Basin is in 

the Cogdell Oil Field near Snyder, Texas (Davis and Pennington 1989;Gan and Frohlich 

2013;Jing 2017;Huang, Dino and Savvaidis 2019).  Frohlich et al. (2016) pointed out that the 

rate of induced seismicity continues to rise as the injection and fracturing wells increase in 

Texas.  These induced earthquakes are caused by fault slips due to an increase in pore 

pressure that reduces the effective stress of the rock (Quinones et al. 2018;Hennings et al. 

2019).  Therefore, it is critical to monitor stress change in the crust to understand its 

relationship with the increasing seismicity in West Texas.  
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Figure 1. Accumulation of earthquakes in Texas between 1975 to 2016. Obtained from 

Frohlich et al. (2016). 
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Figure 2. Map of location and maximum monthly injection volumes for active disposal wells 

in Texas. Obtained from Frohlich et al. (2016). 
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Figure 3.  Map of the TexNet stations as of August 2018. Obtained from Savvaidis et al. 

(2019). 
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Figure 4. Map of seismicity over time and scaled to magnitude for the Delaware Basin. Events 

shown were recorded by the TexNet seismic network. The city of Pecos, TX coincides with 

the white diamond located in box A.  Obtained from Seismicity in the Delaware Basin, 

Savvaidis (2018).  
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Tectonic History and Geology in the Permian Basin 

The Permian Basin originally began as the Tobosa Basin before the onset of the Marathon-

Ouachita orogeny during the late Paleozoic (Figure 5) (Yang, K. and Dorobek 1995).  The 

Tobosa Basin was broken up into sub-basins separated by uplifts in the foreland of the 

orogenic belt.  Subsidence in the Delaware and Midland Basins began in the late 

Pennsylvanian and continued in the Paleozoic due to the uplift of the Central Basin Platform 

(CBP) (Yang, K. and Dorobek 1995).  This transpressional tectonic stress regime produced 

right-lateral wrench style faults with areas of contraction and extension (Figure 6).  Faults 

near the CBP are primarily NNW-SSE and E-W trending strike-slip faulting bounding the 

CBP (Figure 7) (Yang, K. and Dorobek 1995).  

The regional geology of the Permian Basin is described by shallow marine to terrestrial 

sediment facies corresponding to a mixture of carbonate and siliciclastic sedimentary rocks 

(Hills 1983).  Adams (1965) described the sequences of sediments in the Permian Basin using 

stratigraphy.  Beginning with the early Ordovician, the Ellenburger formation was deposited 

consisting of carbonates, specifically dolomites.  Mixed clastics and carbonates of the 

Simpson formation were deposited in the middle Ordovician into the sagging Tobosa Basin.  

Continuing into the late Ordovician, Silurian, and Devonian, the deep seas of the Tobosa 

Basin were filled with carbonates and shales.  During the Mississippian, the Woodford shale 

and other fine clastics were deposited into the starved basin.  The late Paleozoic tectonics 

produced the sub-basins, Delaware Basin and Midland Basin, which rapidly subsided in the 

Pennsylvanian period and were partially filled by chert conglomerates, sand, and shales.  In 

the late Permian, deposition of the thick Wolfcampian strata, including clastics, carbonates, 

and evaporites, produced an immense load on the underlying continental crust, causing the 
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basins to continue to subside and the CBP to wedge up.  As the middle Permian arrived, 

subsidence began to slow down and deposition of the limestones, shales, and sandstones of 

the Leonardian stage occurred.  The late Permian was composed of the Guadalupian and 

Ochoan stage rocks.  The Guadalupian stage is composed of mainly sandstones and siltstones 

within the deep basin and limestones around the shelf.  Ending the Permian, the Ochoan stage 

was characterized by another sagging event that deposited widespread evaporites across the 

basin.  Deposition in the Permian Basin ends with a small sagging event in the Triassic, which 

deposited clastics, and thin sandstone and limestone deposition in the Cretaceous.   

Tectonic faults mapped by Ewing et al. (1990) show that the density and orientation of faults 

change significantly across the basin (Figure 8).  Complex faulting exists in the Delaware 

Basin and CPB, while the Midland Basin is almost absent of faults.  It is important to note 

that recent earthquakes are not always associated with existing faults.  Focal mechanisms, 

which are only determined from a small number of earthquakes in West Texas, reveal normal 

and strike-slip faulting in the area (Figure 9) (Gan and Frohlich 2013;Jing 2017;Huang, Dino 

and Savvaidis 2019).  Crustal stress measured using in situ well-established technique varies 

through the Permian Basin (Figure 10).  The maximum horizontal stress (SHmax) is generally 

consistent in the E-W direction throughout the CBP and the Midland Basin but shows varying 

directions with the Delaware Basin (Lund Snee and Zoback 2016;Lund Snee and Zoback 

2018).  
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Figure 5. Map of West Texas outlining the original Tobosa Basin and current sub-basins and 

uplifts. Obtained from Adams (1965). 
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Figure 6. Faulting style in the Central Basin Platform. Obtained from Yang and Dorobek 

(1995). 

 
Figure 7. Major tectonic faults and boundaries in West Texas. Obtained from Yang and 

Dorobek (1995). 
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Figure 8. Map of West Texas including the faults from Ewing (1990) as gray lines.  
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Figure 9.  A map showing focal mechanism diagrams for some earthquakes that occurred 

around Snyder, TX between 1979-1980 and 2009-2011.  Red (2009-2011) and green (1979-

1980) dots are the earthquake locations, and the yellow squares are gas injection wells. 

Obtained from Gan and Frohlich (2013).  
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Figure 10. Map of maximum horizontal stress orientations, faulting regime, and seismicity in 

the Permian Basin, West Texas. Obtained from Lund Snee and Zoback (2018).   
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Shear Wave Splitting and Crustal Stress 

Earthquakes occur when rocks break under stress and suddenly move along a fault plane.  

Monitoring crustal stress is critical in understanding earthquake activity.  One geophysical 

method of estimating crustal stress variations is through analyzing shear wave splitting data.  

Shear wave splitting (SWS) occurs when a shear wave propagates through an anisotropic 

medium where seismic velocity depends on the direction of wave propagation or particle 

motion (Figure 11) (Crampin 1977;Ando, Ishikawa, and Wada 1980).  When traveling in an 

anisotropic medium, a shear wave splits to two orthogonal components that propagate at 

different speeds.  The velocity of the split shear wave depends on the anisotropy of the 

medium, which results from the alignment of micro-cracks or mineral fabrics (Booth et al. 

1986).  Shear wave splitting can be characterized by two parameters, the polarization 

direction (φ) of the fast shear wave and the time delay (δt) between the fast and slow waves 

(Silver and Chan 1991;Crampin and Chastin 2003).  

Shear wave splitting from local earthquakes reflects seismic anisotropy in the crust, which is 

often caused by the alignment of stress-induced cracks (Crampin and McGonigle 1981).  The 

fast polarization direction is often associated with SHmax considering that micro-cracks 

orthogonal to SHmax are closed by the stress and the remaining cracks are mostly parallel to 

SHmax (Nur and Simmons 1969).  Previous SWS studies from local earthquakes show that fast 

directions are parallel to fault strikes or SHmax (Peng and Ben-Zion 2004;Cochran, Li, and 

Vidale 2006;Liu et al. 2008).  The SWS method is also used in monitoring stress change 

before earthquakes and volcano eruptions (Booth et al. 1990;Godfrey, Shelley, and Savage 

2014) and due to the oil production process (Teanby et al. 2004). For this study, we conducted 

SWS analyses on local earthquakes occurring in West Texas to gain an understanding of the 
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effects of the current stress in the crust and the temporal change in the measured SWS 

parameters.   

 

 

 

 

 

 

 
 

Figure 11. Cartoon illustrating the phenomenon of shear wave splitting as a shear wave passes 

through an anisotropic medium such as a unit volume with fractures aligned in the maximum 

horizontal stress direction (σH). Symbols σH, σh, and σv are the principal stress directions. 

Obtained from Crampin et al. (2015). 
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METHODOLOGY 

Dataset 

Seismic data used in this study are three-component seismograms from earthquakes (ML≥2.0) 

in West Texas recorded by the TexNet stations and the USArray Transportable Array (TA) 

stations (Figure 12).  The data are retrieved from the Incorporated Research Institutions for 

Seismology (IRIS) data management center (www.iris.edu).  The events include 422 from the 

TexNet catalog between January 01, 2017, and October 28, 2019, and 65 from the TA 

network between March 02, 2009, and February 25, 2010, based on the study by Jing (2017).  

The TexNet stations in West Texas concentrate in the Delaware Basin (PB01-PB16, PB18-

PB19, PB21, PB27) and the Snyder area (SN01-SN08), where seismicity rates are highest.  

We note that some TexNet stations do not continuously operate over the span of the three 

years.  The analyzed TA stations (Z28A-Z31A, 128A-130A, 227A-230A, 328A-330A) are in 

the CBP, the Midland Basin, and the Snyder area.  Throughout testing of the SWS analysis on 

the seismic data, we found that events would be required to have an event-station distance less 

than 50 km, and in many cases even less than 30 km for good signal-to-noise ratios.  These 

requirements are also important to avoid the contamination of S to P conversions from the 

surface (Crampin and McGonigle 1981).  Therefore, the available dataset for SWS is 

significantly reduced in West Texas.  
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Figure 12. Map of West Texas with seismic stations and earthquakes used in this study.  Blue 

lines mark the boundary of three sub-regions in the Permian Basin.  Black triangles are 

TexNet stations.  Gray triangles are TA stations.  Blue dots are earthquakes recorded by the 

TexNet stations, and orange dots are earthquakes recorded by the TA stations.  Red dots mark 

the cities of Pecos in the Delaware Basin and Snyder to the east of the Midland Basin.  Gray 

lines are tectonic faults from Ewing (1990). 
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Data Processing 

The data used in this study were systematically processed to achieve consistent results.  The 

initial step was to obtain an event list from the TexNet Earthquake Catalog 

(http://www.beg.utexas.edu/texnet-cisr/texnet/earthquake-catalog), where the user can set the 

specific date-time, magnitude, and region of interest.  Raw seismograms for the West Texas 

earthquake events were obtained from the IRIS FDSNWS (https://service.iris.edu/fdsnws/) in 

the format of SAC (Seismic Analysis Code) (Figure 13).  The first step in processing the raw 

seismograms was to remove the mean and trend.  Then the horizontal components of the 

seismogram were rotated to the N-S and E-W directions, respectively.  Finally, a double-

bandpass four-pole Butterworth filter with corners at 0.5 and 3 Hz was applied to the 

seismograms (Figure 14).  This filter was applied so that we could clearly pick the arrival of 

the s-wave on the seismograms. Choosing the correct s-wave time arrival is crucial to 

obtaining correct SWS measurements, so care was taken to ensure all data were filtered 

consistently.  Analyses using different filters had previously been completed by Hongru Hu, 

and it was determined that higher frequency filters allowed contamination of noise and 

surface waves on the seismograms. Bad data were removed after visually inspecting the 

seismograms.  Also, event information from the TexNet Earthquake Catalog was added to the 

event headers.  

 

The events that are suitable for determining SWS parameters are required to have a small 

incidence angle (<35°) to avoid the contamination of S-to-P conversions at the surface and 

arrive within the shear wave window (Nuttli 1961;Crampin and McGonigle 1981;Savage et 

al. 2010).  In practice, many researchers only include events that are located inside of a 45° 
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cone beneath the station based on a straight-line ray path considering the low velocity near the 

surface (Peng and Ben-Zion 2004;Savage et al. 2010;Li and Peng 2017).  This simplification 

of the shear wave window can significantly reduce the number of events suitable for SWS 

analysis (Figure 15).  We meet the <35° shear wave window requirement by finding the true 

incidence angle.  Any events associated with incidence angles >35° are discarded.  The true 

incidence angle is determined through a grid search to find the highest power of incoming P-

wave energy based on the windowed P-wave seismogram (Figure 16a).   

The SWS analysis was conducted using a semi-automatic MATLAB code.  One key aspect of 

the method is that the SWS analysis is performed on LQT components of the seismogram.  

The L component is the ray direction with SV and SH as the Q and T components, 

respectively.  We then rotate the ENZ components to the LQT components (Figure 16b).  This 

transformation also maximizes the S-wave energy on the Q and T components, which helps to 

improve the accuracy of the SWS measurements (Yuan and Li 2017).   

 

We obtain SWS parameters using the method of Silver and Chan (1991) by minimizing the 

second eigenvalue of the covariance matrix computed from shear wave seismograms on the Q 

and T components.  The method performs a grid search for the fast polarization direction over 

a range of 0° - 180° and for the delay time from 0 – 0.8 s.  The optimal measurements are the 

pair of (φ, δt) that is associated with the smallest eigenvalue and produces the most linear 

particle motion of the shear waves.  We also adopt a sliding window approach that measures a 

series of SWS parameters and gives the most consistent measurement as the final result (Li 

and Peng 2017).  A measurement is considered robust when it gives at least 0.85 linearity of 

the particle motion and has an error of φ below 30° and an error of δt less than 0.04 s.  Along 
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with these quantitative constraints, each measurement is visually inspected to ensure the result 

is a quality measurement.  Figures 16 and 17 present the process to achieve a quality SWS 

result.  After the seismograms have been processed and filtered, the first step is to choose the 

P-wave arrival window (Figure 16a).  Secondly, the S-wave window and sliding window are 

chosen (Figure 16b).  Finally, the results display the correction of the waveform (Figure 17a) 

and the map of the best-fit parameter with a small 95% confidence interval (Figure 17b). 

 

 

 

 

 
Figure 13. Raw earthquake seismograms recorded at a TexNet station PB01 in the Delaware 

Basin on November 16, 2017. The components of the seismogram displayed are horizontal 1 

(HH1), horizontal 2 ( HH2), and vertical (HHZ). 
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Figure 14. Processed earthquake seismograms for the data shown in Figure 13. The 

components of the seismogram displayed are NS, EW, and vertical (HHZ). 
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Figure 15. a) Map view of earthquake events recorded at a station (black triangle) in southern 

California. The cross-sectional view of the events beneath the station. Events are colored in 

both a) and b) based on their incidence angle. Blue dots are events that are within a 45° cone 

beneath the station. Red dots have a calculated incidence angle within the shear wave window 

of <35°, and black dots have calculated incidence angles of >35°.  Obtained from Robinson et 

al. (2020).    

 

 

 

 

 

 

a) b) 



 

23 

 

 
Figure 16. Seismograms showing P- and S-wave windows for SWS analysis. a) Three-

component seismogram (ENZ) at stations PB01 for an earthquake on Nov. 16, 2017.  Red 

lines mark the P-wave window that is used for determining the incidence angle. b) Rotated 

seismogram in LQT coordinate system. Solid red lines mark the initial S-wave window for 

SWS analysis. The dashed red line is the ending time of the sliding window analyses.   
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Figure 17. Corresponding shear wave splitting results for seismograms in Figure 16.  a) S-

wave particle motion and seismograms before (top) and after (bottom) the correction of SWS 

delay time and fast direction. b) The distribution of the 2nd eigenvalue of the covariance 

matrix from the windowed S-wave seismograms. The solid white contour marks the 95 

percent confidence interval. 
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RESULTS 

 

The available seismograms for SWS analyses in West Texas are significantly reduced because 

of the shear wave window.  Also, many events do not give robust results due to the low 

signal-noise ratio or null measurements.  Null measurements occur when the propagating 

shear wave is already polarized in the direction parallel to the fast or slow axis of the 

anisotropic medium.  The number of non-null SWS measurements is 107 at the TexNet 

stations and six at the TA stations (Figure 18).  Only the non-null measurements are displayed 

and discussed.  The TA stations in the Midland Basin and its vicinity have none or only one 

measurement due to the remoteness of the majority of events from the stations.  The fast 

directions at the three of the six TA stations near the west and east Midland Basin boundary 

are roughly E-W.  The one measurement to the south of the Snyder area shows a NE-SW fast 

direction.  Most of the TexNet stations in the Delaware Basin and the Snyder area have 

multiple measurements.  The relatively large number of measurements at stations near Pecos 

and Snyder are attributed to high seismicity in the two areas (Frohlich et al. 2016;Jing 

2017;Savvaidis et al. 2019;Huang, Guo-chin Dino, Savvaidis, and Walter 2019).  Our focus 

below is on the stations with multiple measurements in the Delaware Basin and the Snyder 

area.  

  

In the Delaware Basin, SWS measurements are determined in the central and southern parts of 

the basin.  The observed SWS parameters vary from station to station and from event to event 

at a given station (Figure 19 and Figure 20).  At the most southern station PB05, the fast 

directions can be divided into two groups, a dominant one in the N-S direction and the other 

close to the NE-SW direction.  The NE-SW direction is also the average fast polarization 
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direction at station PB16, which is to the northeast of PB05.  Station PB01 in the southwest of 

the area also has many measurements.  The dominant fast direction at PB01 is WNE-ESE, and 

the second group has an average of NNW-SSE.  Station PB02 and PB03 have the largest 

number of measurements and the most diverse fast directions.  There are four reliable 

measurements at PB04, three of them show a WNW-ESE fast direction, significantly different 

from those at nearby station PB16.  Most of the observed fast directions are not consistent 

with the nearby faults and general NW-SE SHmax in the area (Ewing 1990;Lund Snee and 

Zoback 2018).  The complex nature of the SWS parameters in the Delaware Basin could be 

associated with the different crack orientations, which are explored in more detail in the 

discussion section.   

 

Multiple SWS parameters are determined at all eight stations in the Snyder area (Figure 19 

and Figure 21).  The fast polarization direction at station SN07 and SN08, which is relatively 

far from the earthquakes, are consistent in the NE-SW direction, agreeing with SHmax (Lund 

Snee and Zoback 2016;Lund Snee and Zoback 2018).  At station SN03 and SN06, which are 

in the west of the high seismicity region, fast directions are in two groups, E-W and NW-SE.  

NNW-SSE and NE-SW fast directions are observed at station SN01, SN02, and SN05.  

Station SN04 has a broad range of fast directions without a clear preferred value.  There are 

no major tectonic faults in the Snyder area from the current interpretation (Ewing 1990).  

Recent earthquakes focal mechanisms reveal active normal faults trending in the NE-SW 

(Gan and Frohlich 2013), which explains some of the observations.  The relationship between 

the fast polarization directions, local stress, and faults is revisited in the following section.   
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We plot the SWS results at each event location to understand their relationship with the 

earthquake source and ray paths (Figure 22 and Figure 23).  The source locations and the ray 

paths play an important role in the SWS measurements.  The most obvious observations are at 

stations PB01 and PB05 in the Delaware Basin.  For PB05, the events to its northeast are 

associated with the N-S fast direction and the events to its west and northwest are associated 

with ENE-WSW fast directions.  For PB01, the events to its north give the E-W fast direction, 

and the events to its southwest give fast directions in the NNE-SSW or NNW-SSE.  The 

complexity of the SWS parameters near Pecos, TX is revealed at PB02 and PB03, which is 

likely caused by different crack systems.  In the Snyder area, the events in the south are 

associated with NNW-SSE fast directions, and the events in the central and northern parts of 

the region mainly correspond to the NE-SW fast directions.  The dependence of SWS 

parameters on source locations and ray paths reflects possible lateral heterogeneity of the 

anisotropic structure.    

 

The strength of the anisotropy in rocks and the length of the ray paths through the anisotropic 

medium affect SWS delay times.  To evaluate the relationship between delay time and ray 

path, we correlate delay times with event epicentral distances and depths (Figure 24).  

However, there is no positive correlation between the delay time and the length of ray paths.  

Surprisingly, the long distances (25-30 km in the Delaware Basin and 15-25 km in the Snyder 

area) are associated with relatively small delay times.  In the Delaware Basin, most large 

delay times of 0.2-0.4 s correspond to short distances (<10 km) and shallow depths (<6 km), 

while most events with distances greater than 12 km have delay times less than 0.2 s.  In the 

Snyder area, the shallow events tend to have short delay times, while the delay times from 



 

28 

 

deep events have a broad range.  The correlation of long-distance and deep events with 

relatively small delay time in the Delaware Basin could be caused by the change of anisotropy 

along the ray path, due to either lateral heterogeneity or the change of anisotropy with depth.  

It is indeed suggested that natural fractures at different depths could orientate in a different 

direction (Laubach, Olson, and Gale 2004).  The relatively large delay times from the 

shallower events in the Delaware Basin indicate that the shallow crust is highly anisotropic.   

 

Figure 18. Map of West Texas with seismic stations and earthquakes used in this study.  Blue 

lines mark the boundary of three sub-regions in the Permian Basin.  Black triangles are 

TexNet stations.  Gray triangles are TA stations.  Blue dots are earthquakes recorded by the 

TexNet stations, and orange dots are earthquakes recorded by the TA stations.  Red dots mark 

the cities of Pecos in the Delaware Basin and Snyder to the east of the Midland Basin.  Gray 

lines are tectonic faults from Ewing (1990). 
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Figure 19. All individual SWS measurements plotted at the associated station locations 

(triangles). Blue dots are the earthquakes that are associated with the measurements. Each 

black bar represents one measurement. The bar orientation is parallel to the polarization 

direction of the fast shear wave and the bar length is proportional to the delay time.  
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Figure 20. Rose diagram of SWS results in the Delaware Basin. The length of the bar is 

proportional to the number of measurements with fast directions parallel to the bar direction. 

Note the largest number is different from station to station. Triangles are stations and dots are 

events. Station-event pairs are plotted with the same color.  
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Figure 21. Rose diagram of SWS results in the Snyder area. The length of the bar is 

proportional to the number of measurements with fast directions parallel to the bar direction. 

Note the largest number is different from station to station. Triangles are stations and dots are 

events. Station-event pairs are plotted with the same color. 
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Figure 22. SWS results are plotted at the associated event location for the Delaware Basin. 

The colors of the bars (splitting parameters) are associated with the color of triangles (station).  

 

 



 

33 

 

 

Figure 23. SWS results are plotted at the associated event location for the Snyder Area. The 

colors of the bars (splitting parameters) are associated with the colors of the triangles 

(station). 
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Figure 24. Variation of SWS delay time with epicentral distance and event depth in the 

Delaware Basin (a) and the Snyder area (b). Dots are color-coded by delay time. The delay 

time increases in an order of black (0.0-0.1 s), blue (0.1-0.2 s), green (0.2-0.3 s), red (0.3-0.4 

s), and orange (0.4+ s). 
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DISCUSSION 

 

The fast polarization direction of splitting shear waves from local earthquakes is mostly 

parallel to SHmax in many previous studies (Cochran, Li, and Vidale 2006;Liu et al. 

2008;Savage et al. 2010;Yang, Z., Sheehan, and Shearer 2011;Li and Peng 2017).  This 

correlation is more evident for ray paths that are not through the main fault rupture zones.  

The explanation of these observations is the aligned open fractures are in the direction of 

SHmax, while the cracks orthogonal to SHmax are closed by the stress (Nur and Simmons 1969).  

SWS fast directions tend to be parallel to fault strikes at stations close to the active faults in 

California (Cochran, Li, and Vidale 2006;Liu et al. 2008;Yang, Z., Sheehan, and Shearer 

2011;Li and Peng 2017).  In West Texas, there are no major active tectonic faults.  Therefore, 

it was expected that the majority of the SWS measurements completed in this study would be 

consistent with SHmax.  Surprisingly, this is not the case for most of the measurements (Figure 

25).  For stations that are relatively far from the induced earthquake clusters, we observe the 

consistency between fast polarization directions and local SHmax, such as at stations SN07, 

SN08 in the Snyder area, the PB12 station in the Delaware Basin, and the TA stations in the 

west, southeast, and northeast of the Midland Basin (Figure 25).   

 

There are no SHmax measurements or mapped faults in the Snyder area (Figure 25) (Ewing 

1990;Lund Snee and Zoback 2016;Lund Snee and Zoback 2018).  The closest SHmax to the 

south of Snyder is in the NE-SW direction.  Individual SWS fast polarization directions are 

consistent in the NE-SW direction at station SN07, SN08, agreeing with the SHmax.  The two 

stations are not located in the earthquake clusters, and ray paths to the stations sample the 

region that is largely absent of active faults.  The observed anisotropy at SN07, SN08 are 
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attributed to stress-induced cracks parallel to the SHmax (Nur and Simmons 1969), which is 

similar to previous observations in other regions (Cochran, Li, and Vidale 2006;Liu et al. 

2008;Yang, Z., Sheehan, and Shearer 2011;Li and Peng 2017).  Fast polarization directions 

are complicated at the six closely spaced stations (SN01-SN06) that are collocated with the 

earthquake clusters.  The NE-SW direction is dominant in the central and northern parts of the 

area (Figure 23), which is parallel to the closest SHmax direction as well as the strikes of 

normal faults in the area (Gan and Frohlich 2013;Huang, Dino and Savvaidis 2019).  The 

NW-SE fast direction is associated with the events in the southern end of the cluster, which 

could be related to the NW trending strike-slip faults as revealed from several focal 

mechanisms (Gan and Frohlich 2013;Jing 2017;Huang, Dino and Savvaidis 2019).   

 

Both SHmax and faults vary significantly across the Delaware Basin (Figure 25) (Ewing 

1990;Lund Snee and Zoback 2016;Lund Snee and Zoback 2018).  In the central and southern 

Delaware Basin, the SHmax direction is mostly NW-SE, and the strikes of most faults are in a 

similar direction.  Recent induced seismicity near Pecos is located in an NW-SE linear trend, 

indicating the reactivation of pre-existing faults (Huang, Guo‐chin Dino, Savvaidis, and 

Walter 2019).  SWS fast directions in the area are quite complicated.  General NW-SE fast 

directions are observed at PB01-PB04 and PB12.  However, the average NE-SW fast 

directions are observed at more stations except for PB12, and nearly N-S and E-W fast 

directions are found at PB01, PB05.  These fast directions do not correlate with SHmax or 

mapped faults.  The bimodal fast directions at stations PB01, PB05 (Figure 22) might be 

explained by the heterogeneity of anisotropic structure in the crust.  It is also possible that 

natural fractures at different depths could orient in a different direction (Laubach, Olson, and 
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Gale 2004).  The diverse fast directions at PB02, PB03 are unique observations and must 

reflect a more complicated anisotropic structure under these stations.  

The broad range of SWS fast directions at stations PB02 and PB03 could be caused by 

multiple sets of opening cracks in the subsurface.  The earthquakes near Pecos are believed to 

be induced by production-related injection (Frohlich et al. 2016;Frohlich et al. 2020) and by 

hydraulic fracturing operations (Lomax and Savvaidis 2019).  Both injection and hydraulic 

fracturing processes increase pore pressure in the rocks, which reduces the effective stress and 

reactivates pre-existing faults (Zoback and Harjes 1997;Ake et al. 2005;Quinones et al. 

2018;Hennings et al. 2019).  High pore pressure could open fractures that are orthogonal to 

SHmax as observed in northern Ireland (Crampin et al. 2002) and the Vacuum Field in the 

Permian Basin in New Mexico (Angerer et al. 2002).  Recently, Nolte et al. (2017) also found 

that fast shear wave polarization directions change from stress parallel to stress normal 

direction with the increase of injection volume in Kansas.  Furthermore, the area near Pecos, 

TX has experienced numerous hydraulic fracturing jobs (Lomax and Savvaidis 2019), which 

could produce new sets of fractures and form complex fracture networks (Maxwell 

2014;Langenbruch and Shapiro 2015).  The complex crack orientations from fluid injection 

and hydraulic fracturing in the Delaware Basin are probably the leading cause of the observed 

diverse fast directions in the area.  Even so, it is important that more SWS measurements are 

made in the basin to confirm the suggested interpretations.  

 

The change in the SWS measurements over time can give evidence into how stress is 

changing in a particular area (Nolte et al. 2017).  Temporal changes in the fast direction and 

delay time may indicate that pore pressure has increased or subsided in an area.  The fast 
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directions for the Delaware Basin and the Snyder area are diverse over time and do not reflect 

a systematic temporal pattern (Figure 26).  When examining the temporal change in delay 

time values and seismicity rates for the Delaware Basin, we do not observe a clear correlation 

between the two parameters (Figure 27a).  Large delay times seem to correlate with higher 

seismicity rates around January 2019 but not in January 2018 and June 2018.  On the other 

hand, large delay times are also observed near July 2017 and 2019 when seismicity rates are 

not high.  For the Snyder area, the measurements are not available until January 2018 due to 

the lack of stations in the area at earlier times (Figure 27b).  The delay times are quite diverse 

in the year of 2018, indicating no correlation with seismicity.  The lack of temporal trend in 

SWS measurements could be due to the short time window of the overall measurements.  It is 

critical to continuously measure SWS parameters from local earthquakes in order to monitor 

stress changes in West Texas.   
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Figure 25. Individual SWS measurements at the TexNet and TA stations. The splitting 

parameters (bars) and their associated events (dots) are color-coded. Gray dashed lines are 

faults from Ewing (1990). Red bars are the directions of maximum horizontal stress from 

Lund Snee and Zoback (2018).  
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Figure 26. Measured fast direction versus time for the Delaware Basin (a) and Snyder area 

(b). 
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Figure 27. Measured delay time and seismicity versus time for the Delaware Basin (a) and 

Snyder area (b). 
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CONCLUSIONS 

SWS parameters are obtained in the Permian Basin using local earthquakes recorded at 

TexNet and USArray TA stations.  Most measurements are conducted in the Delaware Basin 

and the Snyder area, where high activities of induced seismicity are observed.  At stations 

relatively far from the main clusters of induced earthquakes, SWS fast directions reflect local 

SHmax directions.  Fast directions at stations within or near the earthquake clusters are 

complicated.  Furthermore, fast directions also depend on the source locations and ray paths 

in both regions.  In the Snyder area, the NE-SW and NW-SE observed fast directions are 

attributed to the NE trending normal faults and the NW trending strike-slip faults in the area, 

respectively.   

 

Both SWS fast directions and delay times in the Delaware Basin indicate a complex, highly 

anisotropic upper crust.  The delay time tends to be smaller for long-distance events, 

indicating varying anisotropy along the ray paths.  On the other hand, large delay times are 

associated with shallow earthquakes, suggesting that the shallow crust is significantly 

anisotropic.  A broad range of fast directions is observed at stations PB02 and PB03 near an 

area of high seismicity.  The diversity of the fast directions is probably caused by the presence 

of multiple crack sets in different orientations, which is possible under high pore pressure.  

Furthermore, numerous hydraulic fracturing operations in the Delaware Basin have produced 

new fractures in the area and have helped to form complicated crack networks.  More 

measurements from TexNet data are required to confirm whether the diversity of SWS results 

is a characteristic feature for induced seismicity.   
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APPENDICES 

Appendix A: Additional SWS measurements 

Additional SWS measurements are presented here for station PB02 in the Delaware Basin and 

station SN06 in the Snyder area with varying backazimuth and measured fast directions.  

 

Delaware Basin  

 

An event recorded at station PB02 on August 22, 2017, with a backazimuth of 229° and fast 

direction of 41° (in ENZ coordinate reference system): 

 

 
Figure 28. Seismograms of an event recorded at station PB02 on August 22, 2017, in Q and T 

components. The solid lines mark the S-wave window and the dashed line marks the end of 

the sliding window.  
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Figure 29. Particle motion and waveform diagrams before and after the SWS correction of the 

seismograms in the figure above. 

 

 
Figure 30. The distribution of the 2nd eigenvalue of the covariance matrix from the windowed 

S-wave seismograms in the figure above. The solid white contour marks the 95 percent 

confidence interval for the delay time and fast direction that corrects the SWS (in LQT 

coordinate reference system).  
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An event recorded at station PB02 on December 18, 2017, with a backazimuth of 141° and 

fast direction of 137° (in ENZ coordinate reference system): 

 

 
Figure 31. Seismograms of an event recorded at station PB02 on December 18, 2017, in Q 

and T components. The solid lines mark the S-wave window and the dashed line marks the 

end of the sliding window. 

 

 
Figure 32. Particle motion and waveform diagrams before and after the SWS correction of the 

seismograms in the figure above. 
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Figure 33. The distribution of the 2nd eigenvalue of the covariance matrix from the windowed 

S-wave seismograms in the figure above. The solid white contour marks the 95 percent 

confidence interval for the delay time and fast direction that corrects the SWS (in LQT 

coordinate reference system). 

 

An event recorded at station PB02 on June 25, 2018, with a backazimuth of 251° and fast 

direction of 22° (in ENZ coordinate reference system): 

 

 
Figure 34. Seismograms of an event recorded at station PB02 on June 25, 2018, in Q and T 

components. The solid lines mark the S-wave window and the dashed line marks the end of 

the sliding window. 
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Figure 35. Particle motion and waveform diagrams before and after the SWS correction of the 

seismograms in the figure above. 

 

 
Figure 36. The distribution of the 2nd eigenvalue of the covariance matrix from the windowed 

S-wave seismograms in the figure above. The solid white contour marks the 95 percent 

confidence interval for the delay time and fast direction that corrects the SWS (in LQT 

coordinate reference system). 
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Snyder Area 

An event recorded at station SN06 on February 19, 2018, with a backazimuth of 216° fast 

direction of 156° (in ENZ coordinate reference system): 

 

 

 
Figure 37. Seismograms of an event recorded at station SN06 on February 19, 2018, in Q and 

T components. The solid lines mark the S-wave window and the dashed line marks the end of 

the sliding window. 
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Figure 38. Particle motion and waveform diagrams before and after the SWS correction of the 

seismograms in the figure above.  

 
Figure 39. The distribution of the 2nd eigenvalue of the covariance matrix from the windowed 

S-wave seismograms in the figure above. The solid white contour marks the 95 percent 

confidence interval for the delay time and fast direction that corrects the SWS (in LQT 

coordinate reference system). 
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An event recorded at station SN06 on April 29, 2018, with a backazimuth of 14° fast direction 

of 94° (in ENZ coordinate reference system): 

 

 

 
Figure 40. Seismograms of an event recorded at station SN06 on April 29, 2018, in Q and T 

components. The solid lines mark the S-wave window and the dashed line marks the end of 

the sliding window. 

 
Figure 41. Particle motion and waveform diagrams before and after the SWS correction of the 

seismograms in the figure above. 
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Figure 42. The distribution of the 2nd eigenvalue of the covariance matrix from the windowed 

S-wave seismograms in the figure above. The solid white contour marks the 95 percent 

confidence interval for the delay time and fast direction that corrects the SWS (in LQT 

coordinate reference system). 
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Appendix B: Tabulated SWS results 

Table 1. SWS measurements in the Delaware Basin 

Station Date (yyyymmdd) δt ± σδt (s) φ ± σφ (°) Li Lf i Depth Distance 

PB01 20171116 0.133  0.011 137.7  5.5 0.03 0.97 1 7.2 12.4 

PB01 20171118 0.07  0 160.8  5.5 0.34 0.97 1 7.9 14.1 

PB01 20171118 0.073  0.012 28.5  9.2 0.40 0.96 1 7.8 13.2 

PB01 20171119 0.05  0 7.2  11 0.36 0.98 1 7.1 13.0 

PB01 20180109 0.091  0 89.9  0 0.19 0.97 9 7.1 26.2 

PB01 20180109 0.084  0.011 92.3  5.5 0.04 0.97 7 9.0 27.4 

PB01 20180109 0.103  0.01 88.6  1.8 0.15 0.98 20 7.1 26.9 

PB01 20180109 0.083  0.021 91.9  11 0.04 0.95 3 7.1 27.2 

PB01 20180109 0.089  0.011 90.3  5.5 0.16 0.97 21 7.2 27.2 

PB01 20180110 0.107  0.021 87.2  3.7 0.08 0.96 27 6.9 26.7 

PB01 20180110 0.074  0.012 97.5  5.5 0.06 0.97 21 7.0 27.1 

PB01 20180110 0.095  0.024 87.9  5.5 0.12 0.95 16 7.0 26.9 

PB01 20180110 0.065  0.011 99.9  9.2 0.02 0.98 16 7.1 27.5 

PB01 20180718 0.107  0.021 90.9  N/A 0.30 0.96 1 6.1 28.9 

PB01 20190105 0.129  0.009 178.5  3.7 0.76 0.96 1 8.2 28.0 

         

PB02 20170822 0.202  0.011 40.7  5.5 0.22 0.94 25 5.7 7.8 

PB02 20170918 0.187  0.013 143  1.8 0.72 0.97 23 4.5 6.2 

PB02 20170927 0.267  0.012 167.3  5.5 0.44 0.93 31 5.8 7.3 

PB02 20171218 0.121  0.026 137.3  N/A 0.11 0.89 1 4.8 8.6 

PB02 20180209 0.201  0.013 52.9  5.5 0.21 0.94 25 3.6 6.7 

PB02 20180424 0.149  0.011 128.6  9.2 0.06 0.91 16 4.1 4.8 

PB02 20180625 0.17  0 21.9  11 0.21 0.93 28 5.0 6.6 

PB02 20180713 0.127  0.021 28.9  7.3 0.17 0.91 25 3.8 6.9 

PB02 20190216 0.096  0.01 143.3  1.8 0.88 0.97 19 5.1 5.6 

PB02 20190626 0.039  0.029 58  11 0.64 0.94 4 6.0 21.0 

PB02 20190718 0.047  0.012 65.9  31.2 0.39 0.90 1 6.1 19.8 

         

PB03 20171217 0.07  0.023 56.3  N/A 0.78 0.95 1 5.2 26.2 

PB03 20181102 0.096  0.125 14  9.2 0.64 0.93 1 6.1 24.8 

PB03 20171217 0.231  0.012 92.3  N/A 0.49 0.91 1 6.5 17.8 

PB03 20181102 0.118  0.02 74.9  9.2 0.26 0.89 1 7.1 15.7 

PB03 20181103 0.098  0.01 82.6  14.7 0.25 0.91 1 6.4 15.7 

PB03 20190221 0.145  0.009 54.5  5.5 0.08 0.96 1 6.3 20.4 

PB03 20190225 0.168  0.011 130  12.9 0.09 0.95 1 6.6 20.0 

         

PB04 20190322 0.208  0 130.1  7.3 0.20 0.93 22 3.5 8.3 

PB04 20190328 0.104  0.037 92  N/A 0.25 0.94 1 6.2 20.6 

PB04 20190331 0.192  0.01 51.3  11 0.28 0.91 1 5.4 20.2 



 

53 

 

PB04 20190428 0.212  0.011 107.7  1.8 0.17 0.89 1 3.6 5.5 

         

PB05 20171225 0.066  0 74.7  1.8 0.43 0.98 1 3.8 26.1 

PB05 20180226 0.065  0.022 81.1  5.5 0.88 0.96 32 6.5 27.7 

PB05 20180802 0.05  0 43  12.9 0.06 0.98 1 6.4 16.4 

PB05 20180903 0.142  0 170.7  7.3 0.19 0.94 1 6.9 26.2 

PB05 20180904 0.147  0.009 178.8  N/A 0.34 0.93 1 7.0 26.7 

PB05 20180908 0.16  0 171.6  7.3 0.36 0.94 1 6.1 26.6 

PB05 20181007 0.075  0.025 22.9  11 0.57 0.95 1 7.1 29.0 

PB05 20190304 0.178  0 175.7  11 0.48 0.93 1 2.4 25.0 

PB05 20190321 0.148  0 179.8  12.9 0.49 0.89 1 3.3 24.0 

PB05 20190503 0.184  0 173.6  9.2 0.25 0.93 1 3.5 22.7 

   0  0      

PB10 20190129 0.049  0.012 85.6  N/A 0.42 0.95 1 5.8 27.8 

PB10 20190305 0.111  0 43  N/A 0.03 0.96 26 4.5 29.0 

         

PB12 20181129 0.101  0 151.3  5.5 0.55 0.91 1 6.7 28.5 

         

PB16 20190626 0.092  0.012 62.2  11 0.19 0.90 17 6.0 19.0 

PB16 20190915 0.313  0.01 87.7  1.8 0.65 0.91 21 4.3 3.2 

PB16 20190331 0.328  0.011 13.8  3.7 0.30 0.89 9 6.2 21.7 

PB16 20190509 0.309  0 16.6  12.9 0.11 0.90 20 3.7 6.7 
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Table 2. SWS measurements in the Snyder area 

 

Station Date (yyyymmdd) δt φ Li Lf i Depth Distance 

SN01 20180214 0.049 9.8 0.78 0.98 1 6.6 8.1 

SN01 20180219 0.050 143.1 0.33 0.98 16 7.3 10.5 

SN01 20180415 0.269 152.7 0.43 0.93 21 7.2 10.6 

SN01 20180615 0.272 157.0 0.50 0.89 30 7.3 10.3 

SN01 20180807 0.119 36.5 0.33 0.97 5 4.4 11.9 

SN01 20180807 0.115 41.8 0.20 0.97 3 4.1 11.6 

SN01 20180809 0.255 50.6 0.69 0.89 11 4.1 12.8 

SN01 20180919 0.172 39.8 0.86 0.88 4 7.5 12.4 

SN01 20190212 0.153 50.7 0.80 0.96 4 6.9 12.3 

         

SN02 20180222 0.219 44.5 0.71 0.95 32 7.3 7.6 

SN02 20180222 0.042 79.0 0.25 0.99 5 4.4 9.0 

SN02 20180226 0.042 89.0 0.28 0.99 17 6.6 8.5 

SN02 20180415 0.157 165.9 0.77 0.97 21 7.2 9.5 

SN02 20180615 0.391 175.6 0.71 0.95 19 7.3 9.2 

SN02 20180807 0.137 78.7 0.28 0.96 1 4.4 11.6 

SN02 20180807 0.135 80.9 0.01 0.97 1 4.1 11.2 

SN02 20180809 0.258 61.0 0.40 0.96 12 4.1 12.6 

SN02 20190212 0.183 87.8 0.11 0.97 20 6.9 12.2 

SN02 20190930 0.068 56.4 0.76 0.98 1 7.2 5.8 

SN02 20191002 0.071 55.1 0.81 0.98 1 7.5 5.8 

SN02 20191012 0.069 58.7 0.86 0.96 1 7.7 6.0 

         

SN03 20180219 0.100 127.0 0.01 0.95 12 7.3 12.2 

SN03 20180330 0.093 128.6 0.04 0.98 14 7.4 12.2 

SN03 20180415 0.087 131.8 0.03 0.93 8 7.2 12.3 

SN03 20180615 0.092 129.9 0.09 0.97 11 7.3 12.0 

SN03 20180805 0.334 90.4 0.24 0.90 18 5.5 11.3 

SN03 20180919 0.019 113.5 0.86 0.99 15 7.5 8.4 

SN03 20181028 0.296 94.4 0.71 0.96 16 6.1 10.4 

SN03 20190212 0.295 124.8 0.46 0.87 12 6.9 9.2 

         

SN04 20180211 0.431 101.9 0.24 0.80 35 6.9 10.8 

SN04 20180429 0.104 162.2 0.32 0.94 5 4.1 8.8 

SN04 20180615 0.113 42.7 0.63 0.88 28 7.3 13.1 

         

SN05 20180219 0.287 155.0 0.19 0.94 15 7.3 11.4 

SN05 20180330 0.283 149.1 0.32 0.93 14 7.4 11.6 

SN05 20180415 0.269 157.2 0.22 0.96 23 7.2 11.6 

SN05 20180807 0.122 35.5 0.35 0.98 1 4.1 9.9 
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SN05 20181028 0.078 122.4 0.61 0.99 1 6.1 7.2 

         

SN06 20180219 0.097 156.5 0.16 0.99 11 7.3 9.0 

SN06 20180222 0.084 119.1 0.49 0.98 1 4.4 9.2 

SN06 20180415 0.081 167.4 0.38 0.99 1 6.6 9.1 

SN06 20180429 0.064 94.4 0.63 0.99 1 4.1 10.3 

SN06 20180615 0.088 159.8 0.11 1.00 7 7.3 8.8 

SN06 20180807 0.099 84.3 0.63 0.99 1 4.4 10.7 

SN06 20180807 0.098 90.5 0.35 1.00 1 4.1 10.2 

         

SN07 20180222 0.080 92.1 0.13 0.97 9 4.4 19.1 

SN07 20180809 0.134 69.9 0.05 0.97 13 4.1 13.9 

SN07 20180916 0.089 69.3 0.12 0.91 22 7.5 25.3 

SN07 20180919 0.079 77.5 0.51 0.99 20 7.5 17.6 

SN07 20181226 0.054 102.6 0.62 0.99 31 5.9 15.9 

SN07 20181226 0.053 110.6 0.39 0.97 1 5.4 15.3 

         

SN08 20191001 0.133 47.0 0.39 0.89 1 7.1 20.9 

SN08 20191002 0.134 51.8 0.31 0.94 1 7.5 21.7 

SN08 20191012 0.129 58.0 0.51 0.91 1 7.7 21.7 
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Table 3. SWS measurements in the Midland Basin 

Station Date (yyyymmdd) δt ± σδt (s) φ ± σφ (°) Li Lf i Depth Distance 

130A 20100210 0.171  0.011 20.4  3.7 0.65 0.92 18 5.9 24.8 

228A 20090515 0.155  0 86.6  1.8 0.59 0.99 1 0.7 4.1 

230A 20090618 0.188  0.035 114.8  9.2 0.47 0.88 13 14.5 2.4 

330A 20091109 0.143  0.014 88.7  11 0.27 0.94 26 0.8 24.1 

Z28A 20091030 0.159  0.01 0.4  3.7 0.79 0.98 6 0.0 18.9 

Z30A 20100213 0.24  0.012 83.9  1.8 0.86 0.94 1 8.2 25.7 

 

 

For Tables 1, 2, and 3 in Appendix A the following header parameters are:  

 

δt: measured SWS delay time  

 

φ: measured SWS fast direction 

 

σ δt: standard deviation of the measured SWS delay time 

 

σ φ: standard deviation of the measured SWS fast direction  

 

Li: Linearity of the windowed horizontal seismograms before the correction 

 

Lf: Linearity of the windowed horizontal seismograms after the correction 

 

i: measured incidence angle 
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Appendix C: Installation of seismometers in the Midland Basin 

We participated in the TexNet project and deployed seismometers in and around the Midland 

Basin, which was led by the Bureau of Economic Geology (BEG).  These stations become the 

long-term stations of the growing TexNet network.  The fieldwork consisted of two separate 

trips to Midland, Texas in November 2008 and March 2019. We deployed a total of six 

seismometers that are currently operating in the Midland area (Figure 43).  

Our involvement in the fieldwork included helping dig the holes, pouring the concrete, and 

assembling the necessary equipment, which are important procedures to have a fully 

functioning seismometer capable of transmitting real-time data.  We took two steps in setting 

up a station.  The first step is site preparation, which involves digging a hole for the drum and 

instrument and a hole for the solar panel mast and pouring concrete into the drum and around 

the mast.  This process is problematic in areas where caliche rock is close to the surface and 

difficult to penetrate with tools; even a backhoe machine at one site could not get through the 

caliche.  The second step is setting up the instrument and all necessary connections.  The 

sensor is placed inside the drum after the concrete has dried (Figure 44).  The cables are 

connected to a power supply box and a satellite connection.  The solar panel is assembled 

onto the mast and connected to two large batteries that supply power. To protect the station 

from disturbance by animals and humans, fencing is placed around the perimeter of the 

seismometer and assembly (Figure 45). 
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Figure 43. Map of TexNet seismometers around Midland, TX. Hollow rectangles are the 

deployed seismometers. The solid rectangles were existing seismometers added to the TexNet 

network. Obtained from TexNet Earthquake Catalog.  
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Figure 44. Seismometer instrument planted on a concrete base inside of a plastic drum to 

couple the instrument to the ground and reduce noise. The attached cables are fed to the 

power supply and data sender box. 
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Figure 45. Completed installation of a seismometer and solar panel power supply on a cotton 

farm somewhere outside of Midland, TX.  The seismometer is buried in the ground next to the 

solar panel assembly.  
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