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[bookmark: _Toc73915662][bookmark: _Toc73916003]Abstract

Patterns of recent seismogenic fault reactivation in the granitic basement of north-central Oklahoma necessitates an understanding of the structural characteristics of the inherited basement-rooted faults. We analyze the top-Arbuckle, top-basement, and intra-basement structures in 9 post-stack time-migrated 3D seismic reflection datasets in north-central Oklahoma using structural seismic attributes. Across all surveys, sub-horizontal intra-basement reflectors (igneous sills) are observed, which commonly terminate at the basement-sediment interface. Overall, our results reveal 146 fault traces at the top of the Precambrian basement with dominant trends along WNW-ESE, NE-SW, and N-S. Many of these faults were previously unmapped, supporting the assertion that there is a considerable cumulative seismic risk from unidentified faults. First examined are a subset of eight 3D seismic surveys in which 115 of the basement faults were interpreted. Proximal to the Nemaha Fault Zone (NFZ), faults dominantly strike N-S, are fewer (<10), have the lowest areal density, lowest areal intensity, and exhibit the most significant maximum vertical separation. However, with distance from the NFZ, faults exhibit NE-SW trends, areal fault density increases,  areal fault intensity increases, and maximum vertical separation decreases. Of these 115 faults, ~49% are contained within the basement, ~28% terminate in the Arbuckle Group, and ~23% transect units above the Arbuckle Group. These observations suggest that proximal to the NFZ, deformation is accommodated along a few but longer fault segments, and with distance away from the NFZ, deformation is distributed across more relatively shorter fault segments. The existence of through-going faults suggests the potential for spatially pervasive fluid movement along faults. In the Harper Creek 3D seismic volume, a sequence of 56 relocated earthquakes is collocated with the survey. These events delineate the actual structure of an intra-basement fault zone. This provides a means of guidance and validation on attribute-assisted basement fault interpretation. When included in the interpretation of basement faults, it shows two critical steps beyond curvature interpretation at the top basement. The first is to couple to curvature interpretation with an aberrancy attribute visualization. When included, aberrancy improves the quantity and placement of interpreted fault traces. Second, it is essential to analyze the units directly above the basement. In the sedimentary units, the faults tend to express more clear signs of too subtle structures to identify at the top of the basement. Results have direct implications for wastewater injection and seismicity in north-central Oklahoma and southern Kansas. Additionally, they provide insight into the characteristics of basement-rooted structures around the NFZ region and suggest how to characterize basement structures where seismic data are available.
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[bookmark: _Toc73915665][bookmark: _Toc73916006][bookmark: _Toc74139299]Chapter 1 - Introduction
	Intra-plate regions are often tectonically quiescent or at the very least unlikely to host frequent, substantial seismic events. The reason for this is a combination of rock’s elasticity and the significant distance from active plate boundaries—however, there are regions within plates that may host tectonically driven seismic events. Oklahoma is near the center of the North American Craton (Figure 1a). The stresses present, though considered far-field, are sufficient to produce earthquakes. Documentation of these events suggests approximately 21 events per year over magnitude three from 1967 to 2001 (Ellsworth, 2013). Beginning in 2009, the frequency of seismic events in Oklahoma and southern Kansas grew dramatically. This marked increase has brought with it considerable potential hazards to the infrastructure and populations within the midcontinent. Prior to this period, the most recent event of significant hazard was a magnitude 5.5 earthquake near El Reno, Oklahoma, in 1952. After this, few events of significance were recorded until the increase in 2009. From this point, large events were a relatively common occurrence, with 8 of the ten most significant events in the state occurring from 2011 to 2016, all above magnitude 4.5 with significant associated ground motion (OGS, 2020). As the rates of seismicity and hazard grew, so did the interest in studying these events, both to ascertain the causes of the rampant increase in seismicity and mitigate the rising seismic hazard within the midcontinent. The primary focus of most studies regarding the increase of seismicity within the midcontinent was that of the cause, more specifically, whether the increase could be considered anthropogenic or induced. Conclusions from works focused on the region show that the prolific seismic activity has been induced by human activity, the primary cause being the injection of drilling associated fluids (wastewater) into the Arbuckle Group (e.g., Kroll et al., 2017; Yeck et al., 2017; Kolawole et al., 2019). While this connection has answered the primary question of why seismicity has exploded within Oklahoma and Kansas and led to thus far effective mitigation efforts, there remain pertinent questions to be answered. [bookmark: _Toc78028904][bookmark: _Toc78028938][bookmark: _Toc78028972][bookmark: _Toc78029006][bookmark: _Toc78029040][bookmark: _Toc78029074][bookmark: _Toc78806076]Figure 1: Spatial patterns and depth distribution of seismicity (a)  Map showing the extents of the Southern and Eastern Granite-Rhyolite Provinces, location of the Midcontinent Rift System, and the position of the Southern Oklahoma Aulacogen (Modified after Bickford et al. 1981). (b) Histogram of depth (relative to MSL) vs. Number of Earthquakes in Oklahoma from 2010 through 2017 (Modified after Kolawole et al., 2019). (c) Satellite image of a region in north-central Oklahoma with relocated earthquakes from 2010 – 2017 as red circles (Chen, 2016) and faults as black lines (Marsh and Holland, 2016).

While there has been considerable effort dedicated to understanding the mechanisms causing the elevated seismicity with the region (e.g., Chang et al., 2016; Zhai et al., 2019; Keranen et al., 2014; Ellsworth et al., 2015), less has been devoted to understanding the terrain hosting the events. Seismic events within Oklahoma occur predominantly from 4 to 7 km below mean sea level. Depth to the top of the basement in the primary regions of seismicity (Anadarko Shelf and Cherokee Platform) are between 2 and 7 km. Therefore, the basement is the primary host of most events that have been recorded over the past decade (Figure 1b). It is crucial that the structural history and character of the crystalline basement are well understood. The increase in seismicity has revealed the relative lack of understanding of the basement. The observation illustrates that a significant number of seismic sequences align to highlight fault traces that have not been previously identified (Figure 1c). The problem that limits this characterization’s ability to take place is the near-complete burial of the basement within the midcontinent. Within Oklahoma, there are only two known and explored basement outcrops, which are both of limited spatial extent. Thus, remote sensing methods must be employed to characterize the basement domain of the midcontinent further. In the following chapters, nine 3D seismic surveys will be interpreted, focusing on the basement, the structures therein, and their influence on the deep sediments into which wastewater has historically been injected. 
[bookmark: _Toc73915668][bookmark: _Toc73916009][bookmark: _Toc74139300]GEOLOGIC SETTING
[bookmark: _Toc73915669][bookmark: _Toc73916010][bookmark: _Toc73915670][bookmark: _Toc73916011]The Precambrian Igneous Basement of North-Central Oklahoma
In the area of interest for this study, the granite has been shown to vary compositionally and texturally. Based on prior works, there are two main domains that comprise most of the land in Oklahoma and large portions of the central United States (e.g., Bickford et al., 1981; Anderson, 1983; Thomas et al., 1984; Lidak, 1996). These are the Southern and Eastern Granite-Rhyolite Provinces. The Southern Province trends northeast-southwest and extends from north-central Mexico into southern Missouri and Tennessee. The Eastern Province trends north-south from southern Missouri into central Michigan and Ohio (Figure 1a). 
The provinces formed in the Mesoproterozoic Era of the Precambrian Eon, from 1.50 to 1.34 Ga (Bickford et al., 2015). They intruded the preexisting Yavapai and Mazatzal accretionary terranes of the North American Continent (Van Schmus et al., 1993). The exact origin of the provinces is still under debate. Some argue that there was a continental margin present during formation (e.g., Bickford et al., 1981; Thomas et al., 1984). Contrarily, others suggest no margin present with a pure extensional setting as the plutons’ impetus (e.g., Anderson, 1983; Sears et al., 2005). In recent years, another possibility was proposed. This possibility is a long-lived (~1.5 Ga) subduction zone along the Laurentian Margin, which was responsible for many of the basement domains of North America (e.g., Rivers and Corrigan, 2000). Regardless, there appears to be a consensus that, in general, the development of the provinces is related to large-scale continental extension/rifting (Slagstad et al., 2009). 
In terms of age, the rocks have generally been shown to grow increasingly younger, moving to the west. The two groups have been divided by age, with 1.40 Ga set as the dividing time (Van Schmus et al., 1993). The observation is that, in general, the rocks of the Eastern province are dominated by older (1.50 – 1.40 Ga) rocks. In contrast, rhyolites and granites of the Southern province fall within both periods (Van Schmus et al.,1993). Compositionally, the broader mass of rock is an A-type rapakivi textured granite (Emslie, 1980). This textural classification of the igneous bodies is generally associated with anorogenic settings sourced from a depleted mantle. Additionally, it has been shown that the plutonic event had bimodal nature with mafic material emplaced along with the felsic bodies (Frost et al., 1999; Lidak, 1996).
The SGRP is composed of smaller igneous domains within Oklahoma (Denison, 1966; Denison, 1981). In the area studied, three domains comprise the basement. These are the Washington Volcanic Group, Central Oklahoma Group, and the Osage Microgranite. The Washington volcanic group underlies the northwestern portion of Osage County and the eastern half of Kay County. It is comprised of predominantly felsic pyroclastic flows and tuffs (Denison 1981).  The Central Oklahoma Group lies beneath the majority of Osage county and many of the counties in central Oklahoma. It is a large, circular plutonic body that intruded the crust (Denison, 1981). Finally, the Osage Microgranite lies in Osage County’s south-central portion (entirely within the Central Oklahoma Group). The origin of the Osage Microgranite is not well understood. However, it is distinct in texture and composition from the other units. It is more porphyritic and contains less silica than the other granite bodies (Denison, 1981). 
[bookmark: _Toc74139301]Tectonic History of the Region and Present-Day Basement Structure
There is relatively little known about the overall structural history of the crystalline basement of Oklahoma (and the entire SGRP/EGRP). It has been shown that the basement surface is highly undulating. This undulation is interpreted as eroded Precambrian structures, which suggests high degrees of Precambrian deformation (Ireland, 1955). A recent study showed that the basement in northern Oklahoma is heavily fractured and altered even at significant depths from the basement-sediment interface. There is also evidence of multiple active stages of deformation and fluid-rock interactions. This suggests the basement is damaged to a much higher degree than thought in the past (Hamilton et al., 2021) 
Within the area of interest, there are a few major Precambrian structures that have been identified. These are the Midcontinent Rift (Stein et al.,2014), Nemaha Fault Zone, Labette fault, and Osage Dome (Denison, 1981). The largest of these are the Midcontinent Rift and the Nemaha Fault Zone. The Midcontinent Rift will be discussed in the following section. The Nemaha Fault zone is a prominent feature in the mid-continent of the United States. The structure stretches for approximately 650 km and generally strikes northeast-southwest. The fault zone cuts through Nebraska, Kansas, and Oklahoma (McBee 2003). Its origin is still debated as there is significant evidence of normal, strike-slip, and reverse faulting. There are multiple hypotheses as to the fault zone’s origins. One hypothesis is the NFZ being the result of pure wrench faulting (McBee, 2003), and another is the NFZ forming due to thrust faulting via subsequent compressional events (Gay, 2003). 
The phanerozoic structure of Oklahoma’s basement is dominated by three major tectonic events, one extensional and two orogenic events, all in the south. Temporally, the Southern Oklahoma Aulacogen (SOA) formed first in the Middle to Late Cambrian during the breakup of Rodinia (Moores, 1991) and the formation of the proto-Atlantic (Burke and Dewey, 1973). The feature trends northwest-southeast extending from northeastern Texas across southern Oklahoma and into north Texas. It then segments (rift jumps) and continues across northeastern New Mexico and into the border of central Colorado and Utah (Keller and Stephenson 2007). Following the failure of the rift arm, the rift continued to subside, creating accommodation for sediment deposition thermally (Perry, 1989). In late Mississippian time, the collision of Laurentia and Gondwana began (Hatcher, 2010). The collision of these continents is termed the Alleghenian Orogeny, which created the Appalachian, Ouachita, and Marathon fold-thrust belts, which cut across much of the United States. This orogenic event was long-lived and caused the reactivation of numerous structures. The most prominent of which are those of the SOA. These faults uplifted the Wichita and Amarillo regions and created the Anadarko Basin. During this same period, the Ouachita fold-thrust belt was forming, and the Arkoma basin was developing. It is considered a foreland basin caused by continental collision (Elmore et al., 1990).
A general structure for the basement has been mapped (Crain and Chang, 2018). West of the Nemaha, the basement dips southward (towards the Wichita Uplift). Between the Nemaha fault zone and the Seminole Arch, the basement dips to the southwest (deepening into the Anadarko basin). In the easternmost portion of the state (east of the Seminole Arch), the top of the basement dips to the southeast (into the Arkoma Basin). Basement depths vary drastically within the state from a few hundred meters below sea level in the northeast and southcentral areas to 10 km below sea level in the Anadarko and Arkoma basins. In the area of interest for this study, the basement dips to the west. Depth values are 610 meters below sea level in the eastern portion of Osage county. In the southwestern corner of Kay County (near the NFZ), depth values dive to more than 1525 meters below sea level (Crain and Chang, 2018).	
	Basement involved Phanerozoic deformation in Oklahoma is attributed to three major tectonic events: one extensional and two orogenic, all in the south (Figure 2c). Temporally, the Southern Oklahoma Aulacogen (SOA) formed earliest during the Middle to Late Cambrian breakup of Rodinia (Moores, 1991) and the formation of the proto-Atlantic Ocean (Burke and Dewey, 1973). The SOA trends WNW- ESE and extends aerially across northeastern Texas, southern Oklahoma, and into the north Texas Panhandle (Figure 2a). It then segments and continues across northeastern New Mexico and into the border of central Colorado and Utah (Keller and Stephenson, 2007). Thermal subsidence followed the failure of the SOA rift arm, creating accommodation for early phanerozoic sediment deposition (Perry, 1989). 
In late Mississippian time, the collision of Laurentia and Gondwana began (Hatcher, 2010). The collision of these continents, known as the Alleghenian Orogeny, created the Appalachian, Ouachita, and Marathon fold-thrust belts affecting much of the eastern and southeastern United States. This orogenic event was long-lived and is responsible for the reactivation of numerous structures, including portions of the SOA (e.g., Kluth, 1986). This reactivation occurred along rift-initiated faults, uplifting the Wichita and Amarillo regions and creating the Anadarko Basin (Keller and Stephenson, 2007). During this same period, the Ouachita fold-thrust belt and the Arkoma foreland basin developed through continental collision (e.g., Elmore et al., 1990). 
[bookmark: _Toc74139302]Sedimentary Cover 
In the area of interest of north-central Oklahoma, the crystalline basement is covered by a relatively thick layer of sedimentary units (Figure 2c). Our study focuses only on the lowermost section of the stratigraphy, primarily the Arbuckle Group. The Arbuckle Group is a sequence of predominantly limestone and dolomite, with minor shale and sandstone members (e.g., Johnson, 2008). This sedimentary succession is observed to be directly deposited on the unconformable basement surface. However, in some areas, the Arbuckle Group is separated from the basement by the Cambrian-age Reagan Formation, which was deposited in local depo-centers (Elebiju et al., 2011). The Reagan Formation is either absent in the main study area (north-central Oklahoma) or very thin (Carroll et al., 1999).
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[bookmark: _Toc74139304]The material within this chapter has been published in a peer-reviewed journal. A full reference can be found in the References Cited section under Firkins et al., 2020.
Introduction
The US mid-continent region has experienced an increase in seismicity, starting in 2009 and spiking in 2016, with many of these events concentrated in Oklahoma (Figure 2a) (e.g., Jacobs, 2016). The bulk of these earthquakes has occurred in the crystalline basement on previously unmapped faults (e.g., Kolawole et al., 2019).  Across this region, the Precambrian basement is mostly buried; thus, the detailed structure and characteristics of the basement, which make it susceptible to seismogenic reactivation, remain poorly understood. Fracture systems mapped in the field on limited basement exposures in southern Oklahoma have been correlated with trends of observed seismicity across the region (Kolawole et al., 2019; Qin et al., 2019). However, there remains the need to characterize basement structures in the north-central Oklahoma region where seismicity is most frequent. Presently, the Ordovician-age carbonate Arbuckle Group is of interest in Oklahoma, as it represents the disposal unit for the increased volumes of produced wastewater from hydrocarbon exploration activities (e.g., Kroll et al., 2017; Yeck et al., 2017; Kolawole et al., 2019). Injection into this unit has been linked to the increased levels of seismicity within the state. It is assumed that the pervasive presence of faults, which connect the basement and sedimentary cover, would increase the likelihood of fluid movement between the layers into which fluid is being injected and the basement (e.g., Mohammadi et al., 2017). To date, the relative proportions of the basement-rooting faults that cut into and through the Arbuckle unit and shallower units are not known. While the cause of the recent seismicity is likely related to a combination of poroelastic loading and pore-pressure diffusion (e.g., Chang and Segall, 2016; Zhai et al., 2019), it is envisioned that the transmission of produced water into the basement is likely to alter the mineralogy and potentially, the stress state in the crystalline basement (e.g., Qin et al., 2019). This could lead to delayed and long-lived seismicity within the region (Pollyea et al., 2019).
[bookmark: _Toc73915671][bookmark: _Toc73916012]In this study, we analyze seismic data from two counties in north-central Oklahoma (Figure 2a-b) to identify structures that are present within the crystalline basement, the characteristics of their propagation into the sedimentary cover, and their relationship with patterns of seismicity in the region. Our analyses show the salient, first-order structural characteristics of the intra-basement and basement-rooted structures in north-central Oklahoma and elucidate the implications for fluid injection-related seismicity in the region.
[bookmark: _Toc73915672][bookmark: _Toc73916013][bookmark: _Toc74139305]DATA AND METHODS
[bookmark: _Toc73915673][bookmark: _Toc73916014][bookmark: _Toc74139306]3D Seismic Reflection Data
	To assess the structure of the deep basement, we utilized eight 3D seismic reflection survey datasets. These surveys are in Osage and Kay counties, covering an area of ~700 km2, and are sampled at 2 ms and post-stack time migrated (Figure 2b, courtesy of Osage Nation and Spyglass LLC). The data was supplied in its interpreted and presented form as single stacks (incidence angle ranges unknown). The data were acquired and processed with the goal of imaging the sedimentary cover for hydrocarbon exploration. Therefore, imaging in the basement is relatively poor (average of 23 m in the sedimentary cover vs. 30 m in the basement, see Appendix A for details).
	For brevity, of the eight surveys, we show maps and cross-sections from three representative volumes (interpretation of all eight surveys is provided in Appendix A), which include the Bois d’Arc, Wild Creek, and Big Heart surveys (Figure 2b). The three volumes are spatially distributed eastward from the Nemaha Uplift and Fault Zone (NFZ), a structure that is of interest to our findings in this study. The Bois d’Arc survey is right at the western edge of the NFZ, the Wild Creek survey is approximately 40 km east, and the Big Heart survey is approximately 80 km east of the NFZ (Figure 2b). In the absence of well data, we constrain the identification of the top-basement and top-Arbuckle reflectors via a previous study that analyzed three of the same seismic volumes and tied the seismic volumes to well data (Elebiju et al., 2011). As the goal was to study the structure near the top-basement and intra-basement, we chose the z-crossing of the basement and top of the Arbuckle Group (Figure 3 g-i). A z-crossing is the point at which the instantaneous seismic amplitude has a value of zero when transitioning from a peak (local maximum) to a trough (local minimum). 
[bookmark: _Hlk73430072]For enhancement of the desired features on the top of the basement, three seismic attributes were selected. These attributes are principal positive curvature, principal negative curvature, and energy ratio similarity. The intra-basement reflectors had only energy ratio similarity applied. All the attributes utilized were first computed volumetrically. Then the instantaneous values were extracted onto the interpreted horizon. 
[bookmark: _Toc78028905][bookmark: _Toc78028939][bookmark: _Toc78028973][bookmark: _Toc78029007][bookmark: _Toc78029041][bookmark: _Toc78029075][bookmark: _Toc78806077]Figure 2: The geologic and neoseismic setting of the study area. (a) Tectonic map of Oklahoma showing the geologic provinces (modified after Northcutt and Campbell, 1995; Kolawole et al., 2020). Red dashed square = location of the study area. (b) DEM hillshade map of the study area in north-central Oklahoma, showing the location of the eight 3D seismic reflection surveys used in this study. (c)  Simplified stratigraphic column of the Anadarko Basin (after Kolawole et al., 2020). The stratigraphic tops in red represent the surfaces of interest in this study.

Energy ratio similarity is a type of coherence attribute which highlights reflector discontinuity between seismic traces. This attribute has become widely used to identify and map geologic discontinuities of various types (Bahorich and Farmer, 1995). In this work, we select it for its ability to illuminate reflector offset created by fault displacement. In general, the method is based on variations in inline, crossline, and seismic amplitude within a grid of traces (Bahorich and Farmer, 1995). Specifically, energy ratio similarity represents the ratio of the coherent and total energy within a given analysis window, where the total energy is the sum of energy of each trace used to create the covariance matrix, and the coherent energy is the sum of the energy of the principal component-filtered trace (Chopra and Marfurt, 2007). We computed the energy ratio similarity attribute using the AASPI software package. The algorithm uses a seismic amplitude volume and derived inline and crossline dip volumes. We choose to use a fixed rectangular analysis window with a window half-height of 10 ms. The spatial size of this window varies across the different data sets according to the inline and crossline spacing for a given survey (values are between 16.5 and 33.5 m for all volumes).
The two principal curvature attributes were computed to accentuate structures in the data, as the purpose of this study was to analyze large-scale features in the basement of Oklahoma. This was done via AASPI using its dip-guided volumetric curvature algorithm. The inputs which go into this computation are an inline and crossline dip volume. From this, the software computes optimized default parameters for the given volume (provided in Appendix A). We chose a long wavelength (which preferentially accentuates larger features) for the calculation of curvature. In this computation, a filter is generated by defining points in terms of four wavenumbers λ1, λ2, λ3, and λ4. These wavenumbers are then weighted as 1, 0.666, 0.333, and 0, respectively (λ4 for all eight volumes lie between 186 and 311 meters). The implementation of both curvatures is meant to highlight any curve which occurs in the seismic data between traces, the expression of which can represent a multitude of geologic features. Positive curvature highlights areas that have convex upward structures (i.e., fault tip flexures, channel edges). Negative curvature reveals locations of convex downward features (i.e., channels, karsts) (Mai et al., 2014). 
Following the interpretation, generation, and attribute extraction of key seismic surfaces, faults were interpreted. This interpretation was completed by observing lineaments of positive curvature, negative curvature, and/or energy ratio similarity on generated horizon surfaces. Ideally, the fault character would be a low similarity lineament flanked on one side by a positive curvature lineament and the other by a negative curvature lineament. This signature would represent the fault’s offset of traces (low similarity), the upthrown block (positive curvature), and the downthrown block (negative curvature) (Mai et al., 2014). However, it is possible for faults to be expressed by only one of these features. So, these signatures were identified in map view and verified in profile view.  Arbitrary seismic profiles were created for each fault analyzed. The trend of the arbitrary section was set to be generally perpendicular to that of the fault. In the cases where faults possess considerable deviation in trace strike, multiple profile orientations were generated. While the imaging was relatively poor in the basement, we attempted to observe consistent offset of small reflector packages in the basement or linear/planar zones of consistent disruption. In many cases, the geometry of faults within the basement could not be fully and confidently outlined. However, the expression of the attributes at the top-basement strongly suggests the presence of a fault (Figure 3). 


[bookmark: _Toc73975667][bookmark: _Toc78028906][bookmark: _Toc78028940][bookmark: _Toc78028974][bookmark: _Toc78029008][bookmark: _Toc78029042][bookmark: _Toc78029076][bookmark: _Toc78806078]Figure 3: The intra-basement and through-going structures in the study area. For each survey, we show: (a - c) co-rendered energy ratio similarity and curvature (most-positive and most-negative) attributes extracted onto the top-basement surface, and (d – f) 2D seismic cross-section (vertical slice) overlaid with reflector and structural interpretations. White circles on the fault traces represent the shallowest visible tip of the interpreted fault. (g – i) Zoomed views of the seismic cross-sections displayed in panels d – f. The extent of these views is shown in panels d – f outlined by the blue dashed lines. On these zoomed views, some of the faults which are interpreted on panels d – f is shown without the interpreted vertical trace. The red arrows point to the disruption which was used to validate the presence of the faults.

	After fault presence was established for all attribute enhanced lineaments, their degree of upward continuation was examined. For this analysis, the goal was to determine the vertical extent of each fault segment. To accomplish this, the identified fault traces at the top of the basement were displayed in 3D space using the arbitrary cross-sections again. Each arbitrary cross-section was displayed and brought to one end of the fault. The cross-section was then scrolled along the length of the fault. At each step, the cross-section was examined, focusing first on the top-basement reflector to find the location of the previously identified basement penetrating fault. Then, the seismic units above the basement fault location were examined, looking for the continuation of the fault up section (reflector offset). This was completed first within the Arbuckle Group interval and then above the Arbuckle Group interval. This data was then recorded as two groups: the faults that showed displacement of seismic reflectors at the top-basement horizon and within the Arbuckle Group and the faults that showed displacement above the top of the Arbuckle Group reflector. In effect, this analysis created three discrete groups of faults: (1) faults that show displacement only within the basement, (2) faults that have displacement in the basement and into the Arbuckle Group, and (3) faults that cut through the basement, through the Arbuckle Group, and into the sedimentary lithologies above the Arbuckle Group.[bookmark: _Toc73917902][bookmark: _Toc73975668][bookmark: _Toc78028907][bookmark: _Toc78028941][bookmark: _Toc78028975][bookmark: _Toc78029009][bookmark: _Toc78029043][bookmark: _Toc78029077][bookmark: _Toc78806079]Figure 4: Trends of potential fault traces at depth in the basement. Co-rendered time-depth and energy ratio similarity attributes on surface maps of the largest intra-basement reflectors (IBR) mapped in the (a) Bois d’Arc and (b - c) Wild Creek surveys. The white arrows point at lineaments of low energy ratio similarity (i.e., discontinuity lineaments). Rose diagrams show the frequency-azimuth distribution of the lineaments. The location of the intra-basement surfaces within their given survey are shown in the diagram in the lower right.

[bookmark: _Toc73915674][bookmark: _Toc73916015][bookmark: _Toc74139307]Quantitative Fault Analysis
To assess the spatial variability of the analyzed faults, two calculations were performed using the collected fault trends and lengths. The first is the fault areal density. Fault areal density was calculated by dividing the number of faults in each 3D volume by the area of that survey. This results in a single value for each survey in the units of km-2. The second calculation performed with the collected fault data was to determine fault areal intensity. This was performed by first summing the length of all faults within a given survey. The value was then divided by the area of the survey, resulting in a single value per survey in the units of km-1.
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Description automatically generated]	[bookmark: _Toc73975669][bookmark: _Toc78028908][bookmark: _Toc78028942][bookmark: _Toc78028976][bookmark: _Toc78029010][bookmark: _Toc78029044][bookmark: _Toc78029078][bookmark: _Toc78806080]Figure 5: Representative top-basement structure. (a) Bois d’Arc (b) Wild Creek (c) Big Heart. The surfaces show examples of the common top-basement structural features observed in all the surveys.

Finally, the vertical separation for all faults was measured. Vertical separation is a measure of across fault offset. It is akin to vertical throw, though not as strictly defined. The measurement of vertical separation was done using the previously described fault-perpendicular arbitrary cross-sections. Each cross-section was displayed at one end of the fault trace, and the fault’s position at the top of the basement was located. The section was then sequentially scrolled at spatial steps of approximately 330 m. The offset was measured at the top of the basement. This was compared to the up-thrown and down-thrown elevations of the deformed basement surface. As the data is in the time domain, these values were recorded in TWT milliseconds, meaning the offset values would be velocity-dependent. 
[bookmark: _Toc73915675][bookmark: _Toc73916016][bookmark: _Toc74139308]RESULTS
[bookmark: _Toc73915676][bookmark: _Toc73916017][bookmark: _Toc74139309]Basement Deformation: Intra-Basement Reflection Packets (IBR)
[bookmark: _Toc73915677][bookmark: _Toc73916018]	Present in the basement is distinct packets of coherent, laterally continuous, relatively higher amplitude reflectors (intra-basement reflectors, IBR; Figure 3d-i), which commonly show shallow dipping geometries, cross-cutting relationships, and often bifurcate into multiple segments. Although we observe these features in all the eight seismic surveys, they vary in aerial extent and magnitude of segmentation. The mapped IBRs show varying dip directions, which include north (e.g., Figure 4a), west (e.g., Figure 4b), and south (e.g., Figure 4c). The lineaments of low energy ratio similarity attribute along the mapped IBR surfaces delineate discontinuity planes that exhibit mean trends along NE-SW to ENE-WSW (e.g., Figure 4a and 3c) and NNW-SSE (e.g., Figure 4b).
[bookmark: _Toc74139310]

Top-Basement Structure
	The basement is seismically identified using two main criteria. First, the crystalline basement has a distinctive seismic character from the sedimentary cover. It presents a low amplitude, discontinuous, chaotic, highly variable reflectivity (Figure 3d-f), which is likely controlled by the lack of bedding and comparatively high homogeneity in igneous rocks (few high impedance contrasts). Second, the top-basement reflector itself is characterized by a relatively high negative amplitude and is generally continuous throughout the seismic volume (Figure 3). By contrast, the intra-basement reflectors in the seismic volumes are typically discontinuous, high-amplitude, and typically a strong trough-peak or trough-peak-trough reflector packet (Figure 3). Like the Top-Basement reflector, the most continuous of the intra-basement reflectors were selected. These reflectors were then picked to their most complete spatial extents. 
As mentioned previously, three representative volumes have been selected for display in this study; the Bois d’Arc, Wild Creek, and Big Heart (Figure 2b; Figure 3; Figure 5). When examining the picked surfaces in two-way travel time (Figure 5), structures begin to emerge. Figure 5a shows a surface that dips to the southwest and has a scattering of localized highs near the center of the survey. Figure 5b shows a surface that dips to the southwest and shows a few lineaments that generally trend NE-SW. Similarly, the surface in Figure 5c shows a surface that dips toward the southwest and shows lineaments trending NE-SW. All dips observed generally agree with the regional dips put forth by Crain and Chang (2018) (see Appendix A). 
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Description automatically generated][bookmark: _Toc73917903][bookmark: _Toc73975670][bookmark: _Toc78028909][bookmark: _Toc78028943][bookmark: _Toc78028977][bookmark: _Toc78029011][bookmark: _Toc78029045][bookmark: _Toc78029079][bookmark: _Toc78806081]Figure 6: Representative top-Arbuckle structure. (a) Bois d’Arc (b) Wild Creek (c) Big Heart. The surfaces show examples of the common top-basement structural features observed in all the surveys.

There are six key features that can be observed on each TWT basement surface. These features include visible fault traces, structural-highs, ring-shaped structural-highs, linear structural-highs, linear structural-lows, and broad structural-lows (Figure 5). The Bois d’Arc surface is dominated by a large (4 km diameter) ring-shaped structural high (66 ms or ~200 m) surrounded by multiple linear structural highs. Near the western edge of the survey, there is a broad structural low to the west with multiple closely spaced structural highs in the east, and numerous linear highs and linear lows are interspersed (Figure 5b). The top-basement surface from the Big Heart survey reveals comparable structures, with two closely spaced structural highs in the SE corner and two similarly spaced broad structural lows just to the NW. Also present are numerous visible fault traces which trend NE-SW predominantly (Figure 5c).
When attributes are extracted, the orientation of the lineaments at the top of the basement becomes clearer. In general, most lineaments correspond to high values of negative curvature (Figure 3a-c). In many cases, these trends are accompanied by a corresponding positive curvature lineament, and for even fewer, a low energy ratio similarity zone can be observed between the two (Figure 3). Also seen at the top of the basement are large regions of high positive curvature (Figure 3a-c). These are typically circular and elliptical in shape (in map view) and are commonly bounded by low curvature regions (Figure 3a-c). Looking at the interpreted top-basement horizons with extracted attributes from the three representative volumes, there is a change in the dominant trend of the lineaments (Figure 3a-c). These trends rotate from approximately N-S in the west (Figure 3a) to progressively NE-SW and WNW-ESE in the east (Figure 3b; Figure 3c). In seismic cross-section, the interpreted basement faults appear as discontinuities of the top-basement reflector packet or areas of dimmed or disrupted amplitude that cut down into the basement. Disruption in the basement is often poorly imaged and characterized by consistent low amplitude zones. However, many faults can be seen intersecting intra-basement reflectors. Typically, the observed faults dip vertically to sub-vertically in TWT.
[bookmark: _Toc73915678][bookmark: _Toc73916019][bookmark: _Toc74139311]Top-Arbuckle Structure
The Arbuckle Group’s seismic expression is defined by a high amplitude peak-trough packet, which is generally continuous. Internally reflectors are generally low amplitude, parallel, and discontinuous.  Similar features to those observed at the top-basement surface are seen on the top-Arbuckle TWT surface. In the Bois d’Arc surface, there is a large ring-shaped structural high in the north-central region. Surrounding this are numerous linear structural-high and fault traces. In the western part of the survey, there is a pair of directly adjacent linear-low and linear-high (Figure 6a). In the Wild Creek survey, there are four large structural highs in the east and a broad structural high in the west. Also observed in the west are a linear structural-low and linear structural-high (Figure 6b). The top-Arbuckle surface for the Big Heart survey reveals a large structural high in the SW corner, which is flanked by a broad structural low to the south. Near the east-central region, there is a cluster of features. There are multiple visible fault traces which separate a linear structural-high and linear structural-low. Also observed in this area are two broad structural lows.
[bookmark: _Toc73915679][bookmark: _Toc73916020][bookmark: _Toc74139312]Spatial Distribution of Vertical Separation (Vsep)
The maximum vertical separation point was determined from the compiled data for each of the 115 faults in the study. This data was grouped by survey, and the largest maximum vertical separation observed at the top-basement horizon in the volume was selected. This was then plotted in terms of maximum vertical separation versus eastward distance from the western edge of the Bois d’Arc survey (Figure 7d).  Values of vertical separation range between 20 and 50 ms or 60 and 150 m (given a constant basement velocity of 6000 m/s; Kibikas et al., 2020). When plotted spatially, the maximum vertical separation for each survey shows a negative correlation with eastward distance (Figure 7d). In other words, the largest vertical offset is found in the westernmost survey, the Bois d’Arc (Figure 7), and tends to decrease eastward. There is a slight discrepancy with the values for the easternmost surveys. The faults found in the Grey Horse survey possess slightly lower values than expected by the line of best fit. While the Antelope and Pearsonia vertical offset values are higher than would be predicted. However, these still follow the trend as 
their quantities are predominantly less than the separation values found in the surveys to the west (Figure 7c).
[bookmark: _Toc73915680][bookmark: _Toc73916021][bookmark: _Toc74139313]Proportions of Propagated Basement Deformation into the Post-Arbuckle Sequences
To assess the structural connectivity of the basement and sedimentary cover via through-going faults, the basement-rooted structures were examined to assess their level of upward continuation. Several of the 115 identified faults are observed to be directly cutting the sedimentary cover, with additional evidence of basement highs and fault-related deformation having deformed the overlying sedimentary strata (Figure 3). Specifically, 32 basement-rooting faults clearly cut into the Arbuckle Group directly overlying the basement. Of these 32, there are 26 faults that extend above the Arbuckle Group. Therefore, ~28% of the faults identified terminate within the Arbuckle, and ~23% continue upward into post-Arbuckle sedimentary units. Spatially, the proportion of faults that cut into the sedimentary cover decrease eastward with distance (Figure 7d). The number of faults which terminate in the post-Arbuckle units is highest in the west and smaller in the east. Near the center of the data region, there are no faults that are observed which extend above the Arbuckle Group (Figure 7d). 
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DISCUSSION[bookmark: _Toc73917906][bookmark: _Toc73975673][bookmark: _Toc78028910][bookmark: _Toc78028944][bookmark: _Toc78028978][bookmark: _Toc78029012][bookmark: _Toc78029046][bookmark: _Toc78029080][bookmark: _Toc78806082]Figure 7: Spatial distribution of deformation intensity with respect to the location of the Nemaha Fault Zone. (a) Map of the study area showing the locations of the seismic surveys used in this study. Black circles = 2010-2017 earthquakes (source: Oklahoma Geological Survey Catalog). (b) Rose diagrams showing the frequency-azimuth distribution of the mapped faults in each survey (AN = Antelope, Bd = Bois d’Arc, Cj= Ceja, BH = Big Heart, GH = Grey Horse, PS = Pearsonia, WC = Wild Creek). (c) West to east spatial distribution of total number of mapped faults in each survey, size of the interpreted surveys, fault areal density and intensity. (d) West to east spatial distribution of fault-related vertical separation (Vsep) measured at the top-basement interpreted horizon. The histogram represents the overall statistics of the measurements, and the main plot shows the trend of the maximum Vsep measured in each seismic volume. Distance estimations of vertical separation are based on a constant basement velocity of 6000 m/s as reported by Kibikas et al., (2020).

[bookmark: _Toc73915682][bookmark: _Toc73916023][bookmark: _Toc74139315]Basement Deformation in North-Central Oklahoma
[bookmark: _Toc73915683][bookmark: _Toc73916024][bookmark: _Toc74139316]Basement-bounded Igneous Intrusions 
The pervasive, intra-basement reflectors observed in the study area have been previously interpreted to be either basement fault damage zones (Liner, 2015) or igneous sheet intrusions (Elebiju et al., 2011, Kolawole et al., 2020). The fault damage zone interpretation lacked supporting independent data and is primarily amplitude-based. The intra-basement reflectors show a trough-peak-trough, also observed in the datasets analyzed in this study (e.g., Figure 3a-b). Using the American convention for polarity, this wave train would represent a boundary across which impedance decreases (i.e., negative RC boundary). However, without proper knowledge of the phase characteristics with depth, strong side lobe effects, etc., in the seismic data, such an interpretation of the IBRs may be erroneous. The IBRs observed in this study are like those observed elsewhere in the granitic basement of the central US Mid-Continent and are interpreted to be composed of mafic materials associated with the Precambrian Mid-Continent Rift (Hinze et al., 1997). The structure and distribution of the IBRs, which include shallow dips, segmentation, limited spatial extents, and common cross-cutting geometries, are consistent with IBRs observed in some other geologic settings (e.g., Cartwright and Hansen, 2006, Magee et al., 2016). 
	To better understand the composition of the IBRs, we consider observations in the basement-penetration well data within the study area (~ 1.2 km basement-penetration Wah-Zha-Zhi well, Osage County, Chopra et al., 2018) and SW of the study area (120 m basement-penetration KF2 well, Kingfisher County, Kolawole et al., 2020). The Osage County basement cuttings showed granite, rhyolite, and gabbro chips, and more compellingly, the Kingfisher County basement cuttings and wireline logs show alternation of granite and gabbro/diabase rocks. Analysis of the seismic reflection signature and forward modeling of the well log data of the Kingfisher County basement units suggest that the IBRs are, in fact, mafic igneous sill intrusions in the basement of Oklahoma (Kolawole et al., 2020). 
Furthermore, the pervasive discontinuity lineaments that cut the IBR surfaces (Figure 4) provide additional insight into the nature of the basement deformation. The trends show low energy ratio similarity signatures and commonly offset the IBR packets by a small amount. These characteristics were also observed in the Kingfisher Co. basement and have been interpreted as intra-basement faults, among which some may have been reactivated and propagated up into the sedimentary cover sometime after the emplacement of the sills (Kolawole et al., 2020).
[bookmark: _Toc73915684][bookmark: _Toc73916025][bookmark: _Toc74139317]Basement Faulting and Deformation of the Basement Surface
	A study by Guo and George (1999) analyzed faulting across the midcontinent (e.g., Oklahoma, Kansas, Nebraska, and Iowa). The authors found that there are three predominant fault trends across the midcontinent. These are NE-SW, WNW-ESE, and a minor trend N-S, which is controlled by the NFZ. This previous observation supports our observations of a minor trend following 005° and two major trends along 056° and 283° (Figure 8). The study conducted by Guo and George (1999) also found similar dominant faults and fracture trends which appear in overlying sediments and at the surface. Based on this observation, the authors concluded that there had been multiple stages of reactivation, which have facilitated propagation to the surface. We do not observe any evidence of faults propagating to the surface. Schwab et al. (2017) examined a seismic survey in south-central Kansas and found similar features to those shown here (basement highs, fault traces at the top basement surface). They interpreted a single 3D seismic reflection volume to find deep faults and assess the seismic hazard. In total, they found 12 steeply dipping faults, of which three cut down into the basement. Their trends of N and N-NE are consistent with our observations in north-central Oklahoma.[bookmark: _Toc78028911][bookmark: _Toc78028945][bookmark: _Toc78028979][bookmark: _Toc78029013][bookmark: _Toc78029047][bookmark: _Toc78029081][bookmark: _Toc78806083]Figure 8: Comparison of 3D seismic fault trends with the regional basement fabric. Rose diagram of fault strikes mapped from the top-basement surface of the eight seismic datasets overlaid on a rose diagram of mean trends of basement faults mapped from various independent methods (trends modified after Kolawole et al., 2019). Structural trends are described as ‘mean trend (= mean trend + 180°) ±. Grey dotted lines = dividing lines for the 3D seismic fault prominent trends; SHmax = present-day regional maximum horizontal compressional stress direction (from Alt and Zoback, 2016; Qin et al., 2019). The plots show that the regional NE-SW and NW-SE dominant trends align considerably well with the NE and WNW-to-NW mean trends in the 3D seismic faults.

Further research conducted by Kolawole et al. (2019) examined multiple data types (field and satellite interpretations, FMS nodal planes, seismogenic faults) to identify preexisting faults and fractures in Oklahoma’s Precambrian basement. The authors combined multiple methods of fault and fracture identification to define the nature of the existing basement structure clearly and definitively. These include faults identified by relocated earthquake data, fractures identified in outcrop, fractures identified from satellite images, and nodal planes from focal mechanism solutions. The results from their analysis show predominant trends of faults and fractures in the NE-SW and WNW-ESE directions. These resultant trends match two of those presented in this work, with the WNW-ESE trend being the worse of the two fits. In the results of Kolawole et al. (2019), the most westward trend is 297°, while in this work, the mean azimuthal direction for this general WNW-ESE trend is 283° ±9.3. (Figure 8). This discrepancy is relatively minor and still supports the assertion that a predominant trend of faults and fractures exists in the Precambrian basement. The other trend (NE-SW) shows excellent agreement with the prior work (Figure 8). The mean trend of 056° falls directly within the grouping of those shown in Kolawole et al. (2019).  
[bookmark: _Toc73917907][bookmark: _Toc73975674][bookmark: _Toc78028912][bookmark: _Toc78028946][bookmark: _Toc78028980][bookmark: _Toc78029014][bookmark: _Toc78029048][bookmark: _Toc78029082][bookmark: _Toc78806084]Figure 9: Structural styles of basement-rooted fault in the study area. (a-b) Faulted monocline and monoclinal flexure (representative example from Bois d’Arc survey). (c-d) Fault-bounded isolated pop-up block (representative example from Grey Horse survey). (e-f) Positive-flower structure (representative example from the Wild Creek survey) (g-h) Negative-flower structure (representative example from the Wild Creek survey). For each cross-section, the location of the line is shown in map view below.



There have been two other geophysical studies that focused on basement structure in Osage County, Oklahoma. Elebiju et al. (2011) considered both seismic and aeromagnetic data for fault interpretation and found that in the region, faults had a clearly dominant NE-SW trend for subsurface structures. Our results, however, do not show the same dominance of the NE-SW trend. Instead, the NE-SW and WNW-ESE trends appear somewhat similar in frequency to one another, with the WNW-ESE trend being slightly more dominant (Figure 8). A possible explanation for this lies in both seismic coverage and resolution. In terms of coverage, the surveys are limited spatially. As previously mentioned, the resolution of these seismic volumes is quite poor at depth (approximately 30 m). The faults interpreted in the study are generally relatively large in spatial extent, with the smallest being approximately 0.5 km long. Therefore, if there are many small WNW-ESE striking faults, it is unlikely that they would be captured in our interpretation. We do, however, see an instance of fault intersection like that in Mai et al. (2014) within the Big Heart survey (Figure 3c). On the top of the basement, numerous NE-SW striking faults appear to be disrupted by a pair of WNW-ESE faults (Figure 3c). This is supported by the observations made in Mai et al. (2014). Here they see a common occurrence of close to east-west faults within the same region of investigation.
	Based on prior work which defined the geometry of the Midcontinent Rift in Oklahoma (Stein et al., 2014), it appears as though this section constitutes a rift jump segment (as defined by Nelson, 1992). Our study area is located directly to the east of the interpreted Midcontinent Rift in Oklahoma. The proximity to the rift makes it likely that the deformation described in this paper is in some way related to the opening of the rift. This is most clearly shown in the rotation of the fault trends with distance from the NFZ. Based on the observed faulting patterns, two plausible hypotheses exist. The faulting pattern could suggest distinct periods of rift perpendicular and rift oblique opening. It could also be the case that the NE-SW and WNW-ESE trends are faults associated with the more dominant (longer) N-S striking faults. Due to the supposed time of opening (Figure 2c), we believe the latter is more plausible.
	A more recent study (Kolawole et al., 2020) studied a similar area through comparable methods and found results that coincide with those provided in this work. The authors used a newer 3D seismic data set to discern the structure of the basement in Kingfisher County, Oklahoma. They showed that there are clear, steeply dipping, basement-rooted faults that cut upward into the sedimentary cover. Though the study is limited to a single survey, they also observe trends like those reported here. Three large basement-rooted faults are observed within the 3D seismic volume. The faults which are observed either cut upward and through a portion of the sedimentary cover or generate monoclinal flexure. This is comparable to the results shown in this paper, with a portion of the faults showing offset in the sedimentary cover and the remainder creating folds in the units above the basement. 
The quantification of maximum vertical offset for the interpreted faults reveals a compelling trend. The fewest faults were observed and mapped in the survey most proximal to the Nemaha Fault System (Bois d’Arc Survey), and the trends show an eastward increase in fault density and intensity, with an associated decrease in maximum vertical separation. This suggests that proximal to the Nemaha Uplift and fault system, most of the deformation is accommodated along with few fault segments. However, in the far-field from the Nemaha domain, deformation may be accommodated by distributed and relatively shorter fault segments (diffused strain).
[bookmark: _Toc74139318]Deformation of Sedimentary Sequences, Structural Styles, and Spatial Distribution of Inherited Strain
	There are clear structural similarities between the structure of the top-basement and top-Arbuckle TWT surfaces extracted from all 3D surveys. Showed in the case of the Bois d’Arc survey, a large, ring-shaped structural high is clearly visible to the north. Similarly, linear basement structural highs appear on the overlying Arbuckle surface. These observations and similar seen in other surveys show a link between the basement structures and the overlying structures in the Arbuckle Group. 
	The proportion of basement-rooted faults that do not penetrate the cover increases eastward away from the NFZ. Additionally, the relative proportion of faults that penetrate formations shallower than the Arbuckle Group decrease away from the NFZ (Figure 7d). Faults that terminate within the Arbuckle Group occur mostly at an intermediate distance. We conclude that during the Alleghenian Orogeny, which affected the region, basement-rooted faults were primarily reactivated near the NFZ. This is perhaps why we observe more reactivated faults, of which none tipped out within the Arbuckle Group. 
In the sedimentary cover, the structural link to the basement is manifested in a multitude of ways, which are expressed mainly in four simple structures: monoclinal flexure, pop-up features, negative flower structures, and positive flower structures. The most common of these is the monoclinal flexure of the sedimentary cover (Figure 9a-b). The two possibilities for the formation of these features are passive and active deformation. In the active case, the preexisting basement fault propagates into the sedimentary cover following deposition (possibly sub-seismically). In the passive case, the folding mechanism occurs as the unit is deposited through differential compaction. The second commonly observed feature is an isolated pop-up feature found in the Gray Horse survey (Figure 9b). In this case, there is a small, elliptical feature with a high amplitude to wavelength ratio, which is observed in the sedimentary cover. The feature propagates high into the sedimentary cover and overlies a saucer-shaped feature at the top of the basement (Figure 9c-d). While the geometry of the feature is somewhat confounding due to its symmetry and amplitude. It coincides with the location of a basement sill which appears to turn sharply upward. A possibility for the cause of this feature is forced folding above a top basement intrusion. The final two examples are interpreted positive and negative flower structures from the Wild Creek survey. The positive structure shows two steeply dipping faults that appear to converge in the deep basement (Figure 9 e-f). Similarly, the negative flower structure has a steeply dipping basement fault that appears to branch near the top of the basement (Figure 9g-h). These structures both suggest the presence of strike-slip motion along their respective faults. While the exact timing cannot be determined, few features cut above the Arbuckle Group. This suggests that this regime was present in the early Phanerozoic, or the stress field which generated these features was not sufficient to propagate faults significantly up section within this study area. The second of these is more likely due to previously established Alleghenian Orogeny, which occurred during the Carboniferous, inverted the SOA, and created the Nemaha uplift.
[bookmark: _Toc74139319]Implications for Seismicity in Northern Oklahoma
Oklahoma sits near the center of an amalgamated continental craton at a considerable distance from any active plate boundary and thus experiences only far-field stresses. However, these stresses are still sufficient to produce natural tectonically driven earthquakes within the state. These have been recorded for decades showing an average of 21 events greater than magnitude 3 per year (Ellsworth, 2013). There is also the potential for larger magnitude natural seismicity, as evidenced by the recent (Holocene) paleo-seismic record of the Meers fault (Crone and Luza, 1990) and the 1952 Mb = 5.5 El Reno earthquake (Luza and Lawson, 1983). However, these events occur with relatively low frequency. Starting in late 2009, Oklahoma experienced a phenomenal increase in the number of earthquakes (Ellsworth et al., 2013). This growth continued for years, eventually placing Oklahoma at the same level as California and Alaska for the most seismically active US states. Additionally, the occurrence of large magnitude earthquakes increased, with 8 of the largest ten ever recorded occurring between 2011 – 2016 (OGS, 2020). Though the precise mechanism for increased seismicity is under debate, previous studies have shown a direct correlation between the large volumes of subsurface wastewater injection and the spike in seismicity (e.g., Keranen et al., 2014; Ellsworth et al., 2015). In conjunction with this, it has been shown that many of the earthquake sequences during this period have occurred on previously unmapped faults (Walsh and Zoback, 2016; Kolawole et al., 2019). A prominent example is the 2016 Mw-5.8 Pawnee, Oklahoma event, which ruptured an unknown fault between the Stillwater and Labette faults (Barbour et al.,2017). While produced water is dominantly disposed of in the Arbuckle Group, the earthquakes are clearly not occurring in this interval. Instead, these events occur at depths between 2 and 8 km below sea level with a mean of approximately 6.5 km (Schoenball and Ellsworth, 2017), placing the events entirely within the Precambrian basement in the majority of north-central Oklahoma.            
	Through attribute enhancement of seismic data, this study identified 115 faults expressed at the top and downward cutting into the basement. While some of these faults appear in the Oklahoma fault catalog (most notably the Labette fault and a large NFZ segment near Peckham, OK) the vast majority had not been previously identified. The primary implication of these conclusions is on earthquake hazards within the state, as induced seismicity is occurring on unknown faults. The known SHmax orientation in Oklahoma is 085˚ ± 005˚ (Alt and Zoback, 2017), which results in a range of optimal orientations for fault failure of 40˚ – 60˚ and 130˚ – 150˚ in the current stress regime (Holland 2013). Using these orientations, the data shown in Figure 8  was examined. All faults within these two twenty-degree arcs were summed. The result was that 16.5 % of the 115 faults compiled in the study fall within the optimal range for failure. While this is true in a general sense, it does not consider some intricacies such as local stress rotation, fault history (the stage in recurrence).  However, it must be noted that the main area of study (Osage County) has not experienced seismic activity comparable to the level of the surrounding counties.            
	Another facet of the fault interpretation was to analyze the number of faults that cut above the basement and above the Arbuckle Group. We found that ~28% of the 115 faults cut into the Arbuckle Group, and ~23% cut into the sedimentary formations above it. It is possible that a purely poroelastic response could trigger seismicity with injection in any sedimentary unit (Segall and Lu, 2015). However, there is the potential for a directed effect due to proximity to a basement rooted fault (Segall and Lu, 2015). There is also the potential for a direct influence of injected wastewater on basement faults via fluid pathways (i.e., faults and fractures). Direct fluid conduction could increase pore pressure around a fault or, in the long term, alter fault core chemistry and thus fault strength and slip potential. We identify the faults that show that deformation is not confined to the basement and suggest that fluid pathways could link the relatively shallow sedimentary units to the basement. Additionally, the spatial distribution shows more throughgoing faults proximal to the NFZ than at distal areas (Figure 7d). Thus, a higher seismic hazard is related to sedimentary fluid injection in areas proximal to the NFZ.
[bookmark: _Toc74139320]CONCLUSIONS
Our analyses revealed 115 basement-rooted faults that show dominant trends of WNW-ESE, NE-SW, and N-S. The prominent WNW and NE trends of the faults coincide markedly with the trends of the recent seismicity lineaments in the region. In addition to basement faulting, we also observed the presence of several intra-basement reflection packets, interpreted as Precambrian mafic sills, which represent an additional component of basement deformation in north-central Oklahoma. The intra-basement reflectors can be observed in all the eight analyzed seismic datasets. However, they are more pervasive in some and less in others. Proximal to the Nemaha Fault Zone, the N-S fault trend appears to dominate but transitions into NE-SW and WNW-ESE further east.
	Results on the first-order spatial distribution of vertical separation suggest that proximal to the NFZ, deformation is dominantly accommodated along a few elongate fault segments, and farther away, the deformation is distributed across shorter fault segments. Additionally, the shallow reaches of the fault segments suggest the potential for spatially pervasive fluid conduction.
Furthermore, 16.5% of the mapped faults fall within the range of optimally oriented faults within Oklahoma, given the present-day stress field, SHmax = 085°. Of the 115 faults which were identified, ~28% cut into the Arbuckle Group, and ~23% continue upward into post-Arbuckle sedimentary units. We suggest that the presence of these through-going faults makes it possible for the conduction of fluids between the sedimentary cover and the Precambrian basement. Thus, our findings in this study provide insight into the influence of the long-lived Nemaha structure on the deformation of the basement of north-central Oklahoma.
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[bookmark: _Toc74139321]Chapter 3 - 3D SeISmic Structural Interpretation of the Crystalline Basement with the Aid of a CoLlocated Earthquake Sequence
[bookmark: _Toc74139322]INTRODUCTION
	The increased level of seismicity within the midcontinent since 2009 has shown that there is a significant seismic hazard within a region though relatively inactive. It has been shown that in this region of induced seismicity, earthquake sequences commonly occur along previously unidentified faults and within the crystalline basement (Kolawole et al., 2019).  These points have emphasized the lack of understanding of the basement within the region. It is therefore imperative that the nature of the basement structure in the area be more thoroughly characterized. 
	The problems with ascertaining the character of the basement within this region are numerous. On the first order, there is minimal exposure of the basement terrane to the surface. The sedimentary obscurement of the basement reduces the extent to which field-based investigation might be employed. Thus, remote sensing methods must be utilized to show characteristics of the subsurface indirectly via a given physical phenomenon. While there are several remote sensing types, the most applicable for structural interpretation are gravimetry, magnetometry, and seismic reflection. The first two of these, while helpful, rapidly lose resolution with depth, reducing the features which might be identified at the basement level. Seismic reflection data is, however, easily scalable and retains resolution better with increasing depth. The secondary issues with identifying basement-rooted faults in Oklahoma are their relatively small across fault vertical offset and lack of coherent reflectors within the basement interval. These issues make the interpretation of basement faults via conventional seismic interpretation (e.g., amplitude and coherence volumes) ineffective. Thus, new methods and attribute combinations must be constructed and applied. 
	Area (km2)
	IL x CL (m)
	Record Length (s)
	Sample Rate (ms)
	Effective Bandwidth (Hz)

	44
	33.5 x 33.5
	2.8
	2
	25 – 75
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Description automatically generated]Table 1: Survey parameters for the Harper Creek 3D Seismic.[bookmark: _Toc78028913][bookmark: _Toc78028947][bookmark: _Toc78028981][bookmark: _Toc78029015][bookmark: _Toc78029049][bookmark: _Toc78029083][bookmark: _Toc78806085][bookmark: _Toc73917908][bookmark: _Toc73975675]Figure 10: Harper Creek Earthquake Sequence (a) A wide and complete view of the Harper Creek 3D seismic survey and the earthquake sequence which is located within its boundaries. The HC seismic data is outlined by the solid black line and the earthquakes are represented by solid black circles. The dashed rectangle shows the spatial extents of the larger schematic. (b) Zoomed view of the southwestern corner of the HC 3D seismic survey. Earthquakes are represented by colored circles and the seismic boundary is represented by the solid black line. Two moment-tensors are shown as black and white quadrant filled circles. 

[bookmark: _Toc73915686][bookmark: _Toc73916027]In this study, a 3D seismic volume located in Pawnee County, Oklahoma, is interpreted using a suite of structural attributes. This interpretation aims to illuminate basement-rooted faults and their influence and expression on the overlying sedimentary units. In addition, a desired coupled with this analysis is the inclusion of an earthquake sequence of which most events lie within the boundaries of the 3D seismic survey. 
[bookmark: _Toc74139323]DATA AND METHODS
[bookmark: _Toc73915687][bookmark: _Toc73916028][bookmark: _Toc74139324]3D Seismic Data: The Harper Creek Volume 
The 3D seismic volume which is analyzed in this section was provided courtesy of Chesapeake Energy Corporation. The volume extends approximately 8.8 km from the northernmost to the southernmost points and 10 km from the westernmost to the easternmost points. With inline spacing of 33.5 m (oriented E-W) and crossline (oriented N-S) spacing of 33.5 m (Table 1), these distances correspond to 265 inlines with live traces and 306 crosslines with live traces. Overall, the survey covers 44 km2, the exact geometry of which is shown in Figure 10a. The data has a sample rate of 2 ms and a record length of 2.8 s (Table 1). It was provided as a series of full offset, post-stack time migrated volumes. [bookmark: _Toc73917909][bookmark: _Toc73975676][bookmark: _Toc78028914][bookmark: _Toc78028948][bookmark: _Toc78028982][bookmark: _Toc78029016][bookmark: _Toc78029050][bookmark: _Toc78029084][bookmark: _Toc78806086]Figure 11: Fault Expression of Curvature and Aberrancy (a) 4-layer geologic model with a single normal fault represented by the gray dashed line. The blue region to the right represents an area of negative curvature while the red region represents positive curvature. (b) An identical schematic to that of (a), however, the fault trace is shaded green to represent the aberrancy signature.
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Interpretation Procedures
Interpretation of the Harper Creek 3D seismic survey began with the identification of the primary horizons of investigation. These were determined to be those near the top of the Arbuckle Group, near the top of the basement, and a deep, pervasive intra-basement reflector. As the sole interest in the study was determining the structural character of these three interfaces, several phase positions were interpreted. The phase position which was chosen to represent the near top of each interval was the reflector which yielded the most continuous and high confidence seismic horizon. For the top-Arbuckle, this was a z-crossing (position where the amplitude is zero between a peak and trough). While for the top-basement, the selected phase was a high amplitude trough. 
The primary goal of the study was to identify large faults at the top of and within the basement. Several seismic methods were explored to enhance those features which might indicate fault presence. The main tool employed to accomplish this and interpret faults at the basement-sediment interface were seismic attributes. Prior studies have attempted similar methodologies in the same geographic region with positive results. The first of these showed the value of curvature in subtle fault illumination (Mai et al., 2014). In the years following this, this work was expanded by co-rendering the principal curvatures and a coherence attribute (Kolawole et al., 2020; Firkins et al., 2020). It was then shown that while curvature illuminates a significant number of faults at the top basement, adding aberrancy can increase the number of interpretable fault traces and improve fault trace placement (Patel et al., 2021). While a suite of attributes was tested to determine their efficacy in enhancing structural features and suggesting best practices for fault interpretation, five were chosen. These are energy-ratio similarity, most-positive curvature, most-negative curvature, aberrancy total azimuth, and total aberrancy magnitude. These were separated into two groups which were then co-rendered on a shared surface. The first group was energy ratio similarity, most-positive curvature, and most-negative curvature (Figure 14a-c). The second attribute grouping was aberrancy total azimuth and aberrancy total magnitude. 
The reason for selecting the first series of attributes was the efficcy of the combination which was shown in Chapter 2 and previously published studies (Mai et al., 2014; Kolawole et al. 2020; Firkins et al. 2020). Energy ratio similarity is a proven means for discontinuity identification in seimsic data and provides a base for the co-rendering of the two principal curvatures. The principal curvatures were calculated to show regions of high flexure which form lineaments.These linear curvature anomalies at the top basement represent deformation fields associated with faulting. The second set of attributes was selected due to their enhancement of the fault zone and its extents. Total aberrancy azimuth shows the direction of change in curvature. Regions which form linear zones of consistent azimuth suggest fault prescence and may aid in fault interpretation where the flexural differential is small. Total aberrancy magnitude shows how quickly curvature changes spatially. By changing the opacity of this attribute, the most anomalous values can be isolated which are expected to represent the core of fault zones which are the most appropriate location for fault trace placement. 
The first attribute we consider, energy ratio similarity, is a form of coherence, which has been applied for several decades, primarily for discontinuity identification (Bahorich and Farmer, 1995). Here, the attribute is selected to reveal displacement in the interpreted horizons associated with potential faults. The means by which this method works is in the analysis of the time-series data to determine where changes between and along traces occur. In particular, the energy ratio similarity attribute is a comparison of the ratio of coherent and total energy between adjacent analysis windows. 
The curvature attributes were computed in AASPI using its dip-guided volumetric curvature algorithm. Inputs for this calculation are inline and crossline dip volumes (also computed in AASPI). While other forms were tested, long-wavelength curvature is selected for final computation as the desire was to identify large-scale structures. Most-positive curvature shows regions of convex upward flexure, while most-negative curvature shows regions of convex downward flexure. Aberrancy is the third derivative of structure or the first derivative of curvature and can be described by both azimuth and magnitude (Qi and Marfurt, 2018). While the resulting co-rendered curvature-similarity map is sufficient to interpret most of the fault traces present at the top-basement surface, there is some ambiguity in the position and extents of the curvature lineaments (Figure 11a). To reduce ambiguity and place the fault trace nearest the center of the fault, aberrancy can be utilized. The reason that this improves the accuracy of lineament interpretation is that aberrancy shows the change in curvature in space. As it is expected that the highest rate of change in flexure due to deformation associated with a fault is present near the center, the highest values of aberrancy should occur near the fault center (Figure 11b). 
Co-rendering of the attributes was performed by first creating a number of surfaces equal to the number of attributes to be co-rendered for a given map. Each surface was then taken and the nearest value to the surface was extracted and stored as a surface attribute. Once this was completed, the color bar for each surface attribute was adjusted such that the anomalous values for each attribute could be observed. These surfaces were then all displayed in a single window such that the surface attributes were overlain. For the first series of attributes, energy ratio similarity was first displayed, followed by most positive curvature, and then most negative curvature. The second series of attributes started wiith total aberrancy azimuth and overlain by total aberrancy magnitude.   [bookmark: _Toc73917910][bookmark: _Toc73975677][bookmark: _Toc78028915][bookmark: _Toc78028949][bookmark: _Toc78028983][bookmark: _Toc78029017][bookmark: _Toc78029051][bookmark: _Toc78029085][bookmark: _Toc78806087]Figure 12: Basement Penetrating Wells. The position of three wells which encountered the top of the crystalline basement relative to the Harper Creek 3D Seismic Data.

In addition to the 3D seismic survey, a sequence of 56 relocated earthquake hypocenters were analyzed to provide insight into the potential character of structures within the basement, wherein seismic data may yield little information. These events are from both the OGS and USGS catalogs and vary from magnitudes 1 to 4. These events were combined from two relocation data sets. Both used a two-step method in order to relocate the earthquakes. The first step was to determine the absolute position of the events using a selected velocity model. The second step in the relocation process is to perform a relative relocation of event clusters. For both studies, the double-difference method was chosen. The method is based on the residual between differences in the observed and calculated travel times for an event pair. Underlying the method is the idea that ray paths will be similar when the hypocenter distance between the events is significantly less than the distance to the station at which both events were recorded (Waldhauser and Ellsworth, 2000). Schoenball and Zoback (2017) choose a 1D model which is used by the OGS for their locations. However, Chen (2016) uses a tomographically derived 3D velocity model created for Oklahoma. These relocated events have decent absolute depth error with 48 % of events below 1 km error and 76% below 1.5 km absolute error.  
[bookmark: _Toc73915689][bookmark: _Toc73916030][bookmark: _Toc74139326]Depth to TWT Estimation 
	The two primary forms of data that are being analyzed within this chapter are a 3D seismic volume and a sequence of 56 seismic events. The first of these shows the structure of the subsurface mechanical reflectivity as represented by two-way travel time. The earthquake data is the subsurface position of energy eminence from a seismic event represented vertically in depth. To analyze the relationship between these data, which are represented by different vertical domains, there must be a transformation of at least one data form into a new domain. As there is a relative lack of available sonic and density logs which penetrate to a sufficient depth for depth conversion of the 3D volume, it was decided to convert the seismic events to the time domain. This process was relatively straightforward as all events occurred well within the basement, which is expected to be relatively homogeneous in terms of seismic velocity. An estimation of the in-situ acoustic velocity of the basement was made by Kibikas et al., 2020. It was found that at confining pressures of 50 – 60 MPa, the granitic basement velocity was 6,000 m/s. 
	 The initial step of conversion from earthquake hypocenters in depth to time was to determine an appropriate reference depth for the top basement surface. Using three basement penetrating wells near the survey, the basement surface was found to be approximately 1 km below mean sea level (Figure 12). This was assumed to be the depth of the basement surface across the survey and used as the reference datum for the seismic event domain transform. Using this datum, the reported depths of all seismic events were shifted to be referenced to 1 km below sea level (subtracting 1 km from the depth below sea level). Then, an approximate TWT was selected to represent a constant depth datum for the top of the basement. This value was chosen to be 0.7 s. A one-way time was then calculated for each event by dividing the depth referenced to 1 km by the basement velocity of 6 km/s. This time was then multiplied by 2, yielding a TWT, and then the sum with 0.7 s was found to create an approximate depth in TWT relative to mean sea level. [bookmark: _Toc73917911][bookmark: _Toc73975678][bookmark: _Toc78028916][bookmark: _Toc78028950][bookmark: _Toc78028984][bookmark: _Toc78029018][bookmark: _Toc78029052][bookmark: _Toc78029086][bookmark: _Toc78806088]Figure 13: TWT Surfaces. (a-c) TWT structure maps of the three surfaces of interest in the Harper creek 3D Seismic.

[bookmark: _Toc73915690][bookmark: _Toc73916031][bookmark: _Toc74139327]RESULTS
	The three TWT structure maps which were generated in the study are shown in Figure 13. The Top-Arbuckle surface shows a generally homoclinal dip towards the southwest, with small TWT values in the northeast that increase (indicate deepening) to the southwest. On the surface, there are a few features of primary interest. These are a linear structural high, which is most prevalent in the northeast corner and continues, though decreased in relief, to the southern edge of the survey along with a 023° trend (Figure 13a). In the southwestern corner of the surface, there is a broad structural low near the southwest corner which is two by 1.5 km in dimension. The other features observed on the surface are four distinctive traces that show rapid changes in elevation over limited spatial distance. These vary in azimuth from north-south to near east-west orientations (Figure 13a). [bookmark: _Toc78028917][bookmark: _Toc78028951][bookmark: _Toc78028985][bookmark: _Toc78029019][bookmark: _Toc78029053][bookmark: _Toc78029087][bookmark: _Toc78806089]Figure 14: Attribute Maps. (a) The top-basement surface with co-rendered energy ratio-similarity, most-positive, and most-negative curvature. (b) Co-rendered total aberrancy azimuth and total aberrancy magnitude.

Near the top of the basement, there are similar features to that observed at the top-Arbuckle and the same near homoclinal dip towards the southwest. The first of these is a similar linear structural high, which starts in the northwest corner of the surface and continues at an 023° trend to the southern extent of the survey (Figure 13b). In the north-central portion of the surface, there is a broad structural high west of the linear high. In the south, there is a broad, circular structural low, which is approximately 2 km in diameter. Similar to the top-Arbuckle surface, there is a long linear trace that trends along with the linear high (Figure 13b). There is also a curvilinear trace apparent at the top-basement in the western section of the survey. The trace shows rapid TWT elevation changes within limited spatial extents. It begins trending near west-east and transitions to just south of the east toward the east. The final surface is that of the deep intra-basement reflector. Contrary to the two other surfaces, there is a more complex surface dip, with an extreme structural high in the southeast that decreases towards two broad lows in the west and north (Figure 13c). 
 	[bookmark: _Toc73975679][bookmark: _Toc78028918][bookmark: _Toc78028952][bookmark: _Toc78028986][bookmark: _Toc78029020][bookmark: _Toc78029054][bookmark: _Toc78029088][bookmark: _Toc78806090]Figure 15: Attribute Maps and Seismic Cross-sections. (a-c) co-rendered energy ratio similarity and curvature (most-positive and most-negative) attributes extracted onto the Top-Arbuckle, Top-basement, and Intra-basement reflector surfaces. The faults interpreted in this study are represented by dashed black lines, while those present within the OGS catalog are drawn in green. (d-e) Seismic cross-sections through the Harper Creek data. Both show the interpreted Top-Arbuckle (TA), Top-Basement (TB), and Intra-basement reflector (IBR) surfaces.  

While the TWT surfaces reveal the large-scale structure of the three interfaces, there is a limited expression of more subtle features. To enhance these, the attribute extraction outlined in the methods section was applied to the top basement surface. The resulting co-rendered surfaces show the presence of a number of features that are not revealed in the TWT structure. The principle curvature and energy ratio similarity co-render shows significantly more linear features than present on the structure maps alone (Figure 15a). These are most typically expressed as either a region of high positive, high negative, low energy ratio similarity, or any combination therein. Most commonly, the features are identified by linear positive-negative curvature couplets (Figure 15a). The features are also easily identified with a combination of total aberrancy azimuth and magnitude. These attributes show a significant number of linear anomalies which trend in varied directions for different lengths (Figure 15b).  The interpretation of all faults present at the top of the basement reveals a total of 31 fault traces (Figure 15, 17; details in Appendix B). Five of these faults are considerably longer than the remaining twenty-six. Four of these five trends between NNE and ENE and one trends near east-west (Figure 15b). All are between 3 and 9 km in length and qualitatively show the most significant vertical displacement at the top of the basement and in the sedimentary units above (Figure 15d-e). The remaining interpreted faults vary in their azimuth with approximate trends of northeast-southwest, northwest-southeast, and east-west. Lengths of this group of faults are less than the five previously mentioned, with values ranging from 0.8 to 2.4 km (Figure 14b).  The fault azimuth distribution shows the majority of faults identified at the top basement fall between 020° – 070° and 280° – 340° (Figure 17). Of the 31 total faults which were identified at the top of the basement, six fall into the moderate sliplikelihood category, and nine are at angles that have a high likelihood of slip in the present stress regime (Figure 17). Sliplikelihood was determined from work performed by Holland (2013), wherein the author determined the most likely azimuths for seismic activity to be from 40° to 60° and 130° to 150°. Comparing the fault interpretation at the basement sediment interface with the top-Arbuckle and intra-basement reflector surfaces show some similarities. Looking at the two surfaces, the curvature expression is nearly identical between the top-Arbuckle and top-Basement (Figure 15a-b). All faults which were interpreted at the top-Basement are also interpretable at the top-Arbuckle. The intra-basement reflector surface does not show the level of similarity to the top-basement structure. There is one lineament that clearly appears on both surfaces. This is the longest identified fault which trends at 023° for nearly 9 km (Figure 16). There are two faults whose connectivity is not discernable witht the attributes as presented. These are Faults 6 and 9 both of which strike approximately 060° and as presently interpreted nearly overlap at the northeastern terminus of Fault 6 (Figure 16, 17). It was chosen to keep these faults separate as both in the attribute extractions and in amplitude cross-section there is no deformation indicative of faulting present. [bookmark: _Toc73975680][bookmark: _Toc78028919][bookmark: _Toc78028953][bookmark: _Toc78028987][bookmark: _Toc78029021][bookmark: _Toc78029055][bookmark: _Toc78029089][bookmark: _Toc78806091]Figure 16: Harper Creek Fault Basemap. Basemap of the interpreted faults at the top-basement with number labels. Faults which are present within the OGS catalog are shown in light green.

In cross-section, the faults which were interpreted via map view appear as either vertical displacement or rapid and severe change in the dip of the top-basement horizon (Figure 13d-e). These commonly have associated zones of disrupted amplitude which extend into the basement at high angles (vertical to sub-vertical). However, not all faults are clearly interpretable from the top-basement interface and through the entirety of the basement (Figure 15d-e). The long, northeast-southwest striking fault on the western side of the survey appears coincident with the primary sequence of earthquakes, which lies within the boundaries of the survey.  Looking in cross-section, there is the displacement of the top-basement surface directly above the sequence’s position at depth, with small amplitude disruptions between the two (Figure 15e). [bookmark: _Toc73917914][bookmark: _Toc73975681][bookmark: _Toc78028920][bookmark: _Toc78028954][bookmark: _Toc78028988][bookmark: _Toc78029022][bookmark: _Toc78029056][bookmark: _Toc78029090][bookmark: _Toc78806092]Figure 17: Harper Creek Fault Azimuthal Frequency. Rose diagram which shows the azimuth frequency distribution of the 31 faults interpreted at the top of the basement. There are four unique azimuthal ranges colored by likelihood of slip as indicated by Holland, 2013. SHmax = present-day regional maximum horizontal compressional stress direction (from Alt and Zoback, 2016; Qin et al., 2019).
[bookmark: _Toc78028921][bookmark: _Toc78028955][bookmark: _Toc78028989][bookmark: _Toc78029023][bookmark: _Toc78029057][bookmark: _Toc78029091][bookmark: _Toc78806093][bookmark: _Toc73917915][bookmark: _Toc73975682]Figure 18: Earthquake Sequence in Depth. (a) Basemap showing the location of the Harper Creek 3D seismic data and the earthquake sequence being examined. Cross-section locations shown in (c-f) are recorded. (b) 3D view of the 56 relocated earthquakes analyzed in the study colored by magnitude. The display is at true scale and an interpreted fault plane is shown in transparent blue. (c-f) Depth cross-sections of the seismic events colored by magnitude and displayed at true scale. Dashed black lines are fault plane interpretations. 

	The earthquake sequence of interest, which lies within the Harper Creek data, predominantly falls along a single trace when visualized in map view with two smaller trends to the northwest and southeast (Figure 18a). When expanded to view in 3 dimensions, the primary sequence forms a near-vertical plane which extends from approximately 5 to 7 kilometers depth and along strike for 4 kilometers (Figure 18b). It is along this plane that all three magnitude four events occurred as well as the majority of magnitude three earthquakes. In cross-section, the structure of the fault zone can be examined in more detail. Towards the northeastern edge of the sequence, there is a clustering of events near 6 km depth with a single event at approximately 6.75 km. To the southeast of these events is another cluster of earthquakes that delineate a separate, small fault plane dipping near 45° (Figure 18c). The events at this end of the earthquake sequence are all magnitude 2 or 3. Stepping to the southwest by approximately 1 km, there is a considerable increase in the vertical distribution of earthquakes, showing a clear, linear, near-vertical trace that extends from approximately 5.5 to 6.25 km (Figure 18d). Also present at this point along the sequence are all three magnitude four events. Two of these occur at 5.75 km and the third at approximately 6.25 km (Figure 18d). Moving towards the end of the sequence, a similar geometry is observed to cross-section A-A’. A cluster of magnitude three earthquakes are present at 5.75 to 6 km, and a single event is observed at 6.75 km. This suggests a near-vertical fault zone is present with a slight dip towards the southeast (Figure 18e). A strike parallel cross-section of the earthquake sequence in depth shows that the distribution of events is confined to a narrow zone in the subsurface. The majority of main sequence events fall between 5.5 and 6.25 kilometers in-depth (Figure 18f). While the events are relatively evenly distributed within this rectangular area, more earthquakes are observed in the first 1 km of the sequence from the north than in the remainder of the fault zone. In addition to this, the three main events of the sequence occur within 0.5 km of one another vertically and are no more than 200 m apart laterally (Figure 18f). [bookmark: _Toc73917916][bookmark: _Toc73975683][bookmark: _Toc78028922][bookmark: _Toc78028956][bookmark: _Toc78028990][bookmark: _Toc78029024][bookmark: _Toc78029058][bookmark: _Toc78029092][bookmark: _Toc78806094]Figure 19: Horizontal Seismic Events. (a) Basemap of the Harper Creek 3D Data with the earthquake sequence and location of the below cross-sections displayed. (b-c) Seismic cross-sections through the Harper Creek 3D seismic. Black circles show the location of the earthquakes.  

As mentioned in the method section, the earthquakes which were provided in depth were converted to the time domain to facilitate integrated interpretation of the data. The result of this transform revealed that the primary sequence of events is centered on the deep intra-basement reflector observed between 2.1 and 2.4 seconds (Figure 15e). Comparing the events in depth and time, the intra-basement reflector is between 5 and 7 km depth (4 to 6 km below the top basement). While the primary sequence of earthquakes shows a rupture sequence perpendicular to the intra-basement reflector, the smaller sequence to the southeast displays a distinctive character. When viewed in a seismic cross-section, the events suggest a near-horizontal zone of slip which aligns closely with the intra-basement reflector (Figure 19b-c). These events appear to be located near the base of the intra-basement reflector. 
[bookmark: _Toc73915691][bookmark: _Toc73916032][bookmark: _Toc74139328]

DISCUSSION
[bookmark: _Toc73915693][bookmark: _Toc73916034][bookmark: _Toc74139329]Basement Faults and Sedimentary Strata
	The deep intra-basement reflector observed within the Harper Creek Data show similarity with those described previously within the region (Elebiju et al., 2011; Kolawole et al., 2020; Firkins et al., 2020). These have been concluded to be mafic sills and sheets that intruded the granitic basement at some point prior to the deposition of the Reagan Sandstone and Arbuckle Group in the early Ordovician. The lack of discontinuities observed on the intra-basement reflector surface suggests that while the faults observed at the top-basement may be present, they have not experienced identical deformation.  
	The high degree of similarity between the structure at the top-basement and top-Arbuckle surfaces suggests a significant influence of the top-basement structure on the Arbuckle Group during its deposition. Structural highs and lows appear in similar locations across the two surfaces. These are generally of higher amplitude at the top basement and decrease moving upward stratigraphically, with limited thickness changes in the overlying units. This suggests the structure observed at the top basement was present prior to the Arbuckle Group and remained inactive throughout its deposition. There is also a more significant offset of reflectors across faults near the top-Arbuckle (Figure 15d-e). This suggests that while faults may be present within the basement and above. Looking at specific structures, there is an indication that the faults which are observed at the top-Arbuckle are relatively immature and likely postdate those within the basement. This evidence is a combination of en-echelon geometry and faults centralized slip observed on the faults (Figure 13a). The segmentation of these faults, which appear cohesive at the top basement, suggests this is a younger portion of the fault at this level. Likely, these smaller segmented faults formed after the deformation, which contributed to the Precambrian basement faults. The preexisting weakness that was exploited resulted in a series of short, limited offset, en-echelon fault segments, which trend along with inferred basement faults.  
There have been a number of recent papers have sought to ascertain the nature of basement faults within Oklahoma and the potential associated seismic hazard. While the methods vary, their results are similar to those found here. Kolawole et al. 2020 and Patel et al. 2021 used slightly varied methods of basement fault interpretation, but achieve similar general conclusions. They show that a number of basement-rooted faults can be identified via attribute guided interpretation. While the faults shown in this work are lesser in number, they show similar characteristics to those observed in the survey shown above. The faults trend in a number of orientations including approximate trends of north-south, northeast-southwest and northwest-southeast. The faults show offset at the top basement which continues often continues into the overlying sedimentary sequences. While in a distinctive region of the state, the structures and their distributions are similar to those observed in the above work. Faults, though more diffuse, still suggest dominant trends between northeast to east-northeast and northwest to west-northwest. In Qin et al. (2019) a large number of relocated earthquakes and high-quality focal mechanism solutions were analyzed. These were used to interpreted presently seismogenic faults and generate an improved stress map for Oklahoma. The authors found that the seismogenic faults are typically of high dip, with the large majority dipping steeper than 70° with a small proportion dipping sub-horizontally (less than 35°). Additionally the faults which are east of the Nemaha Fault Zone group along east-northeast and east-southeast. The results shown here similarly suggest that the primary fault which are hosted the primary seismic events of the analyzed sequence is steeply dipping and trending ENE. 
These works have two primary distinctions from that which is shown here. The first and foremost is the quality of the data which is examined. The surveys which were analyzed in Kolawole et al. (2020) and Patel et al. (2021) were both of relatively recent vintage and purported to be of high quality. In this study, the data was both acquired and processed in the 1980s. There have been significant improvements in processing methods and algorithms over the decades, which have improved the overall quality of final seismic data images. The second distinction is in the setting of the studies. These are both located in the STACK region of Oklahoma, which is in the west-central area of the state, west of the Nemaha Fault Zone. In work presented above, the setting is approximately 100 km to the east. While there are apparent similarities in the overall structures observed, there are distinctions. The distance between the study areas is expressed as a is in the character of the basement zone visible in the seismic surveys. In both works mentioned above, there are a larger number of visible and interpretable intra-basement reflectors. These features aid in constraint of the fault trace locations and interpretation confidence both at the basement-sediment interface and into the basement. 
[bookmark: _Toc73915694][bookmark: _Toc73916035][bookmark: _Toc74139330]Best Practices in Basement Fault Interpretation
	Recent works have expanded the ability for subtle fault detection using seismic attributes. These show that even with diffuse deformation or offset below resolution, faults and fracture zones might be identified. The first analyzed a survey in a similar geographic setting. The authors found that while curvature can illuminate a large number of basement-rooted faults, aberrancy improves subtle interpretation (Patel et al., 2021). This is due to aberrancy showing the zone in which curvature is changing most rapidly, which is assumed the most likely location for fault position. In the above work, a similar result is shown. Curvature lineaments, particularly where there is a change from positive to negative curvature, allow for relatively straightforward fault interpretation. However, there is some uncertainty in trace placement and continuity. Aberrancy reduces this by highlighting the zone of most significant flexure and improving interpretation confidence. Another work attempted to ascertain a more comprehensive workflow for subtle fault and fracture zone interpretation. They show the importance of multi-attribute analysis in the determination of subtle fault locations (Hussein et al., 2021). Additionally, they suggest a machine learning process that could improve fault interpretation in the midcontinent. 
As much of the granitic basement which was being analyzed in the study lacked coherent and continuous internal reflectors, there was limited opportunity for basement structure interpretation. Therefore, the only reliable means of structural interpretation is predicated on horizon interpretation. It was found that the three of primary importance are the top-basement, top-Arbuckle Group, and the most coherent intra-basement reflectors observed. Once these horizons were identified and interpreted, an initial interpretation can be made via an exaggerated TWT map of each reflector.
Following this, attribute generation and extraction were performed along these surfaces. While a variety of attributes were trialed, dip and its derivatives were found to be the most useful. In particular, the principal curvatures and the total magnitude of aberrancy. These attributes highlight regions of high dip change, which, while not significant enough to clearly show on the similarity attributes, appear when further extrema are examined. Additionally, the sedimentary units directly overlying the basement can provide hints as to the structure below. These horizons are generally of higher frequency, have high structural similarity to the basement, and at times show more significant offset than the same fault at the basement-sediment interface. 
[bookmark: _Toc74139331]
Summary
	Interpretation of the Harper Creek 3D seismic data using a combination of seismic attributes revealed 31 faults at the top of the basement. These results show that regions of and suggest promise in the combination of 3D seismic data and earthquake data where applicable. The faults identified range in length from 0.56 to 8.8 km in the survey and trend mostly northeast-southwest and northwest-southeast. Of these faults, nearly half are either highly or moderately likely to slip in the present stress field, one of which has hosted recent seismic rupture. These earthquakes were analyzed and showed strong coincidence with curvature and aberrancy anomalies in the seismic data. When converted to the time domain, the seismic sequence appears centered on the deep intra-basement reflector within the volume. This and a secondary clustering of near-horizontal earthquakes suggest a link between seismicity and what are interpreted to be intra-basement mafic sills and sheets. 
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The primary purpose of the work presented was to ascertain a reliable means for which seismic data might be used to delineate significant faults and intra-basement deformation at the top of the crystalline basement within the midcontinent, and more specifically, the Southern Granite Rhyolite Province. Given these interpretations, it was investigated whether the observations that could be made on the faults revealed anything on their slip history and, therefore, the history of deformation in the midcontinent over geologic time. Additionally, the overlying sedimentary units were examined to determine what impact the basement structures had on the overlying sedimentary units.
The basement zone showed that numerous anomalous reflectors suggest zones of high impedance within the granitic basement. These intra-basement reflectors are interpreted to be mafic sills and sheets given their geometry and data from prior workers. While the precise characteristics of these sills vary between surveys, there are a few commonalities. The sills are all relatively thin (~30 m), shallowly dipping (<10°), and terminate at or before the basement sediment interface. They are also commonly faulted, though the nature of the transecting faults is varied. Some appear coincident with faults interpreted at the top basement. 
	The results showed 146 faults (115 in chapter 2 and 31 in chapter 3) identified via seismic attribute extraction at the top of the basement. This amounts to approximately 0.2 faults per km2 and an average of 16 basement-rooted faults per survey. Of these, only 4 (~2.7%) were present within the publicly available fault catalog. Such a discrepancy suggests that the basement is more pervasively faulted than previously thought, with a significant number of faults likely unidentified across the state and greater midcontinent. Additionally, this method only identifies those faults which either intersect or have a discernable deformation field at the top basement. There is likely a plethora of faults whose slip and associated deformation are contained entirely within the basement and may not be identified via this technique. A subset of 115 faults along which vertical separation data were measured show strain localization along large structures and suggest a series of successive events have contributed to the basement and sedimentary deformation observed in the region. 
The work presented in the preceding chapters shows that using structural seismic attributes, subtle faults within the basement can be identified. It also reveals that the basement is pervasively faulted, and these faults and their associated fields of deformation have considerable interaction with the overlying sedimentary units. In Chapter 2, methods are shown which employ the co-rendering of energy ratio similarity, most positive curvature, and most negative curvature. This method reveals pervasive linear to curvilinear curvature couplets which are interpreted as fault traces. While this method appears to effectively capture fault associated deformation at the top of the basment, there remained ambiguity in the placement and extents of the interpreted fault traces. In Chapter 3, in addition to those attributes co-rendered in Chapter 2, total aberrancy azimuth and magnitude were co-rendered at the top-basment surface. The inclusion of these attributes aided in the placement of fault traces as aberrancy illuminates the region of greatest change in curvature. 
This work can be expanded upon to include additional 3D seismic data sets within the region of interest interpreted using a similar workflow to those outlined in the above chapters. While many are interpreted here, they still fall incredibly short of providing a comprehensive and detailed characterization of the crystalline basement in the midcontinent. Adding more coverage and interpretation of the basement via 3D seismic data will add increased insight into the distribution of faults within Oklahoma and contribute to the continuing effort to mitigate seismic hazards. Furthermore, there are opportunities for more detailed analyses of the interaction and potential control on different stratigraphic intervals properties and the structures identified via the proposed methods. Another avenue of continued investigation is the expansion of the methodology for basement-rooted fault interpretation. While there was an attempt to utilize various seismic attributes within this work, there are still those that remain untested in this region for basement interpretation. This includes another look at frequency-based or texture attributes and potentially reparameterization of attribute computation. Additionally, there is potential in the utilization of machine learning methods for structural characterization. This would include the combination of pertinent attributes via principal component analysis followed by self-organized mapping. 
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[bookmark: _Toc73917917][bookmark: _Toc73975684][bookmark: _Toc74138605][bookmark: _Toc74298529][bookmark: _Toc74317497][bookmark: _Toc74319207][bookmark: _Toc74319822][bookmark: _Toc78029127][bookmark: _Toc78806095]Figure 20: Regional views of all co-rendered top-basement attribute maps with the interpreted fault traces displayed in yellow. 
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[bookmark: _Toc73917918][bookmark: _Toc73975685][bookmark: _Toc74138606][bookmark: _Toc74298530][bookmark: _Toc74317498][bookmark: _Toc74319208][bookmark: _Toc74319823][bookmark: _Toc78029128][bookmark: _Toc78806096]Figure 21: Regional views of all co-rendered top-basement attribute maps with the interpreted fault traces displayed in yellow and OGS faults shown in light green. 
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[bookmark: _Toc73975686][bookmark: _Toc74138607][bookmark: _Toc74298531][bookmark: _Toc74317499][bookmark: _Toc74319209][bookmark: _Toc74319824][bookmark: _Toc78029129][bookmark: _Toc78806097]Figure 22: Bois d’Arc top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data. 
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[bookmark: _Toc73975687][bookmark: _Toc74138608][bookmark: _Toc74298532][bookmark: _Toc74317500][bookmark: _Toc74319210][bookmark: _Toc74319825][bookmark: _Toc78029130][bookmark: _Toc78806098]Figure 23: Ceja top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
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[bookmark: _Toc73975688][bookmark: _Toc74138609][bookmark: _Toc74298533][bookmark: _Toc74317501][bookmark: _Toc74319211][bookmark: _Toc74319826][bookmark: _Toc78029131][bookmark: _Toc78806099]Figure 24: Wild Creek top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
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[bookmark: _Toc73975689][bookmark: _Toc74138610][bookmark: _Toc74298534][bookmark: _Toc74317502][bookmark: _Toc74319212][bookmark: _Toc74319827][bookmark: _Toc78029132][bookmark: _Toc78806100]Figure 25: Solomon Creek top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
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[bookmark: _Toc73975690][bookmark: _Toc74138611][bookmark: _Toc74298535][bookmark: _Toc74317503][bookmark: _Toc74319213][bookmark: _Toc74319828][bookmark: _Toc78029133][bookmark: _Toc78806101]Figure 26: Grey Horse top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
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[bookmark: _Toc73975691][bookmark: _Toc74138612][bookmark: _Toc74298536][bookmark: _Toc74317504][bookmark: _Toc74319214][bookmark: _Toc74319829][bookmark: _Toc78029134][bookmark: _Toc78806102]Figure 27: Antelope top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
[image: ]
[bookmark: _Toc73975692][bookmark: _Toc74138613][bookmark: _Toc74298537][bookmark: _Toc74317505][bookmark: _Toc74319215][bookmark: _Toc74319830][bookmark: _Toc78029135][bookmark: _Toc78806103]Figure 28: Pearsonia top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
[image: ]
[bookmark: _Toc73975693][bookmark: _Toc74138614][bookmark: _Toc74298538][bookmark: _Toc74317506][bookmark: _Toc74319216][bookmark: _Toc74319831][bookmark: _Toc78029136][bookmark: _Toc78806104]Figure 29: Big Heart top-basement surface with co-rendered energy ratio similarity, most-positive, and most-negative curvature (see color scales in Figure 20). Yellow lines are the faults that were interpreted at the top-basement surface. Each fault has an associated number which was used for cataloging of azimuth, length, and vertical separation data.
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	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	358.7
	11.345

	F2
	17.4
	12.75

	F3
	10.5
	3.489

	F4
	69.2
	5.503

	F5
	4.3
	3.082

	F6
	39.5
	5.502


[bookmark: _Toc73955106]Table 2: Fault strike and fault length for the Bois d'Arc seismic survey.
	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	13.5
	2.588

	F2
	1
	0.532

	F3
	11
	1.898

	F4
	353.2
	0.676

	F5
	16.2
	1.653


[bookmark: _Toc73955107]Table 3: Fault strike and fault length for the Ceja seismic survey.


	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	28.8
	3.73

	F2
	58.1
	1.146

	F3
	64.3
	1.023

	F4
	298.7
	2.166

	F5
	95.7
	8.165

	F6
	58
	4.373

	F7
	86.6
	7.004

	F8
	83
	2.65

	F9
	41.6
	1.115

	F10
	79.7
	1.273

	F11
	89.5
	0.903

	F12
	38.5
	0.449

	F13
	27.1
	0.895

	F14
	93.2
	3.57

	F15
	87.4
	1.349

	F16
	66.1
	1.856

	F17
	60.5
	1.152

	F18
	293.8
	1.145

	F19
	56.5
	0.795

	F20
	70.3
	0.845

	F21
	282.8
	1.209

	F22
	290.3
	0.938

	F23
	281.8
	0.933

	F24
	310.8
	0.627

	F25
	39.1
	2.081

	F26
	82
	1.523

	F27
	286
	2.934

	F28
	292.1
	0.404

	F29
	70.5
	0.768

	F30
	38.1
	0.925

	F31
	285.4
	1.308

	F32
	22.5
	2.34

	F33
	285.4
	1.21


[bookmark: _Toc73955108]Table 4: Fault strike and fault length for the Wild Creek seismic survey.


	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	47
	0.945

	F2
	46.3
	0.909

	F3
	93.4
	2.338

	F4
	12.1
	0.722

	F5
	353.5
	1

	F6
	350.2
	0.598

	F7
	352.5
	0.205

	F8
	1
	1.211

	F9
	85.8
	0.722


[bookmark: _Toc73955109]Table 5: Fault strike and fault length for the Solomon Creek seismic survey.

	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	69
	2.902

	F2
	88.5
	0.737

	F3
	72
	1.26

	F4
	271
	1.869

	F5
	7
	0.755

	F6
	67.9
	0.552

	F7
	285.4
	1.491

	F8
	279
	0.864

	F9
	18.2
	2.158

	F10
	30.8
	1.841

	F11
	292
	1.476


[bookmark: _Toc73955110]Table 6: Fault strike and fault length for the Grey Horse seismic survey.


	[bookmark: _Hlk73953154]Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	55
	2.583

	F2
	31
	1.434

	F3
	24.5
	1.113

	F4
	80.5
	2.871

	F5
	46.9
	2.687

	F6
	350
	2.148

	F7
	72.7
	0.912

	F8
	347
	1.26

	F9
	308
	2.448

	F10
	328
	2.742

	F11
	60
	0.965

	F12
	356.5
	0.863

	F13
	347
	1.323

	F14
	1
	0.719

	F15
	326.5
	1.321

	F16
	73.1
	0.353


[bookmark: _Toc73955111]Table 7: Fault strike and fault length for the Big Heart seismic survey.


	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	68.5
	2.373

	F2
	40
	3.469

	F3
	73
	1.09

	F4
	40.9
	3.242

	F5
	108.2
	1.5

	F6
	46.9
	1.901

	F7
	6.4
	0.598

	F8
	8.9
	1.35

	F9
	14.4
	0.854

	F10
	13.2
	1.195

	F11
	310.7
	0.686

	F12
	60.1
	0.969

	F13
	91.3
	2.048

	F14
	25
	0.649

	F15
	310
	0.337

	F16
	291
	1.907

	F17
	283
	2.455

	F18
	89.2
	1.454

	F19
	310.5
	0.681

	F20
	11.5
	1.317


[bookmark: _Toc73955112]Table 8: Fault strike and fault length for the Pearsonia seismic survey.
	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	89
	2.258

	F2
	283.9
	3.992

	F3
	289.3
	1.706

	F4
	90.8
	0.644

	F5
	49
	1.372

	F6
	90.7
	0.778

	F7
	83.6
	3.033

	F8
	37.2
	1.598

	F9
	355.6
	0.606

	F10
	77.7
	4.063

	F11
	91.6
	2.544

	F12
	104.5
	1.708

	F13
	100.9
	2.361

	F14
	78.5
	0.832

	F15
	104.8
	1.368


[bookmark: _Toc73955113]Table 9: Fault strike and fault length for the Antelope seismic survey.
	[bookmark: _Hlk73917068]Seismic Survey
	BdA
	Ceja
	WC
	SC
	Grey Horse
	Pear.
	Ant.
	Big Heart

	Sedimentary Dominant Frequency (Hz)
	54.16

	55.35

	58.75

	61.22

	59.21



	65.58

	50.58

	51.78


	Sedimentary Velocity (m/s)
	5300
	5300
	5300
	5300
	5300
	5300
	5300
	5300

	Period (s)
	0.01846
	0.01806
	0.01702
	0.01633
	0.01688
	0.01524
	0.0197
	0.01931

	Wavelength
(m)
	97.8581
	95.7542

	90.2127
	86.5730

	89.5119

	80.8173

	104.784

	102.356

	Sedimentary Limit of Vertical Resolution (m)
	24.4645
	23.9385
	22.5531
	21.6432


	22.3779
	20.2043


	26.1961
	25.5890

	Basement Dominant Frequency (Hz)
	42.38
	46.36
	53.43

	52.23
	53.95
	51.64
	49.35
	50.55

	Basement Velocity (m/s)
	6000
	6000
	6000
	6000
	6000
	6000
	6000
	6000

	Period (s)
	0.02359
	0.02157
	0.01871
	0.01914
	0.01853
	0.01936
	0.02026
	0.01978

	Wavelength (m)
	141.576
	129.421
	112.296
	114.876
	111.214
	116.189
	121.580
	118.694

	Basement Limit of Vertical Resolution (m)
	35.3940
	32.3554
	28.0741
	28.7191
	
	27.8035

	29.0472
	30.3951
	29.6735




[bookmark: _Toc73955114]Table 10: The table combines resolution limits for all eight 3D seismic surveys. The dominant frequencies shown were calculated first as a volumetric attribute. Then, an interval average was extracted for the deep sedimentary section (approximate Woodford-Hunton reflector to the top-basement horizon) and the basement (top-basement horizon to the end of record length). Once the dominant frequencies were extracted, the limit of resolution was estimated following standard techniques. A constant velocity of 5300 m/s is used for the sedimentary section (after Kolawole et al.,2020) and 6000 m/s for the basement (after Kibikas et al., 2020). We then calculate the period by inverting the dominant frequency and the wavelength by multiplying the period and velocity. Finally, we divide this wavelength by 4 to approximate the limit of vertical resolution for the given interval. BdA=Bois d’Arc; WC=Wild Creek; SC=Solomon Creek; Pear.=Pearsonia; Ant.=Antelope
	Seismic Survey
	BdA
	Ceja
	WC
	SC
	Grey Horse
	Pear.
	Ant.
	Big Heart

	Area (km2)
	176.42
	65.53
	115.46
	9
	97.54
	87.27
	103.32
	45.31

	IL x CL (m)
	25.1 x 25.1
	16.8 x 33.5
	20.1 x 20.1
	16.8 x 33.5
	33.5 x 33.5
	33.5 x 33.5 
	20.1 x 20.1
	33.5 x 33.5

	Record Length (s)
	2
	2
	2
	2
	2
	2
	2
	2

	Sample Rate (ms)
	2
	2
	2
	2
	2
	2
	2
	2

	Effective Bandwidth (Hz)
	16 – 90 
	20 – 88  
	17 – 98
	18 – 104 
	16 – 115 
	16 – 102 
	17 – 87 
	25 – 83 


[bookmark: _Toc73955115]Table 11: The above table provides some common seismic parameters for each survey (area, bin size, record length, sample rate, effective bandwidth). The map view area was calculated for only the live traces of each survey. The bin size, record length, and sample rate were all found in the segy header. The effective bandwidth was estimated using the frequency spectrum for each survey. We chose to measure at -10 dB as this was an amplitude power near which a generally flat spectrum was observed in each survey. BdA=Bois d’Arc; WC=Wild Creek; SC=Solomon Creek; Pear.=Pearsonia; Ant.=Antelope
	Seismic Survey
	BdA
	Ceja
	WC
	SC
	Grey Horse
	Pear.
	Ant.
	Big Heart

	λ1
(Distance in m)
	36631
	44441
	47586
	13530
	35861
	21780
	47071
	25191

	λ4
(Distance in m)
	933
	983
	746
	983
	1244
	1244
	746
	1244

	λ3
(Distance in m)
	466
	491
	373
	491
	622
	622
	373
	622

	λ4
(Distance in m)
	233
	245
	186
	245
	311
	311
	186
	311

	r_max operator radius
	1650
	2200
	1320
	2200
	2200
	2200
	1320
	2200


[bookmark: _Toc73955116]Table 12: The tables provide the five key parameters (λ1-λ4) and the maximum operator radius that controls the computation of the principal curvature attributes (K1 and K2). BdA=Bois d’Arc; WC=Wild Creek; SC=Solomon Creek; Pear.=Pearsonia; Ant.=Antelope
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[bookmark: _Toc73917922][bookmark: _Toc73975698][bookmark: _Toc74138619][bookmark: _Toc74298543][bookmark: _Toc74317511][bookmark: _Toc74319221][bookmark: _Toc74319836][bookmark: _Toc78029141][bookmark: _Toc78806109]Figure 34: Shallow Faults. (a) Energy ratio similarity extracted at the blue horizon traced in blue on the seismic cross-section to the right. (b) Seismic cross-section through the Harper Creek 3D seismic data, the location of which is shown in panel (a). The black vertical lines represent the position of cross-section azimuth deviation. OGS Faults are shown in light green.
	


	Interval Dominant Frequency (Hz)
	Velocity (m/s)
	Period (s)
	Wavelength [λ] (m)
	Limit of Vertical Resolution [λ/4] (m)

	Deep Sediment
	54.12
	5300
	0.018477
	97.93
	24.48

	Crystalline Basement
	51.48
	6000
	0.019425
	116.55
	29.13


[bookmark: _Toc73955117]Table 13: An estimation of the limit of vertical resolution for the Harper Creek 3D Seismic Data.




	Fault Number
	Fault Strike (degrees)
	Fault Length (km)

	F1
	152
	1.3526

	F2
	102
	1.0786

	F3
	149
	1.0890

	F4
	102
	0.8851

	F5
	102
	1.2733

	F6
	57
	3.0308

	F7
	99
	3.8396

	F8
	151
	1.4930

	F9
	63
	3.6130

	F10
	127
	1.3548

	F11
	28
	5.6056

	F12
	132
	0.5626

	F13
	135
	0.7630

	F14
	69
	1.5265

	F15
	42
	0.7930

	F16
	128
	1.1517

	F17
	137
	2.4469

	F18
	123
	0.9114

	F19
	40
	2.2131

	F20
	61
	0.9031

	F21
	23
	8.8188

	F22
	49
	1.8257

	F23
	45
	1.2441

	F24
	59
	1.3432

	F25
	6
	2.3280

	F26
	66
	0.8696

	F27
	90
	1.6890

	F28
	75
	1.3494

	F29
	70
	2.0816

	F30
	70
	1.6231

	F31
	15
	2.0854


[bookmark: _Toc73955118]Table 14: Fault strike in degrees and fault length in kilometers of all faults identified at the top of the basement within the Harper Creek survey.
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