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Evidence for Possible Late Paleozoic Alleghenian Deformation 
Structures in the Devonian Rocks of Erie County, Ohio, USA

MOHAMMAD D. FAKHARI1, D. MARK JONES, and MARK T. BARANOSKI (retired), Division of Geological Survey, 
Ohio Department of Natural Resources, Columbus, OH, USA. 

ABSTRACT. Partially exposed bedrock beneath Pleistocene glacial till in Erie County (north-central Ohio) 
displays unusual structural deformation in the Devonian Berea Sandstone, Bedford Shale, and Ohio Shale. These 
folded and faulted units are exposed in creeks as anticlines and synclines. Past studies of this area proposed 
Pleistocene ice movement and soft-sediment deformation during the Late Paleozoic as the deformation 
mechanisms, but these hypotheses cannot explain the extent of layer displacement or the contradiction 
between the southwest travel direction of the ice sheet and the structural sense of motion on the folded 
units. A new interpretation using field data and constructing geologic profiles explains the development 
of these structures. This study investigated 17 anticlines that trend in different directions. Four of these 
anticlines are tightly folded with steep or overturned flanks and thrust-faulted Ohio Shale in their cores. 
Structural analysis of these folds shows that the incompetent shaly units of the Plum Brook–Ohio–Bedford 
and competent Berea Sandstone were folded above the Delaware–Niagara carbonates as a result of the 
compressional stress during the Late Paleozoic. Development of these tight or overturned folds, and change 
in trend of the anticlines, is caused by unusual stratigraphic thickness variations in the Berea and Bedford 
units. Preserved and undeformed fine sedimentary structures, and sharply faulted beds, in the Berea and 
Bedford indicate that soft-sediment deformation was not the cause of the regional structural deformation. 
Finally, the absence of physical features of glacially deformed bedrock demonstrates that Pleistocene glacial 
ice shove was not the cause of deformed bedrock units in the study area.
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INTRODUCTION 
Unusual geologic structures near Chappel Creek 

in north-central Ohio have drawn the attention of 
geologists for many decades (Fig. 1). Unlike the 
horizontal to sub-horizontal sedimentary layers 
of most exposed bedrock in Ohio, formations in 
Chappel Creek are intensely folded, and in one 
case, overturned. At this location the Devonian 
Berea Sandstone strikes N-120°-E  and is overturned 
50° to 60° toward the southwest. Inverted ripple 
marks prove that structural overturning occurred. 
Upstream and downstream from these overturned 
beds, Berea Sandstone, Bedford Shale, and Ohio 
Shale layers are exposed on flanks of several small-
scale folds. A smaller set of overturned beds and 
low-relief folds are also found in the glen of Old 
Woman Creek. 

Geologists investigating Berea Sandstone have 
studied the region since 1874, including Newberry 
(1874), Read (1878), Gilbert (1892, 1899) and 

Prosser (1912). All noted a geometric deformation-
in the form of small-scale folds-of the Devonian 
strata of the Chagrin, Cleveland, and Bedford shales 
and Berea Sandstone. These authors concluded that 
this deformation reflects shallow surficial structure 
caused by Pleistocene ice movement and post-glacial 
rebound, or by lateral stresses of unknown cause. 
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FIGURE 1. Location map of the study area. Chappel Creek and 
Old Woman Creek are in north-central Ohio, south of Lake Erie. 
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Van Horn (1910) suggested pressure and volume 
increases during the alteration of iron sulfide to 
iron sulfate in the Chagrin Shale as the cause of 
deformation. Cushing et al. (1931) proposed that 
the folds formed during deposition, as semi-lithified 
sandstone layers slid on the soft, underlying, muddy 
shales, specifically in the vicinity of large channels. 
Wenberg (1938) described Devonian formations 
in Lorain County as having shallow folds, striking 
in different directions. He stated that these folds 
originated by ice movement or shortening by 
an unknown cause. Regionally, thrust faults and 
small-scale folds are reported along the southern 
shorelines of Lake Erie and Lake Ontario (Gilbert 
1899; Hartley 1962; Jones 2000). Phillipson 
(2005) studied “Effects of Late Paleozoic Foreland 
Deformation on Underground Coal Mine Ground 
Instability, Illinois and Appalachian Basins.” Elizalde 
et al. (2016) authored “Thrust Fault Nucleation due 
to Heterogeneous Bedding Plane Slip: Evidence 
from an Ohio Coal Mine” and explained thrust 
faulting and folding in a coal mine in northeast 
Ohio. 

Overturned Berea Sandstone at Chappel Creek 
was studied by Herdendorf (1963, 1966, 1973, 
1977); Murphy (1974), and Wolfgang and Gardner 
(1977). During geological investigations for a 
proposed nuclear power plant, researchers-using 
drill cores, geophysical lines, and geologic profiles-
reported that horizontal Berea layers were pushed 
down to the southwest and overturned at the creek 
level by Pleistocene ice movement (Wolfgang and 
Gardner 1977). 

Pashin and Ettensohn (1995) explained that the 
deformed beds at Chappel Creek and Old Woman 
Creek were due to soft-sediment deformation 
processes, similar to Holocene mud diapirism, 
thrust faults, and overturned beds within the 
Mississippi Delta (Morgan 1961; Morgan et al. 
1968). Jones (2000) concurred with the soft-
sediment deformation hypothesis and stated that 
the sense of rotation on Berea layers at Chappel 
Creek ruled out glacial deformation. Following the 
hypothesis of Pashin and Ettensohn (1995), Baird 
(2017) reviewed Old Woman Creek outcrops and 
structures. He suggested multiple overthrusts with 
many repetitions of Cleveland Shale and pervasively 
mobilized fluidized gray Bedford with diapirs and 
abundant ball-and-pillow structures controlled by 
sediment loading.

For the current study, new field data were collected 
to determine how and when deformation of the 
layers took place and which units are deformed. The 
study addresses the reasons for the different trends of 
deformation, and how deeply deformation extends 
into the subsurface. Finally, this study presents a 
new hypothesis to explain the deformation and 
fold trends. 

METHODS AND MATERIALS 
Researchers visited outcrops at Chappel Creek 

and Old Woman Creek and collected geologic data 
to prepare precise geologic maps and cross sections. 
Most of the region is covered by glacial till or glacial 
lake deposits; however, bedrock is exposed along 
the creeks, where there is generally little scree or 
alluvial deposits except at point bars and areas of 
slow-moving water. 

The geologic units (Fig. 2) were identified in the 
field and also in rare drilled cores. Ohio Geological 
Survey (OGS) cores #2739 and #734 were used, 
based on the “Generalized Column of Bedrock Units 
in Ohio” (Hull 1990), to prepare geologic maps 
and cross sections. In addition, authors identified 

FIGURE 2. Stratigraphy of the study area (not to scale) based 
on Hull (1990) and Schumacher et al. (2013). Formation 
thicknesses are collected from well OHEE-2 (OGS core #2739) 
located 1.6 km south of Chappel Creek, and OGS core #734 
from a well in the city of Huron (Baird 2013; Currie et al. 2014). 
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formation contacts, faults, and fold axes and 
recorded their locations using GPS. Geometric and 
structural data, including dip and strike of the layers, 
faults, and fold axes, were collected from limited 
outcrops. ArcMap 10.3.1 and Adobe Illustrator® 
software were used to create geologic maps, cross 
sections, and schematic drawings. Fault propagation 
fold geometry was used to create structural geologic 
sections and to estimate approximate detachment 
depth under anticlines. 

Stratigraphy
Glacial till covers most of the study area. 

Structurally deformed bedrock is exposed only in the 
creeks, deep roadcuts, and former Berea Sandstone 
quarries. Exposed units are the Berea Sandstone, 
the Bedford Shale, and the Ohio Shale (Cleveland 
Member and Chagrin Member) and possibly the 
Cuyahoga Formation under overturned Berea (Fig. 
2). Stratigraphic information on the subsurface units 
was collected from well OHEE-2 (OGS core #2739) 
located 1.6 km south of Chappel Creek, and OGS 
core #734 from a well in the city of Huron (Baird 
2013; Currie et al. 2014). These subsurface units 
include the Huron Shale, the Olentangy Shale, the 
Plum Brook Shale, and the Delaware, Columbus, 
Lucas, Tymochtee, and Niagara carbonate units 
(Fig. 2). 

Cuyahoga Formation (?). The Mississippian 
Cuyahoga Formation is the youngest bedrock unit 
in the study area. It is an incompetent shaly unit 
and expected to be in the eastern bluff of Chappel 
Creek under the overturned Berea Sandstone. 

Berea Sandstone. Below the Cuyahoga 
Formation, the Devonian Berea Sandstone is a 
fine- to medium-grained, light-brown, thin- to 
thick-bedded sandstone (Figs. 3, 4, and 10). Its 
thin-bedded lower layers preserve typical oscillation 
ripple marks (Fig. 3B). A zone of soft-sediment 
deformation is present within the basal part of 
the unit (Figs. 4A and 4B). The Berea is the most 
competent rock unit exposed in the study area.

Bedford Shale. The Bedford Shale is an 
interbedded shale, siltstone, and sandstone unit 
under the Berea Sandstone. It is composed of 
gray shale (“gray Bedford”) alternating with thin 
clayey siltstone beds at the base, and a red shale 
(“red Bedford”) composed of thin-bedded, purple, 
micaceous silty shales alternating with thin siltstone 
and sandstone beds. A thick, unnamed sandstone 

FIGURE 3. (A) Overturned Berea Sandstone in Chappel Creek, 
exposed at both banks and continuing under the creek bed 
(41° 21.198'N, 82° 25.360'W); 1.80 m tall person for scale.  
(B) Truncated ripple marks indicate beds are overturned.  

layer with ripple marks (Fig. 5A) and remarkable 
soft-sediment deformation structures (Fig. 5B) is 
present in Old Woman Creek within the Bedford. 
The shaly Bedford is highly incompetent with 
significant tectonic deformation. The Bedford 
thickness variability resulted primarily due to 
erosion prior to Berea deposition and later tectonic 
deformation. In some localities almost all the 
formation was removed by erosion, with Berea 
deposited near the top of the Cleveland Member 
of the Ohio Shale. See Baird (2013) and Blood et 
al. (2019) for Bedford and Berea paleogeography 
and paleoenvironment.
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FIGURE 4. Soft-sediment deformation within Berea layers. (A) Chappel Creek east of Joppa Road bridge. 
(B) Furnace Road roadcut. Scale divisions are 15 cm. (See Fig. 7B.)  

FIGURE 5. (A) Thick, unnamed sandstone layer with symmetric ripple marks (41° 19.407'N, 82° 30.099'W). 
(B) Thick, lithified muddy siltstone with soft-sediment deformation (41° 19.424'N, 82° 30.140'W) above 
undisturbed unnamed sandstone layer (5A) within Bedford. Scale divisions are 15 cm.  

FIGURE 6. Cleveland Shale Member of Ohio Shale at the thrusted core of Chappel Creek anticline-4, 
west bank of Chappel Creek, (41° 21.165'N, 82° 25.396'W). A 1.85 m tall person (left) for scale.  
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Ohio Shale. The Ohio Shale in the study area 
is composed of 3 distinct members. In descending 
order, they are the Cleveland Shale, the Chagrin 
Shale, and the Huron Shale. Units older than the 
Chagrin were identified in drilled deep wells.

The Cleveland Shale Member (Fig. 6) is a 
dark gray-brown to black, resistant, and fissile 
bituminous shale under the Bedford. The 
Cleveland’s dark brown color and resistant lithology 
distinguish it from the red or light gray, soft, and 
less-resistant Bedford. 

The Chagrin Shale Member is a greenish-gray 
and soft clayey shale with alternating thin limestone 
(cone-in-cone) beds. It is distinguished from the 
Cleveland by its clayey and non-resistant, slope-
forming nature. The upper part of the Chagrin is 
exposed in the core of the northern anticlines at 
Chappel Creek and Old Woman Creek (Figs. 7 
and 13).

The Huron Shale Member of the Ohio Shale is a 
resistant, fissile, and dark olive-brown shale similar 
to the Cleveland. The Huron in the study area 
is composed of 3 different lithologic units: The 
upper Huron is a fissile, dark brown shale. The 
middle Huron is a green and gray incompetent 
clayey shale with thin (5 to 10 cm) cone-in-cone 
beds and carbonaceous concretions. The lower 
Huron is a dark gray-brown fissile shale. The 
Huron is not exposed in the study area and was 
studied in drilled cores as were the following 
older units. 

Olentangy Shale. The Olentangy Shale, 
equivalent to the upper Olentangy Shale in central 
Ohio, is a green-gray clayey shale with thin interbeds 
of dark brown-gray shale and pyrite-filled burrows. 
It is overlain by the Huron Shale and underlain by 
the Prout Limestone.

Prout Limestone. The Middle Devonian Prout 
Limestone is a thin limestone unit (OGS core 
#2739) that pinches out to the east. It is overlain 
by the Olentangy Shale and underlain by the Plum 
Brook Shale.

Plum Brook Shale. The Middle Devonian Plum 
Brook Shale is a blue-gray shale unit equivalent to 
the Olentangy Shale of central Ohio. The Plum 
Brook, Olentangy, and Chagrin shales are clayey, 
soft, and mechanically incompetent units. Although 
not exposed in the study area, they play a major role 
in the structural deformation of the region and the 
development of the folds in the study area.

Delaware, Columbus, Lucas, Tymochtee, 
Niagara carbonates (Middle Devonian-Upper 
Silurian succession). Devonian–Silurian Delaware 
and Columbus limestones, and Lucas, Tymochtee, 
and Niagara dolomite formations consist of about 
350 m of carbonates below the Bedford–Plum Brook 
shale interval. The thick, competent carbonates 
of the Delaware–Niagara succession in the region 
experienced little or no deformation and acted as a 
resistant regional block below the folded formations. 
In contrast, the overlying incompetent Bedford 
through Plum Brook shales and overlying Berea 
Sandstone were folded and faulted into anticlines 
and synclines, which are partially exposed in erosion-
carved creeks of the study area.

 
GEOLOGICAL INVESTIGATION  

Chappel Creek Structures  
The Ohio Shale, Bedford Shale, and Berea 

Sandstone are exposed in Chappel Creek. In contrast 
to the horizontal to sub-horizontal layering typical 
of Ohio bedrock, these formations are folded and 
faulted into conspicuous anticlines and synclines 
in variable trends along the creek. Nine small-
scale anticlines with deformed bedrock units were 
studied along 4 km of the creek between Mason 
Road to immediately north of Darrow Road (Figs. 
7A and 7B).

The southernmost upstream fold is the “Mason 
anticline” located north of Mason Road, 350 m 
southwest of the Joppa Road bridge (Fig. 7B). 
It is an asymmetric northeast-trending anticline. 
The Cleveland Shale is exposed in the faulted core 
of the anticline thrusted over the Bedford Shale. 
Cleveland at the western flank dips 25° to 50° to 
the northwest and is sliced by westward-dipping 
thrust faults with variable strikes. A steeply dipping 
thrust fault truncates the eastern flank, and thrusts 
the Cleveland over the Bedford. The Bedford is 
sliced by minor faults and dips 10° to 80° in variable 
directions. Berea Sandstone at the west flank of the 
anticline is exposed upstream, dipping 10° to 13° 
westward. 

The “Joppa anticline” is located 200 m southwest 
of the Joppa Road bridge (Fig. 7B). This structure 
is an asymmetric, north-verging, tight anticline 
with the Cleveland Shale exposed in the core. 
The southern flank dips 33° to 45° southward, 
but the northern flank is truncated by a thrust 
fault developed in the core of the anticline. This 
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FIGURE 7A. Geologic map of Chappel Creek (north)
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FIGURE 7B. Geologic map of Chappel Creek (south). Line A-B is the approximate location of the geologic profile on Fig. 11.



22	 VOL.  122(2)              UNEXPECTED GEOLOGIC STRUCTURES IN OHIO   

southeast-dipping 35° thrust fault has placed 
Cleveland Shale over the Bedford of the northern 
syncline (Fig. 8). Bedford layers dip between 0° to 
15° in the syncline between the Mason and Joppa 
anticlines. Numerous soft-sediment deformational 
features occur within the clayey siltstone layers of 
the Bedford in this syncline. 

A minor, north–south-trending anticline 
(anticline-3) (Fig. 7B) formed within the Bedford 
shales of the syncline north of the Joppa anticline. 
The south end is a gentle fold of 1 to 2-meter-thick 
sandstone layers (Fig. 9).

Further downstream, Berea Sandstone is exposed 
in a syncline under the Joppa Road bridge with 
flanks dipping 11° to 15° (Fig. 10) to the east and 
15° to 20° to the SW overlying the Bedford at 
both flanks. An extension of the northeast flank 

beds is exposed at the Furnace Road roadcut at the 
intersection of Joppa and Furnace roads (Fig. 4B). 
There are two 0.5 to 1.5 m convoluted sandstone 
beds (soft-sediment deformation) within the lower 
layers of the Berea Sandstone (Figs. 4A and 4B).

Further north (downstream), an extensive outcrop 
of the Cleveland Shale is exposed on the west side 
of the creek (41° 21.165'N, 82° 25.396'W) (Fig. 6). 
Shale beds are horizontal south of the outcrop but 
dip 45° and 25° SW at the north end. The steep, 
dipping layers of the outcrop are sliced by 3 south-
dipping stacked thrust faults, which repeat the shales 
several times and change the bedding strike (Fig. 6). 
This faulted Cleveland Member shale makes up the 
core of the overturned “Chappel Creek anticline-4.”

The Chappel Creek anticline-4 has a normal-
dipping southwest flank and an overturned northeast 
flank. The overturned Berea layer dips 56° to the 
southwest (41° 21.198'N, 82° 25.360'W). The 
upside-down symmetrical ripple marks and a 
paleoerosion surface (Figs. 3A and 3B) demonstrate 
the overturned flank of the anticline. Bedford Shale 
between the Cleveland and the Berea is very thin or 
absent, having been eroded prior to Berea deposition. 
Berea in the south flank of the anticline is covered 
by scree or eroded out, and only a remnant of its 
southern limb is exposed at the Furnace Road roadcut 
and east of the Joppa Road bridge (Figs. 4 and 10). 
The wavelength of the Chappel Creek anticline-4 is 
about 200 m and its estimated amplitude is about 
80 m (Fig. 11). A geologic cross section (Fig. 11) 
along the creek explains the structural geometry of 
the overturned layers at Chappel Creek. 

FIGURE 8. Cleveland Shale in the core of the Joppa anticline 
thrusted over Bedford Shale. Fault strikes N 60° E and dips 
35° to SW (see Fig. 7B).  

FIGURE 9. Folded sandstone layer in Bedford, 100 m 
southwest of Joppa Road bridge (see Fig. 7B). Black-and-
white bar is 1.4 m.  

FIGURE 10. Berea Sandstone at the northeast flank of the 
syncline under the Joppa Road bridge and southwest flank 
of Chappel Creek anticline-4 (Fig. 7B). A 1.85 m tall person 
for scale.  
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FIGURE 11. Projected geological cross section on Chappel Creek anticline-4 perpendicular to anticlinal axis along the creek. 
Field data and Berea thickness in the syncline are projected from limited outcrops and Ohio Edison Co. (1973) core drilling 
information (T-3 to T-5). Geometry of the overturned anticline prior to erosion is shown by dashed lines. Thick Berea is 
deposited in a paleovalley on the Cleveland Member of the Ohio Shale, where Bedford Shale was eroded. See Fig. 7B for 
approximate location. 

Berea beds of the northern flank of the overturned 
syncline are exposed in the creek, dipping 25° 
southeast (Fig. 7B). These beds form the southern 
flank of the North Chappel Creek anticline-5, with 
the Cleveland Member of the Ohio Shale exposed 
at the core (Fig. 12).

At least 4 more anticlines are exposed in the 
creek within the study area, including East Bailey, 
West Bailey, South Darrow, and North Darrow 
anticlines (Fig. 7A). Cleveland and Chagrin Shale 
members of Ohio Shale are exposed in the core of 
these anticlines. These anticlines are gently folded, 
and their axes trend NE–SW. 

Old Woman Creek Structures    

FIGURE 12. Cleveland Member of the Ohio Shale at the south 
flank of the North Chappel Creek anticline-5. Scale divisions 
are 15 cm. (Fig. 7B).  

Berea, Bedford, and the Cleveland and Chagrin 
Members of the Ohio Shale are exposed in the glen 
of Old Woman Creek, between the south end of 
the village of Berlin Heights and the Interstate 80 
overpass to the north (Figs. 13A and 13B). There are 
8 anticlinal structures “OWC 1 to 8” (Old Woman 
Creek 1 to 8) in the Ohio Shale along the creek, 
either partially exposed on the creek bed or on the 
banks (Figs. 13A and 13B). They are asymmetric 
NE–SW-trending anticlines verging northwest. 
Most of these anticlines are low relief with flanks 
dipping 5° to 30°; only OWC-2, OWC-5, and 
OWC-6 have very steep or faulted flanks. OWC-1, 
OWC-3, and OWC-4 (Fig. 13B) with Cleveland 
Shale exposure, and OWC-7 and OWC-8 (Fig. 
13A) with Ohio Shale (Cleveland and Chagrin) 
outcrops, are gently folded, low-relief folds.

Anticline OWC-1, located south of Berlin 
Heights and west of State Route 61 (Fig. 13B) is a 
low-relief anticline dipping 10° E at the southeast 
flank. The northwest flank dips 10° to 15° NW 
where the Bedford is very thin and deeply eroded 
prior to deposition of the Berea. The Berea forms a 
tighter syncline sitting near the top of the Cleveland 
Member of the Ohio Shale.

Anticline OWC-2 is an asymmetric anticline 
verging northwest, with Cleveland Shale exposed 
in the core (Fig. 13B). The southeast flank dips 
20° and the northwest flank dips more than 45°. 
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Bedford Shale at the northwest flank on the creek 
bed is internally folded with beds dipping 45° to 
70°. The sandstone beds of the Bedford at the 
higher level of the north bank are strongly folded, 
overturned, and faulted.

Anticline OWC-3 is a gentle structure with a flat 
crest and Cleveland Shale exposure. The structure 
is located east of (upstream from) the Berlin Road 
overpass (Fig. 13B). 

Anticline OWC-4 is also a low-relief structure 
at the Cleveland Shale Member level and located 
west of Berlin Road (Fig. 13B). The southeast flank 
dips about 10° to 15° toward SE. The northwest 
flank is exposed only at the crest of the fold and 

dips 5°. A gray Bedford outcrop in the west bluff 
of the creek above the anticline is about 15 m 
thick and is internally folded and faulted (Fig. 
14). Berea at the top of the bluff dips 5° to 10° 
to the northwest. Thin siltstone beds within the 
Bedford are asymmetrically folded and verging to 
the northwest. These minor folds are sliced with 
several southeast-dipping small thrust faults (Fig. 
14). The tops of the minor folds at the contact with 
the Berea are cut off by a bigger, horizontal to low-
angle thrust fault (Fig. 14). The sense of motion 
along this fault indicates that the overlying Berea 
was displaced toward the northwest by horizontal 
compressional stress from the southeast. 

FIGURE 13A. Geologic map of Old Woman Creek (north). The black A-B line partially drawn on A and B maps is the approximate 
location of the Old Woman Creek geologic cross section (Fig. 17).
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The Cleveland layers at the top of the anticline 
at creek level are not horizontal, having an angular 
contact with the overlying Bedford. There are 
several angular Cleveland blocks (Fig. 15) within 
the Bedford just north of the anticline axis. They 
indicate that the Cleveland layers at the anticline’s 
apex were truncated by a horizontal thrust fault, 
removing the top of the anticline and relocating 
broken blocks within the Bedford on the north 
flank. Incompetent Bedford between the Cleveland 
Shale and the Berea acted as a décollement zone, 
allowing massive competent layers of the Berea 

Sandstone to deform independently of the 
Cleveland Shale during folding. 

Anticline OWC-5 (Fig. 13A) is partially 
exposed just north of OWC-4. It is an asymmetric 
anticline with a thrusted core. Cleveland Shale 
at the southeast flank dips 15° to 30° toward SE. 
The north flank of the anticline is absent due to a 
southeast-dipping thrust fault developed at the crest 
of the fold, moving the Cleveland of the southeast 
flank over the Bedford on the northwest flank (41° 
19.409'N, 82° 30.016'W) (Figs. 16 and 17). This 
thrust fault originated within incompetent Chagrin 

FIGURE 13B. Geologic map of Old Woman Creek (south). The black A-B line partially drawn on A and B maps is the approximate 
location of the Old Woman Creek geologic cross section (Fig. 17).
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FIGURE 14. Bedford Shale and Berea Sandstone layers at the west bluff of Old Woman Creek (41°19'21.16"N, 82°30'0.49"W). 
Bedford layers are folded and displaced by small horizontal southeast-dipping thrust faults. Asymmetrically folded thin 
beds of the Bedford (green) at the right are truncated by the movement of Berea to the northwest along a low-angle thrust 
fault (see Fig. 13B for location). Reverse and low-angle faults are red. A 1.85 m tall person (bottom left) for scale. 

FIGURE 15. Cleveland Shale block sliced from the apex of 
OWC-4 anticline and imbedded within Bedford Shale. Inset: 
close-up image of the Bedford and Cleveland contact. 

FIGURE 16. Cleveland Shale of the southern flank of OWC-5 
anticline thrusted over Bedford at the core of anticline 
(Fig.  13A) 

FIGURE 17. Projected geological cross section through Old Woman Creek anticlines OWC-4, OWC-5, and OWC-6. See 
Figs. 13A and 13B for approximate location. 
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under the Cleveland Member (Fig. 17), or deeper 
within Huron and lower incompetent layers, during 
horizontal compressional stress from the southeast. 
A thick sandstone layer with symmetric ripple marks 
(Fig. 5A) and a thick lithified muddy siltstone unit 
with abundant soft-sediment deformation (Fig. 5B) 
is present within the Bedford northwest of OWC-5. 
Berea is exposed to the north and east of the creek 
banks overlying the Bedford without noticeable 
folding. A big block of the Berea is downthrown 
by gravity sliding along a curved normal fault 
(41° 19.414'N, 82° 30.082'W) (Fig. 18) at the east 
bank, north of OWC-5. It most likely developed 
much later in the Quaternary following regional 
erosion and valley creation. 

Anticline OWC-6 contains exposed Cleveland 
Shale at the core. This structure is located 450 m 
south of the Interstate-80 bridge, west of Berlin 
Road (Fig. 13A). The core of the structure is sliced 

by several small thrust faults in different directions, 
but mainly dipping northwest (Figs. 19A and 19B). 
Thick, unnamed sandstone layers of the Bedford in 
the syncline between OWC-5 and OWC-6 (Fig. 17) 
acted as a barrier. This could explain the irregular 
movement of the layers during the folding, resulting  
in development of the northwest-dipping back 
thrusts to compensate spatial shortening. 

Bedford with thick unnamed sandstone beds 
and Berea on the southeast flank of OWC-6 are 
exposed on the steep bluff on the west side of the 
creek (Figs. 13A and 20).

Anticlines OWC-7 and OWC-8 are located to the 
north and downstream from OWC-6, just south of 
Interstate-80 and west of Berlin Road. Chagrin Shale 
is exposed in the core of these NE–SW-trending low-
relief anticlines with flanks dipping 10° to 20° (Fig. 
13A). The syncline between OWC-7 and OWC-8 
is a very shallow saddle between the anticlines.

FIGURE 18. Southeast-dipping Berea downthrown by northwest-dipping curved normal 
fault, formed by gravity sliding toward eroded open valley to the west (Fig. 13A) 

FIGURE 19. (A) Cleveland Shale at the core of OWC-6 anticline. (B) Thrust fault 
at the north flank of the anticline. Scale divisions are 15 cm. 
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DISCUSSION 
A geometric analysis of the Chappel Creek and 

Old Woman Creek anticlinal structures and limited 
thrust faults indicates that most trend northeast to 
southwest. Comparison of structures suggests that 
the Chappel Creek fold axes are more random than 
those of Old Woman Creek. Two geological cross 
sections were constructed through the intensely 
deformed anticlines along the creeks (Figs. 11 and 
17). Considering lithostratigraphy and geometry of 
the exposed deformed layers, the methods of Busk 
(1929), De Sitter (1964), Dahlstrom (1969), and 
Ragan (1984) were utilized for making cross sections. 
The sections are approximate due to significant 
stratigraphic thickness changes in the Bedford and 
Berea, and limited outcrops to collect stratigraphic 
and structural data on the folded layers.

Interpretation of the geologic structures shows 
that variation in stratigraphic thickness of the Berea 
and Bedford is the main reason for the development 
of variable geometric structures and the more 
random trends at Chappel Creek. Changes in 
orientation of the layers on the folds are the result 
of the variation of compressional shear stress (Fig. 
21), and accommodation of layers with different 
stratigraphic thicknesses in a fold or between folds. 

The results of field observations, interpretations 
of geological structures, and analyses of the cross 
sections are summarized below: 

•	 Most of the major anticlines in Chappel 
Creek and Old Woman Creek trend northeast to 
southwest. Only the Chappel Creek and Joppa 
anticlines trend NW–SE.

•	 The estimated wavelengths and amplitudes 
of the anticlines indicate that these are shallow 
structures, and the detachment level (De Sitter 
1964) should be above the Columbus and Delaware 
Limestones.

•	 The steep NW flanks of the anticlines (in 
comparison to SE flanks) show that the folds are 
asymmetric and verging NW, indicating that the 
folds formed by horizontal compressional tectonic 
stress from the SE.

•	 The Bedford and Berea in the region are 
characterized by significant lithostratigraphic 
variation and dramatic, short-distance thickness 
changes. For example, the Berea’s thickness ranges 
from 3 m at the overturned Chappel Creek outcrop 
(Herdendorf 1963) to more than 35 m (Wolfgang 
and Gardner 1977) immediately to the north under 

Chappel Creek (Figs. 11 and 22). This massive 
Berea body hidden under the creek served as a 
stratigraphic obstacle to the parallel transmission 
of tectonic stress from the SE. Thinner, compressed 
Berea layers (as well as Ohio Shale) encountering this 
massive sandstone obstacle experienced differential 
compression, leading to a tight and exceptionally 
overturned anticline (Fig. 11). This also resulted in 
development of dextral shear and transpressional 
(oblique deformation of layers due to strike slip 
stress) (Harland 1971) stress during folding, and a 
change in layer orientation from NE–SW to NW–SE 
(Fig. 21). Berea on the crest and southern flank of 
the anticline was eroded and only the overturned 
layers of the northern flank remain and are exposed 
at both sides of the creek and in the creek bed. 

•	 The Joppa anticline may have experienced 
similar deformation and change in fold trend 
following the Chappel Creek anticline-4 stratigraphic 
obstacle and transpression process, or may have been 
affected by the presence of unexposed locally thick 
sandstone layers similar to unnamed sandstone 
layers of Old Woman Creek (Figs. 5A and 5B) in 
the Bedford unit north of Joppa anticline. 

•	 Most of the Berea layers of the folds were 
eroded. Uneroded remnants of the Berea are present 
in the core of synclines (Figs. 7, 10, and 11).  

•	 A stratigraphic obstacle of the locally thick 
sandstone layer (Figs. 5A, 5B, and 17) in the Bedford 
within the syncline north of anticline OWC-5 (Fig. 
13A) resulted in thrust faulting of Cleveland Shale 
on the south flank of the anticline over Bedford in 
the northern syncline (Figs. 16 and 17). 

•	 Reconstruction of the folded layers along 
Chappel Creek (Figs. 11 and 21) shows that the 

FIGURE 20. Southeastern flank of OWC-6 anticline (Fig. 13A)  
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FIGURE 21. (A) Undeformed horizontal sedimentary layers in the Chappel Creek study area with thick Berea Sandstone 
deposited on Cleveland Shale at the upper right corner. (B) Schematic explanation of the development of a tight fold (Chappel 
Creek anticline-4), where moving layers (black arrows) reach the locally thick Berea Sandstone obstacle; a dextral shear zone 
develops at the obstacle’s left edge, resulting in change of the orientation of the folding layers and fold axes. 

FIGURE 22. Ohio Edison Co. (1973), interpretation of displacement of horizontal Berea from point (A) southward to become 
overturned at point (B). Authors of the present study used Berea thickness data from the drilled cores T-3 to T-5 (Fig. 7B) in this 
section to create Chappel Creek structural cross-section (Fig. 11). 

B
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Chappel Creek and Joppa anticlines are tightly 
folded, with exposed faulted cores and about 30% 
spatial shortening. The northern folds along the 
creek, with older units of Ohio Shale exposed, are 
low-relief anticlines and have not been eroded down 
to the faulted core of the anticlines.

Glacial Geology
Geological structures in the study area have been 

reviewed by numerous geologists since 1874. Some 
writers reported that folds and faults were created 
by soft-sediment deformation or folding by an 
unknown cause, but a primary explanation has been 
that these formed by the north–south movement 
of Pleistocene glaciers (Read 1878; Gilbert 1892, 
1899; Prosser 1912; Wenberg 1938). Overturned 
Berea layers at Chappel Creek were studied in 
detail by Herdendorf (1963), Ohio Edison Co. 
(1973), and Wolfgang and Gardner (1977). They 
concluded that the Berea layers were deformed by 
the movement of glaciers during the Pleistocene. 
(Figs. 22 and 23).

However, the following issues must be considered 
if Pleistocene glaciation is proposed as the cause of 
the folded Berea at the Chappel Creek:

•	 The overturned beds of Berea are folded 
intact and solid without signs of rock crushing 
(Figs. 3A and 3B), whereas bedrock units typically 
deformed by glaciers are highly fractured and 

crushed (Sardeson 1906; Glock 1929; Lamerson 
and Dellwig 1957; Dellwig and Baldwin 1965).

•	 The thickness and depth of bedrock layers 
deformed by glacial ice shove is usually very shallow, 
less than 10 m (Sardeson 1906; Glock 1929; 
Lamerson and Dellwig 1957; Dellwig and Baldwin 
1965), whereas in Chappel Creek the structural 
deformation extends for more than 40 m vertically 
(Wolfgang and Gardner 1977).

•	 Layers deformed by glaciers are intermixed 
with glacial allochthonous boulders (Glock 1929; 
Lamerson and Dellwig 1957; Dellwig and Baldwin 
1965), whereas there is no evidence of glacial 
material in the Paleozoic age deformed layers in 
Chappel Creek anticline-4.

•	 The sense of motion on the overturned beds 
at Chappel Creek is to the northeast. This contradicts 
the direction of Pleistocene glacial movement, which 
in the study area is from northeast to southwest 
(White 1982; Szabo et al. 2011). 

•	 Mineralization of sharply fractured Bedford 
siltstone and sandstone beds (Fig. 24) indicates that 
folding and fracturing occurred after lithification.

The absence of well-known physical features-
such as shallow deformation depth, sense of motion 
alignment, and crushed bedrock mixed with glacial 
particles of glacially deformed bedrock-proves 
Pleistocene glacial movement was not the cause of 
the Chappel Creek structures and overturned strata.

FIGURE 23. Modified from Herdendorf (1963) to explain deformation by glacial shove. Red arrows show displacement of 
Berea Sandstone layers from north to south above creek level and the changing of their primary horizontal position to 56° 
overturned (A); later, gravity sliding moves part of the overturned layers downward (B). 
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FIGURE 24. Sharply fractured and mineralized sandstone and silty mudstone layers of Bedford Shale in Chappel Creek (A) and 
Old Woman Creek (B). Displacement of the older joints (A) and ripple marks (B) indicates that they have been deformed and 
fractured after lithification of the layers. Scale divisions are 15 cm.  

Soft-sediment Deformation
Holocene, Mississippi Delta-style soft-sediment 

deformation (Morgan 1961; Morgan et al. 1968) 
was proposed as the cause of the structures at 
Chappel Creek and Old Woman Creek by Pashin 
and Ettensohn (1995) and Jones (2000). Pashin 
and Ettensohn (1995) concluded that “[Berea] 
sandstone bodies were not deposited in simple 
channels as proposed by Pepper et al. (1954), 
but…formed primarily by subsidence of sand into 
soft mud.” Baird (2017) proposed that Bedford 
deformations in Old Woman Creek were diapirs and 
ball-and-pillow structures controlled by sediment 
loading. 

The following field observations, however, 
contradict the formation of folds, faults, or diapiric 
structures by soft-sediment deformation: 

•	 Bedford thickness increases in Old Woman 
Creek (Fig. 14), resulting from southeast-dipping 
thrust faults. Sharp displacement of the faulted 
siltstone beds and the absence of smooth and 
rounded displacements on this outcrop indicates 
that faulting and thickening of the Bedford took 

place after Berea Sandstone was lithified and Bedford 
Shale had been de-watered and compacted. 

•	 Sharp and clear mineralization of fractures in 
Bedford Shale layers show that they were fractured 
in a brittle state (Fig. 24), indicating that fracturing 
took place post-lithification by compressional 
tectonic stress-possibly in the late Paleozoic but 
not during sediment deposition.

•	 Sedimentary structures (e.g., ripple marks) 
within the layers are intact with their fine details 
preserved (Figs. 3B, 5A, and 24), again indicating 
layers were lithified well before deformation 
occurred.

•	 Incompetent Bedford acted as a décollement 
zone and was thickened by displacement into the 
low-pressure zones of the folds during deformation, 
while thin brittle beds of the unit were sharply 
fractured or faulted. 

•	 There are big, angular blocks of black 
Cleveland Shale within the Bedford just northwest 
of the OWC-4 anticline axis (Fig. 15). The reverse 
faults under the Cleveland Shale blocks are in contact 
with Bedford Shale. This shows that the apex of 
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the anticline in the Cleveland Shale horizon might 
be cut off by a horizontal thrust fault and relocated 
into the northwestern syncline within the Bedford 
Shale.  

•	 The soft-sedimentary-deformed and 
convoluted layers sandwiched between undeformed 
Berea and Bedford layers were most likely created 
during (or soon after) deposition but prior to 
lithification. Their thickness is 0.5 to 1.5 m in the 
Berea (Figs. 4A and 4B) and up to several meters 
in the Bedford (Fig. 5B). Bedford and Berea layers, 
along with the convoluted beds, simultaneously 
participated later in the folding processes. 

Conclusion
A total of 17 small-scale exposed anticlines with 

deformed Ohio Shale were studied along Chappel 
Creek and Old Woman Creek in Erie County, Ohio. 
These low-relief anticlines trend mainly  NE–SW, 
asymmetrically verging to the northwest, and formed 
by northwest-directed horizontal compressional 
stress.

The Chappel Creek anticline-4, with overturned 
Berea and deformed layers, is a tight overturned 
fold with its axis trending NW–SE. The overturned 
Berea layers make up the northeastern flank of 
this anticline. The Cleveland Member of the 
Ohio Shale is exposed at the core of the anticline. 
Increased Cleveland thickness is due to several 
south-dipping stacked thrust faults. Locally thick 
Berea in the syncline to the north constrained 
the harmonic movement of the layers during late 
Paleozoic folding, acting as a stratigraphic obstacle. 
This resulted in additional compressional stress on 
layers encountering this obstacle and the formation 
of a tight, overturned anticline. Furthermore, the 
locally thick Berea obstacle created a dextral shear 
stress zone to the west during folding. As a result, 
transpressional folding at Chappel Creek anticline-4 
changed the fold orientation from the expected 
NE–SW to NW–SE. 

Analysis of the geometry, wavelength, and 
amplitude of the folds shows up to 30% spatial 
shortening in comparison to the length of the 
folded layers. Expansion of lithified formations 
by postglacial rebound, or any other process, was 
unlikely to create these folds. The cemented fractures 
in the strata indicate that fracturing and deformation 
is much older than Pleistocene. Preserved and 
undeformed fine sedimentary structures like ripple 
marks, cross-beds, and thin convoluted (seismite) 

beds sandwiched between Berea beds, indicate 
that the Berea was lithified prior to folding and 
overturning. Moreover, the time span for the 
deposition of the Ohio Shale through the Cuyahoga 
(?) Formation, including the major unconformity 
at the base of the Berea, is several million years. It is 
unlikely that all these Upper Devonian formations 
remained in a soft and plastic state only to be 
deformed after deposition of the Berea Sandstone. 

Soft-sediment deformation features including 
flow rolls, ball-and-pillow structures, and load casts 
(all seismites) within the Berea and Bedford likely 
were created during and shortly after sedimentation, 
and are not the result of the compressional stress 
that led to folding. These features and accompanying 
strata were folded during later deformation. 

Layer deformation by ice shove, particularly of the 
overturned Berea block, is ruled out for 3 reasons: 
(1) proven studies in Ohio, Kansas, Iowa, and other 
countries show that the thickness of bedrock units 
deformed by glacial movement is less than 10 m, 
whereas the thickness of deformed layers in the 
Chappel Creek anticline-4 is at least 30 to 40 m; 
(2) glacially deformed layers are folded or faulted 
verging in the direction of glacial movement, whereas 
the sense of motion on overturned Berea beds at 
Chappel Creek contradicts the general north–south 
movement of the ice sheets that encroached on 
northern Ohio; and (3) strata deformed by glaciers 
are typically highly fractured, crushed, and mixed 
with allochthonous glacial particles. This contrasts 
with Berea beds at Chappel Creek anticline-4 that 
are only moderately jointed by folding, with no 
evidence of crushing or mixing of glacially derived 
material with the bedrock. The only young structural 
features found in this study are the limited curved 
normal faults in the Berea, where sandstone layers 
in the east banks of the creeks locally slid down by 
gravity into adjacent valleys sometime during the 
Quaternary.

In summary, the overturned Berea layers-and all 
folds with northeast orientation in the stream cuts of 
Chappel Creek and Old Woman Creek-most likely 
were created during the Paleozoic by northwest-
directed, Alleghenian tectonic compressional forces. 
There are few exceptions where the change in 
orientation of the fold axes resulted from localized 
variations in lithostratigraphic thickness. In all 
cases, folding occurred after lithification, rather 
than during sedimentation, and Pleistocene glacial 
movement could not be the cause. 
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