Faults in Northeastern Oklahoma: Their Occurrence, Relation to Modern Seismic Activity and to Producing
Reservoirs*

James Puckette! and Xitong Hu*

Search and Discovery Acrticle #30675 (2020)
Posted January 4, 2021

*Modified from Oklahoma State University M.S. Thesis, 2019, by Xitong Hu, who appreciates the technical support of Jingyao Gong and John Shelton. Manuscript
received February 27, 2020. Manuscript accepted June 25, 2020.

'Oklahoma State University, Stillwater, OK (jim.puckette@okstate.edu)
'Oklahoma State University, Stillwater, OK (xhu@okstate.edu)

Abstract

This study of faults in Northeastern Oklahoma focuses on their distribution, their relation to earthquakes of the last decade and to oil and gas
production. A map of fault distribution was prepared by GIS-based compilation of faults presented in the literature, in theses, and in
unpublished work. An interpretive fault map derived from the compilation, as expected, shows reasonable correlation with the major
earthquakes. The weaker earthquakes show a more random distribution, suggesting that the mapped faults are but a fraction of the total faults,
with minor faults remaining undetected by well and surface data. The Nemaha, Noble-Kay Counties, West Stillwater-Ramsey-Labette, Yale,
Wilzetta, Keokuk, Wewoka, and East Mountains fault zones, along with east-trending fault zones, are the most prominent in the area of study.
The study area is characterized by a complex pattern, suggesting conjugate relations together with an almost orthogonal pattern. Although most
faults in Northeastern Oklahoma are reported to be normal in terms of apparent vertical displacement, high-angle reverse faulting has been
mapped along the major fault zones. Yet, during multi-tectonic events, strike-slip is the dominant component of displacement of the fault
systems in Northeastern Oklahoma.

Comparison of the earthquake foci with the fault map and with the top of the basement of Northeastern Oklahoma shows that most of the
earthquakes have originated well below the top of the basement. Although most of the earthquakes have occurred between the major fault
systems, the three earthquakes with moment magnitudes (My,) of 5.0 or greater occurred near major fault zones, apparently along branches.
The earthquakes unrelated to recorded faults undoubtedly reflect a high density of faults, albeit with minor displacement in most cases.

By comparing maps of the producing reservoirs with the interpretive fault map, it is apparent that the predominance of production is from
structurally related traps. There is some significant production from stratigraphic traps, especially in Pennsylvanian reservoirs. It seems clear
that these reservoirs reflect reactivation of older faults and vertical migration of hydrocarbons along faults into shallower reservoirs, along with
lateral migration.



Introduction

Although in Northeastern Oklahoma (Figure 1) fault occurrences are rather well documented, recent studies suggest that the area is even more
highly faulted than generally thought (e.g., Gay, 2003a, b). It widely accepted that the major fault systems (e.g., Nemaha Fault Zone, Wilzetta
Fault Zone, and Keokuk Fault Zone in the study area) are characterized predominantly by strike-slip movements and that the complex fault
patterns resulted from multi-tectonic events (e.g., Gay, 1999; Dycus, 2013; Dudek, 2014). Fault information has been significantly updated by
various maps published since 2014 (e.g., Holland, 2015; Marsh and Holland, 2016).

In this study, we utilized GIS methods to compile a map of all faults previously mapped in the study area (Figure 1) and available to us. This
technique insured the map to be as accurate as the data from which it was prepared. In numerous cases a particular fault is shown in the
compilation as more than one trace, due in part to differences in original interpretations, differences in selection of stratigraphic positions for
mapping the fault(s), and the complex nature of a fault zone. From this compilation, an interpretive map was prepared; it is considered to be the
more definitive document for comparison with earthquake data.

The rather high occurrence of earthquakes in Northeastern Oklahoma, especially after 2009, is represented, according to intensity, on the fault
map. Most studies (e.g., Keranen et al., 2014; Hough and Page, 2015; Walsh and Zoback, 2015) propose the earthquakes are possibly related to
waste-water injection. This study focuses on the relationship between the recent earthquakes (their occurrence and depths of origin) and the
fault systems.

The relationship between the occurrence of hydrocarbon traps and fault patterns along major fault zones in Oklahoma is generally understood
(Dolton and Finn, 1989). However, the role of vertical and lateral migration of hydrocarbons, especially into Pennsylvanian reservoirs, is less
well known.

The study area is within the Cherokee Platform, which is bounded by the Ozark Uplift to the east and the Nemaha Uplift to the west. The major
tectonic structural elements of southern Oklahoma, the Arbuckle, Ouachita, and even the Wichita province are associated with its southern
boundary; they had a structural influence on the Cherokee Platform (Johnson, 2008). The study area lies north of the Arkoma Basin and the
southernmost part of the Cherokee Platform, and the Kansas border delineates its northern limit. Twelve counties are included within it. The
Nemaha Fault Zone and Wilzetta Fault Zone are the better known major fault zones in the study area.

Stratigraphy

Strata in the study area are Paleozoic in age (Figure 2; Dolton and Finn, 1989; Boyd, 2008); they may be divided into groups corresponding to
unconformity-bounded sequences of Sloss (e.g., 1963, 1984). Here they are divided into pre-Pennsylvanian strata, consisting primarily of
dolomites, limestones, and shale, with some coarser clastic deposits, and Pennsylvanian-Permian strata. The latter are known for their cyclic
deposits containing both terrigenous and marine deposits (Dolton and Finn, 1989).



Tectonic History

In Late Precambrian, the supercontinent Laurentia underwent intracratonic rifting in the present-day Midwestern United States, forming the
Mid-Continent Rift System (MRS). It is thought that the rifting, which started in the Lake Superior area, extended southward into Northeastern
Kansas (Whitmeyer and Karlstrom, 2007) and into central Oklahoma (Berendsen and Blair, 1986; Keller et al., 2016), as the initial trace of the
Nemaha Fault Zone. Gravity and well-log data suggest a farther southward extension of the MRS into north Texas (Keller et al., 2016).

After development of the WNW-trending Southern Oklahoma aulacogen during the Cambrian (e.g., Ham et al., 1964; Keller, 2014), there was
movement along the Nemaha Fault Zone, probably during Middle Ordovician and Middle to Late Devonian. Included were rejuvenated fault
activities in Oklahoma (Johnson, 2008), such as at the Oklahoma City Field Uplift (McGee and Jenkins, 1946) and localized uplifts in Noble
and Kay counties (Tarr et al., 1965). In the uplifted areas, the Hunton Limestone underwent erosion; in some locations, erosion extended
through the Wilcox Sand into the Cambro-Ordovician Arbuckle Group (McGee and Jenkins, 1946; Tarr et al., 1965). The widespread
Woodford Shale lies unconformably on the eroded older Paleozoic units.

During Late Mississippian and Early Pennsylvanian, the Wichita Mountains of southwestern Oklahoma, the Nemaha Uplift of central
Oklahoma, and Ozark Uplift of Northeastern Oklahoma experienced movement (Johnson, 2008). The Nemaha and Ozark uplifts were faulted,
deforming pre-Pennsylvanian strata in north-central and Northeastern Oklahoma (Jordan, 1962). The Ouachita Orogeny of southeastern
Oklahoma probably began during the Mississippian and was active during Early to Middle Pennsylvanian up to the end of the Desmoinesian
(Johnson, 2008.) The last major orogenic event in Oklahoma, the Arbuckle Orogeny, occurred during the Virgilian (Johnson, 2008). After the
Pennsylvanian, there were, or has been, minor uplift and reactivation of faults and folds in Oklahoma (Johnson, 2008). The Ouachita Orogeny
most likely modified the Wichita and Arbuckle orogens, which in turn affected the propagation of the Nemaha Uplift into central and perhaps
southern Oklahoma.

Methodology

Arc GIS 10.4 software, a geographic information system for map compilation and geographic information analysis, was used effectively to
compile available information on faults, thereby providing a visual template for determining the location of faults and studying the relationship
between their locations and earthquake epicenters, as well as the distribution of oil and gas fields. Maps with faults were scanned into digital
files and imported into the ArcMap Project. By using the Arc GIS georeference tool, the position of a fault was defined precisely, was in digital
format (Figure 3), and included in a database. The main literature sources are as follows:
e Index Maps to surface and subsurface mapping in Oklahoma (Roberts, 1981; Roberts et al., 1981; Luza et al., 1983; Jordan and Roberts,
1986)
e Currently published Oklahoma fault database by U.S. Geological Survey: A Digital Geologic Map Database of Oklahoma (Heran et al.,
2003)
e Oklahoma Geological Survey’s Comprehensive Fault Database and Interpretive Fault Map of Oklahoma (Marsh and Holland, 2016)
e Oklahoma Fault Database Contributions from the Oil and Gas Industry (Holloway et al., 2016)



e Preliminary Fault Map of Oklahoma (Holland, 2015)

All of these sources were used in the compilation and comprised the comprehensive database for the ArcMap project basic to this study. The
comprehensive fault map (Figure 4) was prepared from the database, and the interpretive fault map (Figure 5) was prepared by editing of the
comprehensive map, which contains considerable duplication in some areas by virtue of compiling all reported faults. Information of recent
earthquake activity has been plotted on the interpretive map (Figures 6, 7, 8, 9, and 10). Also, oil and gas fields were plotted on the interpretive
fault map (see Figures 14 and 15).

The relation of fault occurrences and recent earthquake activity is based on the Oklahoma Earthquake Database to the end of 2019, relocated by
the HypoDD method (Waldhauser, 2001), the Oklahoma Geological Survey, and data posted online by the U.S. Geological Survey.

Sources for the information on oil and gas fields are:
e Map of Oil and Gas Field in Oklahoma by Reservoir Age (Boyd, 2002a)
e Map of Oklahoma Oil and Gas Fields (Boyd, 2002b)
e Herndon Maps, International Oil Scouts (1931)
e Other related publications (including Akin, 1964; Schramm, 1965; Chenoweth, 1966. 1983; Harris, 1973; Bloesch, 1987; Lyons, 1987;
Dolton and Finn, 1989).

From these databases earthquake epicenters and foci were loaded into ArcGIS for plotting the earthquakes, with their attributes (location, time,
depth, and magnitude). As noted above, maps of earthquake data are combined with the fault map (Figures 6, 7, 8, 9, and 10) to analyze the
spatial relationship between the earthquake parameters and faults in the study area. Additionally, faults estimated from recent earthquake
(seismic) data (e.g., McNamara et al., 2015a,b) are incorporated into the fault map to aid in showing the relationship between recent
earthquakes and fault systems in the study area, and those earthquakes with M,, 5 or greater and associated interpreted faults are shown in

Figure 11.

The probable close spacing of faulting in the entire area is illustrated in Figure 12, a seismic section from the northernmost part of the study
area, published by Matson (2013) and by Watney (2014). These faults generally show limited vertical separation, and they “die-out” upward.

The structural contour map on the top of the basement in Northeastern Oklahoma by Denison (1981) was digitized and used in preparation of
cross-sectional views of earthquake foci and top of the basement surface (Figure 13). ArcScene software was used as an aid in analyzing the
spatial relationship between the foci and the basement in the study area.

As noted above, the Paleozoic strata were divided into two groups: (1) Cambro-Ordovician Arbuckle Group, Ordovician Simpson Group,
Siluro-Devonian Hunton Group, and Mississippi Lime and (2) Pennsylvanian.



By combining the fault map and field locations in ArcMap, two maps (Figures 14 and 15) show relationships between faults and the occurrence
of hydrocarbon production from the two groups (Cambro-Ordovician - Mississippian and Pennsylvanian (or Sauk-Tippecanoe-Kaskaskia and
Absaroka sequences, respectively [Figure 2; Sloss, 1963]).

Faults in Northeastern Oklahoma

The predominant fault zone in the study area is the Nemaha (NFZ), which extends from southeastern Nebraska through Kansas to central
Oklahoma and separates the Anadarko Basin on the west (and Anadarko Shelf in the north) from the Cherokee Platform to the east. Yet there
are other major fault zones in the study area (Figures 4 and 5). They include northeast- to north-northeast-trending faults, such as the West
Stillwater-Ramsey-Labette (WSRLFZ), Yale (YFZ), Wilzetta (WFZ), Keokuk (KFZ), and East Mountain (EMFZ) in an eastward direction,
along with several other fault zones, and easterly trending fault zones, especially prominent in the southern part of the area. between NFZ and
WFZ. The faults are dominantly strike-slip in nature. Most in the study area show normal separation. However, reverse separation is reported
locally along a number of them. In addition to the major fault systems, shallow-rooted en echelon fault zones, associated with deep-seated
faults, are dominantly northwest- trending, but other trends are present in the study area. They, of course, are indicators of the trend and
direction of relative movement of the underlying strike-slip faults.

The extent of horizontal separation along the strike-slip faults is not known. With the scale of the maps, the effects of fault intersection were
not considered, and lengths of individual faults composing major fault zones also were not studied separately.

Nemaha Fault Zone

The Nemaha Fault Zone extends beyond the study area, along or near the western boundary of the study area, from Cleveland County into
western Logan County, easternmost Garfield County, through Kay County into Kansas (e.g., Figure 5). In the southernmost part of the study
area, largely in McClain County, there is a splay of faults, and the most prominent north-northeast faults comprise the Central Oklahoma Fault
Zone (Northcutt and Campbell, (1995), with the northernmost part being the McClain County Fault Zone (e.g., Chenoweth, 1983). This
termination of NFZ or its change in configuration may well be due to movement of the three tectonic elements to its south, southwest, and
southeast (Arbuckle, Wichita, and Ouachita orogens, respectively). Broadly, the NFZ is convex westward. To the north it trends NNE into
Kansas. Although the NFZ is generally down-to-the-west, the fault is down-to-the-east in northwestern Logan County (Ford, 1955; Luza and
Lawson, 1980). The Nemaha Fault Zone in Garfield and Kay counties splits into several subparallel-trending faults, which may be considered
either as separate zone(s) or as part of NFZ.

Surficial en echelon faults are not present along NFZ, but Blair and Berendsen (1988, 1995) have mapped, in the subsurface, northwest-
trending, en echelon faults in Kansas that suggest left-lateral strike-slip faulting; yet Chopra et al. (2018) show northeast-trending, en echelon
faults offsetting Mississippian-Devonian strata suggestive of right-lateral strike-slip faulting. The earliest movement of the Nemaha Fault Zone
probably occurred during the Late-Mesoproterozoic Mid-Continent Rift event (Berendsen and Blair, 1986; Keller et al., 2016), and it
underwent reactivation several times during the Paleozoic, even in post-Permian time (Gay, 2003b).



Noble and Kay Counties Fault Zone

A rather complex, braided fault system lies immediately east of NFZ in the northwestern part of the study area (Figure 5). The north- to north-
northeast-trending Noble and Kay Counties Fault Zone (NKCFZ) is prominent in western Kay and western Noble counties and is closely
related to NFZ. As noted above, it is included as part of NFZ by some workers. Two other significant faults, trending northeast, are shown east
of northern part of NKCFZ and west of the Watchorn Fault (WAFZ) (Figure 5).

West Stillwater—-Ramsey-Labette Fault Zone (WSRF2Z)

Located east of the Nemaha Fault Zone, the West Stillwater-Ramsey—Labette Fault Zone extends northward from Oklahoma County, north-
northeastward from easternmost Logan County into Payne County, and northeastward into Pawnee and Osage counties (e.g., Figure 5), where
it is referred to as the Labette Fault Zone. Its Northeastern trend continues into Kansas (Gearhart, 1958, Holloway et al., 2016).

At least two faults, Watchorn (WAFZ) and Foraker (FFZ) are significant branches of the WSRLFZ (Figure 5). Segments of WSRLFZ were
mapped by Luza and Lawson, (1980), Holloway et al. (2016), Puckette (2016b), and Matson (2015). Sims (1987) proposed that the Labette
Fault corresponds to a boundary separating Upper Proterozoic metarhyolite to the northwest and Upper Proterozoic rhyolite, dacite, and
andesite flows to the southeast. The north-northeast-trending fault at Watchorn Field in northwest Pawnee County branches from, or intersects,
West Stillwater-Ramsey-Labette Fault Zone. Normal separation characterizes the southern part of WSRLFZ (McKenny, 1955; Umpleby, 1956;
Hollrah, 1979), whereas reverse separation has been reported in the Morrison field and along the Watchorn Fault (Gearhart, 1958).

In the Ramsey Oilfield, at the intersection of WSRLFZ and a prominent east-trending fault, the Mississippian and Viola Limestones show
approximately 700 feet of left-lateral slip (Umpleby, 1956), or five times the vertical displacement. There was movement prior to and during
the Pennsylvanian (Umpleby, 1956).

On September 3, 2016, the Pawnee Earthquake, with moment magnitude (M,,) of 5.8, occurred at the junction of the WSRLFZ and the
Watchorn Fault (WAFZ) due to the development or activation of a fault, the Sooner Lake Fault of some workers (e.g., Kolawole et al., 2017;
Pennington and Chen, 2017) (Figures 5 and 11A). The focus of that earthquake was calculated as 5.6 km (18,400 ft), and USGS (2016) favors
left-lateral movement along the west-northwest-trending fault and waste-water disposal as the likely triggering cause, as do other workers (e.g.,
Kolawole et al., 2017; Pennington and Chen, 2017).

Yale Fault Zone

Yale Fault Zone (YFZ) (Figure 5) is closely related to the Wilzetta Fault Zone (WFZ); yet it is shown to extend northward from southernmost
Lincoln County, to intersect both WSRLFZ and FFZ, and to continue into Kansas. It may branch from WFZ at its southernmost extremity, and
some workers have included it in WFZ, especially in southern Osage County, where the two zones are juxtaposed.



It is most noteworthy that earthquakes occurred in October 2014 and in November 2016 in the Cushing area (Figures 5 and 11), an area that is
known for petroleum storage; the magnitude of the 2014 earthquakes was recorded as M,, 4.0 and 4.3. The 2016 earthquake was M,, 5.0; the
focus was calculated to be 5 km (16,400 ft) .

Wilzetta Fault Zone

A group of northeast-southwest-trending fault zones extending beyond the southern boundary of the study area (Figure 5) is mapped in the
eastern or southeastern part of the study area. From west to east, they are the Wilzetta, Keokuk, Wewoka, and East Mountain zones.

Wilzetta Fault Zone (WFZ) is a northeast- to north-northeast-trending fault zone that extends from Pottawatomie County, in the south, into
Kansas north of Osage County (Figure 7; Dycus, 2013; Holloway et al., 2016). In Creek County, in the Cushing oil field area, it splits into at
least two faults, one of which is the Whitettail (McBee, 2003; Toelle et al., 2008). Farther north, in southeasternmost Pawnee County, it shows
a more northerly trend that extends through southern part of Osage County, north of which it seemingly trends north-northeast.

The WFZ shows both normal separation (Cutolo-Lozano, 1970; Pulling, 1979; Verish, 1979; Baurenfeind, 1982; Way, 1983) and reverse
separation (Gay, 2003b). The southern part of the WFZ is characterized by steep, almost vertical, dip, with the vertical separation being down
to the northwest (Joseph, 1986), offsetting strata as young as the Pennsylvanian Verdigris Limestone. Reverse separation is reported in the
southern extremity of WFZ (Figure 5; Gay, 2003b). In vertical section, WFZ in the area of the Cushing structure is a high-angle normal fault
zone with several fault blocks (Bennison, 1964; Witt et al., 1971) and up to 700 feet of vertical separation being down to the east.

Early movement of the Cushing oil field structure and the Wilzetta Fault occurred during deposition of the Ordovician Arbuckle Group
(Bennison, 1964). Later faulting and other associated structural development occurred during the Middle Devonian (post-Hunton) (Bennison,
1964; Pulling, 1979; Dycus, 2013) and again in Late Mississippian to Desmoinesian (Pulling, 1979; Dycus 2013). Later movements further
attenuated the faults and folds of the WZF (Arbenz, 1956a,b; Pulling, 1977; Bauernfeind, 1982).

On November 6, 2011, the M,, 5.7 Prague earthquake occurred along the Wilzetta Fault Zone, seemingly forming the new northeast-southwest-
trending Meeker-Prague Fault (Figure 11; Dycus, 2013). The earthquake focal depth is 5.5 km (18,000 ft), well below the top of the basement
(Figures 5 and 11; USGS, 2011; Dycus, 2013). It is thought that the earthquake resulted from wastewater injection associated with oil and gas
production in this area (Keranen et al., 2013; McNamara et al., 2015a,b; Walsh and Zoback, 2015.

Keokuk Fault Zone

The Keokuk Fault Zone (KFZ; Figure 5) is a north-northeast-trending high-angle normal fault zone (in vertical section) with the downthrown
block(s) to the east (Blumenthal, 1958; Cutolo-Lozano, 1970; Dudek, 2014). Detailed interpretation of the southern KFZ fault by Dudek (2014)
shows a right-stepping NNE-SSW en echelon zone with normal separation. Keokuk Fault Zone was also active during Middle Devonian, and
the fault extends upward into a Middle Pennsylvanian limestone (Dudek, 2014).



Wewoka and East Mountain Fault Zones

The Wewoka and East Mountain Fault zones are successively east of the Keokuk Fault Zone in the southeastern part of the study area (Figure
5); they are essentially parallel to the Keokuk Fault Zone. Reverse separation is reported along the southern part of the Wewoka Fault Zone
(Dudek, 2014). Farther east, the East Mountain Fault Zone (Figure 5; Toelle et al., 2008) is composed of NNE-SSW-trending, high-angle faults
that form a horst. These faults cut Lower Pennsylvanian strata (Musgrove, 1964; Toelle et al., 2008). It is suggested that these fault zones had a
similar history to the Wilzetta and Keokuk fault zones.

East- Trending Fault Zones

Based on available maps, east-trending faults are more common in the southern part of the study area than in the northern part (Figure 5). The
southern limit of the clearly defined Nemaha Fault Zone is marked by east-trending faults along or near the southern boundary of the study area.
These faults are commonly present between NFZ and WFZ. Some faults, especially in the more central part of the study area, shown a broad
arcuate pattern, convex to the northeast. The east-trending faults tend to be more common in the area where NFZ, which effectively forms the
western boundary of the study area, changes trend from north-northwest in the south to north-northeast in the northern part of the study area.

The east-trending faults are more compatible with the maximum horizontal stress of approximately N85°W (McNamara et al., 2015) and
orientation of (possibly extension) fractures (N70°E) in a well in the Mississippi Lime play in the northern part of the area (Matson, 2013) than
with the orientation of the north, north-northwest, north-northeast, and northeast fault zones. In terms of possible related tectonic elements, to
the east lies the broad Ozark Uplift, and to the east of it is the New Madrid Seismic Zone and the associated Reelfoot Rift.

Faults and Earthquake Occurrences
Earthquake Occurrences (Eigures 6, 7, 8, 9, and 10)

The Interpretive Map of faults together with epicenters (Figure 6) of the earthquakes in the study area to the end of 2019 shows that the
earthquakes have occurred mainly between Nemaha Fault Zone (NFZ) and Wilzetta Fault Zone (WFZ). Most earthquakes with M,, of 3.5 or
greater (Figure 8) have occurred between the major fault systems; relatively few have occurred directly on the major faults, although several
have occurred in the Edmond area along NFZ. Also, the three earthquakes with M,, 5.0 or greater are associated with WFZ, Yale (YFZ), and
West Stillwater—Ramsey—Labette (WSRLFZ) (Figure 10). They are the M, 5.7 Prague earthquake at or near WFZ, the M,, 5.0 earthquake at or
near YFZ, and the M,, 5.8 Pawnee earthquake along or near WSRLZ (Figure 11A,B). The Prague earthquake occurred at a previous unmapped
northeast-trending fault in the WFZ (Dycus, 2013). Along or near the YFZ, five earthquakes Mw 4.0 or greater, but less than 5.0, preceded by
more than one year the M, 5.0 Cushing earthquake of November 2015 (Figure 11C; McNamara et al., 2015a; Yeck et al., 2017). It occurred at
a depth of 5 km (16,400 ft). The earlier earthquakes are interpreted to have occurred along a west-northwest fault, whereas the 2015
earthquake was interpreted to have occurred along a northeast-trending fault, perhaps in a conjugate relationship. As noted above, the Pawnee
earthquake occurred at the intersection of WSLFZ and Watchorn Fault (WAFZ) along a previously unmapped northwest-southeast fault



(Sooner Lake Fault) (Pennington and Chen, 2017). These M,, 5 and greater earthquakes, which occurred on or near previously mapped major
faults, apparently utilized unmapped, subsidiary faults that intersect the north- to northeast-trending major fault traces. Perhaps, these faults
may be considered by some workers as Riedel shears.

Some earthquakes with My, less than 5 show a relationship with the easterly trending (unnamed) fault zones rather than the northerly trending
fault zones. Most earthquakes occur below a depth of 4 km (13,000 ft), and they do not have a strong relationship with the currently known
mapped faults (basically from surface and subsurface geologic data) in the study area.

McNamara (2015b) inferred faults “from the combined analysis of the spatial distribution of seismicity and focal mechanism nodal planes,” in
preparing a fault map of central Oklahoma. This map shows NE and NW average orientations of faults associated with recent earthquakes and
to be within calculated maximum horizontal stress of N85°W (McNamara (2015b; Alt and Zoback, 2016). An occasional earthquake
corresponds to east-west-trending faults.

A recent study by (Shah and Crain, 2018), based on aeromagnetic data, shows relationship of earthquakes in Northeastern Oklahoma with
basement faults. In addition, Springman (2018) noted that one earthquake coincides with a fault delineated by seismic data acquired before the
delineation by the earthquake. It is likely that basement faults, ones which have experienced periods of activity, are much more common than
subsurface geologic data indicate, as suggested by Gay (1999, 2003a,b) and demonstrated by Matson (2013; Figure 12). It is also conceivable
that some of the earthquakes represent new faults associated with changes in the stress field.

Earthquake Foci and Top of the Basement

The earthquake foci and the top of the basement (Denison, 1981) in the study area are combined into diagrammatic, cross-sectional views
(Figure 13). They show that most of the earthquakes were generated well below the top of the basement and commonly significantly below the
positions of injection of wastewater. Relatively few foci originated above the basement.

Matson (2013) reported that a well in the Mississippi lime play in the northern part of the study area contains very abundant open fractures at
depths greater than 3200 ft. Dickey and Cox (1977) note that “many, if not most, oil and gas reservoirs in the Mid-Continent area had
subnormal pressure.” Most operators of injection wells in Northeastern Oklahoma are familiar with a reservoir in an injection well “taking fluid
on a vacuum.” The above comments suggest that fluid flow during and following injection into some reservoirs, karstic and/or highly fractured,
are experiencing Newtonian flow as opposed to Darcy flow. Further, with increase in pore pressure, perhaps even below overpressure threshold,
the reduction of strength of the rock allows for faulting (and earthquakes) where the rock is under significant differential stress before injection.
The Prague and Pawnee earthquakes are in areas where water injection had occurred for considerable periods of time (probably greater than 20
years) as the reservoirs were being “dewatered.”



Faults and Producing Reservoirs in Northeastern Oklahoma

In Northeastern Oklahoma, primary producing reservoirs are the Cambro-Ordovician Arbuckle Group, Ordovician Simpson Group, Siluro-
Devonian Hunton Group, Mississippi Lime, and Pennsylvanian Sandstones (Figures 14 and 15; Dolton and Finn, 1989, Boyd, 2008). Oil/gas
fields in which each group of reservoirs (Pre-Pennsylvanian and Pennsylvanian) is productive are shown on the interpretive fault map. Major
production has been a significant feature of the Nemaha and Wilzetta fault zones.

Along the Nemaha Fault Zone, pre-Pennsylvanian reservoirs produce along or near faults, in faulted and/or fault-related folds (Figure 14).
These include the Oklahoma City and West Edmond fields. A trap-door structure is the trap at Billings field in Noble County, and a prominent
structure at Ramsey field in Payne County is at the intersection of the West Stillwater—-Ramsey-Labette and an east-west fault. The
Mississippian Lime probably has the poorest relation to faults of the pre-Pennsylvanian reservoirs, although in Osage County, basement highs,
with associated production, are generally considered paleotopographic features (e.g., (Rottmann, 2018), but faulting may have been a
contributing factor. In general, there are four types of fault-related traps: (1) large oil fields in the upthrown blocks of the major fault zones
(NFZ, WSRLFZ, and WFZ), (2) smaller producing fields along the junctions of major faults and subsidiary faults in the NFZ and WFZ, (3)
upthrown fault blocks in the junctions between an east-west-trending fault and the major fault zones, and (4) basement-high-related traps,
especially in Osage and Tulsa counties, controlled by basement highs, which form the structural highs for overlying sediments.

Pennsylvanian reservoirs produce from both structural traps, basically resulting from faulting, and stratigraphic traps (Figure 15). The former
traps have in most cases resulted in larger reserves, whereas the latter seemingly are more numerous. Burbank field in Osage County is an
outstanding exception. Permian production in the study area is insignificant, compared to the Pennsylvanian.

Comparison of the fault map with Pre-Pennsylvanian and with Pennsylvanian reservoirs shows that the former produce dominantly in fault-
related traps, whereas the latter produce from some of the same traps as the former, but there is major production from stratigraphic traps. The
common trapping feature for structural traps is reactivation of the faults over a long period of time. It also implies a common dominant source
rock, the Devonian Woodford Shale, and a strong element of vertical migration. Yet a large number of the stratigraphic traps and some of the
structural traps, especially at shallow depths, reflect significant horizontal migration.

It is interesting to observe empirically the large to giant fields that lie generally east of the area where orientation of NFZ changes from NNW

to NNE; i.e., Ramsey, Cushing, and Glenn Pool (Creek and Tulsa counties). Also, in the study area, concentration of Pennsylvanian fields is
east of the concentration of recorded earthquakes.

Conclusion

1. The fault information collected from this study shows complex fault patterns in Northeastern Oklahoma. The most dominant fault zones are
the Nemaha Fault Zone (NFZ) and the Wilzetta Fault Zone (WFZ). Other major zones that are named are the Noble and Kay Counties,



Watchorn, Foraker, Stillwater-Ramsey-Labette, Yale, Keokuk, Wewoka, and East Mountain. These have a strong northerly component in
orientation. Other significant faults have an easterly orientation, and they are more common in the southern part of the study area, especially
between the Nemaha and Wilzetta fault zones. Strike-slip is the primary fault movement with its resulting fault systems. Normal separation is
more common than reverse separation.

2. Earthquakes that have occurred recently in Northeastern Oklahoma were predominantly less than M,, 3.5 in magnitude. However, three were
M,5.0-5.8. Those three show a relation to the major faults, seemingly along or forming subsidiary faults. The foci from most of the
earthquakes were well below the top of the basement. Overall, the earthquakes and mapped faults in the study area do not show a strong link or
relationship. Yet this might suggest that a large number of pre-existing faults have not been mapped or unmapped faults were recently
generated, as recorded by a large number of the earthquakes. It seems reasonable to consider that rather complex systems of fractures, indeed
faults, are present in the basement.

3. The depths of the foci of the more intense earthquakes, well below the position of water injection, suggest that (a) fractures are open to focal
depths or (b) considerable time, in terms of petroleum production, is required before fluid injection results in faulting (and earthquake
generation).
4. Pre-Pennsylvanian reservoirs produce largely from structural traps associated with the fault zones noted above. The potential exists for future
production of that type of trap and high-resolution stratigraphic traps. Pennsylvanian producing reservoirs also occur in fault-related traps, but
they also are present in stratigraphic traps. There is potential also for both types of traps in Pennsylvanian strata.
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Figure 1. Study area in relation to the major tectonic provinces of Oklahoma (modified after Johnson, 2008).



Figure 2. Schematic stratigraphic column of the Cherokee Platform in Northeastern Oklahoma (modified after Dolton and Finn, 1989; Boyd,

2008).
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Figure 3. Georeference of Noble County structural contour map by Shelton et al. (1979) into ArcGIS. (A) Georeference of a Noble County
structure contour map to the county location in ArcMap; (B) Georeference of boundary of the scanned map to match the Noble County boundary
in ArcMap; (C) Digitized fault traces in ArcMap; red lines show the fault traces digitized from scanned map.
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Figure 4. Comprehensive fault map of study area in Northeastern Oklahoma.
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Figure 9. Interpretive fault map and epicenters of earthquakes with intensity of M, 4.5+.

4w

— -
_ﬂv?"i{’{\§ LES Al\& B
W4 !,/ \ . ‘

\éffﬁ !?"Q;

1E

2E

3E

[
e
z/
w

4E

/

10E

ME  12E

29N

28N

27N

26N

25N

24N

23N

22N

21N

20N

19N

18N

17N

16N

15N

14N

13N

12N

1IN

10N

9N

8N



29N

28N

27N

26N

25N

24N

23N

22N

21N

20N

19N

18N

17N\

16N

15N

14N

13N

12N

1IN

10N

9N

8N

14E

y,

N\
g

(4
(5 —

— KL\\d/

AHOMA
\

\

— "\

—— _ /\
INe=

il

f
4w 3w

Figure 10. Interpretive fault map and epicenters of earthquakes with intensity of My, 5.0+.
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Figure 12. E-W seismic section of HW 60 Trend, Osage County, Oklahoma (from Matson, 2013; Watney, 2014), showing abundant, tightly spaced
faults, which die out upward in Pennsylvanian strata. Length of section 8 miles.
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Figure 15. Interpretive fault map with map of Pennsylvanian producing reservoirs (fields after Boyd, 2002a,b).
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