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Abstract

Integrated geophysical study of the Serpent Mound Structure provides
significant new findings and confirms the previously reported findings. These findings
are based on newly processed and interpreted seismic reflection data, gravity, magnetic,
palacomagnetic, the availability of deep continuous cores and well data.

The purpose of this investigation is to resolve the controversy regarding the
origin of the Serpent Mound Structure and its age. The reprocessing of seismic data
shows a significant improvement when compared to earlier processing carried out by
industry.

The processed seismic data indicate a highly faulted, structurally complex
depression extending downward to about 700 feet into the Precambrian basement
beneath the central uplift area of the structure. These findings are supported by the
analysis of two deep cores. The seismic data as well as the core data indicate a decrease
in structural complexity and intensity with depth, and away from the central uplift area
of the structure. The relative degree of structure complexity is related to the structural
zone within the disturbance, ranging from the most complex in the central uplift to least
complex in the ring graben. Seismic data also indicate a ring anticline associated with
the ring graben of the structure and the presence of an anomalous lens-shaped volume of
chaotic reflections occurs within the depression beneath the central uplift.

The microgravity survey of the Serpent Mound Structure reveals a residual
negative gravity anomaly associated with the central uplift area of the structure. The
gravity anomaly reflects the lower density, fractured and brecciated target rocks at the
centre of the structure. The modelling of the structure indicates a central uplift
composed of brecciated and fractured lens surrounded by less deformed country rock.
The brecciated lens extends to the top of the Gull River, about 2000 feet (610 m) below
surface and has a density contrast of —0.06 gm/cc. The position and the diameter of the
low-density region mimic the depression seen on the seismic section.

The ground magnetic survey of the Serpent Mound Structure shows a well-
defined magnetic anomaly indicated by its trend, width, and high amplitude. Our

magnetic survey shows a significant revision of the previous map of the area.
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The Serpent Mound Structure is located near a north-south regional anomaly trend. The
modelling of the magnetic data shows it is possible that a volume of rocks beneath the
structure was magnetised by the passage of shock waves caused by the impact.

Palaecomagnetic analysis of some oriented samples collected from deep cores
within and outside the structure revealed a secondary magnetisation in both cores. The
analysis shows the magnetisation was probably acquired during Late Permian

(250£15 my). Better data based on radiometric methods are unlikely, this represents the

best constraint of the upper age of the Serpent Mound Structure to date.

Core DGS3274 drilled in the central uplift area of the structure shows abundant
macroscopic evidence for shock metamorphism in the form of intense deformation,
brecciation, and shatter cones. Microscopic evidence for shock is found as a set of
planar deformation features (PDFs) in quartz grains.

Based on the findings of geophysical studies including seismic, gravity,
magnetic, and palacomagnetic and petrographic and geochemical studies of the cores,
the interpretation of the origin of the Serpent Mound Structure is of an impact

which occurred during the Late Palaeozoic.
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Chapter-1 INTRODUCTION

1.1- Introduction

The Serpent Mound Structure of southwestern Ohio has a characteristic circular
morphological outline, and closely resembles many other highly deformed circular
cryptoexplosion structures throughout the world, displaying evidence of violent
disruption during its formation. This significant surface structural geological anomaly
lies in a generally undeformed region of Ohio at the western edge of the Appalachian
escarpment. The geology of this part of Ohio consists of Precambrian basement
completely covered by thin sequences of relatively undisturbed Palaeozoic sedimentary
rocks, which dip slightly to the southeast. In much of Ohio, Pleistocene glacial deposits
overlie the Palaeozoic rocks.

The structure itself is a circular area 7 to 8 km (4 to 5 miles) in diameter of
intensely faulted and folded Ordovician to Mississippian age rocks exposed at the
surface. Stephen P. Reidel (1975) remapped the Serpent Mound Structure and produced
its first detailed geologic map. The structure can be divided into three zones, these are
the central uplift area, the transition zone (inner ring), and the outer ring graben zone.
The zones are defined by rock units and their relative stratigraphic positions, and by
structural characteristics based on the surface geology mapping and the sampling of the
structural framework. The intensity of deformation increases toward the centre of the
structure. The centre of the structure (the central uplift area) consists of Ordovician and
Silurian age rocks that have been uplifted above their normal stratigraphic position.
These rocks have been faulted and folded into seven radiating anticlines, some of which
are overturned. The anticlines exhibit the most intense deformation in the structure in
the form of vertical to overturned beds, also show shock features known as shatter
cones.

The transition zone (inner ring) surrounds the central uplift area and represents a
transitional area between the radial structures of the central uplift and the concentric
structures of the outer ring graben. The rocks in this zone are mostly Silurian carbonates

at or near their normal stratigraphic positions. The outer ring-graben area is
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characterised by fault-bounded strata which have been displaced below their
undisturbed structural position by as much as 250m (850ft) (Reidel et al, 1982). The
topographic expression of the Serpent Mound Structure clearly defines the configuration
of the feature and delineates the major structural zones. It appears that this expression is
a function of the structural arrangement of the rocks in each zone and the resistance of
these rocks to erosion. The erosion during the Mesozoic and Tertiary removed rocks,
and continued erosion has exposed the resistant Mississippian and Devonian rocks that
cover the down-dropped ring graben. The perimeter of the structure is sharply defined
by nearly continuous concentric faults. The wooded hills on the outer ring graben now
define the outer margin of the structure. The rocks in the ring graben are structurally
lower than the rocks of the other two zones and the surrounding undisturbed Silurian
rocks outside the structure. The transition zone (inner ring) is topographically lower
than both the ring-graben and the central uplift area. The central uplift area composed of
Ordovician shales and limestones, stands as a topographic high area. These three zones
are clearly visible from the ground a short distance from the structure.

The exact origin of the Serpent Mound Structure was a controversial problem for
many geologists in the past. In general there are two conflicting theories regarding the
origin of the Serpent Mound Structure. The first theory, proposed by Bucher (1921b),
suggested the structure is of endogenic origin (violent gas explosion), and the second
theory, proposed by Dietz (1960), interpreted the structure as of exogenic origin
(meteorite impact). The origin of the Serpent Mound Structure would be difficult to
establish without subsurface geological data to support the findings of surface

measurements.

1.2 - Location

The Serpent Mound Structure is located in the south-western quadrant of Ohio
(Figure 1.1). It occupies the north-eastern part of Adams County, the south-eastern part
of Highland County, and the south-western part of Pike County. The structure was
named by Bucher (1921) after the most spectacular American Indian effigy mound that

depicts a serpent. This is the largest known effigy in the United States (Figure 1.2) and
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types of structures. Bucher (1936) concluded that the Serpent Mound Structure and five
similar structures in the United States were also cryptovolcanic structures.

Robert Dietz (1947, 1959, 1960 and 1961) proposed the second theory, that
shatter cones in rocks were formed only by the high-velocity shock waves of meteorite
impact. Dietz (1960), proposed an exogenic origin (meteorite impact) for the Serpent
Mound Structure, after finding shatter cones in the Ordovician limestone in the central
uplift area. Dietz introduced the term cryptoexplosion instead of cryptovolcanic, which
implies a known origin. He argued that any known volcanic processes or other
terrestrial phenomenon could not produce the ultra high pressures associated with the
impact of a meteorite.

Cohen and others (1961) discovered the high-pressure silica mineral, coesite,
which is unequivocal evidence for the impact origin of the structure. In the laboratory,
coesite forms by the recrystallization of solid forms of silica and quartz under extremely
high pressures and temperatures (Coes, 1953). Thus the discovery of the mineral
coesite would have provided unquestionable prove of impact origin.

Reidel and others (1982) discounted Cohen’s coesite discovery as a probable
misidentification of a diffuse X-ray line. They concluded that neither a meteorite impact
nor a gas explosion hypothesis can completely explains all of the evidence observed,
and suggested that some poorly understood form of volcanic activity or tectonic process
(an endogenic process) created the Serpent Mound Structure.

It is difficult to assign an exact age for the structure because of the absence of
igneous rocks for radiometric dating. It is certain that the Serpent Mound Structure
occurred after early Mississippian time (about 345 million years ago), because rocks of
this age are involved in the structure. The structure can be no younger than the age of
undisturbed Illinoian glacier deposits (about 125 thousand years) in the northern part of
the structure. There is therefore considerable uncertainty as to when the structure
formed in this immense span of time, when the State of Ohio experienced its worst
natural catastrophe. Palacomagnetic study of some samples of zinc minerals (Istok,
1978) in Silurian rocks in the structure recorded a Late Triassic pole position. This may
indicate the approximate age of the structure or perhaps a later phase of hydrothermal

mineralization.
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1.4- Previous Work

The first geologist to observe the Serpent Mound geologic structure was Dr.
John Locke (1838) during the first geological survey of Ohio. Locke visited Massie’s
Spring located about two miles to the northwest of Locust Grove, he noted he was
travelling on rocks of the Silurian Cliff Limestone ( Bisher, Lilley, and Pebbles
Dolomite) and expected to encounter the Great Marl Stratum (Estill Shale) as they
descended into the valley of Crooked Creek. Locke noticed a region of no small extent
had sunk down several hundred of ft, producing faults, dislocations and upturnings of
the layers of the rocks. John Locke named this region of Adams County the Sunken
Mountain because of the downward displacement of the strata in this region. Edward
Orton, in his report on the geology of the Highland County (1871), mentioned Locke’s
observations in neighbouring Adams County to the south of Highland County. He
added that the Mississippian Waverly Sandstone (Berea Sandstone), and the various
slates, and limestones in the north-east corner of Adams County and adjacent territory
are much dislocated and involved in inextricable confusion.

Professor Walter H. Bucher (1921) mapped the geology of the Serpent Mound
Structure and instead of using Locke’s appellation of Sunken Mountain, he used the
name of the serpent-shaped effigy mound for the geologic structure. Bucher interpreted
the structure to have been formed by the explosion of gases derived from a deep-seated
intrusion of molten rocks escaped to the surface with violent force disrupted
considerable volume of rocks. Galbraith (1968) investigated the regional structural
geology of Adams, Highland, and Pike Counties, Ohio. Galbraith (1968) and Galbraith
and Koucky (1969) concluded that the deformation extends beyond Bucher’s outer
boundary 1 to 2 miles to the southeast. The amount of deformation increases toward the
centre of the structure with the stratigraphic units displaced vertically by several
hundreds of ft (Bucher, 1936).

Reidel (1975) remapped the structure and produced the first detailed geologic
map of the structure, showing it can be divided into three zones (Figurel.3). These are
the central uplift area, the transition zone (inner-ring), and the outer ring-graben zone.

These are defined by rock units and their relative stratigraphic positions, and by
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structural characteristics. In particular Reidel defined the components of the structure

as follows:

1- Central uplift area:

The centre of the structure consists of Ordovician and Silurian rocks that have
been uplifted several hundred feet above their normal stratigraphic position. These
rocks have been faulted and folded into seven radiating anticlines (Figure 1.3), some of
which are overturned. The anticlines exhibit the most intense deformation in the
structure in the form of vertical to overturned beds, and also show shock features known

as shatter cones. The central uplift area forms a topographic high.

2- Transition zone (inner-ring):

The transition zone surrounds the central uplift and represents a transitional area
between the radial structures of the central uplift and the concentric structures of the
outer ring graben. The rocks in this zone are mostly Silurian carbonates at or near their
normal stratigraphic positions. The transition area is topographically low relatively to

both the central uplift area and the outer ring graben.

3- Quter ring graben:

The perimeter of the structure is sharply defined by nearly continuous concentric
faults. The rocks of the ring graben zone are mostly of younger strata of Devonian and
Mississippian age and are structurally lower than the rocks of the other two zones and of
the surrounding undisturbed Silurian rocks. The ring-graben zone is topographically
higher than the transition zone In general the topographic expression of the Serpent
Mound Structure clearly defines the configuration of the feature and delineates the
major structural zones (Figure 1.4). It appears that this expression is a function of the
structural arrangement of the rocks in each zone and the resistance of these rocks to

erosion.
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The structural and topographic development of the Serpent Mound Structure is
illustrated by Figure 1.5 (Hansen, 1994). There is no direct evidence that Pennsylvanian
and Permian rocks covered the area, but it is reasonable to assume their presence. The
disturbing force elevated the central uplift and depressed the outer ring graben. Erosion
during the Mesozoic and Tertiary removed rocks, and continued erosion exposed the
resistant Mississippian and Devonian rocks that are found in the down-dropped ring
graben. The outer ring graben now defines the outer margin of the structure as wooded
hills. These zones are clearly visible from the ground a short distance from the
structure.

The Serpent Mound Structure has been the subject of a number of geophysical
investigations, which include magnetic and gravity surveys. Sappenfield (1951)
conducted a ground magnetic survey of approximately 400 square km of north-eastern
Adams, south-eastern Highland, and south-western Pike Counties including the Serpent
Mound Structure. The vertical intensity magnetic map (Figure 1.6) shows an elongated
magnetic anomaly with its axis trending N 25 W. Sappenfield (1951) suggested that this
anomaly was a result of an intrusion of a basic magma into the upper part of the
siliceous basement.

Zahn (1965), Flaugher (1973), and Langford (1984) conducted gravity surveys
in the region of the Serpent Mound Structure. Their studies show no relationship
between the surface expression of the structure and the regional gravity anomaly. The
full extent of their studies, used with the state-wide regional gravity surveys of
Heiskanen and Uotila (1956), and Hildenbrand and Kucks (1984), recognise a linear
regional anomaly oriented northwest-southeast extending from extreme north-eastern
Kentucky through Scioto, Adams, Highland, and into Indiana east of Fort Wayne
(Figure 1.7).
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Figure 1.5- Diagram illustrating the structural and the topographic

development of the Serpent Mound Structure (after Hansen, 1994)
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Figure 1.7- Bouguer Gravity Anomaly Map of Ohio
(Elevation Mean Sea Level C.I. 5 mGals)

Istok (1978) studied the palacomagnetism of eight hand samples from the
Brassfield Formation and the Tymochette Dolomite collected from core and flanks of
the Serpent Mound Structure. He concluded that the structure was at least as old as the

Late Triassic and the magnetisation was associated with mineralization.
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Heyl and Brock (1962) reported zinc mineralization associated with brecciated
rocks within the Serpent Mound Structure. The zinc minerals present occur in the
Peebles and Greenfield Dolomites and consist of sphalerite that partly weathers to
smithsonite and hydrozinite. They observed that several stages of fracturing and
mineralization of sphalerite indicates that several episodes of zinc mineralization
occurred over the long history of the structure. They concluded that the zinc occurrence
was small and was likely not to be an economic deposit. Reidel (1975), Reidel and
others (1982), and Stryker (1971) studied the zinc mineralization and asphalt coating
mineralization which occurs along fault planes and the intersection of several faults.
Economic deposits of zinc minerals and petroleum were not located as a result of their
mapping. These studies agree with Heyl and Brock (1962) that at least two episodes of
mineralization and deformation occurred in the Serpent Mound Structure. Carlson
(1991) reported that the Serpent Mound Structure occurs within one of the major
mineralised areas of Ohio, called the Serpent Mound Zinc District. This district is about
32 km wide and 64 km along a north-south axis, lying on the eastern flank of the
Cincinnati Arch, and extending from southern Fayette County through Highland County
into west-central Adams County. McFarland and others (1993), McFarland and Carlson
(1994), McFarland and others (1994), McFarland and Carlson (1995, 1995b),
McFarland and Carlson (1996) conducted further studies of the mineralization
associated with the Serpent Mound Structure. They proposed a model of renewed
inflow of zinc minerals inside and adjacent to the structure based on the mineralogy,

sulphur isotopes, and trace element geochemistry.

1.5- Purpose and Objective of This Study

Clearly more data are needed to resolve the controversy and the confusion
concerning the origin and subsurface nature of the Serpent Mound Structure. This is the
objective of this research, which provides new geophysical data for this purpose. These
new data include reprocessed seismic reflection data, modelling of geophysical well

logs, a micro-gravity profile, a detailed magnetic survey, and a palacomagnetic

Belgasem M.B. EL-Saiti Department Of Geology and Applied Geology, Glasgow University



CHAPTER-1 INTRODUCTION Page 1°
Geophysical Studies Of The SERPENT MOUND Structure, Adams County, Ohio, U.S.A.

investigation. Our colleagues at the Ohio Department of Natural Resources supplied
descriptions of cores with petrographic analysis.

Until this study most of the geophysical investigations of the Serpent Mound
Structure were either conducted on a regional scale or one of the potential field methods
(gravity and magnetic) were used. In this study we combine the results of potential field
methods with the results of seismic investigation, and data from deep cores. Because
different geophysical methods are sensitive to different physical properties they
complement each other to provide an integrated view of the structure.

Two seismic lines were made available for this research, by the Ohio
Department of Natural Resources (ODNR) for reprocessing and interpretation. The first
seismic line crossed the transition zone through the eastern portion of the structure. The
second seismic line traversed southwest-northeast along across the central uplift area of
the structure. For the interpretation of the seismic lines, the ODNR made available
geophysical well logs from nearby oils wells drilled to basement. These logs enabled us
to model the seismic response of the stratigraphic units in the vicinity of the Serpent
Mound Structure and to interpret the seismic data.

Mapping of the subsurface structure is the most important use of the seismic
reflection data gathered across the structure. Without subsurface geological data or well
log information it would be difficult to establish the origin of the structure based on
seismic sections alone. However, observed morphological, structural and tectonic
features, change in intensity of deformation with the depth, and the local fault patterns,
may provide compelling evidence for the origin of the structure. Geological data
(surface and subsurface) remain very important to constrain the interpretation of
geophysical data, in the same way it is important that geophysical observations place
stringent restrictions on the proposed geological interpretation for the origin of the
structure. In this regard, two small-diameter continuous cores drilled in 1979 by John L.
Carrol Minerals Exploration Company, New York City, were made available for
investigation. These two continuous cores, one drilled in the transition zone DGS 3275
(Ohio Department of Geological survey well # 3275) and one drilled in the central uplift
area (DGS 3274) of the Serpent Mound Structure, both penetrated the Knox Dolomite
and reached 630m (2065ft) and 903m (2962ft) total depth respectively. Three shallow
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cores from the northern part of the structure were also available for study, as were deep
cores from undisturbed areas near the structure.

The new potential field data include a detailed ground magnetic survey over the
structure and beyond, covering hundreds of square km using two Geometrics 856
recording proton precession magnetometers. A micro-gravity survey profile was carried
out across the centre of the structure, to search for a local gravity anomaly of the
structure not related to regional gravity trends. Differential global positioning methods
were used to locate stations for the gravity and magnetic work.

Palaecomagnetic analysis of samples collected from the well cores, allow us to
assign an approximate age of the structure. This was done using cores that were not
oriented in declination but the vertical direction was known.

The geophysical study, combined the descriptions and the petrographic analysis
of the cores carried out by colleagues at the ODNR provide new information regarding
the distribution, geometry, and physical properties of the subsurface of the structure.
We believe we have sufficient information for the proper interpretation regarding the

origin and the geophysical signatures of the Serpent Mound Structure.
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Chapter-2 REGIONAL SETTING AND STRATIGRAPHY

2.1- Regional Structural Geology

2.1.1- Introduction

Ohio is a part of a central stable region (craton) characterised by broad
sedimentary basins and arches near the eastern edge of the mid-continent United States
(Figure 2.1). This portion of the craton consists of three regional sedimentary and
structural basins, unconformably lying on the Precambrian basement complex. These
are, the Appalachian Basin to the east, the Illinois Basin to the southwest, and the
Michigan Basin to the north. The three basins are separated by the Cincinnati-Kankakee
Arch system, and the Findlay Arch and Indiana-Ohio Platform (Figure 2.1), which are
considered regional structural positive features (Green, 1957). The Michigan Basin and
Illinois Basin, are separated by the Kankakee Arch that intersects the Findlay Arch in
western Ohio. The Appalachian Basin is separated from the Michigan Basin and Illinois
Basin by the Findlay Arch to the north and the Cincinnati Arch to the south,
respectively. These basins developed during the Palaeozoic Era because of periodic
faulting and structural adjustment in the Precambrian basement complex along plate
tectonic boundaries. The eastern part of Ohio rests on the western flank of the
Appalachian Basin while the western part of the state straddles the Cincinnati Arch and
the Findlay Arch (Figure 2.1). The geology of Ohio consists of a Precambrian basement
made up of predominantly igneous and metamorphic rocks, overlain by platform and
basin deposits. The Precambrian basement has been subdivided into different provinces

based on age, lithological, and structural characteristics.
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The regional Bouguer gravity map of Ohio (Heiskanen and Uotila (1956) can be
divided into two regions. Figure (2.3) is a Bouguer gravity map of Ohio showing the
boundary between these two regions. To the west of this boundary the Bouguer
anomalies in Ohio are greater in magnitude and form a more complex pattern than
anomalies to the east of the boundary. This boundary corresponds to the division

between two major structural provinces, the Ohio-Indiana Platform to the west and the

Appalachian Basin to the east.
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Figure 2.3- Schematic Diagram of the Crustal Features on the
Gravity Anomaly Map of Ohio, C.I. mGal.
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The Palaeozoic sedimentary rock sequence above the crystalline basement
varies in thickness from less than 2500 ft (760 m) in northwestern Ohio to over 13,000
ft (4000 m) in southeastern Ohio. Figure 2.4 shows a basement configuration map
constructed from scattered deep wells (Figure 2.5) in Ohio and surrounding regions
(Lucius, 1985). One of the dominant topographic features in the basement map
(Figure 2.4) is the Ohio-Indiana Platform. This area is roughly outlined by the -3000 ft
(914 m) contour in the western half of Ohio.
This map also shows the depth to the basement in the area near the Serpent Mound
Structure is in the range of -3000 ft.(914 m). The Palaeozoic sediments are overlain by
Pleistocene glacial deposits in much of Ohio. Figure 2.6 shows the approximate edge of
the glacial zone in western Ohio. Topographically the western region and part of
northeastern Ohio are part of the Central Lowlands physiographic province, which is
characterised by low relief. The southeastern and eastern parts of Ohio are part of the
physiographic Appalachian Plateau, which consists of a resistant highland that

continues southeastward to the Appalachian Mountains.
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Figure 2.4- Basement map of the State of Ohio
Datum is mean sea level, C.1. 100 ft (30m)
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Figure 2.5- Distribution of Deep Wells in Ohio and Surrounding
Areas Used to Map the Basement
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Figure 2.6- Map of Ohio Showing the Glacial Boundary as a dashed line
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2.1.2- Grenville Province

The Grenville Front, a fault zone in Canada represents the boundary between the
highly deformed Grenville Province (less than 1000 my. BP) and the older Superior
(Central) Province (greater than 1000 my. BP) which lies to the northwest. Movement
in the southeast-dipping intensely fractured fault zone thrust the Grenville rocks
northwest over rocks of the Superior province. The Grenville Front passes from view
beneath the Palaeozoic sediments north of Lake Ontario showing no decrease in
deformation intensities of the Grenville orogenic belt. In the central United States
(Figure 2.2), the front is delineated by a change in the subsurface Precambrian rocks
from medium to high-grade metamorphic rocks in the east to older unmetamorphosed
igneous and sedimentary rocks in the west. Figure 2.7 shows some of Ohio deep well
locations and basement lithology. Bass (1960), McCormick (1961), Lidiak and others
(1966), and Janseens (1973) recognised the two distinct lithologic provinces in the
Precambrian rocks of Ohio. Figure 2.8 shows the location of the Grenville front
determined by these workers. The basement of the eastern three-quarters of Ohio is the
Grenville Province and in the western quarter of Ohio is the Superior (Central) Province
(Lidiak, et al. 1985; Lucius, 1985; Lucius and Von Frese, 1988). Both Bass (1961) and
McCormick (1961) defined the Grenville Front as a lithologic boundary rather than an
age boundary. They based the position of their boundaries on the petrology of the rock
samples from deep wells. Both petrology and age determinations were used in the
classifications of Lidiak and others (1966). Janssens (1973) has a slightly different
trend to the lithologic boundary (Figure 2.8) as it passes through southern Ohio. This
line corresponds to the northwest trend of the magnetic anomaly through the area near
the Serpent Mound Structure. The Grenville Front Tectonic Zone is a 50 km wide
structural zone at the western edge of the Grenville Province (Culotta et al. 1990). The
Grenville Front consists of a complex metamorphosed, folded-thrust belt rocks and
separates these east and west provinces (Bass, 1960; Rudman et al. 1965; Muehlberger,
1968; Lidiak and Zeitz, 1976). In addition to the Grenville Front, two other major
structural features are the Waverly Arch (Woodward, 1961; McGuire and Howell,
1963) about 16 km (10 miles) to the east of the Serpent Mound Structure, and the
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Kentucky River Fault System (Ammerman and Keller, 1978), about 96 km (60 miles)

to the south of the structure.
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Figure 2.7- Deep Well Locations and Lithology of the Basement

( The dashed line represents the Grenville front zone)
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2.1.3- Cincinnati Arch

The Cincinnati Arch is the dominant structural feature in southern Ohio. The
Arch extends from the northern Alabama to just south of Cincinnati, Ohio, where it
divides into two branches. The east branch, the Findlay Arch, extends through
Cincinnati and Toledo, Ohio, and dies out in southern Canada. The west branch, the
Kankakee Arch, extends northwestward through Indiana and fades out near Chicago,
Illinois (Figure 2.1).

The Findlay Arch is the structure that most affects the geology in southern Ohio.
The crest of the arch dips gently northward at about 10 ft / mile (2 m/km ) causing the
formations around it to crop out in an arcuate pattern (Kaufmann, 1964). On the east
flank of the arch, the strata dip eastward at approximately 15 to 40 ft / mile (2.8 to 7.6
m/km) (Miller, 1955; Kaufmann, 1964). The Findlay Arch as a whole is believed to be
the product of differential subsidence rather than uplift. During the period of sediment
deposition, subsidence in the Appalachian and Mississippi Basins occurred at a much
faster rate than along the crest of the arch. This is illustrated by the lateral differential
thickening of some of the formations, particularly the Cincinnatian group of formations

and the Ohio Shale (Stout, 1941).

2.1.4- Waverly Arch

The Waverly Arch is a controversial structural feature. 'Woodward (1961)
reported the existence of a broad low concealed arch extending through central Ohio
from Lake Erie into eastern Kentucky (Figure 2.9). The Waverly Arch was Woodward’s
explanation for the thinning of the Cambrian and Lower Ordovician strata in central
Ohio, and absence of the Beekmantown Dolomite in certain stratigraphic sections and
isopach maps. Woodward (1961) suggested the Waverly Arch was 96 to 128 km (60 to
80 miles) wide, 480 km (300 miles) long and 230 m (750 ft) in amplitude and uplifted
during the Cambrian. The axis of the Arch axis trends north-south in central Ohio

(Figure 2.9) at the town of Waverly, in Pike County, Ohio, after which it was named.
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Figure 2.9- Waverly Arch of Central Ohio as proposed by Woodward
(after Woodward, 1961)

Sediments of the middle Ordovician age and younger were not affected and no
surface expression of the arch was noted. Although Woodward (1961) did not directly
implicate the Precambrian basement with the presence of the Arch; Cable and Beardsley
(1984); and Riley, et al. (1993) speculated that the Waverly Arch was related to
episodic movement of the Precambrian basement. Movement along the Waverly Arch
and Kentucky River Fault System was limited primarily to the Cambrian. It has since

been suggested by Calvert (1974) that the Waverly Arch may not exist and that no well
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defined thinning of Cambrian and Lower Ordovician strata occurs along Woodward’s
Waverly Axis. Calvert attributes the original recognition of the Waverly Arch by
Woodward to the latter’s use of the Knox Unconformity as the datum surface for the
geologic cross sections constructed during the study. Calvert (1974) demonstrates how
an erosional valley may be misinterpreted as evidence for arching. An erosional valley
filled with shale may be converted into an anticlinal structure capped by shale when the
unconformity is used as the datum surface (Figure 2.10). This occurs because of
flattening of the erosional surface, when used as a datum, causes depression of the
valley walls relative to the valley floor and an apparent arching of the underlying strata.
Owens structure map of the Precambrian of Ohio (1967) shows no trace of a large arch
other than the Findlay Arch in the northwest section of Ohio. The regional gravity map
of Ohio (Heiskanan and Uotila, 1956) shows nothing that would indicate such large
displacement. The magnetic anomaly map also shows no evidence for the Waverly

Arch in the magnetic basement.
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Figure 2.10- Palaeovalley Converted to apparent arch
(after Calvert, 1974)
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2.2- Regional Stratisraphy

2.2.1- Introduction

Due to the sparcity of deep wells within the area of the Serpent Mound
Structure, little is known about the Precambrian basement. Two deep wells have been
drilled a few km south of the structure in Jefferson Township, Adams County,

(Figure 2.7). Janssens (1973) mentioned that the upper 60 ft (20 m) of the Precambrian
is composed of granitic rocks in these two wells.

Unconformably overlying the Precambrian basement is a thick sequence of
Palaeozoic sedimentary rocks. The Palaeozoic rocks of Ohio range in age from
Cambrian to Pennsylvanian in the east, and to Silurian in the west, where the Serpent
Mound Structure is located (Figure 2.11). Clastic sediments dominate the Palaeozoic of
eastern Ohio, while western and central Ohio are dominated by carbonates. During the
Palaeozoic the development of the highland to the east was due to continental collision
(Acadian, Taconic, and Allegheny Orogenies), and the shedding of clastic detritus
westward into the shallow seas that once covered Ohio. The Palaeozoic rocks were
exposed to erosion in the Mesozoic and the Cenozoic.

In western Ohio mostly Silurian rocks are exposed. The undeformed bedrock
sequence adjacent to the Serpent Mound Structure consists of approximately 3500 ft
(1067 m) of Palaeozoic sedimentary rocks. Stratigraphic variations and major
unconformities in southern Ohio may be related to the Grenville Front and Waverly
Arch, and include facies variations along a north-south trend in the Cambrian Mount
Simon Sandstone, Eau Claire and Rome formations, Knox Dolomite (Rose Run
Sandstone), and Silurian-Devonian unconformities. The Mount Simon Sandstone
changes from dominantly quartz sandstone in the west to the dominantly dolomite of
the Rome Formation to the east. The Eau Claire Formation changes from mostly
sandstone, siltstone and shale in the west to the dominantly dolomite of the upper part
of the Rome Formation and shale, limestone and dolomite of the Conasauga Formation
to the east . The Knox Dolomite (Rose Run Sandstone) also changes in this area

interfingering with dolomite to the west.
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2.2.2- Precambrian

Little is known directly about the Precambrian of this part of Ohio, because of
the small number of wells drilled that penetrated the Precambrian surface. Historically,
the thick cover of sedimentary rocks in Ohio has restricted geologic investigation of the
Precambrian crystalline basement complex. Lucius (1985) gave a summary of deep well
data (Figure 2.7). The wells are not evenly distributed throughout Ohio. Few wells
penetrate more than 100 ft (30 m) into the Precambrian, so that the lithologies
encountered may not be indicative of the rocks at depth. Patterson (1980) conducted a
low-altitude aeromagnetic survey to investigate the crustal geology of south-central
Ohio, Lucius (1985) compiled aeromagnetic anomaly maps and revised gravity
anomaly data to present a model of the basement geology of Ohio.

Based on petrologic descriptions, the basement surface of Ohio can be divided
into two contrasting lithologic provinces. A transition zone approximately 30 to 50 km
wide (Lucius, 1985) separates the provinces extending north-south from Lucas and
Sandusky counties in the north to Brown and Adams counties in the south
(Figure 2.7). This lithologic transition zone separates rocks to the east that have been
subjected to various degrees of metamorphism and deformation from those to the west
that are relatively undisturbed igneous and metasedimentary rocks. Precambrian
basement rocks in the vicinity of the Serpent Mound Structure consists predominantly
of granite gneiss, schist, amphibolite, and marble based on the work of Bass (1960),
McCormick (1961), and Gonterman (1973). The depth to the basement surface in the
Serpent Mound area ranges from —3400 to —3900 ft (-1036 m to —1189m) below sea

level based on the seismic and well control data.
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2.2.3- Cambrian

The Cambrian sequence in southern Ohio (Figure 2.12 ) is divided into the following
formations, based on the subsurface geological data and well logs. These formations,
from oldest to youngest are the Mt. Simon Sandstone, Rome Formation, the Conasauga
Formation, the Kerbel Formation, and the lower part of the Knox Dolomite.

Descriptions of the formations follow:

Mt. Simon Formation:

The Mt. Simon Sandstone, unconformably overlying the Grenville granites of
the late Precambrian, was first named by Ulrich (Walcott, 1914) for sandstones on Mt.
Simon near Eau Claire, Wisconsin. In general, the Mt. Simon Sandstone in Ohio is a
fine to coarse-grained sandstone. Locally, the basal portions consist of conglomeratic
sandstone, or sandy conglomerate, which grades upward into typical well sorted, pure
Mt. Simon Sandstone (Figure 2.12). Colour ranges from colourless at top to colourless,
pink, or yellowish at the base. The Mt. Simon Sandstone is mainly poorly consolidated
but siliceous cement has been found in a few wells (Janssens, 1973). By definition of
the upper boundary, glauconite is absent in the upper portions of the Mt. Simon
Sandstone in western Ohio. Glauconite is present in very minor amounts in other areas.
Near the study area, the average thickness of the Mt. Simon Sandstone ranges from 100
to 140 ft. (30 to 43 m). This thickness is largely determined by the topography of the
underlying Precambrian surface (Janssens, 1973). Density logs from wells near the
Serpent Mound structure show the average bulk density for Mt. Simon Sandstone is

approximately 2.58 gm/cc.

Rome Formation:

Overlying and in gradational contact with the Mt. Simon Sandstone is the Rome
Formation (Figure 2.12), named by Hayes (1891) for sandstone underlying the
Conasauga Formation and overlying the Weisner Quartzite in Rome, north-western
Georgia. Calvert (1962) first applied the name Rome Formation to strata in Ohio in the
Kewanee no.1 Hopkins well in Fayette County. Here, the Rome Formation consists of

very fine to coarse grained, poorly sorted, nonglauconitic, dolomitic sandstone
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interbedded with minor oolitic and pelletal sandy dolomite (Janssens, 1973). Thickness
in the study area ranges from 285 to 300 ft. (87 to 91 m). The Rome Formation has an
average bulk density of about 2.66 gm/cc. The Rome Formation is dominantly
sandstone in south-central Ohio, where a thick north-south trending sandstone facies
occurs. East of the disturbed area the Rome Formation is primarily dolomite of the Eau

Claire Formation (Janssens, 1973).

Conasauga Formation:

The Conasauga Formation was named by Hayes (1891) for alternating beds of
calcareous shale and limestone in the Conasauga Valley in northwestern Georgia.
Calvert (1962) was the first to use the name Canasauga in Ohio. He assigned an 87 ft
(26.5 m) thick sequence of glauconitic, very fine grained sandstone and green
micaceous shale in the no.1 Hopkins well to the Conasauga Formation. The Conasauga
Formation of Ohio has three litofacies: A, B, and C (Janssens, 1973). Lithofacies A, the
only one present in the study area, is sequence of interbedded red and green shale with
minor amounts of partly glauconitic siltstone, very fine grained sandstone, and
limestone. The limestone is in part dolomitized. The average thickness of the
Conasauga Formation (Figure 2.12) in the study area is about 300 ft. (91.5 m). An

average bulk density of 2.70 gm/cc was estimated for this formation from the well logs.
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Kebrel Formation:-

The Kerbel Formation (Figure 2.13) consists of fine to coarse-grained sandstone,
siltstone, and dolomite (Janssens, 1973). The Kerbel Formation is interpreted as a
deltaic fan related to the underlying marine facies of the Conasauga Formation. The
Serpent Mound Structure is located near the southern limit of the Kerbel. To the south
and west, the Kerbel intertonges with the basal Knox Dolomite. The Kerbel is 157 ft (48
m) thick, with an average density of 2.69 gm/cc .

2.3.4- Ordovician

Knox Dolomite:-

The Cambro-Ordovician Knox Dolomite (Figure 2.13) is in gradational contact
with the underlying Kerbel Formation. The Knox Dolomite in this report refers to the
rocks between the top of Kerbel Formation and below the regional Knox unconformity
(Janssens, 1973). The Knox consists of dolomite and sandstone with some localised
deposits of limestone. Pellets and oolites are common in the dolomite and are frequently
found in association with pelletal and oolitic chert. Partial to nearly complete solution
of these dolomite and chert pellets is also common and is the most common source of
porosity in the formation. The Knox is divided into the Copper Ridge, Rose Run
Sandstone, and Beekmantown (Figure 2.13).

The Rose Run Sandstone is the only persistent sandstone throughout the Knox
Dolomite The name Rose Run Sandstone was first used by Freeman (1949) for about
70 ft (21.3 m) of sandstone in the Judy and Young no: 1 Rose Run well, Bathe County,
Kentucky. The sandstone is poorly consolidated, fine to coarse- grained, slightly
dolomatic, in some places glauconitic, and interbedded with sandy dolomites. In the
upper portions, sandstone is the dominant lithology, but in the lower portions of the
Rose Run, dolomite is more abundant. Baranoski (1993b) and Riley and others (1993)
mapped the inferred southern limit of the Rose Run Sandstone subcrop as passing just
north of the Serpent Mound disturbance with Beekmantown Dolomite in the vicinity of

the disturbance.
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The Rose Run Sandstone apparently changes to a carbonate dominated sandstone west
of the Waverly Arch, which would include the area occupied by the Serpent Mound
Structure (Riley and others, 1993). The upper part of the Knox Dolomite found in cores
DGS 3274 and DGS 3275 may correlate with the Rose Run Sandstone. Total thickness
of the Knox Dolomite (Beekmantown, Rose Run, and Copper Ridge) in the study area
ranges from 830 to 850 ft. (253 to 259 m). Janssens (1973) found the Knox Dolomite
to be much thicker to the south, where it reaches 1100 ft (335 m)at the southern border
of Adams County. This large change in thickness can be attributed to three factors: 1-)
depositional thinning in the Knox Dolmite; 2-) local relief at the top of the formation
caused by erosion prior to middle Ordovician; and 3-) regional truncation to the west
due to erosion.

The Knox Dolomite found in the cores DGS 3274 and DGS 3275, correspond to
the upper part of this unit and consists of dolomite and sandy dolomite interbedded with
quartz sandstone and rare shale. Average densities for the Knox Dolomite units are, 2.7
gm/cc for the Beekmantown , 2.59 gm/cc for the Rose Run Sandstone, and 2.73 gm/cc
for the Copper Ridge.

Wells Creek Formation:
Calvin (in Stout, 1941) first named the Glenwood Shale (Wells Creek

Formation), which unconformably overlies the Knox Dolomite (Figure 2.14), for
deposits in Iowa. In Ohio, a sequence apparently correlative with the Glenwood
Formation exists above the Knox unconformity (Stout, 1941). This formation consists
of green, grey, and brown shales, siltstone, sandstone, and argillaceous and sandy
dolomite (Janssens, 1973). According to Stout (1941), the outstanding feature of the
formation is the green colour, primarily caused by the presence of celadonite, sericite,
and biotite. These minerals appear to be present as a weathering products of carbonate
rocks rather than through direct deposition (Stout, 1941). Thickness of the Formation in
the study area is approximately 25 ft. (7.6 m). This Formation have been named
Glenwood Shale, Glenwood-St. Peter of drillers, and lower dolomite member of the
Chazy Limestone, and the Wells Creek Formation (Janssens, 1973), The name, Wells
Creek Formation was preferred by Janssens (1973) and adopted by later workers

studying the stratigraphic sequence
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(e.g. Stith,1979, 1986; Riley and others, 1993) and this study. The average bulk density
of the Well Creek Formation is 2.64 gm/cc.

Black River Group:-

The Black River Limestone (Figure 2.14) is a finely crystalline, light to light-bluish
grey, hard limestone. It is thinly to massively bedded and locally contains some shaley
partings. Some layers are cherty and others are oolitic. The thickness of the Black River
Limestone in the study area ranges from 500 to 530 ft. (152.4 — 161.5m). It consists of
the Carntown, Gull River, and Lower Unit based on geophysical well logs. The average
bulk density for the Carntown is 2.67 gm/cc, and for the Gull River is 2.7 gm/cc.
Limestone with subordinate dolomitic and skeletal limestone interbedded with minor
shale characterise the Black River Group in both cores DGS 3274 and DGS 3275.
Burrow mottling, calcite-filled burrows and fractures, and Birdseye structures are

common in the Black River Group.

Lexington Group:-
Historically, the rocks of the Lexington Limestone of southern Ohio have been

named the Trenton Limestone based on the correlation of Newberry (1870) and Orton
(1888) between Ohio and New York. The Trenton Limestone is mostly confined to the
subsurface in Ohio, though the Point Pleasant Member (upper Trenton) is exposed on
the Ohio River at Point Pleasant, Clermont County, Ohio. Orton (1873) named the Point
Pleasant Member for about 50 ft (15.2 m) of limestone with shaly partings quarried at
Point Pleasant, Ohio. In general, the Trenton appears as a pure limestone with an
average bulk density of 2.66 gm/cc (Zinni, 1982), though in areas it becomes dolomitic.
In the early 1960’s, the United States Geological Survey revised the lithostratigraphy of
the Lexington (Black et al. 1965; Cressman, 1973). The name, Lexington Limestone,
has been adopted to replace the Trenton Limestone throughout southwestern Ohio, and
the Trenton Limeston is now considered an informal drillers’ term (Stith, 1986). The
Lexington Limestone consists of the rocks between the top of the Black River and the

base of Point Pleasant Formation. In the cores DGS 3274 and DGS 3275,
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the Lexington Limestone consists of three members: the Curdsville Limestone Member,
the Logana Member and the Lexington undifferentiated (Stith, 1986). The Curdsville
Limestone Member contains approximately 90 percent brownish gray to gray,
fossiliferous limestone and 10 percent grey, sparsely fossiliferous shale. A diagnostic
brecciated granular chert within the Curdsville Limestone Member and a zone of
brachiopod-rich shales restricted to the lower part of the Logana Member were excellent
markers used to recognise and correlate between DGS 3274 and DGS 3275. The
brachiopod-rich shale is overlain by interbedded olive grey to black. An average
thickness of the Lexington Limestone in the study area is 220 ft (67 m) based on

geophysical well logs. It has an average density of 2.69 gm/cc.

Point Pleasant, Kope, and Fairview Formations:-

The Point Pleasant, Kope, and Fairview Formations (Figure 2.14) have been
successfully traced by Stith (1986) and Bergstrom (1991) in the subsurface of
southwestern Ohio. The undeformed stratigraphic section between the top of the
Lexington Limestone and the base of the Grant Lake Limestone is approximately 480 ft
(146.3 m) of interbedded shale and limestone which is subdivided into the Point
Pleasant, Kope, and Fairview Formations. The diagnostic characteristics which
differentiate these units are shale percentage, shale bed thickness, and bedding style.
The Point Pleasant and Kope Formations were easily identified in the mildly deformed
rocks below 725 ft (221 m) in DGS 3275. However, the Point Pleasant, Kope, and the
Fairview Formations could not be identified with confidence in DSG 3274 (Baranoski
personal communication) and above 725 ft (221 m) in DGS 3275 because of severe to
chaotic deformation. Thus two units combined into thicker undivided sequences. Using
biostratigraphic information, the Point Pleasant and Kope Formation (Baranoski, 1997)
occurred twice in DGS 3274 and was present in DGS 3275. In DGS 3274, the first
drilled interval of the Point Pleasant through the Fairview Formations ranges between
225.3 and 1243.5 ft (68.67 and 379 m) and the second occurs between 1696 and 2030 ft.
(516.9 and 618.7 m). Within these intervals, faulted blocks usually separated by breccia
zones display abundant internal faulting, folding, and brecciation. The average density

of the Point Pleasant Formation based on well logs is 2.68 gm/cc.
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The Kope Formation (Weiss and Sweet, 1964; Weiss et al, 1965), is a sequence
of blueish-grey to brownish-grey, thin bedded shales alternating with slabby limestones.
These limestones, which appear to be concentrated more in the lower portions of the
formation (Ali, 1967), occur as discontinuous beds. The thickness of the Kope
Formation is more than 200 ft (61m) in the study area with an average density of 2.67
gm/cc.

The Kope Formation grades upwards into the interbedded limestone and shales
of the Fairview Formation (Bassler, 1911). Grey, medium to coarse-grained limestone
makes up about 60% of the total thickness of the formation. Thirty to thirty five percent
of the formation thickness is composed of blue-grey, thin bedded, calcareous shale with
some siltstones. The thickness of the Fairview is approximately 40 ft (12.2 m) in the

study area and density of 2.70 gm/cc.

Grant Lake Limeston:-
Grant Lake Limestone is conformably overlying the Fairview Formation (Figure

2.14). 1t is a series of irregularly bedded argillaceous limestones and minor interbedded
shales named by (Peck, 1966). Peck proposed the name Grant Lake Limestone as a
replacement for McMillan Formation Limestone. Thickness of the Grant Lake
Limestone in northeastern Adams County is approximately 100 ft, (30 m) and a density
of 2.69 gm/cc (Geophysical well logs). The Grant Lake Limestone has been mapped in
outcrop and into the subsurface of Adams, Brown, and Highland Counties, Ohio
(Schumacher and others, 1991). Three members are recognised: the Bellevue,
Corryville, and Straight Creek. The Grant Lake Limestone is defined by having at least
70 percent irregular to wavy-bedded, fossiliferous limestone, and minor amounts of
planar bedded fossiliferous to sparsely fossiliferous limestone and shale. In DGS 3274
and DGS 3275 severe to chaotic deformation has folded, fractured, faulted, and
brecciated the strata of Grant Lake Limestone into clasts within breccia zones or into

fault blocks generally separated by breccia zones.
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Arnheim, Wavnesville, and Drakes Formations:-

These formations consist of fine to medium grained limestone and alternating
shale beds. The shale in most localities is grey to greyish green and calcareous. Locally,
shales grade laterally to calcareous mudstones. Most limestones in the formation are
grey, with coarse-grained fossil fragments in a fine grained matrix, and are thin to
medium bedded. In core DGS 3275, the Drakes Formation is approximately 80%
dolomitic to calcareous shale with minor interbedded limestone. Shale beds are variable
in colour from bluish grey to greenish grey to dark reddish grey. The Drakes Formation
is distinguished from the underlying Waynesville Formation and the overlying
Brassfield Formation by the abundance and colour of the shale beds. The total average
thickness of (Drakes, Waynesville, and Arnhiem) in the study area (Figure 2.14) is 230
ft (70.1 m) with an average density of 2.66 gm/cc based on geophysical well logs.

2.2.5- Silurian
The Silurian sequence in southern Ohio (Figure 2.15 ) is divided into three groups:
the Medina Group, Niagara Group, and the Bass Island Group. The Medina Group, the
lowermost group in the Silurian section, is represented here by the Brassfield

Limestone.

Brassfield Limestone Formation:-

The Brassfield Limestone is hard, dense, fossiliferous, and thin to medium
bedded. In Adams County, it usually occurs in one to four layers, is very ferruginous in
composition, dark brown to reddish brown in colour, and oolitic in texture. The
ferruginous layers usually appear about the middle of the formation. The ferruginous
material in these layers, limonite and hematite, appear to be primary in origin (Stout,
1941). In the study area, the Brassfield Limestone has a thickness of approximately 50
ft, (15.2 m); it is a thick-bedded, white limestone with thin shale beds. A prominent
hematitic fossil zone near its top is an important stratigraphic marker throughout the
area ( Reidel, el al, 1982). Some thin beds of the Brassfield Formation are nearly pure

hematite (Figure 2.15). The Brassfield generally weathers to a light yellow colour.
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Noland Formation:-

Rexroad et al. (1965) subdivided the lower Silurian rocks of Adams County,
Ohio, into the Brassfield Formation overlain by the Noland Formation and Estill Shale
of the Crab Orchard Group. The Noland Formation was subdivided into a lower
undifferentiated unit overlain by the Dayton Limestone Member. Horvath (1967)
observed that the Brassfield Formation thickens to the east and is separated from the
Dayton Member of the Noland Formation by an expanding wedge of shale and
carbonate units eastward. In the region of the Serpent Mound Structure, he noticed that
the undifferentiated unit of the Noland Formation thinned and pinched out in southern
Highland County, Ohio. Rexroad et al. (1965) and Swinford (1985) noticed a similar
trend in this region northward. In the cores DGS 3274 and DGS3275 the Brassfield and
the Noland Formations were undivided because the contact between them could not be

picked.

Dayton Limestone:-

The Dayton Limestone belongs to Niagara Group (Figure 2.15), which was
named by Vanuxem (1842) for exposures at Niagara Falls, New York, and adopted by
Orton (1871) for formations in Adams and Highland Counties, Ohio. The Niagara of
southern Ohio consists of the following formations, from oldest to youngest are

Dayton Limestone

Alger Shale (Estill Shale)
Bisher Formation

Lilley Formation
Peebles Dolomite

The Dayton Limestone was named by Orton (1871) for the exposures near
Dayton, Ohio. The formation is a siliceous, limey dolomite, changing locally to
limestone. Layers are evenly bedded with thickness varying between 3 inches and 2 ft.
(0.08 and.0.61 m). The thickness of the formation in Adams County, Ohio reaches a

maximum of 6 ft. (1.8 m). Based on the geophysical well logs, the average thickness of
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Noland, Dayton, BrassField, and Belfast Member in the study area is 95 ft (29.0 m),
with an average bulk density of about 2.68 gm/cc.
Estill ( Alger ) Shale :-

Regionally, the Alger shale (Orton, 1871) is correlative with the Rochester Shale

of New York (Stout, 1941). In general, the Alger is a soft calcareous and ferruginous
shale, locally containing dolomite beds. The Rochester Shale formally called the Crab
Orchard Shale (Reidel et al. 1982), lies above the Brassfield Limestone and consists of
alternating red and green clay shale with rare fossils. Lenses of finely laminated
limestone and dolomite are intercalated with the shale near the bottom and the top of the
unit (Figure 2.15). In 1897, Foerste divided the Alger into three members: the basal
Osgood Member after Osgood, Indiana; the medial Laurel Member after Laurel,
Indiana; and the uppermost Massie Member for exposures on Massie Creek, Greene
County, Ohio. The Osgood Member is primarily a soft calcareous clay shale with a few
thin beds of dolomite. The Laurel Member is a finely crystalline, dense, hard, thin to
medium bedded dolomite. The Massie Member is a soft calcareous shale clay shale of
about 6 ft (1.82 m) in thickness. Foerste (1906) introduced the Estill Clay Member of
the Alger Formation when he described the rocks exposed near Estill Spring located in
east-central Kentucky near the town of Irvin. Rexroad and others (1965) proposed that
the name of the Alger Formation be abandoned from Ohio and be replaced by the Estill
Clay Member evaluated to formational status. Thus the Estill Shale has been adopted by
subsequent stratigraphers. Shale interbedded with minor dolomite and limestone
characterises the lithology of the Estill Shale. The Estill Shale in DGS 3275 has
undergone mild to severe deformation which removed part of the formation. Well logs
show an average thickness of Estill Shale of 130 ft (39.6 m), and with average density
of 2.64 gm /cc in the study area.

Bisher, Lilley, and Peebles Formations:-

Overlying the Estill (Alger) Shale is the West Union Formation, which Orton
(1871) named for exposures near West Union, Adams County, Ohio. In 1917, Foerste
divided the West Union into the upper Lilley Formation and the lower Bisher
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Formation (Figure 2.15). The Bisher and Lilley Formations lie above the Esill Shale and
have a combined thickness of 85 ft (25.9m) (Reidel et al.1982) of silty, grey to blue
grey dolomite which weathers to a characteristic red brown colour. The brachiopod
Cryptothyrella cylindrica is a prominent marker fossil near the base. The Bisher
Formation is a massive dolomite, usually impure in composition. Silty to sandy shale
and shaley dolomite horizons may occur in any portion of the formation and may make
up the bulk of the lower part of the section. Thin, fossiliferous chert layers may be
present in the upper Bisher (Figure 2.15), particularly in the area of the Serpent Mound
Structure (Stout, 1941).

The Lilley Formation was named for exposures on Lilley Hill near Hillsboro,
Highland County, Ohio. It is coarsely to finely crystalline dolomite, light blue in colour,
often crinoidal, and locally stained by bituminous impregnation. The thickness in
Adams County is approximately 60 ft (18.2 m). The Bisher and Lilley Formations have
been subjected to severe deformation in DGS3275. Parts of these units may have been
removed by faulting.

The uppermost formation in the Niagara Group is the Peebles Dolomite

(Foerste, 1929). This formation was previously named the Cedarville Formation by
Orton in 1871. It has a porous structure and a sugary crystalline texture, but is locally
dense. Bedding is always massive. Thickness of the Peebles Dolomite varies from 40 to
120 ft 36.6 m), depending in part on the unconformity which is locally present at the top
(Stout, 1941). Iron ore deposits may occur in pockets of the upper surface.
Reidel et al. (1982) describe the Peebles Dolomite as a reef dolomite with numerous
vugs containing natural asphalt. Average thickness of Peebles, Lilley, and Bisher
Formations in the Study area is 210 ft (64.0 m), with average density of 2.68 gm/cc
(Well log data).

Greenfield and Tymochtee Dolomites:-

The Bass Island Group, the uppermost group of the Silurian section, was named
by Lane, Prosser, Sherzer, and Grabau in 1907. In Adams County, it consists of the
Greenfield Dolomite and the Tymochtee Dolomite. The Greenfield Dolomite (Carman,

1927) is fine grained and commonly occurs in beds of 2 to 6 inches with carbonaceous
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partings. It is often sugary and vesicular in texture. The thickness is stated to range
between 75 and 100 ft (22.9 and 30.5m) (Carman, 1927; Stout, 1941) though in a
complete section at the Plum Run Stone Quarry just Southeast of Peebles, Adams
County, Ohio, only 25 ft (7.6 m) of Greenfield is present (Miller, 1955). The Greenfield
is totally absent in parts of Adams County due to the erosion that occurred at the end of
the Silurian and beginning of the Devonian, and in these areas the Ohio Shale rests
directly on the Peebles Formation (Stout, 1941; Miller, 1955). According to Reidel et al.
(1982) the Greenfield Dolomite unconformably overlies the Peebles Formation in the
Serpent Mound area, with the contact marked by pockets of clay. The Greenfield
Dolomite is tan, well-bedded dolomite with cross bedding and megaripples.

The Tymochtee Formation (Salina) was originally named the Tymochtee Slate
(Winchell, 1873) for a section of fine grained (slatey) beds along Tymochtee Creek in
Wyandot County, Ohio. In 1907, Lane, Prosser, Sherzer, and Grabau extended the
Tymochtee to include all the shales and limestones exposed in the section along
Tymochtee Creek. The Tymochtee Formation generally consists of grey-brown to grey,
finely crystalline to aphanic, somewhat argillaceous dolomite. Bedding varies from thin
to laminated (Figure 2.15). Thickness of the formation varies, depending on the position
of the erosion plane. The combined thickness of the Peebles, Greenfield, and
Tymochtee Dolomites is between 110 and 150 ft (33.5 and 45.7 m), these three
formations were not differentiated on the geologic map of the Serpent Mound Structure

(Reidel et al. 1982). All the Silurian formations contain minor amounts of sphalerite.
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2.2.6- Devonian

Erosion at the beginning of the Devonian period removed from the sequence in
Adams County many of the formations usually present in the typical Devonian section.
The only remaining formations are the Olentangy Shale and the Ohio Shale
(Figure 2.16).

The Olentangy Shale is a grey, siliceous, calcareous shale with plastic, clay-like
properties. It was named for exposures along the Oletangy River at Delaware, Ohio. In
Adams County, the thickness of this unit varies from O to 20 ft (0 to 6.1 m) (Reidel,
1975).

The Ohio Shale is a dark grey to black fissile shale, oil-bearing shale with a
basal unit of sand and clay shale, containing many pyrite concretions in the lower
portions. The Ohio Shale was given its name by E. B. Andrews in 1871. Thickness of
the Ohio shale in Adams County is approximately 265 ft (80.8 m) (Reidel, 1975).
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2.2.7- Mississippian

The Mississippian in Adams County (Figure 2.17) may be subdivided, from
oldest to youngest (Hyde, 1953) as follows:
Bedford Formation;
Berea Sandstone;
Sunbury Formation;
Cuyahoga Formation;

Logan Formation.

Bedford Formation:-

The contact between the underlying Ohio Shale and the Bedford formation is
sharp. According to Hyde (1953), there is some evidence that this contact is
disconformable and that, subsequent to the deposition of the basal portions of the
Bedford Formation but before the accumulation of the greater thickness, there was
movement along the Ohio Shale Bedford Formation contact. This movement was of
sufficient character and force to warp the top beds of the Ohio Shale into very low,
narrow folds, and to cause the penetration of masses and stringers of each formation
into others.

Newberry (1870) named the Bedford Formation for exposures near Bedford,

Cuyahoga County, and Ohio. The Bedford in central Ohio is typically shale. In

southern Ohio, it ranges in composition from sandstone beds separated by shale partings

(Figure 2.17) as found at Buena Vista, Scotia County, Ohio, to very thin platey

sandstones with thin shaley partings as it appears in outcrop at Mineral Springs, Adams

County, Ohio. Sandstone beds occur more commonly in the upper portions of the

Bedford Formation. These strata consist of moderately fine grained, moderately to well

sorted, light grey to bluish sandstones and normally occur in beds of 2 to 3 ft (.61 to .91

m) thickness. In many areas, the Lower Bedford consists of sandy shales or thin platey

sandstones with thin shale partings. Thickness of the Bedford Formation commonly

ranges from 90 to 95 ft (27.4 to 29.0 m).
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Berea Sandstone:-

The Berea Sandstone (Figure 2.17) contains moderately coarse to fine grained,
grey sandstone beds, in areas separated by thin shale partings. The upper surfaces of
these sandstone beds are rippled, as are those of the Bedford Shale. In areas where the
upper Bedford contains numerous sandstone beds, it is very difficult to identify the
Berea-Bedford contact. However, in many areas the thickness of the transition zone
from the Bedford Shale to the Berea Sandstone can vary from zero to 3 ft (.91 m). In
most sections, it is impossible to see a horizon above which the sandstone units of the
Berea are more numerous than those of the Bedford Shale (Hyde, 1953). The Berea
Sandstone is variable in thickness, ranging from about 22 ft (6.7 m) at Rarden, Scioto
County, to approximately 35 ft (10.7 m) at Mineral Springs. The thickness may reach
50 ft (15.2 m) or more or may fall as low as 4 ft (1.2 m). Though the thickness has a
large range, there is no evidence for an erosional plane between the Bedford and the
Berea in Adams County though farther north a disconformable contact does occur

(Hyde, 1953).

Sunbury Formation:-

The contact between the Berea Sandstone and the Sunbury Shale (Hicks, 1878)
is sharply defined, in many localities appearing as a very thin band of limonite iron
produced by oxidation and hydration of a pyrite band which is uniformly present at the
contact (Hyde, 1953).

The Sunbury Shale is carbonaceous, tough, fissile, black shale, very similar in
appearance to the Ohio Shale. It is frequently more argillaceous toward the top, and in
areas of long exposure it may be very difficult to distinguish the Sunburn Shale from
the overlying shales of the Cuyahoga Formation. Thickness of the Sunbury Shale is
variable, but it generally decreases in thickness to the west. At Rarden, the thickness of
the Sunbury is 15 ft (4.6 m) decreasing to 12 ft (3.6 m) at Mineral Springs (Hyde,
1953).
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Cuyahoga Formation:-

Hyde (1953) subdivides the Cuyahoga into five members (Figure 2.17)
as follows:
1- Henley Member ( grey to dark reddish grey shale);
2- Buena Vista Member (hard, moderately coarse, light grey sandstone);
3- Rarden Member (deep red, slightly sand shale);
4- Vanceburg Member (interbedded shales and sandstones overlying a series of
sandstone beds separated by thin shale partings);
5- Churn Creek Member (hard, grey, sandy shale).

The Henley Shale Member was named after the town of Henley in Scioto County
(Hyde, 1953). It consists of alternating red and grey shales. The red shales disappear to
the east along with the sandstones of the Vanceburg Member. The Henley Member
increases in thickness both northward and eastward from Henley. The westward
thinning of the Henley Member is thought to be indicative of high topographic relief to
the west due to the Cincinnati Arch (Hyde, 1953).

The Buena Vista Member was first named by Orton (1874) after a locality near
Buena Vista in Scioto County. The Buena Vista member increases in thickness to the
east, extending deep into the Scioto Valley Shale Facies, but thins rapidly to the west.
and northward, the Buena Vista becomes much more shaley than at its type locality.

The Rarden Shale Member, named after Rarden, Scioto County, (Hyde, 1953) is
not recognised outside the limits of the Vanceburg Sandstone Facies, because of the
increasing difficulty of the defining its upper boundary with the disappearance of the
sandstone facies to the east. The Rarden Member is composed of alternating grey and
red shales, thickening to the east and north.

The Vanceburg Member, named after Vanceburg, Kentucky, (Hyde, 1953) is
composed of fine-grained sandstones that are typical of the facies. The Vanceburg is
about 150 ft (45.7 m) thick at Buena Vista but abruptly disappears into the Scioto
Valley Shale Facies to the north and east of Buena Vista.
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The Churn Creek Member, named after Churn Creek in Adams County (Hyde,
1953) consists of argillaceous shale with an occasional thin sandstone unit. Thickness
ranges from 50 to 100 ft (15.2 to 30.5 m). The Churn Creek Member is only recognised

in western Scioto County and eastern Adams County.

Logan Formation

In southern Ohio, the contact between the Logan Formation and the Cuyahoga
Formation is transitional. The top 15 ft (4.6 m) of the Cuyahoga Formation contain
numerous thin sandstones. Above this interval lies 8 ft (2.4 m) of sandy shale and
shaley sandstone overlain by sediments typical of the Logan Formation. The Logan
Formation is not present or covered in most of the study area but does occur in outcrop
at the head of Churn Creek near the southern perimeter (Hyde, 1953). The Logan
Formation, named by Andrews in 1870, is a fine-grained argillaceous sandstone with
occasional shale units. It is usually thin bedded but massive bedding does occur. The
thickness of this formation near the study area is approximately 60 ft (18.3 m). Due to
the poor exposure of the section in Adams County, the Logan Formation cannot be
subdivided into members in this area.

Locally, the youngest units of Mississippian involved in the disturbance are the
Bedford Shale, Berea Sandstone, Sunbury Shale, and sandstone and shale of the
Cuyahoga Formation. The total thickness of the Mississippian strata exposed in the

Serpent Mound Structure is 150 ft (45.7 m) (Reidel et al., 1982).

2.2.8- Pleistocene:-

Outwash of the Illinoian glaciation of Pleistocene age lies undisturbed on the
northwest edge of the disturbance. Terraces of outwash gravel and recent alluvium in
major valleys are primarily derived from the weathered bedrock and glacial till.

Figure (2.18) is a generalised stratigraphic nomenclature for the surface and subsurface

geology in southern Ohio in the vicinity of the Serpent Mound Structure.
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Figure 2.18- Generalised stratigraphy for surface and subsurface

geology in southern Ohio (vicinity of the Serpent Mound Structure)
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Chapter- 3 IMPACT STRUCTURES

3.1- Introduction

Impact crating is a sudden exogenic process that is violent, relatively rare,
unpredictable, and significantly different from those endogenic terrestrial processes,
which are generally slow processes leading to gradual changes in the geological record.
Impact craters are geologic structures formed when a large meteoroid, asteroid or comet
smashes into a planet or a satellite. The phenomena most characteristic of impact are the
irreversible changes in the crystal structure of rock-forming minerals as result of the
passing shock waves. On the solid surfaces of other planets like Mars and Mercury, and
satellites like the Moon, impact cratering is the most important surface-modifying
process where other geologic processes stopped millions of years ago. On the planet
Earth, impact craters are continually erased, destroyed, or covered by geological
processes such as weathering, erosion, redeposition, or by volcanic resurfacing and
tectonic activities. Thus to date only about 150 terrestrial impact craters have been
recognised, although the Earth must have been subjected to an even larger number of
impacts than the Moon because of its larger gravitational cross section. The majority of
the Earth’s known impact structures are located in the geologically stable cratons of
North America, Europe and Australia where most geological exploration has taken
place.

Until recently, impacts by extraterrestrial bodies were regarded as, perhaps, an
interesting but certainly not an important phenomenon in the spectrum of geological
process affecting the Earth. The concept of the importance of impact processes,
however, has been changed radically through planetary exploration, which has shown
that virtually all planetary surfaces are cratered from the impact of interplanetary
bodies. The study of impact craters also gained momentum after the asteroid impact
hypothesis for the massive extinction at the Cretaceous-Tertiary boundary introduced by

Alvarez et al. (1980). Many geologists now accept that an enormous impact event
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occurred at the Cretaceous-Tertiary boundary, 66 Ma (Schultz, 1982; Sharpton and
Ward, 1990). Recent studies of the Cretaceous-Tertiary boundary, which marks the
abrupt demise of a large number of biological species including dinosaurs, revealed
unusual enrichments of siderophile elements and shock metamorphic features that are
markers of meteorite impact events. Many researchers now believe that a large
meteorite hit the Earth at the end of the Cretaceous 66 million years ago, as a result an
environmental crisis triggered by the gigantic explosion contributed to the extinction.

Recently many scientists have found what they believe to be the crater of the
meteorite. The villain is identified as the buried Chicxulub Structure in the Yucatan
Peninsula, Mexico, which has a diameter close to 300 km. NASA scientists believe that
an asteroid 10 to 20 kilometres in diameter produced the Yucatan impact basin. This
basin is characterised by local gravity and magnetic field variations that show a
multiringed structure. The impact basin is buried by several hundred metres of
sediments, hiding it from view. The asteroid hit a geologically unique, sulphur-rich
region of the Yucatan Peninsula and kicked up billions of tons of sulphur and other
materials into the atmosphere. Darkness prevailed for about half a year after the
collision. This caused global temperatures to plunge to near freezing. Half of most
species on Earth became extinct including the dinosaurs (V.L. Sharpton et al.,1992,
1993).

Impacts may also have economic significance. Many buried impact structures
are sites of hydrocarbon accumulations. Because the impact cratering results in unique
structures with extensive fracturing and brecciation of the target rocks, some structures
in sedimentary rocks have provided suitable reservoirs of oil and natural gas deposits
(Donofrio, 1981). It is probable that the vast copper-nickel deposits at Sudbury, Canada

resulted from a large-scale impact 1850 million years ago.
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3.2-Terrestrial Impact Structures

Impact cratering has been recognised as an important geologic process for only
the last few decades. As recently as 1950 most astronomers believed that the lunar
craters were giant volcanoes, and few geologists derided the idea that the earth’s surface
has been scarred by impact structures. A vigorous program of planetary exploration in
the Apollo era and continued geologic research on earth has changed these views
profoundly (Koeberl and Anderson, 1996). It is now recognised that the cratered
landscapes of the Moon, Mercury, Mars, and many of the solar system’s satellites are
sculptured predominantly by repeated impacts of all sizes. On Earth the full connection
between meteorites and craters was made in 1906 when Barringer, D. M., demonstrated
that the Meteor Crater, Arizona, is of meteoritic origin. Impact craters are becoming the
keys to understanding the origin of the Earth. The meteorites that hit the earth contain
the basic materials which make up our world and other planets. In 1972 around 50
confirmed terrestrial impact craters were known. By 1994, the number stood close to
150 (Grieve and Shoemaker, 1994). Almost all of these structures are on land, with
concentrations in North America, Australia, and Europe. Knowledge of many of the
proven terrestrial impact structures is still very limited. Fortunately an improved
understanding of impact craters has led to the recognition of many structures in recent
times, but detailed studies are not available for the majority of these structures.

Although the number of known impact craters on Earth is relatively small, the
preserved sample is an extremely important resource for understanding impact
phenomena. They provide the only ground-truth data currently available for extensive
geological, geophysical and geochemical study. Earth's impact craters also provide the

opportunity to study such features in three dimensions.
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3.3- Formation of Impact Structures.

The formation of impact craters is a very rapid process. The initial phases of
crater formation are relatively well understood from theoretical and experimental
considerations (Gault et al. 1968; Roddy et al. 1977; Melosh, 1989). One of the most
unique aspects is the huge kinetic energy that is released with the impact of the
meteorite which can hit the earth’s surface with a velocity between 10 and 70 km/sec.
(Melosh, 1989). Many of the characteristics of the impact crater are the consequence of
this enormous kinetic energy, which is released during the impact within seconds. An
impact leads to the instantaneous generation of shock waves that penetrate the target
area and attenuate in its rocks.

The formation of an impact crater is commonly divided into three stages. These
are, the compression stage, the excavation stage, and the post-impact stage. The first
stage produces the most important changes in the target rocks, while the final
morphology of the crater is in the second and the third stages. The three stages are well
described in the literature (Grieve, 1987, 1991; Melosh, 1989). During an impact
supersonic shockwaves propagate through the target rocks. The compression of rocks to
pressures above their Hugoniot elastic limit leads to irreversible structural changes in
the minerals and rocks. The Hugoniot elastic limit (HEL) can generally be described as
the maximum stress to which a material can be subjected without plastic, or irreversible,
distortions. The value of HEL is about 5-10 Gpa for most minerals and whole rocks
(Melosh, 1989). The only known natural process that produces shock pressures
exceeding the HEL in rocks is impact cratering.

The conditions for endogenic metamorphism of crustal rocks are distinctly
different, rarely exceeding temperature of 1,200 °C and pressures of 2 Gpa. In contrast,
shock pressures and temperatures during impact may reach many 100’s Gpa and several
1000’s C. Considering only the contribution from the impacting body, recent
calculations indicate that even relatively small impacting bodies, less than 0.5 km in

diameter, can produce impact craters on the scale of 10 km in diameter.
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3.4 - Recognition of Impact Craters

Since the 1960s, numerous studies have uncovered physical evident for impact
structures, and shock metamorphism. Certain shock metamorphic effects have been
shown to be uniquely and unambiguously associated with meteorite impact craters. No
other earthly mechanism, including volcanism, produces the extremely high pressure
required for the formation of such features. These include shatter cones, multiple sets of
microscopic planar features in rock forming minerals such as quartz and feldspar grains,
diaplectic glass, and high-pressure mineral phases such as coesite and stishovite. All
known terrestrial impact structures exhibit some or all of these shock effects. The
following are some of the most important criteria that can be used for the recognition
and confirmation of impact structures, these are:

1- Presence of meteorites or geochemical traces of the meteoritic projectile;
2- Evidence for shock metamorphism;

3- Crater morphology;

4-Geophysical anomalies.

Of those criteria mentioned above, the presence of meteorite traces and
diagnostic shock metamorphic effects are considered as convincing evidence for an
impact. However, geophysical and morphological observations are of great importance

in providing additional evidence.

3.4.1- Presence of Meteoritic Projectile

For many years, remnants of meteoritic projectile were the only accepted
evidence for impact origin. However, scientists have come to realise that pieces of the
impactor often do not survive the tremendous pressures and temperatures it produces.
Meteorite fragments are found only at the smallest and youngest craters and they are
quickly destroyed in the terrestrial environment. For impact events on Earth that form
craters larger than approximately 1 km across, the pressures and temperatures produced
upon impact are sufficient to completely melt and even vaporise the impacting body and
some of the target rocks. Meteor Crater (also known as Barringer Crater) in Arizona

was the first recognised terrestrial impact crater. It was identified in the 1920’s on the
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basis of fragments of meteorite within the crater itself. Several other relatively small and
young craters were also found to contain meteorite fragments. However, an improved
understanding of these impact craters has recently lead to the recognition of many
impact structures.

3.4.2- Shock Metamorphism

Shock effects in minerals and rocks have been studied very thoroughly with a

variety of methods over several years (French and Short, 1968; St—ffler, 1972, 1974;
St—ffler and Langenhorst, 1994). These effects can be classified as either macroscopic
deformation features, which include breccia types and shatter cones, or microscopic
deformation features, which include planar deformation features (PDF’s) and the
occurrence of high-pressure polymorphs of quartz (coesite and stishovite).
3.4.2.1- Macroscopic Dynamic Deformation Features

These include autochthonous breccia, allochthonous breccia, and shatter cones.
Autochthonous breccia refers to rock material that has been brecciated in place. The
brecciation is usually associated with sedimentary rocks with wide range of particle
sizes. Allochthonous breccia refers to brecciated material that has been transported over
substantial vertical distances. Shatter cones are striated cup-and-cone structures, these
complex cones were first described from the Steinheim Basin of Germany (Branca and
Frass, 1905) as pressure phenomena. Dietz(1960,1968) concluded that shatter cones
have been observed only in hard rocks at cryptoexplosive structures and could only
have been reproduced by hypervelocity impact. His interpretation is that shatter cones
formed by high-velocity shock waves coming in contact with some inhomogeneity in
the rock forming a cone with the apex at that point of inhomogeneity. Shatter cones are
believed to point toward the direction from which shock waves came. It is therefore
important that their in-place orientation be observed in the field. Figure (3.1) is a sketch
showing the formation of the cones. The formation of these features is dependent on the
type of target rock, and is thought to take place at pressures in the range of 2 to 30 Gpa
Thus is widely believed to be a macroscopic indicator of impact (Dietz, 1968; Milton,
1977). Figure (3.2) shows a piece of shatter cone from the Carswell Impact Structure,

Canada.
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Figure 3.1- Sketch showing the formation of shatter cones
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