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Abstract 

 This study examines an ovoid drainage feature southwest of Topeka, Kansas, whose 

discovery sparked a flurry of activity. Geomicrobial and surface gamma ray surveys indicated 

possible vertical migration of hydrocarbons, and a ground magnetic survey produced anomalies 

that resemble the profile of a crater. The area was dubbed the Echo Cliff structure and considered 

analogous to the Ames structure in Oklahoma, an Ordovician impact structure remarkable for 

significant hydrocarbon recovery. However, four wells drilled in the area were dry and 

abandoned. The Echo Cliff structure did yield further indications of its origins by the discovery 

of possible shocked quartz in drill cuttings from the Ordovician Simpson Group. Our study 

integrated well log analysis, geophysical modeling, and petrographic analysis to verify or refute 

the proposed identity of the Echo Cliff structure. Well logs from the area were used to create a 

structural and stratigraphic cross-section in Petrel® 2016. A gravity survey was conducted in the 

study area and combined with an aeromagnetic survey, donated by Applied Geophyics, Inc., to 

use as the basis for geophysical modeling within GM-SYS®. Finally, drill cuttings from the 

Simpson Group of two wells in the study area were mounted for thin sectioning. These thin 

sections were examined for planar deformation features, which are indicative of an impact event. 

The structural and stratigraphic cross sections indicated minimal variation in the subsurface, 

which is uncharacteristic of an impact event. The GM-SYS® geophysical models seem to 

indicate that variations in the topography of the Precambrian basement and faulting from the 

Bolivar-Mansfield Tectonic Zone are responsible for the geophysical anomalies and possibly the 

current drainage pattern of the study area. Finally, no planar deformation features were observed 

in any of the examined thin sections. Therefore, there is currently no evidence in support of the 

claim that the Echo Cliff structure is an impact structure. 
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Chapter 1 - Introduction 

Compared to our moon, Earth appears to have suffered few impact events. However, 

Earth’s natural processes are excellent at erasing history. Only 190 impact structures have been 

confirmed to date (Spray, 2018), which may leave an untold number left to discover. 

 Impact Structures and the Petroleum Industry 

Impact events may cause local changes in the subsurface that may be favorable for the 

entrapment of economic deposits of minerals and hydrocarbons (Grieve, 1997). Hydrocarbons 

are epigenetic deposits, which means they are created and trapped after impact (Grieve, 1997). 

Hydrocarbon reservoirs may form in the central uplift, crater rim, ring grabens, ejecta, and 

potentially the fractured rock beneath the impact structure (Donofrio, 1997). In North America, 

seventeen confirmed impact structures occur in petroliferous areas, of which nine produce 

hydrocarbons (Donofrio, 1997).  

Impact structures may also form anoxic lacustrine or marine depressions that are 

favorable for deposition of organic-rich rocks that can serve as both a hydrocarbon source rock 

and stratigraphic trap (Castaño et al., 1997). In effect, besides forming potential reservoir rocks, 

impact structures can form localized but complete petroleum systems (Castaño et al., 1997). The 

Ames structure in Oklahoma, Bosumtwi crater in Ghana, Newporte structure in North Dakota, 

Ries crater in Germany, Flynn Creek structure in Tennessee, and Siljan structure in Sweden all 

have formed local petroleum systems after impact (Castaño et al., 1997). 

 The Proposed Echo Cliff Structure 

Interest in the study area (Figure 1) began with the recognition by a consultant for a local 

independent oil and gas company of an ovoid drainage feature in the southwestern portion of the 

Forest City basin. Geomicrobial and surface gamma ray surveys of the area indicated possible 
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vertical migration of hydrocarbons. Results from these surveys and surface expression of the area 

appeared similar to hydrocarbon producing impact structures (George Petersen, personal 

communication). With interest growing, a surface magnetic survey was conducted along two 

roads in the study area, creating two perpendicular transects (Daniel Merriam, personal 

communication). The Ames structure in northern Oklahoma, an Ordovician impact structure 

remarkable for significant hydrocarbon recovery (Carpenter and Carlson, 1997), was selected as 

an analog due to the similarity of the profiles (Figure 2). A remote sensing specialist with 

experience in analyzing the Ames structure (Koger and Wiley, 1997), was requested to perform a 

similar analysis. The remote sensing interpretation (Figure 3) revealed concentric ellipsoid 

features, lineaments, and areas where possible vertical movement of hydrocarbons have inhibited 

vegetation growth (David Koger, unpublished data). Based on these surface similarities to the 

Ames structure, the ovoid drainage feature was dubbed the Echo Cliff Structure, borrowing its 

name from the nearby Echo Cliff park near Dover, Kansas. Between 2008 and 2011, four 

exploratory wells (Andrew Wendland 1, Andrew Wendland 2, Phillip Wendland 1, and Dorothy 

Wendland 1) were drilled into the proposed structure. Unfortunately, the wells were dry and 

subsequently abandoned. An impact origin for the Echo Cliff structure was further supported by 

the discovery of possible shocked quartz sand in drill cuttings from the Ordovician-aged 

Simpson Group (George Petersen, personal communication). Interest in further development of 

the Echo Cliff Structure waned until the involvement of Stroke of Luck Energy and Exploration, 

LLC. 
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Figure 1: The study area with wells and ground magnetic survey transects overlain. 

Andrew Wendland 1, Andrew Wendland 2, and Phillip Wendland 1 are in such 

proximity that they appear as one icon. The surface magnetic survey transects are 

designated as A - A’ and B - B’. On the inset map, the study area is designated by a red 

star. 
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Figure 2: Residual anomaly A - A’ and B - B’ transects of the surface magnetic survey in 

the study area. The A - A’ and B - B’ transects intersect at ~ 4 miles and ~ 1.5 miles 

respectively. Based on Daniel Merriam (unpublished data). See Appendix B for data. 
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 Objective 

The Echo Cliff structure has been proposed to be an Ordovician impact structure due to 

possible surface expression, magnetic anomalies resembling the profile of a crater, and the 

recovery of potentially shocked quartz sand grains from drill cuttings using a stereo microscope 

(George Petersen, personal communication) (Daniel Merriam, unpublished data). Verification of 

this interpretation requires confirmation of shock metamorphism using thin sections of rocks 

from the area (French, 1998). Surface expression and magnetic anomalies are non-unique and 

Figure 3: Landsat analysis of the study area. Ellipses and lineaments indicate possible 

subsurface structures. The aquamarine ellipses represent potential hydrocarbon inhibited 

vegetation. Based on David Koger (unpublished data). 

Landsat Analysis of Study Area 
WGS84 (miles) 
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can only indicate a possible impact structure that then needs to be correctly verified (French, 

1998).  

The objective of this research is to further test the hypothesis of the Echo Cliff structure 

being an Ordovician impact structure. To test this hypothesis, a comprehensive investigation that 

integrates subsurface correlation of well data, geophysical modeling, and petrographic analysis 

of drill cuttings was initiated. Specific questions that guided the investigation include the 

following: 

1. Does the subsurface structure of the study area reflect anomalies consistent with an 

impact structure? 

2. Are the geophysical models of the study area consistent with an impact structure? 

3. Do recovered quartz sand grains exhibit shock metamorphism? 

4. Is there enough evidence to verify the proposed identity of the Echo Cliff structure as 

an Ordovician impact structure? 

 Importance of Study 

If verified, the Echo Cliff structure would be the only confirmed hypervelocity impact 

structure in Kansas (Suchy, 2007). Also, the location of the Echo Cliff structure within the Forest 

City basin may enable significant hydrocarbon recovery in a typically low production basin 

(Anderson and Wells, 1968).  
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Chapter 2 - Geologic Background 

 Forest City Basin 

The study area is in the southwestern portion of the Forest City basin (Figure 4), which 

has a long but unremarkable history of hydrocarbon production. The first exploration well west 

of the Mississippi River was drilled into the basin in 1860, but even with that early start, 

production has been lower than surrounding basins (Anderson and Wells, 1968). Anderson and 

Wells (1968) suggests that the Forest City basin was too shallow and subjected to extensive 

erosion, which did not hinder hydrocarbon migration but inhibited trap development. 

 

Figure 4: Map of the Forest City basin in relation to the northern Cherokee basin, Nemaha 

anticline, and Bourbon arch. The 1000 foot contour outlines the deepest part of the Forest 

City basin. The study area is indicated by the red star. Modified from Lee (1943).  
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Two production trends dominate the Forest City basin in Kansas. One is lenticular 

Pennsylvanian sandstones near the Kansas City area, and the other is a series of anticlines in 

lower Paleozoic reservoirs that trends along the Nemaha uplift (Hatch and Newell, 1999). One of 

these anticlines houses the oil pool below the prolific Davis Ranch field ~ 16 miles west of the 

study area (Smith and Anders, 1951). Recently, the Forest City basin in Kansas has been the 

target of coalbed methane exploration (Newell et al., 2001) forming the Forest City Coal Gas 

Area. The nearest exploration well outside of the study area, Thompson 1-33, ~ 0.25 miles south, 

is a plugged and abandoned Anadarko Petroleum Corporation well that was drilled to produce 

natural gas from coals in the Cherokee Group. Coalbed methane production, however, has not 

been as successful as in the Cherokee basin to the south (Newell et al., 2001). Estimated 

undiscovered conventional reserves for the Forest City basin are 20 million barrels of crude oil, 

70 billion cubic feet of gas, and < 10 million barrels of natural gas liquids (USGS, 1995).  

 Postulated Affected Strata 

Stratigraphic tops noted during drilling of all four study area wells include Pennsylvanian 

to Cambrian strata. The Oread Limestone Formation, Heebner Shale Member of the Oread 

Limestone Formation, Lansing Group, Base of the Kansas City Group, Altamont Limestone 

Formation, Cherokee Group, “Mississippi Lime,” Chattanooga Shale Formation, “Hunton 

Group,” Maquoketa (Sylvan) Shale Formation, and Viola (Kimmswick) Limestone Formation 

were encountered without any anomalies. However, quartz sand grains that appeared to be 

shocked were recovered from the Simpson Group (George Petersen, personal communication), 

an Ordovician geologic unit notable for the economically valuable St. Peter Sandstone Formation 

(Benson and Wilson, 2015). If the Echo Cliff Structure is indeed an Ordovician impact structure, 

formed during deposition of the Simpson Group, then some of the geologic units below the 
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Simpson Group may have been affected, either by complete destruction or brecciation (Carpenter 

and Carlson, 1997). However, if the St. Peter Sandstone formation of the Simpson Group was the 

target of the Echo Cliff impact, then the kinetic energy of the impactor may have been partially 

absorbed by the water and soft sand leading to a diminished crater topography (Wong et al., 

2001). Also, the low strength of the unconsolidated sand may have reduced the potential for 

shock metamorphism to occur (Buchanan et al., 1998). Infilling of the resulting crater would 

directly affect geologic units post-dating the impact, likely represented by atypically thick strata 

(Carpenter and Carlson, 1997). Due to the possibility of the Ames structure and the Echo Cliff 

structure forming from the same multiple impact event (Vastag, 2013), and the Maquoketa 

(Sylvan) Shale being the lowest reliably mappable unit above the Ames structure (Koger and 

Wiley, 1997), our stratigraphic description will focused on the Precambrian basement to the 

Maquoketa (Sylvan) Shale (Figure 5).  
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Figure 5: A stratigraphic column of Precambrian, Cambrian, and Ordovician strata found 

in Kansas. From Cole (1975). 

 Description of the Possibly Affected Strata 

Relief on the Precambrian basement of Kansas ranges from ~ 9500 feet in depth in the 

Hugoton Embayment to ~ 600 feet over the Nemaha ridge (Merriam, 1963). The composition of 

the Precambrian basement also varies widely with granite, gneiss, schist, and quartzite often 

reported (Merriam, 1963). The overall distribution of compositions remains ambiguous in most 

of the state due to wells reaching the Precambrian being mainly on structural highs (Zeller et al., 

1968), leaving the deep basinal areas mostly unmapped (Merriam, 1963). Granite is the most 

often reported rock type in wells that reach the Precambrian (Merriam, 1963), and in the study 

area, this is the basement rock ascertained from inversion of gravity and magnetic data (Figure 

6). However, it is important to note that areas of exposed basement, for example the shield areas 
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of the world, exhibit significant variations in composition (Gay, 1995) and that most likely the 

pure granite composition of the study area is an oversimplification. An intricate pattern of 

faulting is also revealed on the exposed areas (Figure 7), which divides the basement into blocks 

of varying shapes and sizes (Gay, 1995). The complexity is due to the basement being formed by 

multiple tectonic, intrusive, and metamorphic episodes during the Archean and Proterozoic (Gay, 

1995). The basement faulting, termed as shear zones by Gay (1995), are zones of weakness that 

can become reactivated by tectonic stresses or gravitational loading. The reactivated shear zones 

and basement topography have a direct effect on the overlying sedimentary cover (Gay, 1995). 

The shear zones, if reactivated, can be the locus of faulting that propagates into the sedimentary 

cover (Gay, 1995). Also, shear zones erode to topographic lows relative to surrounding areas due 

to intense fracturing, which creates more surface area for erosion (Gay, 1995), and may provide 

additional accommodation space for deposition (Domenico, 1967). The basement lows created 

by eroded shear zones or down-dropped blocks within the shear zone can create synclines in the 

sedimentary cover by gravitational compaction into the basement low (Gay, 1995). Topographic 

highs on the basement rocks can affect later sedimentary cover through sediment onlap (Carr, 

1995), and by gravitational compaction of sediment deposited on top of the high, forming 

anticlines (Gay, 1995). The anticlines formed through gravitational compaction can influence 

later deposition if exhibited on the surface (Gay, 1989). The exhibited highs may be the locus for 

winnowing of sediment and reef development (Gay, 1989). 
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Figure 6: Postulated Precambrian basement composition of the study area based on 

inversion of gravity and aeromagnetic data. Based on Xia et al. (1995). 

Basement Composition of Study Area 
WGS84 (miles) 
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In most of Kansas, basal Paleozoic sandstones overlie the basement (Scott and McElroy, 

1964). These basal sandstones have been called the “Reagan,” “Lamotte,” “Paleozoic basal 

sandstone,” and “granite wash” depending on the ascertained age of the sand (Scott and 

McElroy, 1964). The composition of the sands is influenced by the underlying basement but 

generally is described as arkosic with a grain size ranging from fine to coarse (Newell et al., 

1987). The average thickness of these sandstones is ~ 40 feet (Zeller et al., 1968), but the 

thickness greatly depends on the topography of the basement during deposition. Approximately 

1000 feet of basal sandstone was reported in a graben on the Kansas-Missouri state line 

(Kisvarsanyi, 1984).  

The Cambro-Ordovician Arbuckle Group in Kansas is primarily represented by dolomite, 

cherty dolomite, and dolomitic limestone deposited in a shallow subtidal to intertidal 

environment (Franseen et al., 2004). The dolomitic nature of the Arbuckle Group in Kansas is 

possibly due to low rainfall and high evaporation which resulted in magnesium-rich, hypersaline, 

Figure 7: Landsat image of exposed basement in the Canadian Shield. Note the extensive 

fracturing. From Short et al. (1976). 
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shallow waters (Ross, 1976). The upper boundary of the Sauk sequence is represented by a major 

unconformity at the top of the Arbuckle Group (Franseen et al., 2004). A vast landscape of 

mostly carbonates and residual Precambrian basement was exposed, and an extensive system of 

caves and sinkholes developed (Kerans, 1988). Many of the sinkholes are filled with Simpson 

Group material, often represented by an abnormally thick St. Peter Sandstone (Merriam and 

Atkinson, 1956). 

During the Ordovician, Kansas (Figure 8) was likely a marine shoreface environment 

(Benson and Wilson, 2015) located approximately between 20 - 30° south of the equator 

(Franseen et al,. 2004). The environmental interpretation is due to the exceptionally pure, well 

sorted, well rounded, and highly spherical quality of the St. Peter Sandstone (Figure 9). The St. 

Peter Sandstone is one of a number of lower Paleozoic sheet sandstones that was formed through 

cyclical reworking of older Cambrian and Proterozoic sandstones or weathered basement rock 

(Benson and Wilson, 2015). A minor unconformity separates the Simpson Group from the 

overlying Viola (Kimmswick) Limestone (Lee, 1956). 
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Figure 8: Paleoenvironmental interpretation of North America during the middle 

Ordovician (470 Ma). The black outline is Kansas with the study area represented by a red 

star. Based on Franseen et al. (2004) and Blakey (2011). 

 

Figure 9: Unsorted sample of St. Peter sandstone. From Benson and Wilson (2015). 
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The Middle Ordovician Viola (Kimmswick) Limestone, consists mostly of dolomite, with 

some limestone, and chert beds (Zeller et al., 1968). The Viola (Kimmswick) Limestone in 

Kansas has been correlated, at least in part, to the Viola Limestone type locality in Oklahoma 

and the Kimmswick Limestone of Missouri (Adkison, 1972). Facies within the Viola 

(Kimmswick) Limestone are highly variable and do not lend themselves to accurate regional 

mapping (Lee, 1956). Subaerial exposure of the Viola (Kimmswick) limestone resulted in an 

unconformity on which the Maquoketa (Sylvan) Shale now lies (Zeller et al., 1968). 

The upper Ordovician Maquoketa (Sylvan) Shale is the youngest Ordovician formation in 

northeastern Kansas and is considered equivalent to the Sylvan Shale in Oklahoma (Lee, 1956). 

The composition of the Maquoketa typically varies from silty dolomitic shale to cherty, silty 

dolomite (Zeller et al., 1968). Due to deposition on an uneven, unconformable surface, 

environments of deposition varied and in some areas, the Maquoketa can be nearly 

indistinguishable from the underlying Viola (Kimmswick) Limestone (Adkison, 1972). 

However, the impure dolomite of the Maquoketa usually contrasts sharply with the clean 

coarsely crystalline dolomite of the Viola (Lee, 1956). 
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Chapter 3 - Formation, Classification, and Identification of Impact 

Craters 

Hypervelocity impact craters form when an impactor, usually a meteorite or comet, of 

sufficient size and velocity to survive passage through the target body’s atmosphere, with little 

deceleration, strikes the surface of the target body (French, 1998). Impactors that survive to hit 

the surface of the Earth are typically large > 20 m and are traveling at near their initial cosmic 

velocity > 11 km/s at impact (French, 1998).  

Immediately after an impactor strikes a target body, a complex series of events begins. 

The process of hypervelocity impact crater formation is not duplicatable in a laboratory, and no 

significant impact crater has formed in recorded human history, so the formation process is not 

entirely understood (French, 1998). Formation hypotheses based on indirect observations of 

previously formed impact craters on Earth and other celestial bodies are the norm (French, 

1998). 

Hypervelocity crater formation is not a mechanical process; the impactor does not 

excavate the feature produced (French, 1998). Penetration craters such as the Haviland crater, the 

only confirmed impact crater in Kansas (Suchy, 2007), are mechanically produced by a low-

velocity impactor (French, 1998) and are equivalent to dropping a rock in the mud. In contrast, 

shockwaves emanating from the center of the impact site excavate hypervelocity impact craters 

(French, 1998). There are three stages of hypervelocity impact crater formation: contact and 

compression, excavation, and modification (French, 1998). 

 Contact and Compression 

The contact and compression stage lasts no more than a few seconds and involves the 

transfer of kinetic energy of the impactor into shockwaves that excavate the crater (French, 
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1998). At the point of contact, the impactor only penetrates up to twice its diameter before being 

vaporized by the shockwave reflected back into the impactor by the target surface (French, 

1998). The initial shockwave pressures generated by the impact may exceed 100 GPa and then 

dissipate with distance to form concentric zones of disturbed material (French, 1998). Figure 10 

illustrates the zoning produced by shockwave dissipation during the contact and compression 

stage. The shockwave is intense compared to anything that can happen naturally on Earth and 

permanent deformation results in rocks that the shock waves pass through (French, 1998). 

 

Figure 10: Illustration of zoning produced by shockwave dissipation during the contact and 

compression stage of crater formation. From Melosh (1989). 

 

 Excavation 

Excavation begins concurrently with the later portion of the contact and compression 

stage (French, 1998). Shockwaves produced by the impact form two zones of excavation, the 

ejection and displacement zones (French, 1998). In the ejection zone, target material moves 

upward and away from the point of contact to form an ejecta curtain (French, 1998). 
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Displacement zone material moves downward and away from the point of contact to form the 

transient crater (French, 1998). The excavation stage lasts from a few seconds to minutes with 

more substantial impacts (Melosh, 1989) and ends when the shockwaves lose enough energy to 

stop displacing material (French, 1998). 

 Modification 

Modification of the transient crater begins as soon as the maximum size of the transient 

crater is reached (French, 1998). The modification stage involves the collapse of overstepped 

sides of the transient crater and possible rebound of target rocks (French, 1998). Simple and 

complex craters are distinct final products of the modification stage (French, 1998). The 

modification stage has no definite end and continues with mass wasting, isostatic uplift, erosion, 

and sedimentation of the impact site (French, 1998). 

 Impact Crater Classification 

The type of hypervelocity impact crater produced (Figure 11) is primarily a function of 

the size and velocity of the impactor and the gravitational pull and composition of the target 

body (French, 1998). Angle of incidence may have a minor affect, with ovoid or elongated 

craters postulated to form from a near horizontal trajectory. However, due to crater excavation 

occurring from shockwaves radiating from the point of impact, nearly all craters are essentially 

circular (Elbeshausen et al, 2013). Typically, hypervelocity impact craters are 20 - 30x the 

diameter of the impactor with a depth approximately one-third of the crater diameter (French, 

1998). On Earth, simple craters are bowl-shaped and typically < 2 - 4 km in diameter (French, 

1998). Simple craters are very similar to the previous transient crater with the only modification 

being deposition of crater-fill breccia consisting of fallback ejecta and slumping of the crater rim 
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(French, 1998). Crater-fill breccia may fill half the original depth of the crater (French, 1998). 

An excellent example of a simple crater is Meteor crater in Arizona (French, 1998).  

On Earth, complex craters are typically > 2 - 4 km in diameter and distinguished from 

simple craters by possessing a centrally uplifted region, a relatively flat floor, and extensive 

inward collapse of the crater rim to form ring grabens (French, 1998). The formation of complex 

craters is most similar to a drop of liquid hitting a liquid surface (Melosh, 1989). Within the 

central uplift, stratigraphic units rise one-tenth the diameter of the complex crater (French, 1998). 

As complex craters increase in diameter, the structures present within the crater become more 

complicated and eventually convert the central uplift into a ring structure (French, 1998). 

Complex craters that possess two or more concentric ring structures are called multi-ring basins 

(Melosh, 1989).  



21 

 

Figure 11: Cross-sectional diagrams illustrating the formation of simple and complex 

hypervelocity impact craters. From Ferrière (2014). 
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 Impact Crater Identification 

The ease of identifying impact craters is directly related to the degree of preservation 

(Grieve and Pilkington, 1996). Terrestrial impact craters will immediately begin to be deformed 

by erosion while infilling of sediment occurs in underwater impact craters (French, 1998). 

Impact structure is the term used in this study when the original topographic features of an 

impact crater are destroyed or masked due to weathering. Detection of new impact structures is 

becoming increasingly dependent on geophysical techniques due to their degree of preservation 

which may impair surface expression (French, 1998). Identifying impact structures is a two-stage 

process consisting of identification of a candidate impact structure and verification of the impact 

structure (French, 1998). 

 Selecting the Candidate Impact Site 

Selecting candidate impact sites is dependent upon detection of a roughly circular 

anomaly in the topography of an area or a circular anomaly in geophysical data such as magnetic 

and gravity data (French, 1998). Due to the subsurface changes induced at the impact site, 

utilization of geophysical data is key (Grieve and Pilkington, 1996). 

 Magnetic Surveys 

Magnetic surveys are utilized to observe local modifications of the Earth’s magnetic field 

due to proximity to a magnetic body (Mussett and Khan, 2000). Magnetic data is the least 

reliable for associating anomalies with features of an impact structure due to wide variation in 

magnetic signature (Pilkington and Grieve, 1992). Negative or random anomalies have been 

interpreted as impact breccias formed during crater formation (Scott et al., 1997). Positive 

anomalies are possibly uplifted magnetic basement rock or impact melt with remnant 

magnetization. (Hart et al., 1995). Unfortunately, volcanic structures can also have a range of 



23 

magnetic signatures and can be roughly circular (French, 1998). Volcanic activity is often 

proposed as the cause of candidate impact structures after initial discovery (French, 1998). 

 Gravity Surveys 

Gravity surveys are used to observe lateral density differences in the subsurface (Mussett 

and Khan, 2000) and to estimate the relative size of an impact structure (French, 1998). During 

the excavation stage, a massive amount of material is fractured and brecciated which lowers the 

overall density of the impact site (French, 1998). Subsequent modification of the impact crater 

by crater-fill breccia and sediment deposition will also reduce the density of the impact site 

relative to the surrounding area (French, 1998). Due to its low density, an impact structure will 

typically express a negative gravity anomaly that extends to the borders of the impact structure 

(French, 1998). Simple impact structures often exhibit an entirely negative gravity anomaly 

(French, 1998) while complex impact structures may exhibit a positive anomaly in the central 

uplift and then a negative anomaly throughout the rest of the structure (Pilkington and Grieve, 

1992). Uplifted basement rocks may cause the positive central anomaly found in some complex 

impact structures (Pilkington and Grieve, 1992).  

 Verifying the Impact Structure 

Observing shock metamorphism in thin section is the most common way of verifying 

impact structures (French, 1998). The only option for subsurface impact structures is the 

utilization of drill cuttings or cores for this process.  

 Shock Metamorphism 

Shock metamorphism is the permanent deformation of rocks and crystal lattices by the 

intense pressures of the shock wave generated by impact (French, 1998). Depending on the 

pressures experienced by the target rocks, different features of shock metamorphism will result 
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(French, 1998). Shatter cones (Figure 12) require the least amount of pressure to form 2 - < 10 

GPa and are superficially similar in appearance to cone-in-cone structures (French, 1998). 

Typically, shatter cones are the first shock metamorphic effects observed at an impact structure 

due to their extensive formation pressure range and resistance to further metamorphism (French, 

1998).  

 

Figure 12: Small well-developed shatter cones in fine-grained limestone. From French 

(1998).  

 

High-pressure mineral polymorphs are another reliable indicator of an impact event 

(French, 1998). Usually diamond, stishovite, and coesite form deep in the Earth’s mantle under 

high static pressures (French, 1998). The discovery of these minerals in relatively shallow rocks 

within impact structures suggests that they also can be formed by the sudden and intense 

pressures of an impact event (French, 1998). Diamonds and coesite are less reliable than 

stishovite for verifying an impact structure since they can be transported to the surface by 
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tectonics and kimberlite pipes respectively (French, 1998). Observation of stishovite has never 

occurred in any geological setting other than an impact structure (French, 1998).  

Planar deformation features (PDFs) are the most widely used shock metamorphic effects 

for verifying impact structures (French, 1998). Shockwave pressures 8 - 25 GPa deform the 

crystal lattice of minerals at the impact site (French, 1998). Typically, PDFs (Figure 13) are 

observed in quartz since it is abundant in both sedimentary and crystalline rocks (French, 1998). 

PDFs in thin section consist of multiple sets of linear features that extend across the observed 

surface (French, 1998). The orientation of PDFs relative to planes with the crystal lattice is used 

to distinguish these features from non-shock deformation (French, 1998). 

 

Figure 13: PDF in quartz grain from the USGS-NASA Langley core of the Chesapeake Bay 

crater. Modified from Horton et al. (2005). 

  

32.5 μm 
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Chapter 4 - Methods of Investigation  

Methods of investigation for this study included a gravity survey, geophysical modeling 

of the A - A’ and B - B’ transects, well log correlation, and petrographic analysis of drill cuttings 

for shock metamorphism. This study also incorporated the previously mentioned surface 

magnetic survey in the study area (Daniel Merriam, unpublished data) to bolster the amount of 

data useful for geophysical modeling. 

 Surface Magnetic Survey 

In 2008, a surface magnetic survey was conducted along two local roads (Figures 1 and 

2) that divided the study area (Daniel Merriam, personal communication). Due to lack of 

metadata, the type of magnetometer used and the methods of processing and residualizing the 

data are unknown. For the purpose of this study, it is assumed that the methods for this survey 

are similar to those used for the surface magnetic survey undertaken at the Edgerton structure, an 

unconfirmed impact structure near Edgerton, Kansas (Merriam et al., 2009). For the Edgerton 

structure, a Geometrics G-858 MagMapper magnetometer was utilized along two local roads that 

divided the structure. A Geometrics G-856 Proton Precession magnetometer measured diurnal 

magnetic field fluctuations every 10 minutes at the confluence of the two roads. The raw 

measurements were corrected for diurnal variation, and the cultural noise was either manually 

removed and replaced by a normal earth field value or removed by wavelet analysis. The 

processed data were then residualized using a linear trend.  

Scanned copies of the Echo Cliff structure surface magnetic survey from Daniel Merriam 

(personal communication) were digitized using WebPlotDigitizer Version 3.1 (Rohatgi, 2016). 

The digitized data (Figure 2) were then imported into Oasis montaj® 9 from Geosoft, Inc. and 

used as the magnetic data for the A - A’ and B - B’ geophysical models within GM-SYS®. 
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 Gravity Survey 

A gravity survey (Figure 14) was conducted along the same transects as the previous 

surface magnetic survey using a Worden gravimeter (Figure 15A). However, two sections of the 

previous transects were not surveyed due to hazardous conditions along a paved road and 

difficulties in keeping equal station spacing along a significant curve in the road. The stations 

were spaced every 164 feet (~ 50 meters) and were located using an open reel tape measure and 

marking flags (Figure 15B). The base station was located at the confluence of the two roads and 

was revisited approximately every hour for drift correction. At each station, the gravity 

measurement and time were recorded along with any special circumstances regarding that station 

such as proximity to bridges, ditches, or pipes.  

Latitudes and longitudes of the stations were located after the survey using Google Earth 

Pro® 7 from Google, LLC. The WGS84 station coordinates from Google Earth Pro® were then 

converted to NAD83 using the West Virginia Department of Environmental Protection - 

Coordinate Conversion Tool Application (WVDEP, 2018). The NAD83 coordinates were then 

used to query The National Map - Bulk Point Query Service Version 2.0 (USGS, 2018) to output 

station elevations in meters.  
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Figure 14: Study area with gravity survey base station and stations overlain. Note gaps in 

survey indicated by the unobstructed A - A’ transect. 

A’ 

A 

B B’ 

Gravity Survey of Study Area 
WGS84 (miles) 



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The raw gravity measurements (Figure 16), time and date of measurements, and station 

latitude, longitude, and elevation were imported into Oasis montaj® for processing. Latitude and 

longitude of the stations were converted from WGS84 to WGS84 UTM zone 15N within Oasis 

montaj®. The gravity processing mostly followed the workflow outlined in the montaj Gravity 

and Terrain Correction How-To Guide (Geosoft Inc., 2015). However, the gravity measurements 

were not converted to absolute gravity, and the free air and Bouguer anomalies were referenced 

to the lowest station elevation rather than sea level. The lowest station was used as a datum due 

to the possibility of anomaly originators being between the lowest station and sea level. For the 

Figure 15: Equipment and methods used for the gravity survey. (A) Worden gravimeter. 

(B) Open reel tape measure, marking flags, and field assistant (fiancée). (C) The author 

conducting the gravity survey. 

B 

A 

C 
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Bouguer anomaly, Earth density was assumed to be 2.34 g/cc. This density was arrived at using 

the method outlined in (Nettleton, 1939) on a hill in the northern portion of the A - A’ transect. 

 For the terrain correction, a local DEM was created by combining the USGS NED 1/3 

arc-second N39W97, N40W97, N39W96, and N40W96 1 x 1 degree ArcGrid formatted grids 

from The National Map Download Version 1.0 (USGS, 2018) in VTBuilder from Virtual Terrain 

Project. After combination, the grid was exported as an ArcInfo ASCII Grid and then converted 

to USGS ASCII DEM using MyGeodata Converter (GeoCzech Inc., 2018). The local DEM was 

then converted from NAD83 to WGS84 UTM zone 15N within Oasis montaj®. For the regional 

DEM, a section of the Shuttle Radar Topography Mission (SRTM) 1 Arc-Second Global 

elevation data between 38.77 N, -95.8W and 39.09N, -96.14W was downloaded using the Seeker 

tool in Oasis montaj®. The SRTM data was then converted from WGS84 to WGS84 UTM zone 

15N in Oasis montaj®. For terrain correction, the local DEM was utilized for the first kilometer 

around a station with the regional DEM coming into effect between 1 kilometer and 166.735 

kilometers. The terrain density was assumed to be 2.34 g/cc. 

After processing was finished, the complete Bouguer anomalies (Figure 17) were upward 

continued by 385.71 meters to a 700 meter plane using the Forward Fourier Transformation 

Continuation Filter in Oasis montaj®. The upward continuation attenuated noise and possible 

data distortion from topographic relief (Xia et al., 1993). The upward continued complete 

Bouguer gravity anomalies (Figure 18) were not residualized due to the ability of GM-SYS® to 

use complete Bouguer anomalies for modeling purposes. Also, further residualization was 

complicated by the gap in the A - A’ transect of the data and the possible addition of edge-effects 

in the area of interest if residualization techniques such as low-order polynomial removal were 

utilized.  
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Figure 16: Unprocessed A - A’ and B - B’ transects of the gravity survey in the study area. 

The A - A’ and B - B’ transects intersect at ~ 4 miles and ~ 1.5 miles respectively. See 

Appendix B for data. 
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Figure 17: Complete Bouguer anomalies of the A - A’ and B - B’ transects of the gravity 

survey in the study area. The A - A’ and B - B’ transects intersect at ~ 4 miles and ~ 1.5 

miles respectively. See Appendix B for data. 
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Figure 18: Upward continued complete Bouguer anomalies of the A - A’ and B - B’ 

transects of the gravity survey in the study area. The A - A’ and B - B’ transects intersect at 

~ 4 miles and ~ 1.5 miles respectively. See appendix B for data. 
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 Quality Control of the Surface Magnetic Survey 

It was immediately apparent upon loading both the surface magnetic survey and upward 

continued Bouguer gravity anomalies into GM-SYS® that there were significant differences 

between the data (Figures 2 and 18). Significant differences are not unusual since rocks have 

relatively low differences in density but can have widely different magnetic susceptibilities 

(Hinze et al., 2012). However, some amount of correlation was expected. There were also 

significant differences between the surface magnetic survey and Kansas Geological Survey 

(KGS) aeromagnetic data of the area (Figure 19), most notably the drastic negative anomalies on 

the profiles in areas of positive anomalies in the aeromagnetic data. Even with the large sampling 

distance differences between the surveys, more correlation was expected. As a result, the surface 

magnetic survey was carefully inspected for possible issues. 
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Figure 19: Comparison of A - A’ and B - B’ residual magnetic surveys and KGS 

aeromagnetic data. Note the extreme negative anomalies in the profiles and their location 

on the aeromagnetic data. 
 

The first issue is the discrepancy between the graph of the A - A’ transect (Figure 20A) 

and map of the A - A’ residual magnetic data (Figure 20B). The graph of the A - A’ magnetic 

data shows a total distance of 11,263 meters. This distance was used for plotting the surface 

magnetic survey on the Landsat MSS and TM analysis product, with that product used for 

planning the gravity survey. However, the mapped A - A’ transect (Figure 20B) is only ~ 8,867 

meters when measured in Google Earth Pro®. It is unknown which distance is correct for the A - 

A’ transect, but the most likely candidate is the 11,263 meter long transect, since the magnetic 

data were probably recorded, processed, and plotted by the same person. The 11,263 meter long 
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transect was used for the purposes of this study. There was no discrepancy with the B - B’ 

transect.  

 

Figure 20: Discrepancy between the distance of the plotted A - A’ residual magnetic survey 

(A) and the distance mapped for the A - A’ transect (B). Modified from Daniel Merriam 

(unpublished data). 

 

The second problem is the suspiciously high correlations of most relative positive 

anomalies with possible sources of cultural noise such as bridges and powerlines when the 

profiles are imported into Surfer® (Figure 21). The G-858 MagMapper magnetometer is 

described as highly sensitive and able to locate a variety of items including pipelines and utilities 

(Geometrics Inc., 2001). Again, it is unknown whether the G-858 was used for this survey. 

However, this magnetometer was used at the Edgerton structure (Merriam et al., 2009) and to 

locate abandoned brine wells in Hutchinson, Kansas (Xia, 2002). Therefore, it is very likely that 

the G-858 was the magnetometer used in the Echo Cliff magnetic survey and would have been 

sensitive enough to detect any ferric object or electromagnetic source along the transects. The 

noise from the ferric objects and electromagnetic sources has apparently piggybacked on the 
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magnetic signature of the underlying geologic structure and was not removed during processing. 

These positive anomalies from cultural noise were then interpreted as originating from an impact 

structure by (Daniel Merriam, personal communication) and (George Petersen, personal 

communication). 
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Figure 21: Suspicious correlations between residual magnetic survey relative positive 

anomalies and sources of possible cultural noise. Road images from Google Maps. 
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The final problem is the significant edge effects at the edges of the transects (Figure 22). 

Edge effects are artifacts introduced during the residualization process and are typically avoided 

during interpretation (Hinze et al., 2012). However, these edge effects were interpreted as the 

edges of an impact structure by (Daniel Merriam, personal communication) and (George 

Petersen, personal communication) and subsequently influenced later exploration. The edge 

effects should have been removed or at least indicated in the profiles after processing. Due to the 

apparent issues with the surface magnetic survey, it was abandoned for further use in modeling 

in GM-SYS® and replaced with an aerial magnetic survey.  

 

 

Figure 22: Edge effects in the A - A’ and B - B’ residual magnetic survey profiles with a 

comparison to edge effects displayed on a residual gravity anomaly map. Modified from 

Daniel Merriam (unpublished data) and Hinze et al. (2012).  
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 Aeromagnetic Survey 

A request was granted for aeromagnetic data by Applied Geophysics, Inc. of Salt Lake 

City, Utah. The donated maps (Parker Gay, unpublished data) consist of a reduced to the pole 

total intensity contour map, a reduced to the pole NewMag® residual contour map, and a 

basement shear zone interpretation map. The aeromagnetic data were collected in 1983 with a 

proton magnetometer with a flight elevation of 2500 feet and E - W flight lines 0.5 miles apart. 

The total intensity data were residualized and a basement shear zone map was produced using 

proprietary algorithms and techniques.  

In Surfer® a scan of the residual contour map was georeferenced, converted from WGS72 

UTM zone 15N to WGS84 UTM zone 15N, and study area contours were digitized. A grid was 

produced from the contours and exported as a GRD Geosoft Binary Grid. The grid was imported 

into Oasis montaj®, converted into a map, and paths of the A - A’ and B - B’ transects were 

overlain. Profiles of the data along the transects (Figure 23) were extracted and used as the 

replacement magnetic data for the A - A’ and B - B’ geophysical models within GM-SYS®.  
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Figure 23: NewMag® residual aeromagnetic survey of the A - A’ and B - B’ transects. The 

A - A’ and B - B’ transects intersect at ~ 4 miles and ~ 1.5 miles respectively. Based on 

Parker Gay (unpublished data). See Appendix B for data. 
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 Geophysical Models in GM-SYS® 

Both A - A’ and B - B’ geophysical models were created using the upward continued 

complete Bouguer gravity anomaly data (Figure 18) and NewMag® residual aeromagnetic data 

(Figure 23). Modeling in GM-SYS® is done through creating and manipulating surfaces and the 

blocks between them. Surfaces are usually based on geologic horizons and blocks are assigned 

geophysical values that are presumed to be close to reality. For our model, only densities, 

magnetic susceptibilities, and the size and shape of blocks were manipulated. Once a density and 

magnetic susceptibility is assigned to a block, the geophysical response from that block is 

automatically calculated using previously set modeling parameters and displayed. The purpose of 

the modeling is to create a model that is geologically realistic and with a calculated geophysical 

response within an acceptable error to the measured data. It is important to remember that 

assigning one geophysical parameter for an entire block is an oversimplification. Rock is 

heterogeneous, and it is impractical to model at that level of detail. Also, geophysical responses 

are not unique. Many different plausible geologic scenarios can have the same geophysical 

response (Hinze et al., 2012). 

Modeling parameters were calculated from the latitude, longitude, and elevation of the 

confluence of the transects and an arbitrary date of May 11, 1983, for the date of the aerial 

magnetic survey. A density of 2.34 g/cc was utilized for background density and everything 

between the topography and the elevation of the lowest station in the gravity survey.  The 

topography was based on profiles extracted from the local correction grid previously used in the 

terrain correction during gravity data processing. The surfaces within the sedimentary strata were 

based on the adjusted well tops from the well log stratigraphic cross-section. The strata between 

each top were considered the block for assigning densities and magnetic susceptibilities during 
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modeling. For example, the Base of the Kansas City Group was the top reported above the 

Cherokee Group. The strata between the reported Base of the Kansas City Group and Cherokee 

Group is now all the Base of the Kansas City Group block for modeling purposes. The densities 

of the blocks were taken from the average of the average bulk density (RHOB) well log 

measurement between the tops in each well from the study area. For example, each bulk density 

measurement within the Simpson Group was noted, totaled, and averaged, and then the Simpson 

Group bulk density average from each well was subsequently totaled and averaged. The 

magnetic susceptibilities were assigned using the average magnetic susceptibly of each 

sedimentary rock type from the GM-SYS® User’s Guide Version 4.9 (Northwest Geophysical 

Associates Inc., 2004).  

Modeling parameters for rock below the sedimentary strata were not as constrained. No 

wells in the study area penetrated below the Arbuckle Group. However, basement rocks in the 

study area were assumed to be granite based on Xia et al. (1995). Also, basal sandstone was 

assumed to be between the Arbuckle Group and underlying granite due to the SS Farms “WD” 8-

23 well, ~ 5 miles northwest of the study area, penetrating 20 feet into it. The density of the 

granite was assumed from a geophysical model within Yarger (1989), and the magnetic 

susceptibility was assigned from an assumption of 1% magnetite content (Xia et al., 1992) using 

Hemant (2003) as a reference. The density and magnetic susceptibility of the basal sandstone 

were assumed from an average sandstone in the GM-SYS® User’s Guide Version 4.9 (Northwest 

Geophysical Associates Inc., 2004). Starting depth to basement parameters were based on a 

georeferenced and digitized Kansas Precambrian basement map (Cole, 1976) with basal 

sandstone filling the area between the Arbuckle Group and granite. The Arbuckle Group 

thickness was based on the extent of the Arbuckle Group in the SS Farms “WD” 8-23 well.  
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 Shear Zone Analysis 

The donated basement shear zone interpretation map was scanned and then georeferenced 

in Surfer®. The coordinate system was converted from WGS72 UTM zone 15N to WGS84 UTM 

zone 15N. The scanned and georeferenced shear zone interpretation map was then used as the 

basis for polylines for mapping purposes. The Kansas Earthquake Database, a record of 

earthquakes in Kansas from 1977 to Aug. 5, 2017 (KGS, 2017), was downloaded and converted 

into a KML file using the Excel to KML tool on the Earth Point website (Earth Point, 2018). The 

earthquake epicenters were then imported into Surfer® and displayed as point vectors. Geologic 

structure maps of Kansas and Missouri were also georeferenced and displayed in Surfer® to 

facilitate in mapping tectonic zones near the study area. 

 Well Log Stratigraphic and Structural Cross-section 

Digital (LAS) files from three wells in the study area (Dorothy Wendland 1, Phillip 

Wendland 1, and Andrew Wendland 1) were imported into Petrel® 2016 from Schlumberger 

Limited. Additionally, LAS files from a well North of the study area (Adams “A” 1) and a well 

south of the study area (Thompson 1-33) were also imported. The Thompson 1-33 LAS file was 

produced from a scanned well log image that was digitized in Didger® 5 from Golden Software, 

LLC. All the LAS files and the scanned well log were downloaded from the Kansas Geological 

Survey database (KGS, 2018). 

The reported formation tops from the imported wells were entered into Petrel®, compared 

to the gamma ray curve, and adjusted accordingly. The matched curve deflections were then 

utilized to pick formation tops from the Adam “A” 1 and Thompson 1-33 gamma ray logs. The 

wells and corresponding gamma ray curves were then displayed in a Petrel® well cross-section 

window from the southernmost to northernmost well and hung off of the Maquoketa (Sylvan) 
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Shale top to create a stratigraphic cross-section. A structural cross-section was also produced by 

hanging the geologic units off of sea level.  

 Binocular and Petrographic Analysis of Drill Cuttings 

Drill cuttings were donated by George Petersen for both the Andrew Wendland 1 and 

Dorothy Wendland 1 wells (Figure 24A). The Simpson Group interval plus an additional two 

bags from above and below the interval were identified and separated for cleaning. The usual 

increments for the drill cutting bags were 10 foot intervals unless a sample circulation occurred 

or total depth (TD) was reached. Each of the separated bags of drill cuttings was then washed 

and wet sieved into > 1 millimeter (coarse sand), > 125 microns (medium sand), and > 63 

microns (fine sand) sizes (Figure 24B). No solvents were used during the washing and grain 

sizes < 63 microns were not captured, due to difficulties in saving the material. The sieved 

cuttings were then washed into labeled, folded paper towel cones for drying. After drying, the 

sieved cuttings were placed in labeled manilla envelopes (Figure 24C) and examined for PDFs 

(Figure 24D). 
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In a similar process to Herrmann (2009), clove oil was placed on quartz sand aggregates 

from the > 1mm cuttings and examined for planar deformation features using an Edmund 

Scientific 1x - 3x stereo microscope (Figure 25). Clove oil has a similar refractive index to 

quartz. In clove oil the quartz grains appear translucent, leaving anything within the grain such as 

fractures and inclusions readily observable. Due to limitations in the power of the stereo 

microscope, it was decided that thin sections were needed for conclusive analysis. 

 

 

Figure 24: The drill cutting cleaning and sorting process. (A) Unprocessed drill cuttings. 

(B) Area of washing and wet sieving. (C) Sorted and packed drill cuttings. (D) Stereo 

microscope used for examination. 

B A 
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For each bag of drill cuttings from the Simpson Group interval of Andrew Wendland 1, 

six to seven thin sections were produced. Five from the > 63 microns (fine sand), one from the > 

125 microns (medium sand), and one from the > 1 millimeter (coarse sand). The > 1 millimeter 

(coarse sand) thin section was only produced if sand aggregates were found in that size range. 

The variation in sand aggregates is due to the amount of sand varying within the analyzed 

interval. For the Dorothy Wendland 1 cuttings, the sandiest 10 foot interval was targeted to 

produce 12 thin sections of > 63 micron and two thin sections of > 125 micron cuttings. 

To produce the thin sections, two different processes were used for mounting the 

cuttings. For the Dorothy Wendland 1 thin sections, the drill cuttings were placed directly on the 

frosted slides and resin was poured over top of them. For the Andrew Wendland 1 thin sections, 

the drill cuttings were placed in labeled plastic ice cube trays and immersed in epoxy (Figure 

26A). After the resin set, the drill cutting plugs were labeled and removed from the trays. The 

bottoms of each plug were then sanded using 400 grit sandpaper to flatten the plug bottom and 

decrease the chances of the plug being plucked off during grinding. Glass slides were then 

3 mm 3 mm 

Figure 25: Quartz sand aggregates from Andrew Wendland 1. (A) Before clove oil 

droplet. (B) After clove oil droplet.  

A B 
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frosted using the grinder on a Hillquist thin section machine to decrease plucking of the epoxy 

plugs. After drying, the frosted glass slides were labeled using a diamond tipped engraver, and 

the sanded epoxy plugs were attached using more fiberglass resin (Figure 26B). Later, the excess 

resin was cut off using the thin section machine saw (Figure 26C).  

Both sets of thin sections were finished by grinding to the point that light could pass 

through any quartz grains but not to the standard 30 micron thickness. The nonstandard grinding 

was due to the impossibility of grinding all cuttings within the thin section down to the same 

thickness at the same time; some quartz grains were “deeper” in the thin section than others. The 

thin sections were then finished by attaching a coverslip using more fiberglass resin. Finally, the 

finished thin sections were examined using a Leica DM EP 5x - 40x polarizing microscope 

(Figure 26D). 
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Figure 26: The thin section production process. (A) Drill cuttings in ice cube trays ready to 

be immersed in resin. (B) Drill cutting plugs drying in a fume hood after attachment to 

frosted slide. (C) The Hillquist thin section machine used for frosting slides, sawing, and 

grinding. (D) The finished thin sections ready for examination. 

A B 

C 
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Chapter 5 - Results and Discussion 

 Well Log Structural and Stratigraphic Cross-Sections  

The structural cross-section (Figure 28) provides a view of the current relationship of 

geologic units in the study area and beyond. It is important to note the general lack of relief in 

the structural cross-section. Within the study area, the maximum relief observed is ~ 20 feet 

between well tops in adjacent wells. The thickness of the geologic units also stays consistent 

along the transect. There are also no geologic units unique to the study area that could be 

interpreted as material deposited immediately after an impact event.  

Using the smallest diameter of the ovoid drainage feature as a reference (~ 1.65 miles) 

and a third of that diameter for crater depth (French, 1998), an approximately half-mile-deep 

crater should have been excavated by such an impact. This ~ 0.55-mile-deep crater could then 

have been modified through slumping of the rim and deposition of crater-fill breccia (French, 

1998). The final result would be a ~ 1.65 mile wide crater with a total depth of ~ 0.55 miles and 

an apparent depth of ~ 0.28 miles due to infilling. If the Echo Cliff structure is Ordovician (same 

age as Ames and associated events) and struck during deposition of the Simpson Group, then the 

Arbuckle Group, ~ 70 feet below the Simpson Group, would have been completely obliterated. 

This ~ 0.28-mile-deep crater would have significantly affected sediment deposition postdating 

the impact.  

A stratigraphic cross-section hanging off the Maquoketa (Sylvan) Shale (Figure 29) 

reveals what the study area and beyond may have looked like immediately after deposition of the 

Maquoketa, the geologic unit that would have immediately postdated the impact. There is no 

significant thickness change within the Maquoketa, and relief of lower lying units within the 

study area is between 2 - 3 feet. At the Ames structure, a preburial stratigraphic cross-section 
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(Figure 30A) exhibits significant relief and complete annihilation and mixing of geologic units 

within the structure. Figure 30B documents geologic units at the Ames structure that were 

destroyed upon impact and post-impact units that were affected by infilling and compaction 

within and over the structure. The Ingalls structure, a proposed impact structure near Ingalls, 

Oklahoma (Herrmann, 2009), also exhibits significant relief stratigraphic changes within the 

proposed structure (Figure 31).  

  

Figure 27: Extent of the cross-sections (Figures 27 and 28) within and beyond the 

study area. 

Extent of Cross-Sections in 
Study Area 

WGS84 (miles) 
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Figure 28: Structural cross-section within and beyond the study area. See Appendix A for tops data.  
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Figure 29: Stratigraphic cross-section, hung off the Maquoketa (Sylvan) Shale, within and beyond the study area. See 

Appendix A for tops data. 
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A 

B 

Figure 30: The Ames Structure. (A) Preburial stratigraphic cross-section from 

crater rim to crater floor. Modified from Kuykendall et al. (1997). (B) 

Stratigraphic column for the Anadarko basin modified to show formations 

affected by the Ames Structure. Modified from Carpenter and Carlson (1997) 
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Figure 31: Cross-section through the proposed Ingalls structure. The structure is outlined on the inset map. Modified from 

Herrmann (2009). 

 

 



56 

 Shear Zone Analysis 

The georeferenced and digitized basement shear zone interpretation map revealed some 

possible basement shear zones that cross the study area (Figure 32). The proximity of the 

overlain earthquake epicenters to the interpreted basement shear zones presumably indicates 

faults that have been recently active, within the last ~ 40 years. More of these shear zones are 

presumably active but have not been recorded historically. Observations of stream polylines in 

the area seem to indicate a weak correlation between stream drainages and interpreted basement 

shear zones. The correlation is inferred to indicate faulting in the Permian surface rocks that have 

weathered and become the path of least resistance for surface runoff. Also, the pattern of shear 

zones in the study area seems to resemble en echelon faulting (Figure 33) which is indicative of a 

strike-slip system (Grechishnikova, 2017). 
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Figure 33: Idealized strike-slip system. Modified from Grechishnikova (2017) 

Figure 32: NewMag® basement shear zones, earthquake epicenters, and 

streams in and around the study area. Based on Parker Gay (unpublished 

data). 
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The Bolivar-Mansfield Tectonic Zone (BMTZ) is a complex zone of faults and folds 

mapped in Paleozoic (McCracken, 1971) and basement rocks in western Missouri (Kisvarsanyi, 

1974) and eastern Kansas (Cole, 1976). At the Kansas-Missouri state line, the BMTZ is the 

northern boundary of a 50 km-wide graben filled with ~ 1000 feet of basal sandstone 

(Kisvarsanyi, 1984). The extent of the BMTZ is defined by the previously mentioned mapped 

faults and folds, but also by high magnetic anomalies presumed to be intrusions emplaced along 

faulting in the zone (Kisvarsanyi, 1984) and by a low gravity anomaly (Cox 1988). En echelon 

faulting occurs in Paleozoic rocks above the BMTZ, with earthquakes recently occurring along 

the trend (Cox, 1988). The trend of the BMTZ in relation to the study area (Figures 34 and 35) 

reveals that the BMTZ passes directly through the southern portion of the study area (Baars, 

1995) and is presumably the cause of the en echelon faulting observed in the NewMag® 

basement shear zone interpretation map. Presumably geophysical effects of the BMTZ are 

recorded in the NewMag® residual aeromagnetic survey and gravity survey of the A - A’ and B - 

B’ transects. 
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Figure 34: The BMTZ in relation to the study area. Residual magnetic anomalies are also 

displayed. Based on Baars (1995) and Kisvarsanyi (1984). 
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Figure 35: The BMTZ in relation to the study area. Isostatic gravity anomalies are also 

displayed. Based on Baars (1995) and Kisvarsanyi (1984). 
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 Geophysical Models in GM-SYS® 

The geophysical models in GM-SYS® (Figures 36 and 37) indicate that the gravitational 

and magnetic anomalies recorded along the A - A’ and B - B’ transects are possibly caused by 

variation in basement topography, cataclastic granulation of basement rocks due to faulting, and 

deposition of a thick basal sandstone over the basement. This contrasts with the geophysical 

model of the Ames structure (Figure 38), whose geophysical profile is primarily caused by 

brecciation of sedimentary and basement rocks by a confirmed impact event. The sedimentary 

cover observed in the structural cross-section (Figure 28) has a minimal effect on modeling of 

the observed anomalies. The offset of geologic units observed in the cross-section was imported 

into the model, but the offset is essentially nonexistent due to the scale of the model. The low-

density area in the basement rocks along the A - A’ transect is presumed to be less dense due to 

faulting and cataclasis of the rocks in the BMTZ. Magnetic susceptibility of this area was 

presumably not affected, resulting in the basement topography in that area to be deeper to 

accommodate for the magnetic low. This low basement topography is possibly caused by erosion 

of the faulted basement rock, which accommodated deposition of the thick basal sandstone layer. 

The basement in the B - B’ model was assumed to be the same density as the less dense area of 

A - A’ due to intersection of the B - B’ transect at that location. The step-wise pattern of the 

basement observed in the B - B’ model may be due to down dropped blocks from the en echelon 

faulting observed in the NewMag® shear zone map (Figure 32). The greater depth to basement in 

the western portion of the transect is consistent with the previously mapped interpretation of the 

Precambrian in the area (Cole, 1976), which is a general increase in depth from east to west. It is 

important to note that the magnetic highs on the A’ and B’ end members of the models match 

with observed magnetic highs on the regional magnetic map (Figures 34, 36, and 37) and are 
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presumably caused by the epizonal granite observed in (Figure 6). This epizonal granite is 

consistent with areas of high magnetic anomalies along the trend of the BMTZ which are 

interpreted as intrusions intruded along faults. The gravitational low observed in the A - A’ 

model is also in general agreement with the low gravitational trend observed along the BMTZ 

(Figures 35 and 36).  

It is important to note that the observed geophysical anomalies are not unique and could 

be created by a different subsurface interpretation. For example, the densities and magnetic 

susceptibilities assigned to blocks and the general shape of the blocks could vary and still 

approximate the same anomaly. It is possible that an impact structure below the Arbuckle Group 

exists and is influencing the geophysical anomalies observed. However, until a seismic survey or 

a well to basement is drilled in the study area, the geophysical models will remain unconfirmed.
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Figure 36: A - A’ GM-SYS® geophysical model. Letters represent blocks. See Appendix C 

for model parameters. 
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Figure 37: B - B’ GM-SYS® geophysical model. Letters represent blocks. See Appendix C 

for model parameters. 
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Figure 38: Geophysical model of the Ames structure. Modified from Ahern (1997). 

Binocular and Petrographic Analysis of Drill Cuttings 

After examining 103 thin sections and > 11,000 quartz grains for PDFs (Figure 13), none 

were observed (Appendix D). Cracks were observed in a few grains, but these could have been 

introduced at any point during the life of the grain. Representative examples of quartz grains 

observed are shown in Figures 39.  
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Figure 39: Thin sections of quartz sand grains in cross-polarized light. Note lack of PDFs (Figure 13). 
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Chapter 6 - Conclusions 

From the results of our study, the questions proposed previously in the thesis objective 

can be answered as follows.  

1. The subsurface of the study area as revealed by the structural and stratigraphic cross-

sections is not consistent with the effects of an impact structure such as the Ames. 

The subsurface has no significant variation in depth or thickness for the units of 

interest. 

2. Rather than the effects of an impact structure, the geophysical anomaly models seem 

to correlate with effects of basement topographic relief and rock density changes from 

faulting associated with the BMTZ. 

3. None of the examined grains exhibit shock metamorphism.  

4. There is not enough evidence to verify the proposed identity of the Echo Cliff 

structure as an Ordovician impact structure. It is possible that the structure is older 

than the Ordovician and shocked quartz may be found in basal sandstone in the study 

area. However, currently no wells in the study area penetrate through the Arbuckle 

Group into the underlying basal sandstone so this cannot be tested. Most likely the 

ovoid drainage feature proposed as the Echo Cliff structure is a natural culmination of 

faulting associated with the BMTZ and subsequent erosion.  
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Appendix A - Cross-Section Data 
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Appendix B - Geophysical Data 
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Appendix C - GM-SYS® Model Parameters 
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Appendix D - Thin Section Data 
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