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ABSTRACT

The Upper Ord§vician Cincinnatian Series is an undeformeé 800-foot-
thick (244 m) sequence of interbedded carbonates and shales that are
exposed in southern Indiana, southwestern Ohio, and northern Kentucky.
Although some carbonates are restricted to individual facies (e.g., dolo-
mites), eight varieties of carbonate rocks are repeatedly encountered
throughout the Cincinnatian Series, including packstones, wackestones,
micstones, siltstones, poorly washed grainstones, coarse grainstonmes,
fine grainstomes, and calcisiltites. Cincinnatian shales are olive gray
in color, unfossiliferous, unlaminated, and dolomitic. Most shales are
unburrowed and occur as thin, graded "packages."

Cincinnatian sediments were deposited on the inmer part of a gently
sloping, storm-dominated, shallow-marine carbonate ramp, in subenvironments
ranging from the offshore zone to the supratidal zone. Sedimentation on
this ramp was discontinuous. Periods of quiet-water, in situ accumulation
of carbonate sediments (represented by packstones and wackestones) were
frequently interrupted by storm events (represented by erosional surfaces,
shales, grainstones, and siltstones). Tropical storms had four major
effects on sedimentation: (1) submarine erosion, (2) upslope tramsporta-
tion and deposition of argillaceous muds, (3) winnowing, transportation,
and redistribution of carbonates, and (4) generation of downslope gravity
flows. Frequent storms also affected benthic ecology in three ways:

(1) by mixing benthic fauna from different communities, (2) by periodically
interrupting the process of community succession, and (3) by creating fa-

vorable conditions for the evolution and success of opportunistic species.

xi
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Cincinnatian strata are arranged in a cyclic pattern. Three levels
of cyclicity are represented: (1) storm cycles (thin, graded sequences
deposited from suspension by storms), (2) megacycles (moderatély thin
sequences having a carbonate hemicycle overlain by a shale hemicycle,
and representing the fluctuation of terrigenous sediment supply), and
(3) shoaling-upward shelf cycles (thick sequences that grade upward from
shale-rich facies to shale-poor facies and represent the lateral progra-
dation of consanguineous environments, ranging from offshore sheli to
supratidal).

Previous iithostratigraphic revisions of the Cincinnatian Series
were made without strict adherence to the rules of priority established
by the Code of Stratigraphic Nomenclature, and without due consideration
of the facies concept. As a result, numerous problems of correlation,
mapping, and interpretation have arisen. Accordingly, a new stratigraphic
classification is proposed for use in Ohio, Indiana, and northern Kentucky
which will eliminate most of these problems. New stratigraphic units
include the Corryville, Mt. Auburn, Sunset, Oregonia, Waynesville, and
Liberty formations. These names have priority, are well known, and repre-
sent genetically related rock facies, and thus are quite useful for inter-

pretive purposes.

xii
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INTRODUCTION

Previous Work

The fossiliferous limestones and shales of the Upper Ordovician
Cincinnatian Series have been the object of geologic research for nearly
150 years (see Weiss and Norman, 1960). The earliest workers, before the
advent of modern sedimentology and paleocecology, were attracted to the
abundant and well-preserved fossils that could be found in outcrop. Hence,
most of the research generated before the turn of the century was taxonomic
and biostratigraphic in nature. From 1902 to 1960, geologists directed
their attention to subdividing the Cincinnatian Series into "formations"
and "members," based largely on fossil zones. Over the years those zones
became more and more refined, culminating in the cléssification of Caster,
Dalvé: and Pope (1961).

The period from 1960 to the mid-1970's can be thought of as a "ren-
aissance" in the study of the Cincinnatian Series. Two factors contrib-
uted to this great outpouring of research: (1) improvements in the study
of carbonate petrography (e.g., Folk, 1959 and 1962; Dunham, 1962), and
(2) the appearance of the Code of Stratigraphic Nomenclature (1961). Both
factors provided the impetus for research in two major areas: (1) the
petrography of Cincinnatian limestones (e.g., Weiss and Norman, 1960b;
Wetzel, 1968; Farber, 1968), and (2) the lithostratigraphic reclassifica-
tion of Upper Ordovician strata (e.g., Weiss and Sweet, 1964; Brown and
Lineback, 1966; Peck, 1966; Ford, 1967). Other new areas of interest in-
cluded trace fossils (Osgood, 1970), paleocurrents (Hoffman, 1966a), X~ray

diffraction study of shales (e.g., Scotford and Smoot, 1962; Scotford,
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1965; Bassarab and Huff, 1968), benthic community analysis (Lorenz, 1973),
and SEM study of limestones (Lobo and Osborne, 1973).

Since the mid-1970's, the dominanﬁ trend in Cincinnatian geologic
research has been in the field of paleoecology. Geologists have studied
paleocommunity sturcture and community succession (e.g., Oldroyd, 1978;
Harris and Martin, 1979), the autecology of selected Cincinnatian fossils
(e.g., Richards, 1972; Alexander, 1975; Frey, 1980), and biostratinomy
(e.g., Brandt, 1980; Krumpolz, 1980; Meyer et al., 1981). Other workers
have studied the relationship between paleoecology and depositional envi-
ronments (e.g., Mahan and Harrison, 1980; Hinterlong, 1981; Meyer et al.,
1981; Schumacher, in progress). Other areas of interest include biostra-
tigraphy and lithostratigraphy (e.g., Hay, 1975 and 1981; Frey, 1976; Pope
and Martin, 1977; Hay et al., 1981), limestone petrology (Martin, 1975),
hardground formation and submarine cementation (Rassman, 1981), trace fos-

sils (Norrish, in progress), and sedimentology (Tobin, 1980).

Purpose and Objectives

The preceding section outlines the abundant and diversified litera-
ture on the geology of the Cincinnatian Series. Given this plethora of
information, one may legitimately ask: "Is there anything »ew that can
be discovered about the geology of the Cincinnatian Series?" Logical
reasoning would suggest that only the smaller details or gaps in our un-—
derstanding remain to be studied. However, I believe that thg reverse
is true--that the broad concepts of depositional environments, modes of

sedimentation, diagenesis, and paleoecology have not yet been fully
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developed. I recognize that each new generation of geologists has the
advantage of new research tools and information that were unavailable to
their predecessors. Yet, with 150 years of study and re-evalﬁation of
data, a comprehensive sedimentologic, paleoecologic, and diagenetic model
for the entire Cincinnatian Series has not yet appeared.

Three basic factors are responsible for this lack of information:
(1) Key areas of research have been studied superficially or ignored
altogether. For example, even though the significance of Walther's Law
and the vertical sequence has been known to North American geologists for
more than 40 years, it has never been applied to the Cincinnatian Series.
Another key area of research that has been overlooked is the study of
shales. Shales comprise approximately 58 percent of the total thickness
of the Cincinnatian Series. Even so, with the exception of Scotford
(1965) and Tobin (1980), shale petrology has been ignored. (2) Most
researchers have failed to incorporate into their studies the wide variety
of information available to them in the literature. For example, much
is known about the taxonomy and ecology of Cincinnatian trace fossils
(see Osgood, 1970). However, very few workers have attempted to use this
data for interpretive purposes. (3) With a few exceptions (Caster, Dalvé
and Pope, 1961; Martin, 1975; Hay, 1981), past research has focused on
thin stratigraphic units (formations or membersj rather than on the entire
Cincinnatian Series. In some cases, this trend.has had no effect on the
validity of interpretations. In other cases, particularly those in which
the reconstruction of depositional environments was at stake, the isolated
study of one or two formations greatly weakened their results (see 'Cyclic

Sedimentation and the Vertical Sequence").
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Thus, the purpose of this study is to describe the sedimentology of
the Cincinnatian Series by utilizing modern research tools and ideas, by
using the valuable legacy of information generated by earlieruworkers,
and by avoiding the three pitfalls mentioned above. The specific objec~
tives of this study are: (1) to re-evaluate the current lithostratigraphy
of the Cincinnatian Series, and to propose any changes necessary for pro-
ducing a more appropriate and usefulbclassification scheme; (2) to develop
a model which best explains the sedimentary processes and depositional
environments of the Cincinnati Arch region during Late Ordovician time;
and (3) to provide a plan for future research on the Cincinnatian Series
which will test the validity of the model proposed herein, and generate
new ideas and information which may enhance the model. It is my sincere
hope that this plan may help to avoid the random, unrelated studies of
the Cincinnatian Series that have been so characteristic of the past.

This study should serve as a framework upon which future generations will

be able to integrate depositional models with paleocecology and diagenesis.

Methods Used

My first task was to locate and describe outcrops of Cincinnatian
Age strata in the field area. Because most of the available outcrops
exposed only one or two contiguous formations; it was necessary to piece
together a composite section of the entire Cincinnatian Series. Hence,
outcrops were selected as close together as possible to minimize the
lateral distance between adjacent formations. This insured that the

possibility of lateral facies éhange did not interfere with the results.
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After it had been determined that the Cincinnatian Series contained three
distinct lithogenetic sequences, additional outcrops were selected and
‘described so that each sequence could be compared regionally.“

Twelve outcrop sections were measured and described in southwestern
Ohio, northern Kentucky, and southeastern Indiana (see Figure 1). A total
of 348 meters (1,142 feet) of section was described and sampled. The
thickness of measured vertical sections and formation designations for
each of the 12 localities are given in Appendix 1, and exact locations
are given in Appendix 2. The thickness of each outcrop was initially
measured uéing a Jacob's staff and a Brunton compass, and one-meter inter-
vals were marked off with paint. The following properties were then de-
scribed for each meter of section: formational contacts, bedding type
and thickness, lateral continuity of beds, rock types, characteristic
fauna, sedimentary structures, bioturbation, shale percent, color, and
weathering characteristics. Every bed thicker than 1 cm was described.
Strata thinner than 1 cm were noted and described, but were not drafted
onto the outcrop iog sheets. The detaiied descriptions of all 12 outcrop
sections are given in Appendix 3. Three additional outcrop sections and
one core were described with less detail for various reasons. The results
of those descriptions are discussed within the text, and do not appear
in Appendix 3. However, all four locations are plotted on Figure 1.

Over 800 rock samples were collected from outcrops in the field area.
Samples were not collected at regular intervals. Instead, sampling was
done at very irregular intervals with four purposes in mind: - (1) to com-
pare and interpret the wide variety of rock types present; (2) to compare

carbonates and shales stratigraphically; (3) to collect from all parts of
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"megacycles" and "storm cycles" (to be discussed in a later section); and
(4) for miscellaneous reasons (e.g., unusual rock types, fossil orienta-
tions, trace fossils, sedimentary structures, important guide—fossils,
etc.). Carbonates were described using the classificati;ﬁ of Dunham
(1962), and shales were classified following the scheme of Potter, Maynard
and Pryor (1980). The vertical positions of samples collected from each
of the 12 outcrops are shown in Appendix 3.

Hand specimen samples were then returned to the laboratory and
described in more detail with the aid of a binocular (reflected light)
microscope. The following properties were described: rock name, fos-
sil types, genera, generic diversity, fossil orientation, degree of fos-
sil breakage and abrasion, sorting, grain size, bioturbation, lamination,
and accessory diagenetic minerals. Hand sﬁecimen descriptions are given
in Appendix 4. In addition, approximately 25 polished slabs were made
for additional textural amalysis or for the analysis of vertical changes
in lithology that occur within the thickness of a single bed.

Of the 800 hand specimen samples described, 128 were selected for
thin-section analysis (86 carbonates and 42 shales). All thin sections
were cut normal to bedding, polished to a final thickness of 25 microns
(10 to 15 microns for shales), and then stained using a combination of
Alizarin Red S and potassium ferricyanide. Composition of all samples
was determined by point-counting 200 grains each for shales, and 300
each for carbonates. Textures and‘bioturbation were also described in
thin section. Wilson's petrographic checklist was used to enhance car-
bonate descriptions (Wilson, 1975, pp. 60-63). The results of this

petrographic analysis are given in Appendices 5 and 6. In addition,
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10 shale samples were examined texturally with the aid of a Scanning

Electron Microscope (SEM).
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STRATIGRAPHY

Historical Development

The supposedly "monotonous" interbedding of limestone and shale in
the Cincinnatian Series, combined with an abundant and well-preserved
fauna, led early straﬁigraphers to believe that stratigraphic subdivisions
of these rocks should be based mostly on faunal rather than lithologic
characteristics. Moreover, they were largely stratigraphic "lumpers."
Riddell's "Blue Miami Limestone" (1837), Briggs' "Great Limestone Deposite"
(1838), and Orton's stratigraphic subdivision of "River Quarry Beds,"
"Middle Eden Shales," "Hill Quarry'Beds,“ and "Lebanon Beds" (1873) are
al; examples of the tendency to define broad, undifferentiated stratig-
raphic units. With time, additional faunal subdivisions were described
and refined. The development of this subdivision took place mainly between
1902 and 1940, and can be credited to the poineering efforts of J. M.
Nickles, A. F. Foerste, R. S. Bassler, E. R. Cumings, E. 0. Ulrich, and
many others. The most recent compilation of this largely biostratigraphic
classification is that of Caster, Dalvé’and Pope (1961), who described
eight "formations" and fourteen "members." Excellent summaries of the
development of Cincinnatian stratigraphy are given by Cumings (1922),
Gutstadt (1958), and Weiss and Norman (1960).

Perhaps the first worker to recognize the need for lithologically
defined Cincinnatian stratigraphy was Gutstadt (1958). His study was
published just three years prior to the Code of the American Commission
on Stratigraphic Nomenclature, which recommended that rock stratigraphic

- units be defined on the basis of lithologic characteristics. The Code
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provided the impetus for a number of lithostratigraphic studies of the
Cincinnatian, starting in 1964. Table 1 summarizes the development of
Cincinnatian lithostratigraphic classifications, and Figure 2 compares
some of them graphically. The most recent study of Cincinnatian litho-
stratigraphy is that of Hay (1981), who proposed new stratigraphic units
based largely on her study of outcrops in southeastern Indiana (see Fig-

ure 3).

Assessment of Cincinnatian Lithostratigraphy

Three observations are readily aﬁparent from the preceding discus-
sion: (1) A great deal of confusion concerning the vertical and lateral
relationships of these newly defined rock uﬁits has created problems with
mapping and correlating geologic formations in the Cincinnati Arch region.
2) Becéuse of this confusion, some geologists working on non-stratigraph-
ic geologic problems in the Cincinnati aréa have resorted to the use of
informal stratigraphic names (e.g., Meyer et al., 1981; Rassman, 1981).
(3) The "new wave" of lithostratigraphers have tended to lump, as did the
earliest stratigraphers, thick sequences of Cincinnatian rocks into for-
mations (e.g., Peck's "Bull Fork Formation" and Brown and Lineback's
"Dillsboro Formation"), disregarding numerous facies changes previously
described by biostratigraphers.

Lithostratigraphers have repeatedly disregarded the traditional
stratigraphic divisions of the Cincinnatian Series (see Caster, Dalve
and Pope, 1961) on the grounds that they were entirely biostratigraphic

in nature. Krumpolz (1980) pointed out that lithostratigraphers based
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Table 1: Summary of Lithostratigraphic Studies of the Cincinnatian.

Author and Publication Date

Weiss and Sweet (1964)

Weir, Greene and Simmons (1965)

Brown and Lineback (1966)

Peck (1966)

Ford (1965, 1967)

Hatfield (1968)

Lee (1974)

Hay (1981)

Summary of Article

Defined the Kope Formation of Ohio
and Kentucky. -

Defined the Calloway Creek Limestone,
the Ashlock Formation, and the Drakes
Formation for southcentral Kentucky.

Defined the Dillsboro Formation, the
Saluda Formation, and the Whitewater
Formation of southeastern Indiana.

Also used the term "Kope Formation."

Defined the Grant Lake Limestone and
the Bull Fork Formation for the
Maysville, Kentucky, area. Also
used the terms "Kope," "Fairview,"
and "Drakes" Formations.

Defined the Fairview Formatiom, the
Miamitown Shale, and the Bellevue
Limestone for the Cincinnati area.
Also used the term "Kope Formation."

Defined the Tanmer's Creek and
Whitewater Formations, and redefined
the Saluda Formation for southeastern
Indiana and northcentral Kentucky.

Used the terms "Kope," "Fairview,"
“Grant Lake," and "Bull Fork" for
the area between Dayton, Ohio, and
Maysville, Kentucky. Proposed the
names Waynesville Formation and
Whitewater Formation be used for two
intertonguing units in the Bull Fork.

Defined the Brookville Formation,

with five members. Used the terms
"Whitewater," "Saluda," and "Elkhora."
Also used Ford's (1967) classifica-
tion. :

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



13

*aanjepousumou oTydeidrieils UBTIBUUIOUL) JO uostaedwo) :7 2INJTL

Awiouos3 G
uUOIIDWJOS | UOIIDWJIOS | UOIIDWJIOS uoIDWI04 uO1}IDWJIO 4 LIPS
ajobyjnog] owojo | 2|9
2doN adoy adoy adoy adoy N
pauiseg UMW I z|[o
wy N uoIowio 4| uonpwaios uoIjowWJod dOH WA Fe w
M MIIANDY | 3 >
IUNOWJIDS <%
MIIAJID, MItAIDS | Maiading MIIAJIDY 10N a1
- anANLE <i»
RELLET auoisawit | auorsawiy clz

JNAKIJOD| UDIIWINW |

07 0T UDIIWIW W
ny- —~
1upJo FYTL 315 UOIIDWIO S uanqny 3N z|c
jasuns &
Widyuay | uyonpwJdo 0409qsi1Ig w dyuay m
spag UoIIDWJIO 4 ‘W 1y 4 owobaiso oz
Wy NEY X o) UDIUY 33 m w

pawouun,, D] ainasauiom| X
%404 %404 KoM S111IASUADM — INASNJDID] 3l OM - m
Jassysuoig) w <
=10
1ng {ng K3J49q17 ‘W4 OPNIDS Kyaaqn W N
AH.....%\. . uo1DW.I0 .ﬁu_ghnuwum spmauml 12

— T SINO I WSSOI 4IIOMIAUUM | ja30ma3ium uJouNI3

(L961) ~(9961) (vL61) (GL6L) (8961) (9961) Jequiapw | uonow.od m.. %
pJo4 %>3d 291 UIIIDW PISIDH  [H20GaW1g uMOIE— <amn % )
m
S1INN DIHdVYOILVYHISOHLIT JIHdVYYOILVYLSOIE |M |n

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



14

*(1861 ‘Aey woij) ©INIBTOUSWON orydea8taeaisoylrl it 2In3Td
— m
edoy ) Bl edo) edoy (2) edoy oIu0}j0") a
- 2.
== e odont sunow | ]
CUILYI) —r 3 MmenIDd  |(c) meiAniDg .m..
peIo|IueIsIpUN 1Al —— Illo
- wmownoy |22 {3
—_OMONWOIN_ )~ <|3
onAe}ieg enaejiog .M = 3
o=
INW o e Juoip sinkuon |25 |8
‘4S MO|[OH UcHiDIS == i~ uinqny | m. r~
] oweaimo Junow s
olex3 oljiaoorg == _= wjeyusy %
= o
o - - — h =2
US 8j||ASOUADM e pewouun sliiRsoukoMm 2|8
—_____Kjeqi = | =
I — o fuegn 5|2
45 09 4yd|o o4 jing 3(8
1910MONUM mpomoyum 1S =
Q
POIDIIUNISYSIPUN opnIos L- opnios opnjos g
101DMOUM
RG] eloasium TOZ] seioneusn w3
= SoW0Ig |
ToVIoY Oiun |
SIOQUeN | Su0jIDWiod Aq_meJleq.e!os._e__ () Fonjuey [ (€)(2) ©NO (N 218
$Jodoy syl 10N) uo]D21§188D]) SNOIAGIY Q|3

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



15

this conclusion largely on quotations from summary articles such as
Cumings (1922) and Gutstadt (1958), without consulting the original ref-
erences (e.g., Nickles, 1902 and 1903; Foerste, 1903 and 1910b; Bassler,
1906; Cumings, 1908). Krumpolz noted that many of the traditional bio-
stratigraphic units ". . . were-originally defined as units with a dis-
tinct lithologic, as well as paleontologic identity . . . ." And there-
fore ". . . should be considered as 1ithéstratigraphic units" (1980,

p. 115). Krumpolz cited the Mt. Auburn strata (Nickles, 1902) as an
example of a stratigraphic unit originally defined on the basis of its
paleontologic and lithologic characteristics, noting, however, that its
upper and lower boundaries were defined faunally.

I agree with the conclusions of Krumpolz (1980). Field and labora-
tory observations prove that many of the traditional "biostratigraphic"
units do indeed possess distinctive lithologic characteristics which can
be correlated laterally, and recognized in the original descriptions.
Because previous lithostratigraphers ignored those original descriptions,
I propose that a new stratigraphic classification scheme, which reinstates
these "traditional" units be adopted for use in southwestern Ohio, south-
eastern Indiana, and northern Kentucky (see Figure 4). Although the
original lithologic descriptions of these units are unsophisticated, I
can easily recognize their occurrence in the field, and will update those
descriptions using modern terminélogy. Furthermore, upper and lower boun-
daries will be redefined lithologically to conform to the rules of the
Code of Stratigraphic Nomenclature (Article 5). The results of this
stratigraphic revision will be presented in detail in the section entitled

"Lithogenetic Sequences." However, additional work will be necessary to
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SOUTHEASTERN C;NCINNATI MAYSVILLE, KY
INDIANA AREA to DAYTON, OH
Saluda Elkhorn ?rakeshFormaiion
Preachersville
Formation Formation? Member) ?

Whitewater Formation

Whitewater Formation

Whitewater Formation

Liberty Liberty Liberty
Formation Formation Formation
Waynesville Waynesville Waynesville
Formation Formation Formation

Oregonia Formation

Oregonia Formation

Oregonia Formation

Sunset Formation

Sunset Formation

Sunset Formation

=

Mt. Auburn Formation

Mt. Auburn Formation
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Corryville Corryville Corryville
Formation Formation Formation
Bellevue Bellevue Limestone Bellevue

Limestone Limestone

Hemlom Shale ———
Fairview Fairview Fairview
Formation Formation Formation
Kope Kope Kope
Formation Formation Formation
Figure 4: Proposed reclassification of Cincinnatian Series Stratigraphy.
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determine if this classification is applicable to equivalent strata in
central Kentucky;

Not only is there a "legal" reason for reviving the traditional
stratigfaphic ferminology (i.e., "priority," Article 11 of the Code),
but more importantly there is an idealistic reason. Some of the new
lithostratigraphic units (e.g., "Bull Fork Formation," "Dillsboro For-
mation," etc.) include several rock facies within their boundaries, some
of which are time-equivalent (isochronous facies) and some of which are
not (heterochronous facies). In other words, some of these formatiomns
represent parts of two lithogenetic sequences or "facies tracts" (i.e.,
isochronous, heteropic facies--see discussion of the facies concept and
Walther's Law in Krumbein and Sloss, 1963, and in Middleton, 1973). It
is my belief that stratigraphic nomenclature should conform to the facies
concepﬁ as originally defined by Gressly (1838) and discussed by Walther
(1894), rather than the reverse. That is, one should base interpretations
of rock strata on sequences of genetically related rock facies, and then
name those facies by using appropriate stratigraphic procedures. Unfor-
tunately, previous workers have studied the Cincinnatian Series in the
reverse order. They have first given strata formational names, and then
interpreted those formations as isolated units in time and space. This
“taxonomic approach” to stratigraphy has been criticized by G. V.
Middleton, who stated ". . . only knowledge of facies relationships
drawn from the study of modern environments can save us from the barren
cataloging of rock and fossil sequences that sometimes passes'for stra-
tigraphy" (1973, p. 983).

Although the earliest Cincinnatian biostratigraphers did not have
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a Stratigraphic dee to follow and were unfamiliar with the facies con-
cept, their methodical and thorough investigations accurately uncovered
the numerous rock facies that exist in the Cincinnatian Series. Each
formation proposed in this study represents a true rock facies (i.e.,
rocks having a distinct lithologic and paleontologic character, repre-
senting an area of uniform environmental and depositional conditions).

I believe that this method of naming rock units will greatly enhance our
uhderstanding of Late Ordovician environments and modes of deposition,
and will end the "taxonomic" approach to Cincinnatian Series lithostra-

tigraphy that has occurred in the past.
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REGIONAL PALEOGEOGRAPHY

The sedimentologic interpretation of Cincinnatian Age strata is com-
plex, requiring the discussion of such interrelated topics as stratig-
raphy, petrology, autecology, facies analysis, and vertical sequences.

Of primary importance is the geologic setting, or paleogeography, of the
eastern United States (central Appalachians). Without a working knowledge
of the regional distribution of major depositional environmeats, inter-
pretations are limited to the specific processes and sub-environments at

a given locality, and are made without understanding the influence of the
basin as a whole.

During Late Ordovician time, the Cincinnati Arch region was located
in the tropical southern hemisphere at least 15% south of the equator,
and rotated approximately 45° clockwise from its present orientation (see
Figure 5). A more recent reconstruction of Ordovician paleogeography by
Bambach et al. (1980) places the region.even further south, and indicates
continued southward drift through the Middle Silurian. Bambach et al.
(1980, fig. 6) and Scotese et al. (1979, fig. 8) indicate that a very
wide ocean basin lay to the east of the North American Plate during Middle
Ordovician tiﬁe. Major paleo~oceanic circulation patterns and probable
storm paths have been reconstructed for this part of the world. Their
influence on sedimentation in the Cincinmnati Arch region is important,
and will be discussed in the section entitled "Storm Cycles."

The Cincinnati Arch regiog is part of an elongate, northeast-
southwest trending carbonate sheet extending from the Great Lakes region

to southern Tennessee (Figure 5). This sheet is composed of interbedded
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UPPER ORDOVICIAN LITHOFACIES

\HH

e e T

Figure 5: Distribution of carbonate, shale, and sandstone
lithofacies during Cincinnatian time in North
America. Compiled from various sources (Dott
and Batten, 1971, fig. 10.19; Shell 0il Company,
1975; Dennison, 1976, fig. 2; Ross, 1976, fig.

10; Elias, 1979, fig. 2; Stearn et al., 1979,
fig. 11—14).
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limestones and shales, dolomites, and dolomitic limestones, and represents
a carbonate ramp (as defined by Ahr, 1973). Inferred paleoenvironments on
this ramp range from offshore shelf to supratidal, but are mostly open-
marine, inner shelf. This carbonate sheet is bounded to the west, south,
and east by thick, wedge-shaped shale bodies (Figure 5) representing outer
shelf, slope, and deep basin paleocenvironments. The Upper Ordovician
shales to the east of the Cincinnati Arch region (e.g., Martinsburg Shale,
Reedsville Shale; see Twenhofel, 1954, for correlation of these and other
Ordovician formations) grade eastward into shallow-marine and fluvial sand-
stones (e.g., Oswego Sandstone, Juniata Sandstone). These sandstones and
shales migrated westward, toward the Cincinnati Arch region, as a conse-
quence of the progressive uplift of the Taconic highlands to the east. The
Taconics were a chain of mountains that extended from southeastern Canéda
to Georgia in a gently curving belt. The westward progradation of sand-
stones and shales supplied by the Taconics disrupted carbonate sedimenta-
tion which had prevailed during Early and Middle Ordovician time, and even-
tually filled up the Appalachian Basin (see Figures 6 and 7).

Bretsky (1970) has reconstructed the paleogeography of the Central
Appalachian region, based on stratigraphic and sedimentologic evidence.
Figure 8 (Bretsky, 1970, fig. 12) is a paleogeographic map of Late Ordo-
vician depositional environments in this region, and Figures 9 and 10
(Bretsky, 1970, figs. 10 and 11) are idealized cross sections of the area.
Figure 11 is a modification of Bretsky's paleogeographic map, which takes
into account additional information from Woodward (1951), McBride (1962),

Gray (1972), Kreisa (1981), and from data obtained in this study.
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Figure 6: Tectonic evolution of the continental
margin of North America during Ordovician

time (modified from Bird and Dewey, 1970,
fig. 7).
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DEPOSITIONAL REGIME

Legend
Conglomerate
Sandstone
Siltstone

Shale
Limestone

Figure 8: Reconstruction of the depositional environments dur-
ing the Late Ordovician in the central Appalachians
(from Bretsky, 1970, fig. 12).
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PETROLOGY OF CINCINNATIAN
CARBONATE ROCKS

Previous Work

Prior to 1960, the sedimentary petrology of Cincinnaﬁian Age carbon-
ate rocks received little attention. Descriptive terms such as "lime-
stone," "fossiliferous limestone," and Grabau's (1904) "calcirudite,"
"ecalcarenite," and "calecilutite" were often used. In 1960, Weiss and
Norman developed a more detailed classification of Cincinnatian lime-
stones, based on the degree of fossil breakage, fossil orientation, and
amount of insoluble residue. However, Weiss and Norman's (1960b) classi-
fication scheme is difficult to use (especially in the field), offers
little interpretive value, and is unknown to most geologis;s. None;he-
less, subsequent geologists utilized this classification scheme, at least
in part, well into the late 1970's (e.g., Weiss et al., 1965; Ford, 1967;
Osborne, 1971, 1972, 1973; Lorenz, 1973; Martin, 1975).

The appearance of Folk's (1959, 1962) limestone classification
inspired numerous petrographic studies of Cincinnatian Age limestones
during the 1960's. The majority of these studies were M.S. theses (all
from Miami University, Oxfcrd, Ohio) on the petrography of selected
Cincinnatian formations. These studies emphasized the use of Folk's
classification, and were largely descriptive, rather than interpretive
in content (e.g., McCormick, 1960; Kuder, 1964; Bayha, 1965; Farber, 1968;
Wetzel, 1968). Folk's classification scheme, a modern innovétion in its
time, is now rarely used because it is complex, places less emphasis on

the nature of grain support, and is difficult to use in the field.
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Conversely, Dunham's (1962) classification is widely accepted and can be
easily used in the field.

Unfortunately, carbonate petrographic research on the Cincinnatian
Series during the 1970's followed the same trends of the previous decade.
Although more sedimentologically oriented petrographic classification and
study procedures had already been introduced in the literature (e.g.,
Friedman, 1959; Dunham, 1962; Milliman, 1974; Bathurst, 1975; Wilson, 1975),
petrologists continued to place heavy emphasis on outdated classifications
(i.e., Folk, 1959, 1962; Weiss and Norman, 1960b), outdated descriptive
terminology (e.g., "coquinoid limestone," "rubbly bedded limestone," etc.),
and insoluble residue analysis (an anachronism of the 1930's). Examples
of this type of research include: Booth and Osborne (1971), Hay (1975),
Martin (1975, 1977), and Harris (1977). The only exception to this trend
was Lobo and Osborne (1973) who studied the origin of micrite in Cincinna-
tian limestones using Scanning Electron Microscopy (SEii). The first sedi-
mentologically oriented studies of limestones did not appear until the
next decade (Mahan and Harrison, 1980; Tobin, 1980; Meyer et al., 1981;
Rassman, 1981).

I recognize that Cincinnatian petrographic research in the 1980's
should not rely solely on the ideas and procedures of the 1960's, but in-
stead should focus on modern concepts and research tools. In the follow-
ing section, eight types of carbonate rocks that commonly recur through-
out the Cincinnatian Series are described and interpreted using modern
techniques and ideas. Diagenesis, although not a primary goai of this
dissertation, is also discussed in the section entitled "Carbonate Dia-

genesis."
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Recurrent Carbonate Rock Types

Eight varieties of carbonate rocks are repeatedly encountered
throughout the Cincinnatian Series. These rock types are not restricted
to any particular facies or geographic location, but occur in most
stratigraphic horizons and localities. These "recurrent" rock types
include: packstones, wackestones, micstones, siltstones, poorly washed

~ grainstones, coarse grainstones, fine grainstones, and calcisiltites.
Table 2 compares the hand-specimen and petrographic characteristics of
each rock type, and Figure 12 is a diagrammatic comparison of each.
Thin-section photographs of all eight rock types are shown in Figures
13 through 20. These illustrations can be used by subsequent workers to
facilitate rock descriptions, both in the laboratory and in the field.

Additional varieties of carbonate rocks exist in the Cincinnatian
Series which are not recurrent. These rocks are stratigraphically or
geographically restricted, and therefore will be described and inter-
preted together with the particular stratigraphic unit or geographic

location in which they occur (see "Lithogenetic Sequences").

Packstones

Packstones (Dunham, 1962) are grain-supported, matrix-bearing car-
bonate rocks. As defined in this paper, they contain greater than 45
percent carbonate grains (an average of 57%), and 16 to 55 percent car-
bonate matrix (an average of 317). Matrix is interstitial, and in many
cases pelletal. Packstones are poorly sorted, coarse gfained, and have
a moderate-to-low degree of fossil breakage. Fossils are oriented sub-

horizontally, and both internal and external geopetals are common. As
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Table 2: Summary of the Petrology of Recurrent Carbonate Rock Types in
the Cincinnatian Series. (Asterisks denote data averaged from
thin-section analysis only. Generic diversity is the number
of fossil genera observed in hand specimen, and petrographic

diversity follows the usage of Smosna and Warshauer, 1978.)
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Figure 12: Diagrammatic
comparison of recurrent
carbonate rock types in
the Cincinnatian Series.
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Figure 13: Thin-section photograph of a coarse-grained,
poorly sorted packstone. Note the diversity
of bioclasts and abundance of matrix (scale:
1 cm = 150 microns).

Figure 14: Thin-section photograph of a coarse-grained,
poorly sorted wackestone. Note the abundance
of matrix (scale: 1 cm = 150 microms).
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Figure 15: Thin-section photograph of a micstone
(scale: 1 cm = 150 microms).

Figure 16: Thin-section photograph of a siltstone. Note
the abundance of quartz silt, and occasional
feldspar grains (microcline twinning on grain
at right). Scale: 1 cm = 40 micronms.
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Figure 17: Thin-section photograph of a coarse-grained,

poorly sorted "poorly washed grainstone."
Note the presence of small amounts of matrix
(scale: 1 cm = 150 microns).

Figure 18: ' Thin-section photograph of a coarse-grained,

poorly sorted "coarse grainstone." Note the
absence of matrix (scale: 1 em = 150 micronms).
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Figure 19: Thin-section photograph of a "fine grainstone."
Note the fine grain size (compare with Fig. 18)
and good sorting (scale: 1 cm = 150 microns).

Figure 20: Thin-section photograph of a "calcisiltite."
Note the very fine grain size and good sort-
ing. Compare this rock type with Figs. 18
and 19 (scale: 1 cm = 150 microms).
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a group, packstones exhibit the highest faunal diversity of all eight
rock types, and are composed of an open-marine assemblage of bryozoans,
brachiopods, pelecypods, crinoids, trilobites, gastropods, and others.
Nearly three-fourths of the preserved fauna are bryozoans, brachiopods,
and pelecypods.

Although bedding characteristics are variable, packstones dominantly
occur in planar, moderately continuous beds having lenticular geometries.
‘Packstone beds are quite variable in thickness, but average 8 cm. The
bottoms of packstone beds can be flat, irregular, or wavy, but the tops
of most beds are flat. Trace fossils and sedimentary structures are rare.

The abundance of matrix, poor sorting, low degree of breakage, and
lack of sedimentary structures indicates that packstones represent the
in situ accumulation of carbonate debris in non-turbulent environments
below wave base. Winnowing and transportation effects were minimal. The
abundant and highly diverse fauna suggests that sedimentation occurred in
non-turbid, nutrient-rich, open-marine waters having normal salinities

and temperatures (Heckel, 1972).

Wackestones

Wackestones (Dunham, 1962) are mud-supported, fossil-bearing carbon-
ate rocks. By definition, they contain from 10 to 45 percent carbonate
grains (an average of 267) and more than 55 percent matrix (an average of
69%). Wackestones exhibit nearly the same fauna, textures, bedding char-
acteristics, and hence, interpretations as packstones; therefore, this
information will not be repeated here. However, wackestones possess a

slightly higher degree of bioturbation than packstones. Trace fossils
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include Phycodes, Chondrites, PaZeophyéus, and Trichophycus (all horizon-
tal feeding or locomotion traces). Because of the lower percentage of
fossil grains and abundance of carbonate mud, wackestone sediments were
more attractive to burrowing‘organisms, particularly soft-bodied omes.
Because of this higher degree of bioturbation, wackestone substrates may
have been less cohesive than packstone substrates, and thus, more suscep-
tible to erosion (see Rhoads, 1972). This may explain why wackestone beds
are the least abundant rock type in most stratigraphic units (an average

of only 6%).

Micstones
The term “"micstone" is synonymous with Dunham's "mudstone" (1962),
and is preferred in this report to avoid confusion with the shale term

"mudstone.™

Micstones are matrix-rich limestones containing less than

10 percent fossils (an average of 4%). Often these fossils are small,
broken fragments. Trace fossils are common, including Chondrites, Tricho-
phycus, Paleophyecus, mollusc trails, vertical tubes (escape?), and rare
Phycodes. Micstone beds are usually thin (averaging 3 cm), wavy to nod-
ular, laterally discontinuous, and occasionally rippled. Micstone sedi-
ments are normally thought to accumulate in non-turbulent environments
below wave base. However, the wavy-to-nodular bedding and occasional
presence of escape structures, ripples, and admixed quartz silt suggests

that these carbonate muds were subjected to high-velocity storm transpor-

tation (see "Storm Cycles").

Siltstones

Siltstones are defined in this report as any terrigenous rocks of
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silt size (less than 0.062 mm) regardless of fabric. Thin-section analy-
sis reveals that the average siltstone has the following compgsition:
quartz silt (58%), feldspar (1%), heavy minerals (2%), clays + micas
(16%), fossil fragments (2%), calcite cement (7%), dolomite cement (10%),
and pyrite (4%). Fossils are usually small, broken fragments less than
0.4 mm in size. Quartz silt averages 0.039 mm in diameter, and reaches

a maximum of 0.14 mm (fine sand). In addition, fining upward of the silt
fraction is occasionally detected.

Siltstone beds are planar, wavy, or nodular, laterally discontinuous,
and thin (averaging 4 cm). Most siltstone beds are laminated or cross-
laminated. Three lamination types occur: (1) planar lamination (i.e.,
horizontally oriented with only minor undulations); (2) wave-ripple cross
lamination (i.e., bundled sets of ripple~shaped laminae with erosional
contacts between sets); and (3) hummocky cross lamination (i.e., large-
scale undulations with gentle dips, high wavelengths, and low amplitudes).
The thickness of individual laminae ranges from 0.l mm to 0.8 mm, aver-

aging 0.34 mm. Laminae are formed by the alternation of quartz-rich and

_clay-rich layers. Sedimentary structures are common, including symmetric

and asymmetric ripples, starved ripples (rare), gutter casts (i.e., elon-
gate, channelized cut and fill structures), tool marks, and flute casts.
Of the eight rock types studied, siltstones have the highest degree of
bioturbation. More than 90 percent of all taxonomically distinguishable
trace fossils occur in siltstones. Trace fossils include Chondrites (both
horizontal and vertical), Diplocraterion, mollusc trails and impressionms,
Paleophycus, Phycodee, Rusophycus, Trichophycus, and vertical tubes (pro-

bably escape structures).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44

Siltstones probably represent the rapid deposition of terrigenous
silts and clays from suspension. Two probable depositional mechanisms
are high-energy storm events and storm-generated gravity flows (see

"Storm Cycles).

Poorly Washed Grainstones

"Grainstones" (Dunham, 1962) are grain-supported rocks which lack
carbonate matrix. For interpretive purposes, Cincinnatian grainstones
have been subdivided into four categories: "poorly washed grainstones,"
“ecoarse grainstones," "fine grainstonmes,” and “calcisiltites." "Poorly
washed grainstone"” is a term used in this paper to represent those car-
bonate rocks that contain small amounts of matrix. By definition, a
poorly washed grainstone contains more than 45 percent carbonate grains
(an average of 67%) and from 6 to 15 percent carbonate matrix (an average
of 8%). Matrix, although interstitial, is usually attached to fossil
grains. These rocks are moderate~to-poorly sorted, coarse grained, and
have a moderate degree of fossil breakage. Fossil orientation is dom-
inantly subhorizontal, although imbricate and low-angle inclined orien-
tations are occasionally found. Faunal diversity is lower than that of‘
packstones, but nearly the same fossil types and abundances can be found.

Poorly washed grainstones usually occur in planar, moderately con-
tinuous~to-continuous beds having lenticular geometries. Bedding thick-
ness averages 9 cm. The bottoms of beds are either flat, irregular, or
wavy. The tops of most beds are flat, although irregular-to-wavy tops
sometimes occur. Sedimentary structures are rare, but include imbricate

fossils and ripples. Trace fossils are also rare.
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The presence of small amounts of matrix, moderate-to-poor sorting,
coarse grain size, and occasional ripples suggests that poorly washed
grainstones represent the in situ accumulation of carbonate debris in
slightly turbulent environments at or near wave base. Winnowing was
incomplete, and transportation effects were minor. These rocks probably
represent the partial winnowing and sorting of originally mud-rich sedi-
ments by storm events (see "Storm Cycles"). The abundant and diverse
fauna suggests non-turbid, nutrient-rich, open-marine waters having normal

salipities and temperatures (Heckel, 1972).

Coarse Grainstones

"Coarse grainstones" are defined as grain-supported carbonate rocks
containing more than 45 percent grains (an average of 58%), less than 6
percent matrix (an average of 2%Z), and having a grain size greater than
2 mm (an average of 4.5 mm in hand specimen). These rocks are moderately
sorted and have a moderate-to-high degree of fossil breakage. The domi-
nant fossil orientation is subhorizontal. Faunél diversity is about the
same as that of packstones, but crinoids and brachiopods are nearly twice
as abundant. Bedding characteristics are the same as those of poorly
washed grainstones. Trace fossils are very rare.

The lack of matrix, moderate sorting, moderate~to-high degree of
fossil breakage, and bedding features indicate that coarse grainstones
represent the in situ accumulation of carbonate debris in turbulent envi-
ronments above wave base. Winnowing was more complete, although trans-
portation effects were moderate to low. These rocks probably represent

the winnowing and partial sorting of sediments by high-energy storm events
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(see "Storm Cycles"). The abundant and diverse fauna suggests non-turbid,
nutrient-rich, open-marine waters having normal salinities and tempera-

tures.

Fine Grainstones

"Fine grainstones" are distinguished from “coarse grainstones" by
their finer grain size (less than 2 mm by definition), better sorting
(well sorted), higher degree of fossil breakage (high breakage), and
absence of carbonate matrix. Fossil orientations range from random to
inclined, and parallelism of grains is high. Faunal diversity is low,
and fossils are dominated by crinocids, brachiopods, and bryozoans. In
addition, some beds contain articulated brachiopods or crinoids stems.

Although bedding thickness is variable, fine grainstone beds are
the thickest of all eight rock types, averaging 15 cm. These beds are
planar and continuous, and have rippled or flat tops and variable bot-
toms. Graded beds are common. Thirty-one percent of all samples studied
fine upward. Sedimentary structures are also abundant, including sym-
metric, asymmetric and starved ripples, shale clasts (up to 12 cm long),
carbonate intraclasts, flute and groove marks, tool marks, gutter casts,
imbricated shells, and load structures. Trace fossils are very rare.

The lack of matrix, fossil orientations, textural maturity, and
abundance of sedimentary structures indicate that fine grainstones re-
present sediments that have undergone a high degree of hydraulic sorting,
winnowing, and transportation. They were probably deposited rapidly by
high-energy processes such as storms or gravity flows (see "Storm

Cycles").
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Calcisiltites

"Calcisiltite" was originally proposed as a term to describe all
silt-size carbonate rocks, regardless of composition (Grabau, 1904).
"Calcisiltite" is used in this report to refer to grainstones having a
mean grain size less than 0.5 mm. Calcisiltites are very well sorted,
and have a very high degree of fossil breakage. Fossils exhibit a high
degree of parallelism, and are oriented subhorizontally. Many samples
contain articulated brachiopods or crinoid stems (44 percent). Most
calcisiltites are silty, containing an average of 11 percent quartz silt.
Faunal diversity is the lowest of the eight carbonate rock types. How-
ever, this may be a function of grain size because the most abundant
fossil types are small, unidentifiable fragments.

Calcisiltite beds are the thinmnest of the grainstone group, averéging
6 cm. These beds are moderately continuous, planar to wavy, and often
laminated or cross-laminated. Individual laminae are formed by the alter-
nation of coarse and fine layers, by cement-rich and cement-poor layers,
or (more rarely) by quartz-rich and quartz-poor layers. Graded beds are
very common. Forty-four percent of all beds fine upward. Sedimentary
'structures are also common, including symmetric, asymmetric, and starved
ripples, occasional small shale clasts, intraclasts, sole marks, and load
sfructures. Trace fossils include Chondrites (both horizontal and verti-
cai), Diplocraterion, Paleophycus, Trichophycus, and vertical escape
tubes. The interpretation of calcisiltites is equivalent to that of fine

grainstones.
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Carbonate Diagenesis

The effects of diagenesis on Cincinnatian carbonates were not exten-
sively studied in this project. I recognize that the recomstruction of
the diagenetic history of these rocks is another thesis in itself, and
that to complete such a project would require more than just thin-section
analysis. Modern analytical equipment such as thg cathode luminoscope,
scanning electron microscope, mass spectrometer, and electron microprobe
can be used to enhance information gained from stained thin sectioms,
particularly with respect to isotopic and trace element composition of
diagenetic minerals. Nevertheless, some valuable information has been
compiled from thin-section data in this study, and is summarized in the

following subsections.

Matrix

Most of the fine carbonate matrix in Cincinnatian limestones is
coarser than the size range specified for "micrite" (i.e., less than 5
microns; Folk, 1959), and therefore would be more precisely named "fine
microspar." However, for the purposes of this paper, and to avoid the
uncertainty over Folk's concept of "microsparitization," the term "matrix"
will be used instead of "micrite," and will refer to very fine carbonate
material less than 30 microns in size.

Matrix is unlaminated, sometimes grumelous or pelletal, and composed
of platey, irregularly shaped crystals, ranging from 4 to 30 microns in
size (an average of 10 microns). Matrix may also contain variable amounts
of quartz silt, clays, dolomite, pyrite, hematite, and limonite. Matrix

may be interstitial (between grains), attached to grains in the form of
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irregularly shaped clumps, as "envelopes" which completely surround
grains, or as internal pore fillers of some bioclasts.

Matrix is believed to represent carbonate mud which was mechanically
deposited from suspension in low-energy environments, or biologically
deposited in the form of fecal pellets. The importance of biologic pel-
letization as a depositional mechanism for fine muds has been outlined by
Pryor (1975). The pellet-making capacities of benthic invertebrates are
sedimentologically important in this study, and are discussed in the sec-—
tion entitled "Autecological Analysis of Cincinnatian Fossils." There is
no evidence to suggest a non-depositional origin for matrix, such as com-
pletely micritized grains, or "ghosts" of micritized grains. Im addition,
much of this matrix may have originated from the comminution of pre-

existing skeletal material (Lobo and Osborne, 1973).

Dolomite

Ferroan dolomite is a common constituent in many Cincinnatian lime-
stones. Eighty-six percent of all samples studied contain some dolomite.
Dolomite content in limestone samples varies from less than 1 percent to
22 percent, and averages 3 percent. However, these values may be under-
estimated by as much as 5 to 10 percent because, during point counting,
points that fell on doloﬁite rhombs inside of bioclast pores were counted
as bioclasts.

Ferroan dolomite occurs as light blue, moderately well-sorted, euhe-
dral-to-subhedral, coarse-grained rhombs (averaging 80 microns and ranging
from 30 to 250 microns). In grainstones dolomite usually occurs as an

internal pore filler or as isolated clusters, representing the replacement
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of pellet nests of intraclasts. In packstones dolomite replaces matrix,
internal pores of bioclasts, pellets, and more rarely, bioclasts. Matrix
and internal pore replacement account for over 90 percent of the dolomite.
Although some dolomite is disseminated throughout the matrix, the majority
occurs in isolated clusters between, inside, and under shells, especially
where geopetal structures are present. In addition, some rhombs are
zoned, suggesting at least two stages of crystal growth.

In order to explain the occurrence of ferroan dolomite in Cincinnatian
carbonates, the general requirements for non-ferroan dolomitization must
first be considered. Deffeyes et al. (1965), Von der Borch (1965a), and
others have developed models for dolomitization that require seawater
evaporation and high Mg'H'/Ca++ ratios in solution. However, these models
do not explain the numerous occurrences of dolomite in rocks that are not
associated with sabkha or evaporite deposition. Badiozamani (1973) sug-
gests that a high Mg++/Ca++ ratio is not necessary, pointing out that ex-
cess magnesium in solution actually inhibits dolomitization, and that the
process requires a lower Mg++ concentration than is found in seawater.
This can be accomplished by mixing groundwater with 5 to 30 percent sea-
water, provided that the solution is supersaturated with respect to dolo-

mite (i.e., where IAP » K, for the reaction:

CaMg(C03), ==Ca’ ™ + Mg't + 200577,

2
[ca'¥] [Mg™'] [CO3 "]

where K
[CaMg(C03)5,]

and TIAP [catt] gt [C03]2:
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and by definition
IAP > K, supersaturated solution
IAP = K, saturated solution

IAP € K, undersaturated solution).

In addition to these generalized requirements for dolomitization,
sufficiently high Fe++/Mg++ and Fe++/Ca++ ratios must exist in solution
to produce ferroan dolomite, but the minimum numerical values of these
ratios required to produce ferroan dolomite are unknown (Oglesby, 1976;
Al-Shaieb and Shelton, 1978). However, the effect of these ratios is
very small in comparison to that of the oxidation-reduction potential
(Eh) of the solution (Oglesby, 1976). 1In order for ferrous ions to remain
stable, the Eh of the solution must be low enough to offset the elevated
PH conditions imposed on the system by tﬁe presence of carbonate minerals
and by the bacterial reduction of organic matter (Evamy, 1969; Sass and
Kolodny, 1972). Thus, Fe++ remains in solution and is available for in-
corporation into dolomite at high pH values only under reducing pore water
conditions (Evamy, 1969; Choquette, 1971; Katz, 1971; Oglesby, 1976; Jacka
and Brand, 1977; and Al-Shaieb and Shelton, 1978). Figure 21 illustrates
this point. Dolomite can only form if the pH is greater than 7.8 (Krumbein
and Garrels, 1952, fig. 8). 1In addition, the bacterial reduction of or-
ganic matter in the sediment will drive the pH even higher (greater than
8), producing a zone in which ferroan dolomite can form. Note that this
zone falls Below the zero Eh line (reducing conditions). Jacka and Brand
(1977), and Evamy (1969) suggest that these conditions most likely occur

below the water table in the phreatic zone.
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The temperature at which ferroan dolomite is formed is another aspect
to consider. Choquette's (1971) analysis of ferroan dolomites in the St.
Genevieve Formation (Mississippian) indicates that precipitating waters
were warm. Rosenburg (1967) has demonstrated that the iron content in
artificial dolomites is temperature dependent, reaching a maximum of 36
mole percent FeCOj at 550°C. Boles (1978, fig. 9) has suggested that as
temperature increases, the equilibrium constant, K, also increases for

the reaction:

4 CacO4 = Fe'™ + Mg*t = 2 caFe Mg 5(CO3), + 2 Ca',

2 2
[Ca++] [ankerite]

where K
[cacoy]* [Fe™] [Mg*]

[catty?

and K=
Crretty gt

Thus, with increasing temperature (and increasing K) it takes progres-

++

sively smaller concentrations of Fe A

and Mg++, relative to Ca ', to
produce ferroan dolomite. Boles also notes that increasing pressure also
increases the equilibrium constant, but that the pressure effect is very
small in comparison to the temperature effect. However, Boles' assump-
tion that [ankerite] = [CaCO3] = 1.0 is invalid. Furthermore, the maxi-
mum iron content reported in natural, mostly low temperature ferroan dolo-
mite (35 mole percent FeCO3) is very close to that of high-temperature,

synthetic dolomite (36 mole percent FeCO3), suggesting that elevated
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temperatures may not be necessary for iron substitution in dolomite,
although they may speed it up. |

Thus, the presence of ferroan dolomite (in addition to ferroan cal-
cite) in Cincinnatian carbonates indicates that post-depositional pore
waters were characterized by: negative Eh conditions (reducing pore
waters), sufficiently high concentrations of Fé++, the presence of decom-
posing organic matter, high pH conditions (greater than 7.8), and mixing
of marine and freshwater.

Because dolomite rhombs rarely penetrate grain margins and never
penetrate calcite cements, dolomitization may have been an early diage-
netic process that occurred before calcite cementation. This idea is
supported by the common occurrence of dolomite clusters in close proxim-
ity to skeletal grains, which suggests that ferroan dolomite formed at
pre-cementation sites of maximum porosity and permeability (for ease of
marine and freshwater mixing), or in proximity to bacterial decomposition
of organic tissue attached to invertebrate shells (i.e., lowest Eh con-
ditions).

However, if the ferroan dolomite formed during early diagenesis, it
must be explained how marine and freshwater mixing could have occurred
during Cincinnatian time when the nearest shoreline was more than 400
miles to the east. Other than sporadic periods of subaerial exposure
during Richmondian time, a shoreline did not exist in the Cincinnati area
until the Middle Silurian.

A more logical conclusion is that the ferroan dolomite is post-
cementation, and therefore late diagenetic, possibly forming during Mid-

dle Silurian or Early Devonian time. The absence of dolcmite in calcite
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cements or skeletal fragments may instead indicate fabric-controlled
dolomitization. In other words, it may be kinetically easier*for dolo-
mite to replace micrite because the latter has abundant microporosity
and greater surface area (and sites) for dolomite nucleation than skele-

tal grains and cements.

Sparry Calcite

Three well-known varieties of calcite spar occur in Cincinnatian
carbonate rocks: drusy spar, blocky spar, and syntaxial rims. "Drusy
spar" is a term which describes fine, elongate crystals which are ori-
ented perpendicular to grain surfaces and point toward the center of pore
spaces. These crystals are generélly thought to represent true pore-
filling cement. Two basic varieties of drusy spar have been identified.
Wide, blade-shaped crystals are usually referred to as "bladed spar,"
"dogtooth spar," or "rhombohedral spar." Thin, elongate, needle-like
crystals are usually referred to as "fibrous spar," "acicular spar," or
"scalenohedral spar." In Cincinnatian limestones the blade& variety is

' most common. "Blocky spar" (also known as “equant spar") is a term which
describes equant-shaped crystals which are larger than drusy.crystals,
and commonly fill the centers of pore spaces. Blocky spar can be true
pore-filling cement or neomorphic in origin. "Syntaxial rims" (also
known as "syntaxial overgrowths") are ovoid-to-equant shaped crystals
that completely surround fossil grains and are optically continuous with
fossil nuclei. Again, syntaxial spar can be either precipitated cement
or neomorphic in origin. This type of spar frequently surrounds crinoid

fragments in Cincinnatian limestones.
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To facilitate the description of calcite spar in Cincinnatian car-
bonates, the classification of Orme and Brown (1963) was used (Figure 22).
This classification is based on composite spar types and where they occur
(i.e., "fabric"), and it distinguishes true pore-filling cement from spar
of neomorphic origin. Five varieties of sparry fabrics occur in Cincin- °
natian limestones: "granular cement," "drusy mosaic," '"syntaxial cement
rims," “coarse mosaic," and "syntaxial replacement rims."

Most of the spar in Cincinnatian carbonate rocks is true pore-
filling cement, having dogtooth spar rims, centripetal enlargement of
crystals, three to five generations of cement, and many enfacial junc-
tions. Moreover, rock fabrics suggest that this spar is true cement. The
highest percentage of spar occurs in grain-supported rocks containing more
than 50 percent fossil fragments. In addition, particles composed ofv
micrite (i.e., pellets and micrite~filled casts) are not converted to
spar, no relict structures can be seen, mechanically deposited micrite is
present but unaltered (except for some possible microsparitization), con-
tacts between grains and spar are sharp, and geopetal structures are com-
mon. More than 90 percent of this spar is ferroan calcite. In some
cases, nonferroan dogtooth spar and syntaxial overgrowths enlarge cen-
tripetally into blocky ferroan calcite centers, indicating two different
chemical environments of cementation.

Neomorphic spar occurs in two forms: "coarse mosaic" and "syntaxial
replacement rims" (Orme and Brown, 1963, fig. 1). Some neomorphic spar
occurs in aimost every sample. Hoﬁever, in samples containing an abun-
dance of neomorphic spar, the rock texture is highly suggestive of re-

crystallization. These samples exhibit few of the characteristics of
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PROCESS FABRIC

GRANULAR CEMENT

DRUSY MOSAIC

CEMENTATION AND
CAVITY FILLING

DRUSY FIBROUS CALCITE

SYNTAXIAL CEMENT RIM

COARSE MOSAIC

GRAIN GROWTH SYNTAXIAL REPLACEMENT RIM

REPLACEMENT Fi.BROUS CALCITE

GRAIN DIMINUTION

GRANULAR MOSAIC

Figure 22: Classification of sparry calcite facrics
(from Orme and Brown, 1963, fig. 1).
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cement previously mentioned, and are always loosely packed, containing
grains that seem to be floating in spar. A comparison of grainstones
and packstones reveals that neomorphic spar is most abundant in pack-
stones (Table 3).

The precipitation of ferroan calcite requires nearly the same geo-
chemical conditions as that of ferroan dolomite. Thus, cementation must
have taken place in the presence of reducing pore fluids saturated with
respect to calcite. These fluids contained high concentrations of Fé++,
decomposing organic matter, and had a pH greater than 7.8. Because marine
and freshwater mixing is not a requirement for the precipitation of fer-
roan calcite, and because nonferroan dogtooth rims sometimes occur, cemen—~
tation may have occurred during early diagenesis, while the rocks were
still in the marine environment (i.e., pre-dolomitization). However, ad-
ditional study will be necessary to prove this idea. Perhaps future
workers will be able to enhance our understanding of cementation by in-
vestigating topics such as stages of cementation and the related chemistry
of enclosing pore fluids, cement stratigraphy, and time of cement emplace-

ment. |

Silica

Partial silicification of Cinciqnatian carbonate rocks is limited to
a narrow zone of Richmondian:strata in the Brookville, Indiana, region
(upper Liberty Formation, and Saluda Formation). Microcrystalline quartz
having a spherulitic or fibrous texture (chalcedony) appears as a replace-
ment feature of individual fossil fragments, matrix, or spar. Silicifi-

cation does not appear to be fabric controlled. It occurs in a variety
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of rock types and may replace individual fossils, or parts of fossils,
without affecting the surrounding matrix or spar; or it may replace all
three. Delicate skeletal structures such as organic 1ame11ae'in brach-
iopods are usually preserved.

The replacement of carbonate material by chalcedony is poorly known
and difficult to understand. In general, the chemical conditions neces-
sary for silicification are relatively low pH, low temperature, and sat-
uration of pore fluids with respect to silica (Blatt et al., 1980). 1In
addition, the chalcedony is length-fast (i.e., having its C-axis perpen—
dicular to fibers), suggesting that silicification occurred in a low pH,
non-sulphate environment (Folk and Pittman, 1971). The preservation of
delicate skeletal structures suggests that this process is one of simul-
taneous dissolution of calcite and precipitation of chalcedony. The
origin of the silica is unknown; however, the rare occurrence of sponge
spicules (e.g., sample BN 33.3, lower Saluda Formation) suggests that

siliceous sponges could have been a source of dissolved silica.

Phosphate

Minor amounts of phosphate (in the form of amorphous collophane)
occur in most Cincinﬁatian carbonates. Collophane occurs as thin, elon-
gate fragments, sometimes having dentate ridges. Some of these fragments
have been positively identified as conodonts {Repetski, pers. comm.,
1979). However, some of these structures could also be polychaete bris-
tles (see Schafer, 1972, pp. 176-178). Collophane has also been observed
as a pore filler in some bioclasts, especially small gastropods of the

genus Cyclora, but also in bryozoan zoecia, trilobite spines, and crinoids.
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Moreover, collophane content varies stratigraphically, becoming most abun-
dant in limestones of the Mt. Auburn and Oregonia formations._where it
reaches a maximum of 52 percent (sample Ru 9.55), and averages 14 percent.
The conditions necessary for phosphatization of carbonate sediments
have been recently discussed by Wilson (1975), Baird (1978), and Blatt et
al. (1980). In general, collophane can form on very shallow marine
shelves adjacent to deep water upwelling zones. Climate must be warm
and arid, and clastic sedimentation must be very slow. The process is
believed to occur in the follow steps: (1) The process of upwelling
transports cold, phosphate-rich waters onto a warm, shallow shelf.
(2) Extensive bioturbation facilitates chemical exchanges between the
sediment and phosphate-rich marine water. (3) Phosphatization occurs in
anoxic, organic-rich bottom sediments which are undergoing bacterial de-
composition. These requirements are éedimentologically important and

will be discussed in the section entitled "Lithogenetic Sequences."

Pyrite, Limonite, and Hematite

Small amounts of pyrite are present in almost all Cincinnatian lime-
stones (usually less than 5 percent). Pyrite occurs as small, euhedral-
to-subhedral crystals (less than 100 microns) that are disseminated in
matrix and spar, or as internal pore fillers. Im addition, pyrite par-
tially replaces some fossil fragments (particularly trilobites). There
does not appear to be any stratigraphic variation in pyrite content, al-
though unusually large crystals (up to 1 cm) are locally found in the
Brookville, Indiana, region (Liberty Formation). The presence of pyrite

in Cincinnatian limestones indicates that diagenetic pore fluids were
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reducing (i.e., negative Eh; see Krumbein and Garrels, 1952). According
to Berner (1981), the presence of pyrite also indicates anoxic, sulfidic
conditions (i.e., [0p] < 10‘-6 moles/liter, and [HyS] > 10".6 moles/liter).
Hematite is present in very small amounts, usually surrounding pyrite
crystals, and therefore is believed to be a modern weathering product of
pyrite. Limonite is more abundant, and appears as a yellowish~brown stain

on outcrops which have been exposed to weathering for a number of years.

Diagenetic Environments

Diagenetic environments are areas in which similar patterns of dia-
genesis occur. They are usually defined by pore fluid chemistry and by
the distribution of fluids within pore spaces. Diagenetic environments
are different from depositional environments because they are mobile and
repetitive. The deposition of sediment usually occurs only once in re-
sponse to the specific processes active within a depositional environment.
On the other hand, diagenetic minerals are precipitated in response to the
specific diagenetic environment (i.e., pore fluids) which may enter the
body of rock at various times. Thus, multiple diagenetic events may occur
in a body of rock, each leaving its own "fingerprint" in the form of spe-
cific minerals, fabrics, isotopes, and trace elements. Furthermore, tﬁe
effects of one diagenetic event can erase the imprint of an éarlier dia-
genetic event through dissolution or neomorphism.

The delineation §f diagenetic environments and their timing is impor-
tant in understanding the diagenetic history of the Cincinnatian Series.
While I recognize that thin-section analysis alone is insufficient to com-

plete this goal, it is nevertheless possible to perceive the "imprint" of
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some of these diagenetic environments, even if their timing cannot be
determined at present.

Several classifications of carbonate diagenetic environments have
appeared in the last decade (e.g., Land, 1970; Folk, 1974; Matthews, 1974;
Longman, 1980). Generally, four diagénetic zones are recognized: "marine

phreatic," "meteoric phreatic," "mixed marine-meteoric phreatic," and

"meteoric vadose."

These zones have been recently described by Longman
(1980). Hendricks (in progress) has added a fifth diagenetic environment,
the "deep subsurface," in his study of the diagenesis of the Brassfield
Formation (Silurian) of Ohio. Figure 23 (from Hendricks, in progress) and
Table 4 (from Hendricks, in progress) coﬁbare the characteristics of these
five diagenetic environments.

Diagenetic minerals and textures in Cincinnatian carbonates suggest
that these rocks were subjected to at least two of these diagenetic envi-
ronments. The presence of ferroan dolomite, ferroan calcite (both equant
and rhombohedral), syntaxial overgrowths, and silica replacement suggests

diagenesis in the "mixing zone."

In addition, the occasional presence of
nonferroan dogtooth spar indicates that thesé rocks were temporarily sub-

jected to diagenesis in the "marine phreatic zone."
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SEDIMENTOLOGY OF
CINCINNATIAN SHALES

Previous Work

In the past, shale petrology has been repeatedly neglected by geolo-
gists in spite of the fact that shale makes up 58 percent of the total
thickness of the Cincinnatian Series. Because shales are fine grained,
lack sedimentary structures, and are less productive of fossils than lime-
stones, these geologists have instead preferred to base their studies on
interbedded limestones in the section. For example, Martin (1975, p. 911)
described the shales in the entire Cincinnatian Series in one paragraph,
referring to them as "enclosing shales." The attitude that shales are
barren rocks with little interpretive value is widespread in the litera-
ture. Furthermore, the few studies of Cincinnatian shales that exist are
based almost entirely on X-ray diffraction and chemical analyses, rather
than on thorough microscopic examinations. Table 5 summarizes this work.

The first petrographic study of Cincinnatian shales was that of Tobin
(1980), who utilized stained, ultra thin sections (i.e., 10 to 15 microns
thick). In that study, the mineralogy, fabric, grain size, fauna, and
trace fossils of Maysvillian-age shales were described. In addition, an
original petrographic classification scheme was devised for use with car-
bonate rich shales. The present study extends that analysis to the entire
Cincinnatian Series. Shales are thoroughly described, both in outcrop and
in thin section, and interpretations are made about source area, deposi-
tional rate, modes of transportation and deposition, depositional environ-

ments, and the effect of shale deposition on benthic ecology.
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Table 5: Summary of Cincinnatian Shale Studies

Author and Publication Date

Weidner (1962)

Scotford and Smoot (1962)

Scotford (1965)

Bassarab and Huff (1968)

Butler and Scotford (1973)

Technique Employed and Conclusions

Studied regional and some stratigraphic
variation in chemical composition of
shales. Used X-ray spectrochemical
techniques.

Mineralogical study utilizing X-ray and
some optical methods. Mineral homogene-
ity is stressed, suggesting that strati-
graphic differentiation should be based
on faunal criteria.

Mineralogical, chemical, and textural
study. Some vague and poorly written
petrography. Made some very interesting
environmental and diagenetic conclusioms,
however. Also suggested that biostrati-
graphic differentiation is best.

Clay mineralogical analysis based on
X-ray diffraction, electron-microscopy,
cation-exchange, and DTA studies.
Reveals a suite of illite and chlorite,
and lesser amounts of illite-montmoril-
lonite and vermiculite.

Applied stepwise discriminant function
analysis to data derived from previously
described shales (Scotford, 1965).
Advocates the use of shale petrology for
future stratigraphic work on the Cincin-
natian.,
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Shale Petrology

Outcrop Data

The term "shale" is used in this paper as a field name for ". . . all
fine-grained argillaceous sediment, including mud, clay and mudstone . . ."
following the usage of the word by Potter, Maynard and Pryor (1980, p. 3).
Thus, any argillaceous rocks finer than silt size are referred to as
shales, regardless of lamination, parting, composition, or fabric.

Cincinnatian Series shales have the following outcrop characteris-
tics: (1) Color is either gray or brown (mostly "olive gray," 5Y 4/1,
and "dark yellowish brown," 10YR 4/2). (2) All are very soft, but indur-
ated. (3) Shales weather more readily than limestones. (4) The majority
show parting, ranging from "fissile" to "flaggy" (see Potter, Maynard and
Pryor, 1980, table 1.3). (5) Contacts with adjacent limestone or silt-
stone beds are sharp. (6) Lamination is very rare. (7) Sedimentary
structures are absent. (8) Bedding thickness is highly variable, ranging
from less than 1 cm to 106 cm. (9) All shales react to 10 percent HCL.
(10) All are gritty when chewed. (11) Large, calcareous body fossils are
rare, and where present, occur in thin, discontinuous layers. (12) Bur-
rows are extremely rare. Usually, only the tops of shale beds are bur-
rowed (with abundant, horizontally oriented Chondrites and some Paleophycus
and Trichophycus). However, horizontal-to-vertical Chondrites are some-

times found in thin, discontinuous layers within shale beds.

Shale Classification Scheme

Most shale classification schemes are based on percent silt versus

percent clay, and carbonate is regarded as an accessory constituent (e.g.,
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Blatt, Middleton, and Murray, 1980, p. 382; Picard, 1971; Potter, Maynard
and Pryor, 1980). Because most of the shales in this study are dolomite
rich, these classifications are difficult to use. Accordingly, this study
utilizes an original petrographic classification scheme (Figure 24) which
recognizes three end members (quartz + feldspar, clays + micas, and cal-
cite + dolomite). The suffixes "-shale" and "-stone," from Potter, Maynard
and Pryor (1980), are retained in this scheme, referring to, respectively,
laminated and unlaminated rocks. The advantage of this system is its
ability to demonstrate subtle compositional changes that occur strati-

graphically. Typical Cincinnatian shales are shown in Figure 25.

Thin-Section Data

Thin~section anélysis of Cincinnatian shales confirms the presence
of the following minerals: quartz, feldspar, clay minerals, calcite,
dolomite, pyrite, limonite, hematite, gypsum (very rare), and the heavy
minerals chlorite, epidote, garnet, monazite, rutile, tourmaline, and
zircon. Scotford (1965) also found apatite, barite, biotite, sphene,
spinel, and topaz from his heavy mineral separation study. The composi-
tion of the average Cincinnatian shale is QF37 CM52 CD11, or a dolomitic
mudstone. Compositions of shale samples from thin-section study are given
in Appendix 6A, and shale fabrics are given in Appendix 6B. Organic mat-
ter was not detected in shale thin sections; however, trace amounts could
be present in these rocks without being detected optically. Figure 26
illustrates this point. Shale color ranges from 5Y 4/1 (olive gray) to N5
(gray), and thus, organic carbon content could be as high as 0.5.percent.

Fossils in shales are rare, ranging from 0 to 4 percent, and aver-

aging 1 percent. Forty-one percent of all samples studied are completely
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Figure 24

Petrographic classification scheme for carbonate-rich shales.
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Figure 25A: Thin-section photograph of a claystone. Note

the abundance of clays and the high degree of
clay parallelism (bedding is oriented from NW

to SE in this photograph. Scale: 1 cm = 40
microns.

Figure 25B: Thin-section photograph of a mudstone. Note

the abundance of quartz silt (white grains).
Scale: 1 cm = 150 microms.
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barren of fossils. However, in some stratigraphic units (e.g., the
Bellevue, Mt. Auburn, and Whitewater formations) fossils may occur in
greater amounts. In most shales fossils occur as very small, well-
sorted, sand-to-silt size fragments, including conodonts, brachiopods,
crinoids, unidentified fragments, bryozoans, gastropods, and ostracods
(in order of abundance). Whole fossils and large fragments are sometimes
found in very thin, discontinuous layers within shale beds. These layers
occasionally coincide with Chondrites.

The following textural characteristics of the average shale were
determined optically: (1) Average grain size of the silt- and sand-size
fraction is 26 microns, or “coarse silt." (2) Coarsest grain size (the
average of the 10 largest grains in each slide) is 75 microms, or wery
fine sand.” (3) The ratio of quartz silt to clays and micas (Q/C) is
0.811. (4) Sphericity is low and grain shape is subelongate. (5) Lami-
nation is very rare. (6) Clays and micas exhibit a moderately strong
degree of parallelism. (7) The degree of bioturbation is very low, aver-
aging only 1 percent, or "sporadic bioturbation traces" ("grade 1") of
Reineck (1963, table 12). Burrows are usually clay rich, silt poor, and
darker in color, although a few are filled with coarse silt and calcite,
and are lighter in color. All are unlined, have sharp boundaries, and
are round to ovoid in shape. Average size is 4 mm long and 2 mm wide.
Most are horizontally oriented, although vertical and inclined burrows
are also present. (8) The higher the degree of bioturbation in shales,
the lower the degree of clay parallelism. (9) Graded "packages" of shale,
ranging from several mm to.several cm in thickness, sometimes occur

(Figure 27). Each "package" has a sharp lower contact and a sharp to
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gradational upper contact. These layers fine upward from silt-rich mud-

stone at the base to silt-poor claystone at the top.

Interpretation

Clays, silts, and fine sands deposited in the Cincinnati Arch region
during Late Ordovician time were most likely derived from the Taconic
highlands to the east. As previously mentioned, tﬁis source area was a
chain of mountains that extended from southeastern Canada to Georgia in
a gently curving belt. The ultimate distance from Cincinnati to the
Taconic highlands fanged from less than 350 miles (due east) to over 700
miles (northeast). The transportation of fine-grained sediments across
such a wide basin into the Cincinnati area is believed to be the result
of two interrelated factors: major oceanic'circulation patterns and
hurricane events. This process will be discussed in detail in the section
entitled "Storm Cycles."

Shale fabric and bioturbation can be used to estimate depositional
rate during Cincinnatian time. Bioturbation in shales is very low, aver-
aging only 1 percent, and reaching a maximum of 12 percent. Furthermore,
92 percent of all shales are unburrowed. Where present, traces always
consist of a few vertical escape structures in addition to horizontally
oriented Chondrites that sometimes occur in poorly defined layers. The
internal fabric of thé average shale shows moderate-to-strong parallelism
of clays (Figure 28). Moreover, the degree of clay parallelism is in-~
versely proportional to the amount of bioturbation. If shale depositional
rates had been slow, ofganisms would have had a sufficient amount of time

to rework the sediment, leaving behind an abundance of traces and a more
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disoriented fabric. Because shale fabric is well oriented and bioturba-
tion is low, deposition must have been a fairly rapid process--so rapid
that infauna had very little time to churn the sediment, but only enough
time to escape or be killed by the rapid influx of clays and silts. Fur-
thermore, the tops of many shale beds are heavily burrowed with horizontal
Chondrites and Paleophycus, suggesting dense recolonization of the surface
following rapid deposition (Frey, 1975, pp. 135-136). 1In addition, the
rare occurrence of body fossils in shales, including those of deposit
feeders, indicates that depositional rates were fast. Brandt (1980) ar-
rived at a similar conclusion based on taphonomic evidence‘from the trilo-
bite Flexicalymene. Brandt observed unrolled, current-oriented specimens
of this trilobite in shale beds, which she attributed to rapid burial.
Thus, shales are believed to represent the rapid deposition of muds and
silts from suspension via high-energy storm events. The concept of storm
deposition will be discussed in the section entitled “Storm Cycles."

The conclusion that shales were rapidly deposited by hurricanes does
not imply that éach shale bed represents a single hurricane event. To
the contrary, many shale beds prébably'represent the accumulation of mud
and silt by multiple depositional events. Breaks in sedimentation (i.e.,
diastems) are represented by very thin limestone layers, fossil layers,
Chondrites layers; and contacts between graded shale "packages," all of
which occur within individual shale beds. The absolute amount of time
loss represented by each diastem is unknown. However, in relative terms,
thin limestone layers represent the longest hiatus, followed by thin fos-
sil layers, Chondrites layers, and breaks between graded packages of

shale.
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Thin limestone layers represent recolonization and benthic community
_development following a shale depositional event. Thin fossil layers
probably represent only the initial stage of community development.

Thin Chondrites layers represent the beginning phase of recolonization.
Finally, sharp contacts between graded shale layers represent the shortest
hiatus. In this case, two successive depositional events occurred so
close together in time that even the initial bioturbation of the newly

deposited shale substrate had not yet occurred.

Shale Diagenesis

Diagenetic alteration of Cincinnatian-age shales is not extensive.
However, four diagenetic processes have occurred, one of which is dolomi-
tization. Most shales contain an abundance of coarse silt-to-fine-sand
size, well-sorted, euhedral, ferroan dolomite rhombs (Figure 29). Dolo-
mite is very rare inside burrows, even in dolomite-rich samples. A second
diagenetic process is pyritization. Small amounts of anhedral~to-euhedral
crystals of pyrite are disseminated throughout most shales (a maximum of
8 percent, and an average of 3 percent). Unlike dolomite, pyrite some-
times occurs inside burrow f£illings, and more rarely, replacing fossils.
As discussed earlier, the presence of ferroan dolomite indicates reducing
pore waters, high pH, the presence of decomposing organic matter, and high
concentrations of Fe++, whereas pyrite indicates reducing, sulfidic pore
waters (see "Carbonate Diagenesis').

A third diagenetic process is sediment compaction. Compaction was

intense enough to flatten burrows into slightly ovoid cross sections, but
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was not intense enough to destroy burrows, to produce stylolites, or to
break delicate fossils, such as the thin-shelled brachiopod, Onniella.

The fourth post-depositional process is limonite staining of shales.
Limonite occurs as disseminated, anhedral blebs as well as coatings around
clays and micas, imparting a brown color to the rock. These brown shales
are found only in outcrops that have thick soil covers and have been ex-
posed to weathering for a number of years. This suggests that limonite

staining is a recent process.
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Figure 28: SEM photograph of a typical Cincinnatian shale
(700 x). Note the high degree of clay paral-
lism in this sample (from left to right).

Figure 29: SEM photograph of euhedral dolomite rhombs in
a typical Cincinnatian shale (600 x). Note
the random orientation of crystals.
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AUTECOLOGICAL ANALYSIS
OF CINCINNATIAN FOSSILS

Every organism has a specific tolerance to fluctuations in environ-
mental conditions such as salinity, temperature, water depth, substrates,
and water clarity. Furthermore, an organism cannot survive in its envi-
ronment even if only one of these conditions fluctuates beyond the organ-
ism's own tolerance limits ("Leibig's Law of the Minimum). Thus, a
working knowledge of the tolerance limits of an individual fossil or a
small taxonomic group can be used to interpret ancient environmental con-
ditions. This method of analysis is known as paleoautecology. The power
of autecological analysis is that it can be integrated with sedimentolog-
ical data to enhance the interpretation of depositional environments.

When studying the autecology of ancient fossil groups, the concept
of uniformitarianism must be invoked. Ager (1963) points out that uni-
formitarianism works well for physical processes, such as erosion and
deposition, because the laws of physics probably have not changed with
the passage of time. However, uniformitarianism may not apply well to
fossils, because biological processes may have changed with the passage
of time and evolution. Furthermore, the validity of any comparison
between recent and ancient groups'depends on how close their phylogenetic
relationship is; ideally, the fossil form should have a living counter-
part at a low.taxonomic level. Because most Paleozoic species and genera
are extinct, uniformitarianism is therefore most applicable to higher
taxonomic groups (i.e., phyla and classes), and conclusions are neces-

sarily tentative. For this reason, only the autecology of Cincimmatian
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phyla and classes is considered. Table 6 compares the environmental vari-
ables of 12 Cincinnatian fossil groups. Some fossil groups such as cono-
donts, scolecodonts, and sponges were not included, either because they
occur in small numbers or because they have very little interpretive value
on the basis of current knowledge. Table 6 can be used to deduce water
depth, water clarity, salinity, and sediment characteristics (such as type
of substrate, water content, probable organic content, and amount of bio-
turbation). The information given in Table 6 is generalized for each fos-
sil group as a whole. However, in some cases only those data which pertain
to specific Cincinnatian fossils are given. For example, although members
of the class Gastropoda are represented by deposit feeders, suspension
feeders, predators, and scavengefs, most Cineinnatian gastropods were
probably deposit feeders (Felton, 1982, pers. comm. ).

Another way to utilize fossils for environmental interpretation is
to study the morphologic variations that exist within a given taxonomic
group. 7hrough evolution, organisms can adapt themselves morphologically
or behaviorally to changing environmental conditions, or in response to
the presence of other organisms. Behavioral modifications are difficult
to detect in the fossil record, but morphologic adaptations are mot. In
the shallow marine environment, numerous environmental and ecologic fac-
tors undoubtedly correlate with morphologic variability. Substrate type
and hydraulic regime are the most important of these factors from a sedi-
mentological viewpoint. Because substrate type is largely a function of
hydraulic regime, only the adaptations to substrate need to be considered.
For the purposes of this paper, substrates can be divided into two types:

coarse, shelly substrates and muddy substrates.
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Table 6: Autecologic comparison of major fossil groups in the
Cincinnatian Series. "Salinity Tolerance" refers to
the relative amount of salinity fluctuation that an
organism can tolerate ("low" means a range of fluctu-
ation < 15 ppt.; "moderate" is 15 to 20 ppt.; "high"
is 25 to 30 ppt.; "very high" is >30 ppt.). "Fecal
Pellet Production" refers to the relative capacity of
organisms to deposit pelletal muds. Table compiled
from various sources (Pojeta, 1971; Heckel, 1972;
Richards, 1972; Pryor, 1975; Wilson, 1975; MacDaniel,
1976; Benedict and Walker, 1978; Peel, 1978; Elias,
1979; Brandt, 1980; Frey, 1980; Hinterlong, 1981).

e
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Coarse, sand-to-gravel size, shelly substrates are generally produced
in shallow, turbulent environments, where water circulation and winnowing
effects are maximal. Although this type of environment has its advantages,
it also presents some problems for benthic organisms, including (1) mobile,
shifting sediments, (2) lack of abundant suspended nutrients, (3) lack of
hiding places from predators (except in reefs), and (4) difficulty in
attachment to substrates because of turbulent conditions. Morphologic
adaptations to these conditions mostly involve mechanisms for attachment
and protection from breakage. These adaptations are shown in Table 7.

Fine, muddy substrates are usually produced in deeper, quiet-water
environments where abundant, organic-rich muds slowly settle out of sus-
pension. Unlike coarse substrates, this enviromment is an open, unexplored
niche for opportunists because it contains abundant suspended nutrients,
is rarely overcrowded, and offers a refuge from predators. Nevertheless,
benthic organisms living in this environment must cope with a different
set of problems, including (1) buoyancy (in thixotropic ﬁuds), (2) burial
of larvae and juveniles in soft muds, (3) clogging of feeding mechanisms
(for suspension feeders), (4) lack of hard attachment surfaces, and (5) de-
creased mobility (in thixotropic muds). Morphologic adaptations mainly
involve buoyancy, and are summarized in Table 8.

The types of Cincinnatian fossils and their morphologic character-
istics will be described for each rock facies in the Cincinnatian Series
(see "Lithogenetic Sequences"s. This information will be used to enhance

the interpretation of the paleoecologic conditions of each séquence.
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MORPHOLOGIC ADAPTATION

CINCINNATIAN REPRESENTATIVES

(1) Mechanisms for strong
attachment

(a) cementing
(b) boring
(c) byssal threads

(d) encrusting (of individual
shells)

(e) pedicles

(f) entwining

(a) bryozoans, some crinoids

(b) algae, pelecypods, sponges(?)
(c) some pelecypods (Ambonychia)
(d) some bryozoans, algae

(e) most brachiopods

(f) some crinoids

(2) Bulk density (large, thick
shells)

some brachiopods (Platystrophia,
Hebertella, Retrorsirostra, etc.)

(3) Heavy ornamentation

some brachiopods (Platystrophia,
Lepidocyclas, Leptaena, Rhyncho-
trema, etc.)

(4) Rounded shells

some brachiopods (Platystrophia,
Lepidocyclas)

(5) Very large shells (regardless
of bulk density)

some Rafinesquina

(6) Massive colonial skeletons

bryozoans (Monticulipora)
corals (Tetradium)

Table 7:

Adaptations of benthic invertebrates to coarse
(gravelly or sandy) substrates.

Compiled from

various sources (Ager, 1963 and 1965; Stanley,
1970; Raup and Stanley, 1971).
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MORPHOLOGIC ADAPTATION

CINCINNATIAN REPRESENTATIVES

(1) Reduction of bulk
density (light shells)

some brachiopods (Onniella, Sowerbyella,
Holtedahlina, etc.)

(2) Snowshoe effect (wide,
flat shells)

some brachiopods (Rafinesquina, Onniella,
Strophomena, etc.)

(3) Iceberg effect (partial
burial)

solitary corals (Grewingkia)

(4) Thin valves

some brachiopods (Onniella, Sowerbyella)

(5) Finely ornamented or
smooth shells

some brachiopods (Rafinesquina, Sowerby-
ella, Thaerodonta, Strophomena)

(6) Branching roots, pedi-
cles, or byssal threads

Pedicles--most brachiopods
Byssal threads--some pelecypods (Ambony-
chia)

(7) Spines

some trilobites

(8) Siphons

no siphonate fossils

(9) Attachment to objects
projecting above the
mud

encrusting bryozoans, ramose bryozoans,
crinoids, edrioasteroids, algae, some
brachiopods (Zygospira)

(10) Concavo-convex shells

some brachiopods (some Rafinesquina,
Sowerbyella)

Table 8: Adaptations of benthic invertebrates to soft, muddy
substrates. Compiled from various sources (Ager,
1963 and 1965; Purdy, 1964; Stanley, 1970; Raup and

Stanley, 1971;

Snyder and Bretsky, 1971; Richards,

1972; Rhoads, 1973; Walker, 1973; Alexander, 1975;
Thayer, 1975; Seilacher, 1978).
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CYCLIC SEDIMENTATION
AND THE VERTICAL SEQUENCE

Vertical Sequences and Walther's Law

A "vertical sequence" is defined in this report as a succession of
vertically stacked rock strata which are genetically related. Vertical
sequences are herein divided into two categories, based on the type of
lithogenetic relationship: the "process" type (produced by short-term
depositional events within one environment), and the "Walther" type
(produced by migrating consanguineous environments).

The "process" type vertical éequence is deposited within a given
sedimentary environment, and is the result of relatively short-term
changes in environmental or depositional conditions. For example, con-
sider pelagic sedimentation in a deep marine basin. As long as climatic
conditions are favorable for high organic productivity in the overlying
shallow water zone, thick foraminiferal muds can accumulate on the deep

ocean floor. However, if an adverse change in climate occurs, organic

down considerably. The resulting vertical sequence would grade upward
from a thick layer of foraminiferal mud to a thin layer of unfossiliferous
mud. Such a sequence would reflect a change in environmental conditions
v(i.e., climate, organic productivity, sedimentation rate), with both lith-
ologies being deposited in the same broad environmental setting.

A second example of a "process" type sequence is a turbidite. Tur~
bidites are rapidly deposited by gravity-induced turbidity currents, and

they usually accumulate in deep ocean basins. A "complete” turbidite is
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composed of five stacked divisions and is known as a "Bouma sequence"
(see Bouma, 1962, and Walker, 1967). The vertical stacking of Bouma
units occurs during a single depositional event, with each division
representing a successively lower flow regime. Furthermore, the verti-
cal transition from a turbidite sequence to an interbedded layer of
pelagic mud also reflects changing environmental conditions within the
same depositional environment (i.e., a change from turbidity flow to
hemipelagic deposition).

The recognition of "process" type vertical sequences in ancient
rocks is important for two reasons: (1) They can demonstrate changing
environmental or ecologic conditions within a given depositional envi-
ronment,; and (2) they can be used to deduce depositional environments
(e.g., Bouma sequences are diagnostic of deep basin submarine fans).

In the Cincinnatian Series, two examples of "process" type vertical
sequences occur—-"storm cycles" and "megacycles." The recognition of
these sequences is sedimentologically important and will be discussed
in the next section, "Cincinnatian Age Cycles."

The second type of vertical sequence is the "Walther" sequence,
which is based on the facies concept of Gressley (1838) and on Walther's
"Law of the Correlation of Facies" (1894). The word "facies" is currently
used to describe the sum total of the lithologic and paleontologic char-
acteristics of a given body of rock from which its environment of deposi-
tion may be deduced (see Gressley, 1938; Teichert, 1958b; Reading, 1978,
Chapter 5; Hallam, 1981, Chapter 1). Thus, a facies can be thought of as
a body of rock having lithologic and biologic characteristics unlike those

of contiguous bodies of rock, because it was originally deposited in an
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area of uniform depositional conditions (i.e., a depositional environment
or "lithotope"). This concept was first proposed by Walther as follows:
The various deposits of the same facies areas and similarly

the sum of the rocks of different facies areas are formed beside

each other in space, though in cross—section we see them lying

on top of each other. As with biotopes, it is a basic statement

of far-reaching significance that only those facies and facies

areas can be superimposed primarily which can be observed beside

each other at the present time. (translation by Middleton, 1973)

In general, Walther's statement has been interpreted to mean that the
vertical succession of facies in a conformable sequence of rocks repre-
sents the lateral juxtaposition of the environments that produced those
facies. Furthermore, the vertical stacking of lithofacies is produced by
the lateral migration of consanguineous envirornments. Any vertical se-
quence produced in this manner is herein referred to as a "Walther" se-
quence. The application of Walther's Law to geologic problems in North
America was pioneered by Williams (1913), Chadwick (1933), and Caster
(1934).

Walther's Law represents a powerful tool in the study of ancient
strata for several reasons: (1) Many facies cannot be adequately studied
by themselves. In.order to identify its environment of deposition, a
facies must usually be studied along with other facies in a lithogenetic
sequence. (2) The vertical succession of present-day rock facies can be
used to deduce the lateral relationships of ancient depositional environ-
ments. In some cases, the apparent lateral relationship between paleoen-
vironments (as predicted by Walther's Law) may not exist at the present
time. Hence, the use of vertical sequences in identifying lateral rela-

tionships between ancient environments becomes most significant in those

cases where no modern analogue exists. (3) Vertical sequences can
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demonstrate how paleoenvironments migrated with the passage of time. In
other words, they can show the depositional and environmental evolution
of a given locality. By correlating vertical sequences over large areas,
geologists can identify the movement of major sediment packages, and
thereby reconstruct paleogeography.

The application of Walther's Law has long been overlooked in the
study of the Cincinnatian Series. Rock facies have often been studied
as isolated units in time and space, even though three major Walther
sequences exist (i.e., "Shoaling-Upward Shelf Cycles," to be discussed in
a later section). As a result, other geologists have interpreted Cincin-
natian rock strata in terms of "transgressions" and "regressions" of the

sea, relying heavily on the outdated concept of "layercake stratigraphy."

Cyclic Sedimentation

Cycles are recurring sequences of lithologically distinctive strata
that are representative of recurrent depositional or environmental con-
ditions. Cyclic deposition may be caused by external factors such as
eustatic sea level changes ("allocyclic deposition"), or by internal,
self-perpetuating factors such as migrating river channels ("autocyclic
deposition";. Furthermore, cycles may assume one of two basic patterns:
"symmetric" (ABCBABC) or "asymmetric" (ABCABC). Symmetric cycles
are typical of marine basins, and may represent repeated transgressions
and regressions of the sea with few unconformities. Conversely, asymmet-
ric cycles are composed of stacked ABC packages which are always separated

by unconformities. These cycles are deposited by numerous environmental

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



93

processes, and may occur in many depositional settings. Asymmetric cycles
can also be produced by transgressive and regressive events provided that
they are erosive in nature.

Cyclic deposition has been described and interpreted since the early
1800's. The earliest workers (such as Cuvier and d'Orbigny in Europe,
and Newberry, Ulrich, and Grabau in America) recognized thick, long-term
cycles in the sedimentary record which they attributed to worldwide catas-
trophes, such as periodic sea level fluctuations or diastrophic pulsa~
tions. Moreover, these early geologists believed that cycles could be
correlated on a global basis. Their successors (Weller, Wanless, and
Shephérd) recognized thinner, short-term cycles, but continued to attri-
bute their origins to sea level fluctuations or "yo-yo" tectonics. An
excellent summary of the early development of cyclic theory has been pro-
duced by Weller (1964).

Since the mid-1970's, geologists have recognized that cyclic deposi-
tion can also be caused by internal, sedimentologic factors. Therefore,
the origin of cycles need not be attributed to external coatrols such as
eustatic sea level changes, climatic fluctuations, or tectonics. For
example, Pryor and Sable (1974) demonstrated that Pennsylvanian cyclothems
in the Illinois basin were produced by alternating progradation and aban-
donment of deltas. Furthermore, they showed that cyclothems were arranged
in overlapping lens-shaped "packages," and were therefore not correlative
throughout the basin as a whole. Current ideas concerning the causes of
cyclicity (both internal and external) are summarized below:

1. Intermittent subsidence of a basin with constant sedimen-
tation.

2. Alternating subsidence and tectonic uplift of a basin.
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3. Climatic control over the distribution of climate-sensitive
lithologies.

4. Uneven compaction of basin sediments.
5. Shifting current patterns within a basin.

6. Sedimentological control (e.g., broken barrier bars and
levees, migrating rivers, shifting deltas, etc.).

7. Intermittent tectonic activity of a source area (i.e.,
sediment supply).

8. Climatic changes which affect weathering rates and dis-
charge of a source area.

9. Shifting source areas (i.e., shifting deltas, etc.).

10. Eustatic sea level changes due to glaciation or large-
scale movements of tectonic plates.

11. Transgressions and regressions caused by changing sedi-
mentation rates.

12. Storm processes and gravity flows.

Cycles are highly variable in terms of thickness, lithology, envi-
ronment of deposition, and periodicity. Cycles may be short term (i.e.,
daily, seasonally, or yearly) or long term (i.e., thousands to millions
of years). Examples of short-term cycles include algal‘laminations,
growth rings in fossils, lacustrine varves, and storm deposits. Examples
of long-term cycles include Pennsylvanian cyclothems, Lofer cycles, and
shoaling-upward shelf cycles. The longer the periodicity of a cycle, the
more likely it is to be preserved in the geologic record, because day-to-
day environmental processes tend to obscure or remove most short-term
cycles. In addition, cycles may occur in numerous geologic settings,

ranging from terrestrial to deep marine (see Table 9).
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CINCINNATIAN- AGE CYCLES

The presence of sedimentary cycles in the Cincinnatian Series has
rarely been discussed in the literature. Magorian (1954) believed that
the simple alternation of limestone and shale in the Fairview Formation
reflected cyclic sedimentation. Similarly, Potter and Blakely (1968)
demonstrated that the dominant lithologic tramsition in the Cincinnatian
Series is the alternation of shale and "muddy calcarenite" (i.e., pack-
stone). Anstey and Fowler (1969, p. 678) interpreted these small-scale
"eycles" to be the result of ". . . random changes in sites of organic
communities on the sea floor that were controlled mainly by the distri-
bution of minorAprominences and subsequent burial by terrigenous muds"
and hence, are not cycles at all. However, Anstey and Fowler (1969)
noted that large-scale sedimentary cycles caused by major sea level
changes probably do exist in the Cincinnatian Series. Recently, Hay
(1981) described large-scale "transgressive-regressive" cycles in the
Cincinnatian Series which she also attributed to eustatic sea level
changes.

In this paper, three types of cycles are described and interpreted:
storm cycles, megacycles, and shoaling-upward shelf cycles (see Figure 30
for comparison). "Storm cycles" are thin, laterally discontinuous, fin-
ing-upward sequences of limestone, siltstone, and shale. Storm cycles
were deposited directly by storms or indirectly by storm-generated gravity
flows. "Megacycles" are moderately thin sequences composed of a carbonate
hemicycle overlain by a shale hemicycle, which may represent periodic

fluctuation of terrigenous sediment supply. Both of these cycles are the
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“"process type'" discussed in the preceding section. "Shoaling-upward shelf
cycles" are thick, "Walther type" sequences which represent offshore-tc-

shoreface depositional profiles.

Storm Cycles

Modern Storms

Storms are atmospheric disturbances accompanied by strong winds and
precipitation which occur in a variety of forms, ranging from mild gusts
and thunderstorms to hurricanes and tornadoes. Geologically, the most
significant of these is the hurricane, because of its great size, tre-
mendous wind speeds, and subsequent effect on ocean bottom sediments.

Hurricanes are storms of tropical origin having a cyclonic wind cir-
culation in excess of 74 miles per hour (Battan, 1961). Most hurricanes
have wind circulations ranging from 100 to 150 mph, and some may exceed
200 mph. The speed of a moving hurricane can range from as little as
12 to 15 mph in its initial stages to over 60 mph im its mature stages.
Hurricanes are very large., ranging from a few tens of miles wide to over
400 miles wide, although most are about 200 to 250 miles in diameter.

Modern hurricanes in the Atlantic Ocean originate in the Tropies -
(usually within 10-20° of the Equator) where they drift westward in the
easterlies ("tradewinds"). As hurricanes approach the North American ‘
continent, they begin to deflect poleward (north) in response to the
Coriolis effect and the presence of a continental land mass. The pre-
sence of a continent disrupts the zonal wind system because'of the dif-

fering thermal regimes of land and water (i.e., low and high pressure
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systems--see Ziegler et al., 1981; and Simpson and Riehl, 1981, Chapters
1 and 5). This northward drift eventually brings some hurricgnes to the
northern limit of the Tropics where the westerly winds cause them to
recurve (i.e., move eastward). Thus, the ideal hurricane is generated
in the tropical Atlantic, moves westward towards the North American con-
tinent, and is deflected morthward in a clockwise "gyre" (see Figure 31).

The study of storm processes is quite old. Mariners and scholars
have recorded storm activities for cemturies. However, the geological
significance of storms has only been studied for about 20 years. Because
of the inherent difficulty of making observations while a storm is still
in progress, much of what is known about the effects of storms on marine
sediments is based on "before and aftef" studies (e.g., Ball et al., 1967;
Hayes, 1967; Perkins and Enos, 1968). Kreisa (1981) has noted that other
problems exist in studying modern storm processes on continental shelves,
including: limitations of sample size; the possibility of higher levels
of bioturbation today than during previous geologic periods; relict Pleis-
tocene sediments left on most continental shelves; and normal day-to-day
processes which often destroy storm layers (e.g., tidal currents). In
spite of these difficulties, much information has been obtained about the
influence of storms on modern shelf sediments in terms of erosion, trans-
portation, and deposition.

Storms erode shelf sediments by lowering wave base to depths greater
than normal (a maximum of 200 meters--see Ewing, 1973; Butman et al.,
1979). Furthermore, the frequency of storm-induced erosional events de-
creases with increasing water depth. Hence, most storms can erode sedi-

ments on the inner shelf, but only a few storms (those with exceptionally
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Figure 31: Tracks of tropical cyclones of hurricane
intensity, August 1 to 15, 1874 to 1933,

inclusive (from Tannehill, 1938, fig. 34).
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strong winds) are capable of eroding outer shelf sediments. The oscilla-
tory currents set up by storms are highly erosive, capable of dislodging
and transporting large boulders. For example, Hayes (1967) notes that
Hurricane Carla eroded large blocks of coral and rock from the offshore
shelf and transported them shoreward onto the beach. In the nearshore
zone, storm erosion is produced by abnormally large breaking waves which
are capable of planing-off large dunes. In addition, storm surge and ebb
flow often produce large hurricane channels which can erode barrier bars.
Once part of a barrier bar is eroded, fair weather wave energy is no longer
dissipated offshore. Consequently, higher than normal wave erosion can
occur closer to shore.

Once sediments have been entrained by storms, they can be transported
in several ways: (1) Storm surge can erode outer shelf sediments (muds,
silts, sands, and large clasts) and transport them shoreward where they
are deposited. (2) Washover fans can deposit sand from barrier bars into
lagoons where they become trapﬁed. (3) Storm ebb can remove sands and
silts which normally accumulate in nearshore zones, and transport them to
deeper parts of the shelf where they>are deposited. (4) Storms may also
trigger gravity-driven sediment flow inté deeper water (i.e., outer
shelf, slope, and basin plain) via "low-velocity, turbid-layer transport"
(Moore, 1969), "diffuse, fluid gravity flows" (Reineck and Singh, 1972),
or "turbidity currents" (Hayes, 1967). Hence, storms may influence nearly
every part of the marine realm, either directly or indirectly. Resulting
storm deposits are highly variable in terms of thickness, geometry, lat-
eral extent, and vertical sequences produced.

In summary, although many problems still exist in studying modern
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storms, some valuable information has been obtained about storm processes.
Below is a list of generalizations about modern storm processes that are
geologically important:

1. Storms may erode, transport, and deposit sediments on conti-
nental shelves. The recognition of storm activity in the
geologic record may provide clues to the interpretation of
ancient continental shelves.

2. Storms can indirectly affect the deposition of sediments
in deep water via storm-generated gravity flows. Thus,
storms affect all parts of the marine realm.

3. Storms can produce stratification of sediments through
hydraulic sorting.

4. Storms can displace or create new sedimentary environments
(e.g., hurricane channels, washover fans).

5. No two storms affecting a particular locality, even if of
equal intensity, will leave the same geological imprint
(e.g., see Perkins and Enos, 1968, Hurricanes Betsy and
Donna) .

6. Storms may mix sediment types, producing textural inver-
sions.

7. Storms can mix benthic faunas from different habitats.
Furthermore, some organisms will try to re-establish them-
selves in similar environments after a storm has passed.

8. Storms can result in the catastrophic demise of benthic
communities and can temporarily halt the process of com-
munity seccession. Catastrophic burial of benthic organ-~
isms by storm deposits may account for many cases of ex~
ceptional fossil preservation (Fossil-Lagerstatten;
Seilacher, 1970).

9. Storms are frequent events and therefore should be common
in the geologic record, even though "day-to-day" processes
tend to obliterate or obscure them. For example, Hayes
(1967) notes that an average of 7.5 hurricanes per year
occur in the Gulf Coast area.

Late Ordovician Storms

The Cincinnati Arch region was an ideal location for storm activity

during Late Ordovician time. Storms may well have been so frequent that
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they were the dominant depositional mechanism. Five lines of evidence
exist to support this conclusion: (1) The Cincinnati area lay approxi-
mately 15—25° south of the Equator within the tropics zone--an ideal
location for hurricane activity (Tannehill, 1938; Battan, 1961; Simpson
and Riehl, 1981). (2) The Cincinnati area was part of a continental land-
mass ("Laurentia"--see Figure 32) which may have been situated on the
western edge of a very wide ocean basin (based on Middle Ordovician res-
torations)--a typical position for hurricane belts (see Tannehill, 1938;
Scotese et al., 1979; Bambach et al., 1980; Marsaglia and Klein, 1981).
(3) The Ordovician was one of only five geologic periods in which numerous
examples of ancient storm sequences have been described in the 1iteréture
(Marsaglia and Klein, 1981). Furthermore, of these five geologic periods,
the Ordovician is believed to have the highest percentage of probable hur-
ricane sequences (Marsaglia and Klein, 1981). (4) Storm sequences have
been documented in Middle and Upper Ordovician stréta (Martinsburg For-
mation) in nearby southwestern Virginia (Kreisa, 1981). (5) Numerous
examples of graded sequences which are very similar to those previously
described in the Martinsburg Formation are known to exist in the Cincin-
natian Series.

Ordovician hurricanes may have originated in the open ocean which
lay to the east of Laurentia. Driven westward by the tradewinds, storms
approached Laurentia and were deflected toward the south pole. Kreisa
(1981) notes that this situation is essentially a mirror image of the mod-
ern U.S. Gulf Coast (see Figure 33). In addition, Ziegler et al. (1981)
have depicted inferred surface ocean currents during Ordovician time which

coincide with the reconstruction shown in Figure 33 (see Figure 34 for
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comparison). This reconstruction is supported by Cincinnatian paleocur-
rent data (see Table 10 and Appendix 7). Although paleocurrent orienta-
tions are variable, the dominant trend is NE/SW (68°). Similar trends
have been documented by Hoffman (1966) and Potter and Pettijohn (1977,

p. 117). Also note that the paleowind vectors shown in Figure 34 roughly

coincide with a modern-day NE/SW orientation.

Storm-Generated Vertical Sequences

Very few geological studies of modern storm sequences have appeared
in the literature. Probably the most comprehensive analysis of modern
storm deposits is that of Reineck and Singh (1972). The authors studied
storm sequences in Holocene cores taken from the North Sea and from the
Gulf of Gaeta, Italy. Although individual sequences are variable, the
majority exhibit the following six characteristics: (1) Thickness ranges
from a few mm to nearly 1 meter. (2) Most have a sharp base and a bur-
rowed or diffuse top. (3) They often occur as couplets of shell or gravel
lag and laminated sand and silt. (4) Sands and silts are weakly graded
and laminated ("graded rhythmites"). (5) Escape structures are common.
(6) Lamination is usually horizontal, although "gentle discordances" are
common. In addition, the lateral geometry of storm deposits has been
studied by Hayes (1967). Hayes showed that sediments deposited in the
inner neritic zonme (60 to 120 feet in depth) by Hurricane Carla (1963,
Gulf Coast) occurred in isolated, sheet-like layers having irregular
thicknesses.

Studies of ancient storm sequences are more common in the geologic

literature. Most of these studies have taken place within the last ten
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Figure 33:

Comparison of storm tracks of hurricanes which influence
North America, modern and inferred Middle and Late Ordo-
vician (from Kreisa, 1981, fig. 13).
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COMPARISON MEAN PALEOCURRENT ORIENTATION

Shale 63

Hemicycle (@ = 11) /

MEGACYCLE
SUBDIVISION

Carbonate 0 _
Hemicycle 60 (@ =12) /

Waynesville to

Whitewater 787 (= 2) —
o Sequence
—
=
[
< Corryville to o
g Oregonia 94 (n = 10) €C———p
- Sequence
£~
<;
]
e Kope to o
@» Bellevue 55 (n = 21) /
Sequence
ALL SAMPLES g0 (=30

Table 10: Comparisons of mean paleccurrent orientations
in the Cincinnatian Series. Arrows show two
possible current directions (180° apart) be-
cause in most of the structures measured, the
absolute direction of current flow could not
be determined (e.g., symmetric ripples, most
gutter casts).
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years, and have included Paleozoic and Mesozoic sequences from North
America, Europe, and Africa. Based on this literature, Kreisa (1981) has
summarized the important sedimentary features which are charaéteristic of
ancient storm sequences, including (in order of abundance): (1) inter-
bedded coarse (storm) and fine (fair weather) beds; (2) sharp or scoured
bases and gradational or burrowed tops; (3) wave-generated undulatory
lamination; (4) thickening and thinning and lenticular beds; (5) verti-
cal sequences of sedimentary. structures from plane-lamination to wave-
generated lamination; (6) pot-and gutter casts at the base of sequences;
(7) laminated beds with upward-thinning laminae, increase in matrix, and
weak grading; (8) reworked, but autochthonous fauna; (9) lag deposit/sus-
pension deposit couplets; (10) escape burrows; and (11) infiltration tex-
tures. Additional features of ancient storm deposits which were not dis-
cussed in Kreisa (1981) include textural inversions, mixtures of fossil
preservational states within the same bed, presence of articulated fossils
(e.g., crinoid stems, brachiopods, etc.), omission surfaces, and intra-
clasts or lithoclasts.

Of the ancient storm sequences which have been recorded in thé lit-
erature, those described by Kreisa (1981) from the Middle and Upper Ordo-
vician Martinsburg Formation are probably most similar to storm cycles in
the Cincinnatian Series. Kreisa observed thin, fining-upward sequences
(1 to 80 cm thick) which are composed of three stacked units (Figure 35):
(1) a basal, coarse~grained "whole fossil packstone," having an abrupt or
erosional base and containing intraclasts, oriented whole or slightly bro-
ken fossils, and abundant infiltration textures; (2) a graded "laminated

unit" (laminated calcarenite, calcisiltite, or siltstone), and (3) a layer
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IDEALIZED STORM SEQUENCE

SHALE

LAMINATED UNIT

%ﬁ PN \::.’;Q —
WHOLE FOSSIL | < & =~ =
PACKSTONE a < ==
= — Q7.
- o~
= ﬂ‘:
. SHALE

SILT GRAVEL

GRAIN SIZE —

Figure 35: Idealized vertical succession of sedimentary
structures and lithologies in fining-upward
sequences, Martinsburg Formation, southwestern
Virginia (from Kreisa, 1981, fig. 3).
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of unfossiliferous shale. Both the "laminated unit" and “shale unit" ex-
hibit gradational contacts. Kreisa attributes these sequences to deposi-
tion from high-energy storm events. The basal "whole fossil packstone"
with its erosional base represents upper flow regime during the early
stages of a storm. The middle "laminated unit" typically grades upward
from planar lamination to various types of cross lamination, representing
the transition from upper to lower flow regime as the storm is waning.
Finally, the upper shale layer represents deposition of the finest storm-
suspended material (silts and clays) at the end of the storm event.
Storm-deposited shales typically grade upward into bioturbated, fossil-
iferous shales which represent post-storm, fair-weather sedimentation.

Graded limestone beds have also been noted in the Cincinnatian
Series. Bucher (1917, 1919), Potter and Blakely (1968), and Anstey and
Fowler (1969) have all described graded beds of sparry, skeletal limestone
(grainstones?) which were attributed to periodic storm deposition. More
importantly, Kreisa et al. (1981) have described fining-upward sequences
in Richmondian strata in the Brookville, Indiana, area which are similar
to those found in the Martinsburg Formation. However, the complete fining-
upward sequence described by Kreisa is very rare in the Cincinnatian
Series. Usually, only part of the ideal sequence occurs in outcrop. In
addition, numerous Cincinnatian limestone beds (i.e., packstones, wacke-
stones, and some grainstones) show no evidence whatsoever of storm depo-
sition. In this study, ten recurrent variations of the "complete" storm
cycle have been identified (see Figure 36).

Storm sequences would appear to be more variable in the Cincinnatian

Series than in the Martinsburg Formation for two reasons: First,
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Martinsburg strata are tectonically deformed, resulting in the non-
preservation of many storm sequences. Conversely, storm sequences are
exceptionally well preserved in the undeformed strata of the Cincinnatian
Series. Secondly, the fundamentél difference in paleogeographic location
of the two study areas may have favored a greater variety of storm se-
quences in the Cincinnatian Series. Martinsburg sediments were deposited
on a shallow-water shelf relatively close to a major source of terrigenous
clastics (the Taconic Mountains), whereas Cincinnatian sediments were
deposited on a shallow shelf more than 200 miles farther away from the
same source area (see Figure 11). Because the Martinsburg shelf was
closer to the Taconics, moderate amounts of terrigenous clays and silts
were constantly being deposited, even during periods of fair weather.

If storms had not occurred during Late Ordovician time, unstratified,
fossiliferous shales would have been the only lithology deposited on the
Martinsburg shelf (Kreisa, pers. comm., 1981). Thus, the major influence
of storm activity was to produce stratification by resuspending previously
admixed carbonate and terrigenous sediments, and hydraulically separating
them into three distinct strata. Hence, nearly every storm that occurred
in this setting produced a repetitive, three-part sequence which was
capped by shale.

Conversely, terrigenSus sediménzs w;re.never deposited during fair
weather on the Cincinnatian shelf because of the greater distance from the
Taconics. Thus, if storms had not occurred during Late Ordovician time,
only carbonates would have been deposited, and stratification would prob-
ably have been limited to thick, major facies changes. Therefore, the

major influence of storm activity in the Cincinnati area was not to produce
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stratification by resuspending and separating previously admixed carbon-
ates and clays;, but instead to produce stratification by transporting
allochthonous terrigenous sediments into the area from outside, thereby
producing shale interbeds (see Figure 37), and by reworking previously
deposited carbonate sediments. As storms approached the Cincinnati Arch
region, previously.deposited carbonate sediments were winnowed, hydraul-
ically sorted, and redistributed to varying degrees. Furthermore, trans-
portation occurred in several directions (i.e., upslope, downslope, and
parallel to slope). The result of this variable hydraulic sorting and
redistribution was to produce the "recurrent carbonate rock types" dis-
cussed earlier (see Figure 38). Many of these hydraulically separated
carbonate layers were preserved by the deposition of a protective stratum
of shale at the end of the storm event. However, because of the greater
distance between depositional site and terrigenous source area, many of
the storm surges that crossed the Cincinnati area were not shale bearing.
As a result, some vertical storm sequences are capped by shales and some
are not .(e.g., Figure 36, variation 10). Hence, storms that crossed the
Cincinnati Arch region during Late Ordovician time had a greater variety
of effects than those which crossed southwestern Virginia, resulting in

a greater variety of storm sequences.

Paleoecologic Implications

The preceding section 'described the effects of storm activity on
sedimentation in the Cincinnati Arch region. In this section, the influ-
ence of frequent storm activity on the paleoecology of benthic organisms

is considered. Late Ordovician storms strongly affected the paleoecologic
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record of the Cincinnatian Series in three important areas: (1) short-
term community succession and its preservation in the rock record; (2) the
preservation of in situ benthic communities; and (3) the success of oppor-
tunistic species.

"Short-term community succession" (Walker and Alberstadt, 1975) oc-
curs in unstable environments in which occasional environmental catastro-
phes destroy a mature benthic community, and rebuilding involves a rapid,
biologically-induced re-establishment of the original community. These
events occur rather quickly, within the time span of the deposition of a
single bed. Harris and Martin (1979) proposed a model for community suc-
cession in the Cincinnatian Series wherein soft, muddy substrates (i.e.,
the tops of shale beds) were initially colonized by thin, flat brachiopods
(Figure 39). These "pioneer" shells created a firm, stable pavement upon
which erect bryozoans and crinoids could grow. As time progressed and
the community matured, the bryozoans and crinoids formed a denmse organic
baffle capable of trapping fine carbonate mud, thereby producing a thick
layer of carbonate sediment.

The process of short-term community succession probably did occur
during Cincinnatian time, but unquestionable examples of this process
are quite rare. The numerous examples of community succession that are
described by Harris and Martin (1979) are highly doubtful for the follow-
ing reasons: (1) According to the model, the maximum amount of deposi-
tional carbonate mud should occur in bed centers where the bryozoan-crinoid
thicket was presumably most dense, rather than in bed margins where the
thicket was probably less dense. Recalculation of the amount of origimal

mud, based on Harris and Martin's interpretation of diagenetic alteration,
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Figure 39: Colonization of soft mud substratum by
Onniella (from Harris and Martin, 1979,

fig. 5).
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shows that the reverse is true (see discussion in Tobin, 1980, pp. 103-
104). (2) According to arguments proposed by Oldroyd (1978),"Cincinna-
tian limestones do not contain enough bryozoans and crinoids to indicate
that these organisms were capable of effectively trapping fine sediments.
(3) Mahan and Harrison (1980) point out that storms probably reworked some
carbonate sediments into discontinuous bioclastic shoals. Hence, it was
not necessary for all organisms to colonize muddy, inhospitable substrates
as long as these firm bioclastic shoals were available. Thus, faunal com-
munities did not always have to go through the entire sequence from the
"pioneer" to "mature" stages, but could renew deveiopment higher in the
successional sequence--thereby obscuring any vertical evidence of succes-
sion that might exist. (4) According to Schindel (1980), the microstrati-
graphic interval required to show community succession in the fossil re-
cord is probably much too thin to discern.

The last argument can be illustrated by estimating depositional rate
and storm frequency for Late Ordovician time. By assuming that the amount
of time required for the deposition of shales was minimal, and by assum-
ing that all limestones were deposited at nearly the same rate, limestone
depositional rates can be roughly estimated by dividing the total thick-
ness of limestone in the Cincinnétian Series (99.6 meters) by the length
of Cincinnatian time (10 million years). This method.yields a depositional
rate of 1 cm/1,000 years. Alternatively, if it is assumed that limestones
and shales were deposited at the same rate, then the estimated depositional
rate for all sediments becomes 2 cm/1,000 years. These estimates are close
to those calculated for similar ancient-carbonate strata by Wilson (1975,

p. 15) of 4 cm/1,000 years. Consider a typical 4 cm thick Cincinnatian
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limestone bgd which Harris and Martin (1979) might regard as an example
of community succession. If Wilson's estimated rate of 4 cm/!,OOO years
is assumed to be the most plausible, then such a limestone bed would re-
present about 1,000 years of Cincinnatian time. Schindel (1980) points
out that short-term biologic processes such as community succession should
take 10 to 100 years to develop. This means that a complete, uninterrupted
example of community succession should be represented by only 0.4 mm to
4.0 mm of the total thickness of this bed. Hence, 10 to 100 complete suc-
cessions could have occurred within the time span of this bed, rather than
only one.

Modern shallow-shelf carbonate sediments are deposited at an average
rate of 100 em/1,000 years (Wilson, 1975, p. 15). Obviously, a rate of
4 cm/1,000 years is much too slow, even if the effects of compaction are
considered. Wilson attributes this discrepancy to the intermittent, dis-
continuous nature of carbonate sedimentation, which ". . . may cease
abruptly and start again when conditions are favorable. Carbonate sedi-
mentation resembles a powerful Cadillac with a defective carburetor" (1975,
p. 16). In the case of the Cincinnatian Series, the principal "defect"
was frequent storm activity. This concept was also discussed by Schindel
(1980, p. 415) with respect to the preservation of short-term biological
processes in the rock record: |

In reality, potentially recoverable details of faumal history

are obliterated by everyday processes that rework sediments

after deposition. Once mixed by these processes, either ver-

tically or laterally, the original distribution patterns of

fossilizable organisms are irretrievably lost. Further, the

mixing processes discussed here act to destroy the physical

evidence of hiatuses. Without such evidence, an intermittently

formed sedimentary sequence might appear to be the product of
ceontinuous deposition. (emphasis added)
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Hence, the estimated rate of 4 cm/1,000 years does not represent the in-
stantaneous rate of deposition, but rather the net rate of rock accumula-
tion (see Shaw, 1964, p. 139). Although the previously mentioned 4 cm
thick limestone bed probably does represent 1,000 years of Cincinnatian
time, it does not represent 1,000 years of continuous sedimentation.
Instead, it represents 1,000 years of alternating periods of storm and
fair-weather deposition, storm erosion, and non-deposition. Therefore,
most Cincinnatian limestone beds are probably amalgamated (i.e., fair-
weather deposits and previous storm deposits were periodically destroyed
by subsequent erosional storms, leaving behind a "condensed" bed). As
Schindel (1980) points out, the evidence of such hiatuses may be lost
through day-to-day processes, including compaction and diagenesis. There-
fore, the "proof" of amalgamation in many Cincinnatian limestone beds must
be inferred from the time relationships previously discussed, and from the
recognition of preserved diastems in limestone polished slabs (see Appen-
dix 8 and Figure 36).

The idea that frequent storm activity masked biological processes in
the Cincinnatian rock record can be further illustrated by estimating
storm frequency. A total of 6,497 observable storm sequences are known
to exist in the Cincinnatian Series. Dividing this number by the length
of Cincinnatian time (10 million years) yields a frequency of 1 storm/1,539
years. Obviously, this estimate is much too low in comparison to modern
hurricane frequencies (7.5 storms/year; see Hayes, 1967). Even if the
concept of the 100-year storm is invoked (i.e., the idea that storm paths
may only cross some given locality once every 100 years--based on recent

storm tracks shown in Tannehill, 1938), such a frequency would still be
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too low by a factor of 15 to 1. This suggests that the overwhelming
majority of Cincinnatian-Age storms were erosional, rather than deposi-
tional in nature. Thus, to preserve an example of short-term community
succession in the rock record would require a very unusual set of cir-
cumstances.

The second major paleoecologic effect of storm activity on the Cin-
cinnatian Series involves the non-preservation of in situ benthic commun-
ities. Only a few examples of probable benthic communities are known to
exist (e.g., the "Fossil-Lagerstatten" slabs described by Meyer et al.,
1981). TIronically, in such cases it is the storm activity itself which
was responsible for such rare preservation. Storms occasionally preserved
carbonate laygrs by depositing a protective layer of shale on top.

In most cases, Ordovician storms mixed benthic faunas from neighbor-
ing communities through erosion, resuspension, and transportation. The
common occurrence of a mixture of fossil preservational states on the top
surfaces of many limestome beds supports this conclusion. Although all
of the fossils within a limestone bed may‘be unabraded and unbroken, the
tops of many beds display a mixture of small, highly abraded fragments
and large, unabraded fragments, suggesting the mixing of bioclasts from
different environmental settings. Thus, most 1imeston¢ bedding-plane sur-
faces do not represent true "census" communities because some members of
the original community have been transported away from their life site,
while others have been introduced from outside. Accordingly, some workers
have elected to use the terms "faunal assemblage" or "faunal association"
in their studies of Cincinnatian paleocecology instead of the term "faunal

community."
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The third major consequence of frequent storm activity in the Cincin-
nati area was the success of certain opportunistic species. Qpportunists
are best adapted to conditions of environmental instability (i.e., fre-
quent environmental disturbances such as storms, floods, etc.). The pre-
sence of frequent storm activity during Cincinnatian time favored the
evolution of opportunistic benthic organisms, particulérly the brachiopods
Rafinesquina, Onniella, Strophomena, and Zygospira. These genera exhibit
most of the characteristics of opportunists recognized by Levinton (1970):
(1) They are found throughout the Cincinnatian Series and are not re-
stricted to any one particular rock type or faunal association. (2) They
are very abundant in most assemblages. (3) They are usually widespread
within a given stratum, although patchy distribution and aggregation in
clusters sometimes occurs. (4) They occur in numerous horizons with bar-
ren intervals between (i.e., shale interbeds). (5) They all occur in a
variety of facies. (6) They all exhibit morphologic variations in differ-
ent facies (i.e., each morphotype of a given genus occurs in its own char-

acteristic facies).

Megacycles

Description

"Megacycles" are moderately thin (0.2-4.9 m thick), fining-upward,
repetitive sequences that occur throughout the Cincinnatian Series.
Based on observations of bedding characteristics in the‘Kope and Fairview
formations, I initially described an "idealized" megacycle as a repetitive

sequence having three members: (1) a basal grainstone member (unit A),
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composed of a thick grainstone bed, or several closely spaced, thin grain-
stone beds, poorly washed grainstone beds, or calcisiltite be§s; (2) a
middle packstone bundle (unit B), composed of interbedded packstones,
wackestones, and thin shale beds; and (3) an upper shale-rich member (unit
C), composed of thick shales interbedded with a few thin siltstones or
micstones (see Meyer et al., 1981, pp. 52-53). A graphic representation
of this "idealized" megacycle is shown in Figure 40.

Through subsequent field work in the summer and fall of 1981 and the
spring of 1982, I examined nearly 200 megacycles from six different for—-
mations in the Cincinnatian Series (see Appendix 9). Analysis of these
new data leads to.four important conclusions about megacycles: (1) The
“"jdealized" ABC package shown in Figure 40 is less abundant than origi-
nally predicted. Although the vertical transition from umits A and B to
unit C always occurs, the transition from unit A to unit B is infrequent
(only 247% of megacycles show this transition). Hence, a megacycle is
herein redefined as a two-part repetitive sequence composed of a moder-
ately thin, basal earbonate hemicycle (formerly units A and B) which is
overlain by a thicker shale hemicycle (formerly unit C). The carbonate
hemicycle is characterized by relatively thick, planar-bedded, closely
spaced limestones (mostly grainstoﬁes, poorly washed grainstones, pack-~
stones, wackestones, and calcisiltites) interbedded with shales. The
shale content in carbonate hemicycles is low (usually less than 20 per-
cent). Conversely, the uppermost shale hemicycle is characterized by
relatively thin, wavy-to-nodular carbonate beds (mostly siltstones, mic-
stones, and calcisiltites, bﬁt others occur .as well) and thick shales.

Shale content in this hemicycle is very high (greater than 70 percent).
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Moreover, thin-section data reveal that shales in the carbonate hemicycle
are less silty and finer grained than shales in the shale hem%cycle (see
Table 11 and Figure 41). Examples of megacycles in outcrop are shown in
Figure 42 and Appendix 3. (2) Megacycles thin upward stratigraphically
within "shoaling upward shelf cycles." For example, megacycles are thick
in the Kope Formation, thin in the Fairview Formation, and very thin or
absent in the Bellevue Limestone. The same upward thinning pattern is
repeated in the Corryville to Oregonia sequence and in the Waynesville to
Whitewater sequence (see Table 12 and Figure 43). Furthermore, this up-
ward thinning trend is reflected most strongly in the shale hemicycle
(Table 12). (3) Lateral variations in megacycle thickness exist, but show
no coherent pattern. For example, megacycles thin in an easterly direc-
tion in the Kope and Corryville formations (1.88 m to 1.57 m, and 1.60 m
to 0.62 m, respectively), but thin in the opposite direction in the Sunset
Formation (1.15 m to 0.85 m). Furthermore, megacycles in the Fairview
Formation show no observable lateral thinning trends. (4) Megacycles exhi-

bit homotaxial correlation over moderately short distances (see Figure 44).

Statistical Analyses of Cyclicity

Geological statisticians héve long argued that because of man's in-
herent psychological need to make order out of randomness, geologists often
attempt to organize sedimentary strata into repeating "cycles" whether
their existence is real or not (Duff and Walton, 1962; Zeller, 1964; Carr,
1981). Furthermore, Zeller (1964, p. 631) points out that "Science, to
an extent matched by no other human endeavor, places a premium upon the

ability of the individual to make order out of what appears disordered."
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characteristics of shales in megacycles.

SHALE CARBONATE SHALE
CHARACTERISTIC HEMICYCLE HEMICYCLE
Composition QF26 CM67 CD7 QF40 CM48 CD12
Rock Name Claystone Dolomitic mudstone
Quartz/Clay Ratio 0.43 0.95
§ Mean 22 pp 26 p4
7>}
3
& Median 21 g4 24 pa
2 Sphericity Low (.655) Very low (.613)
2
wn
A
g. Elongation Subelongate (.655) Elongate (.613)
Table 11: Comparison of the average compositional and textural

"Grain size"

refers to the silt + sand size fraction only.
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Figure 42A: Profile of megacycles in the upper Kope
Formation, Bald Knob Hill locality. The
Kope-Fairview contact occurs at the base
of the prominent limestone ledge at the
top of the hill.

Figure 42B: Profile of megacycles in the Fairview For-
mation, Reidlin Road locality. ©Note the
similarity in weathering profile to that
shown in Figure 42A. Note also the com-
parative thinness of Fairview megacycles.
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Figure 42C: Facing view of megacycles in the Kope and
Fairview formations, Reidlin Road locality
(bars indicate the Kope-Fairview contact).
Note the upward thinning of megacycles.

Figure 42D: Close-up of the uppermost Kope megacycle,
Reidlin Road locality (bars indicate the
Kope-Fairview contact).
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Figure 43: Graphic comparison of the "average megacycle" from
six different formations in the Cincinnatian Series.
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Figure 44: Homotaxial correlation of three megacycles

in the upper Kope Formation.
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Therefore, to attain a greater degree of objectiﬁity about sedimentary
sequences, a trend toward "proving" cyclicity through various statistical
techniques has become commonplace in geology. Such techniqueé include
"Markov chain analysis“ (Krumbein, 1967; Gingerich, 1969; Miall, 1973;
Fairchild, 1979), "time-series analysis" (Schwarzacher, 1967), "spectral-
density analysis" (Mann, 1967), and "log-linear models" (Carr, 1981).
Markov analysis has also been applied to the Cincinnatian Series (Potter
and Blakely, 1968; Osborne, 1971).

In the case of the Cincinnatian Series, the use of statistics to
"prove" the existence of sedimentary cycles is both unnecessary and inad-
visable for the following reasons: (1) Such techniques all require large
amounts of data, including numerous variables, or "states" (Potter and
Blakely, 1968). In the case of megacycles, only three "states" are pres-
ent (units A, B, and C of the "idealized" cycle). (2) A detailed working
knowledge of statistics, in addition to the use of a computer, is usually
necessary for such analyses. '"The danger with this sort of research is
that it may become too technical for the great majority to understand, and
one sometimes tends to get the impression that these 'mathematical geolo-
gists' communicate only with each other and get seduced away from signifi-
cant geological problems by the beauty of the techniques they work with"
(Hallam, 1981, p. 12). (3) The artificial manipulation of raw data merely
for the sake of rigorous mathematical testing is not only unnecessary but
inappropriate when sedimentary cycles are obvious by visual inspection
alone. (4) The concept of statistical testing for cyclicity assumes that
an "idealized" cycle exists and that such a cycle should be frequently

encountered within a given vertical sequence (Reading, 1978, pp. 5-8).
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However, in most cases the "ideal" cycle is usually the least frequently
encountered. As mentioned earlier, only 24 percent of Cincinnatian mega-
cycles have the complete ABC vertical transition characteris;ic of the
"idealized" cycle. (5) Statistical analyses commonly ignore the fact
that the lateral variations of an "ideal" cycle can often have the most
interpretive value. For example, variations of the complete Bouma se-
quence are quite useful in determing the specific part of the turbidite
fan system in which deposition occurred (see Nelson and Kulm, 1973; and
Walker, 1975).

To illustrate the ineffectiveness of statistical testing for cycli-
city, I applied the use of a simple technique, the "transition matrix"
.(from Selley, 1969) on parts of two megacycle-~bearing formations (Kope
and Fairview). Four sets of variables were tested: (1) carbonate hemi-
cycles vs. shale hemicycles, (2) units A, B, and C of the ideal megacycle,
(3) individual carbonate beds (shales ignored), and (4) all beds (carbon-
ates and shales). The results of this analysis (Appendix 10) reveal what
is already obvious about megacycles from careful field observation and
from the data averaged in Table 12: (1) The vertical tranmsition from the
carbonate hemicycle to the shale hemicycle is always present. (2) The
ABC transition is present but‘ not as strong as the BCB and ACA tran-
sitions. (3) The "ideal" limestone transition (i.e., grainstone~~poorly
washed grainstone--packstone or wackestone--siltstone and micstone) is
rare. (4) The most common lithologic transition in the Cincinnatian
Series is limestone--shale-~limestone. Thus, in the case of the Cincin-
natian Series, rigorous testing for cyclicity using Markov chains and

other statistical techniques has been rejected. Such techniques would
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seem to be useful only when dealing with large amounts of data, when bed-
ding patterns visually appear random, or when good outcrop exposures or

cores are unavailable.

Interpretation

The recurrent vertical transition from the shale-poor carbonate hemi-
cycle to the shale-rich shale hemicycle was caused by change in deposi-
tional or environmental conditions with the passage of time (i.e., a "pro-
cess type" cycle). The carbonate hemicycle represents a period of time
during which carbonate sedimentation greatly exceeded shale sedimentation.
Conversely, the shale hemicycle represents a period of time during which
terrigenous sedimentation dominated, punctuated only by a few brief peri-
ods of carbonate deposition.

This change in sedimentation can be attributed to either fluctuating
water depth, or fluctuating supply of terrigenous sediments. In the first
case, the carbonate hemicycle would represent deposition during a time of
relatively shallow-water ‘couditions, whereas the shale hemicycle would re-
present a change to relatively deeper water conditions. This explanation
assumes that most of the shale was deposited farther offshore in deeper
water. Although this assumption is probably correct, the change in water
depth can only be explained by eustatic sea-level fluctuations caused by
periodic shifts in climate, or large-scale plate teétonic movements. The
abundance of low-energy packstones and wackestones in the carbonate hemi-
cycle (54 percent in both hemicycles), in addition to the low percentage
of complete ABC transitions (24 percent), precludes the possibility of

fluctuating sea level. Furthermore, the average periodicity for megacycles
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is much too short to represent major tectonic movements (57,000 years:
based on an estimated depositional rate of 2 cm/1,000 years aqd an average
megacycle thickness of 1.14 meters).

Thus, I believe that the second explanation for cyclicity (fluctu-
ating terrigenous sediment supply/constant water depth) is the most plau-
sible. The transition from the carbonate hemicycle to the shale hemicycle
probably represents an increase in the supply of terrigenous sediments
‘into the Cincinnati Arch region. Two causative mechanisms are possible:
(1) climatic fluctuation, and (2) shifting source areas. In the first
case, the carbonate hemicycle would accumulate during a colder climatic
period, when weathering rates, erdsion, and runoff at the source area
would be relatively low. Consequently, lower amounts of terrigenous sedi-
ment could enter the ocean, to be later transported by storms into the
Cincinnati area. Furthermore, the average megacycle periodicity of 57,000
years compares somewhat favorably with global climatic fluctuation.

Alternatively, if periodic shifts in climatic regime occurred, global
atmospheric circulation systems may have also changed. Perhaps the car-
bonate hemicycle represents a period of time during which the paleoatmos-
pheric circulation patterns shown in Figure 34 had shifted. If this is
true, then the lack of shales in the carbonate hemicycle might be the
result of low levels of storm activity. However, this last explanation
seems unlikely because examples of storm sequences and amalgamated lime-
stone beds are present in all carbonate hemicycles, and because paleocur-
rent orientations in both hemicycles are essentially the same (see Table
10). Thus, storms were probably just as frequent during the time span of

carbonate hemicycles as they were during the time span of shale hemicycles,
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although they rarely transported and deposited terrigenous sediments.
This may partially account for the lower percentage of siltstone beds
in carbonate hemicycles (1.5 percent compared to 30 percent i; shale
hemicycles). Without an overlying protective layer of shale, storm-
deposited siltstones were ﬁore vulnerable to subsequent periods of storm
erosion and redistribution, and therefore were rarely perserved in car-
bonate hemicycles.

| The second possible explanation for the fluctuation of terrigenous
sediments is the periodic shifting of terrigenous source areas. As pre-
viously noted, shales in the carbonate hemicycle are less abundant and
thinner bedded than shales in the shale hemicycle. In addition, thin-
section analysis reveals that shales in the carbonate hemicycle contain
less silt, and are finer grained than those in the shale hemicycle (see
Table 11 and Figure 41), suggesting that they were derived from a more
distal source area. Thus, the vertical transition from the carbonate
hemicycle to the shale hemicycle may represent a lateral shift from a
distal terrigenous source area to a more proximal source area. Such a
shift in source area could result from delta switching (see Reading,
1978, pp. 121-125) or lateral changes in sediment supply or discharge
due to tectonic or volcanic activity.

The lateral variations in megacycle thickness discussed earlier
are conflicting and difficult to interpret. However, the fact that mega-
cycles occur everywhere in the field area and exhibit a limited amount
of homotaxial correlation suggests that cyclic deposition was caused by
regional, rather ihan local factors. Furthermore, the upward-thinning

trend of megacycles within "shoaling-upward shelf cycles" coincides with
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a formational (or stratigraphic) upward-thinning trend. This suggests
that the thickest megacycles accumulated farther offshore in deeper water
where the majority of terrigenous muds were deposited (see the next sec-

tion, and Figure 45). Thus, megacycles may represent time lines.

Shoaling-Upward Shelf Cycles

Description

The Cincinnatian Series can be subdivided into three similar litho-
genetic sequences: the Kope to Bellevue sequence, the Corryville to
Oregonia sequence, and the Waynesville to Saluda sequence (see Figure 4).
These sequences are similar in some aspects to the "shoaling-upward shelf
cycles" (oolite-grainstone type) described by Wilson (1975, pp. 281-297).

Wilson (1975) has described three types of asymmetric, regressive
shoaling-upward cycles in modern and ancient carbonates: (1) oolite-
grainstone (outer shelf),'(Z) lime-mud sabkha (inner shelf), and (3) lof-
erites (high-relief platforms with intense diagenesis). Each type has a
diagnostic succession of lithology and fauna, and each follows a standard
sequence of "phases," from an early "terrigenous clastic phase"uto a "ter-
minal phase" (see Table 13).

Oolite-grainstone cycles occur on wide, shallow cratonic shelves sea-
ward of any barrier bars or reefs, and on wide, flat-lying banks that occur
on the shelf. Ooids are well developed, and bioclasﬁs (mostly crinoids)
are coated and/or abraded. The upper and lower contacts of each sequence
are sharp (usually erosional contacts or hardgrounds). An idealized cycle

is composed of four members (from bottom to top): (1) silty or argillaceous
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STANDARD
FACIES BELTS

SUBENVIRONMENTS

PHASE OF CYCLES

2 or 7

Marine hard ground or sur-
face of subaerial exposure

Sabkha~pond evaporite

Tide flat

Lagoon and tidal channels
and shelf mud mounts and
low banks

Immediate back reef shoals
and tidal bars

Widespread marine water of
depth sufficient for circu-
lation, at or approaching
wave base

Below wave base, terrigen-
ous influx < subsidence

Lagoonal — littoral, terri-
genous influx > subsidence

Terminal phase

Clear water carbonate-
shoaling phase

Normal marine, open
circulation phase

Beginning terrigenous
clastic phase

Table 13: Outline of recurring environmental sequences in upward-
: shoaling carbonate cycles (from Wilson, 1975, p. 282).
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micstones; (2) laminated, pelletal-bioclastic micstones and wackestones;
(3) well-sorted, cross-bedded oolitic grainstones; and (4) dolomites,
evaporites, or a hardground. Ancient examples of oolite-grainstone cycles
are mostly Jurassic and Mississippian in age, although other periods are
represented as well. Figure 46 compares an idealized oolite-grainstone
cycle to four ancient examples.

Shoaling-upward shelf cycles in the Cincinnatian Series are thick
(ranging from 49 m to 104 m), asymmetric, and bounded by sharp upper and
lower contacts. An idealized cycle is composed of four lithofacies (from
bottom to top): Facies A (a thick, planar-bedded, shale-rich member),
Facies B (a medium-to-thick, planar-bedded, mixed carbonate-shale member),
Facies C (a thin, wavy-to-nodular bedded, limestone-rich member), and
Facies D (a medium-to-thin, massive~ or nodular-bedded member composed of
dolomitic shale, dolomite, and dolomitic limestone). Facies A, B, and C
occur in all three shoaling-upward cycles, but Facies D only occurs in
the uppermost cycle (i.e., Waynesville to Saludé). Intertonguing of these
facies is common in all three cycles. A more complete summary of the

characteristics of the generalized cycle is given in Figure 47.

Interpretation

Both the shoaling-upward shelf cycles described by Wilson (1975),
and those described herein for the Cincinnatian Series represent the
lateral migration of palecenvironments, and hence are "Walther type"
sequences. Although both cycles are similar in appearance, they were
produced in two very different depositional settings. Wilson's ocolite-

grainstone cycle is based on the barred shelf model. According to this
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model, cycles were produced by regressive sedimentation on a nearly flat
marine platform having an abrupt organic buildup (i.e., contiquous reef
trenﬁs) or a buildup of inorganic shoal sands (i.e., grainstones and
oolites) at the outer edge of the shelf. This buildup acted as a barrier
to the open sea, dissipating incoming wave energy far offshore. Thus,
low-energy, muddy carbonates were able to accumulate shoreward of this
buildup (see Figure 48).

Conversely, Cincinnatian shoaling-upward cycles are based on the
carbonate ramp model (Ahr, 1973). According to this model, cycles were
produced by regressive sedimentation on a slightly Znelined platform
that extended basinward without a pronounced break in slope (i.e., shelf-
edge buildups did not exist). Without a shelf-edge "barrier," incoming
wave energy was dissipated closer to the shore. Thus, carbonate sands
(i.e., grainstones) did not accumulate at the shelf edge, but instead
were localized closer to the shore.

Two basic models have been proposed to describe facies patterns
developed on open, unbarred ramps: the epeiric sea model (Shaw, 1964;
Irwin, 1965) and the nearshore sand model (Heath et al., 1967; Ahr, 1973;
Townson, 1975). The first model presumes that on wide, nearly flat epei-
ric sea floors most of the incoming wave energy is dissipated by fric-
tional drag within a narrow belt in the middle of tﬁe shelf profile. An
ancient example of this model is the Helderberg Group (Devonian) of New
York State (see Figure 49). The second model assumes that the maximum
amount of wave energy is dissipated farther inshore, producing an offshore-
to-shoreface profile in which the textural maturity of bottom sediments

increases shoreward. In addition, terrigenous sediments become more
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abundant toward the outer shelf. Examples of this model include the Bird
Spring Group (Pennsylvanian) of Nevada (see Figure 50), the Portland Group
(Jurassic) of England (see Figure 51), and the modern Yucatan_shelf (see
Ahr, 1973). In the case of the Portland Group, nearshore sands were re-
distributed by longshore currents into discontinuous shoals, behind ;ﬁich
low-energy lagoonal sediments accumulated (see Figure 51).

The shoaling-upward shelf cycles in the Cincinnatian Series are most
similar to the vertical sequences that are characteristic of the nearshore
sand model. Late Ordovician sedimentation probably occurred on a gently
sloping carbonate ramp upon which high-energy carbonate sands (i.e.,
Facies C) graded basinward into successively muddier carbonates and in-
creasing amounts of terrigenous clastics (i.e., Facies B and A). Further-
more, examination of a core from the Ohio State Geological Survey (sample
number 2499, Fairfield Township, Highland County; 50 miles northeast of
Cincinnati) reveals that as the Cincinnatian Series is traced basinward,
it loses its cyclic character altogether and is dominated by shale (74
percent), indicating that a shelf-edge barrier did not exist during Late
Ordovician time.

In conclusion, the generalized Cincinnatian shoaling-upward shelf
cycle may be interpreted as follows: Facies A probably represents deposi-
tion below wave base in the offshore position. F&cies B represents depo-
sition mostly below wave base in the offshore-to-transition zone. Facies
C represents higher energy deposition, mostly above wave base, in the
transition zone to shoreface position. Sediments in Facies C may have
accumulated in laterally discontinuous shoals, similar to the pattern dis-

played in Figure 51. Facies D probably represents moderate-to-low-energy
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deposition in a back-shoal, lagoonal-to-intertidal setting (see Figure
52).

All four facies represent lithotopes which existed contemporaneously,
side by side. The superposition of these facies is the result of regres-
sive sedimentation produced by either a gradual lowering of sea level, or
by sedimentation rates exceeding the rate of sediment compaction and basin
subsidence. In the next major section, "Lithogenetic Sequences," each of
the three shoaling-upward cycles will be described and interpreted in de-

tail.
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LITHOGENETIC SEQUENCES

Kope to Bellevue Sequence

Stratigraphy

The lowermost sequence (i.e., shoaling-upward shelf cycle) in the
Cincinnatian Series is composed of four stratigraphic units (from bottom
to top): the Kope Fdrmation, the Fairview Formation, the Miamitown Shale,
and the Bellevue Limestone (see Figure 4). The Kope Formation was origi-
nally defined from exposures in Kope Hollow, north of Levanna, Ohio, as a

. medium-bedded, shale-rich formation consisting of minor amounts of highly
fossiliferous gray limestones interbedded with thick, unfossiliferous gray
shales (see Weiss and Sweet, 1964). The upper and lower boundaries were
described as "conspicuous" on both clastic ratio and bedding index logs,
as well as in outcrop. However, the exact nature of these boundaries was
not described.

Ford (1967) extended the use of the term Kope Formation to equivalent
strata in the Cincinnati area. Because the basal contact with the under-
lying Point Pleasant Member (Cynthiana Formation) was not éxposed in the
Cincinnati area, it was once again not defined. However, Ford (1967, p.
929) did describe the upper contact with the overlying Fairview Formation.
Ford (1967) also described two intertonguing memberé of the Kope Formation:
the Grand Avenue Member (a thin layer of shale-poor strata, lithologically
similar to the Fairview Formation, which occurs in the upper part of the
Kope Formation), and the Wesselman Tongue (a thicker layer of shale-rich
strata which occurs in the middle of the Fairview Formation). In addi-

tion, Ford noted that the Wesselman Tongue is vertically separated from
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the main body of the Kope Formation by a layer of Fairview strata which
he named the North Bend Tongue.

The term "Kope Formation" was subsequently used in the Maysville,
Kentucky, area (Peck, 1966), in the Dayton, Ohio, to Maysville area (Lee,
1974), in northern Kentucky (Meyer et al., 198l), and in southeastern
Indiana (Brown and Lineback, 1966). ‘The only published objection to the
use of the term Kope Formation was voiced by Anstey and Fowler (1969).
The authors believed that the term "Kope Formation" should be replaced by
the term "Eden Shale" (from Newberry, 1873) because the latter has pri-
ority, and because more than 75 percent of the formation is composed of
shale. However, I agree with Weiss and Sweet's (1964) argument that the
name "Eden" should be avoided in a rock-stratigraphic sense because of its
prior (and current) usage in a time-stratigraphic semse (i.e., "Edenian
Stage"). My own field observations demonstrate that the Kope Formation is
an easily recognizable rock-stratigraphic unit, and therefore should con-
tinue to be utilized. Nevertheless, the lower contact of the Kope Forma-
tion should be lithologically defined in order to conform to the rules of
the Code of Stratigraphic Nomenclature (Article 5), and for reasons of
practicality. Ford (1967, p. 929) originally defined the top of the Kope
Formation as the base of a limestone bed overlying the ". . . uppermost
terrigenous stratum greater than two feet thick." in reality, "£errige—
nous stratum" is an ambiguous term used to describe a thick stratum of
shale, usually containing very thin, discontinuous carbonate beds, nod-
ules, or lenses. As long as this interpretation of the term "terrigenous
stratum" is clearly understood, the Kope-Fairview contact can be readily

identified in outcrops (see Appendix 3, Bald Knob Hill and Reidlin Road
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localities). To conform with this definition, I suggest that the basal
contact of the Kope Formation with the underlying Point Pleasgnt Member

be defined as the base of the lowermost terrigenous stratum greater than
two feet thick. Good exposures of this contact can be found along Kentucky
Route 8 near the Meldahl Dam (see Meyer et al., 1981, and Figure 53), and
along U.S. Route 52, just east of River Downs Race Track (Felton, 1982,
pers. comm, ).

The Kope Formation is overlain by the Fairview Formation, which was
originally defined by Bassler (1906), and redefined by Ford (1967, p. 928)
as follows:

It consists of an unbroken sequence of interbedded limestone and

terrigenous rocks in which no stratum is persistently thicker

than 1.5 feet and generally not more than 0.6 foot. The unin-

terrupted close spacing of the limestone strata in the bulk of

the formation is a significant intrinsic lithic property.

Ford's emphasis on "close spacing" of limestone beds (i.e., low shale con-
tent and thin bedding of shales) is ideal for field identification 6f the
Fairview Formation. However, while the Kope-Fairview contact has been
adequately defined, the top of the Fairview Formation has not. Ford (1967,
p. 929) defined the top of the Fairview Formation as ". . . the top of a
limestone underlying terrigenous rocks which are more than two feet thick
and which exhibit marked lithologic contrast" (i.e., the Miamitown Shale).
This definition creates four major problems: (1) Aé before, the meaning
of this two-foot-thick stratum of terrigenous rocks is unclear since the
basal two feet of the Miamitown Shale commonly contain limestomne nodules,
lenses, or thin, discontinuous beds. (2) Ford's definition is not appli-

cable wherever the Miamitown Shale is less than two feet thick (e.g., the

Reidlin Road locality; see Figure 54C). (3) The definition does not apply
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Figure 53: Field exposure of the Kope-Pt. Pleasant contact,
KY Rt. 8. The Jacob's staff marks the uppermost
occurrence of thick Pt. Pleasant limestone beds.
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to exposures where the Miamitown Shale is absent (e.g., Maysville, Ken-
tucky; see Figure 54D). (&) By definition, Ford included a tbin unit of a
different lithology in the Fairview Formation, the “shingled Rafinesquina
zone" {from Caster, Dalvé and Pope, 1961), because it occurs below the
Miamitown Shale. By placing this contact above the "shingled Rafinesquina
zone," Ford has included rocks of a distinctly different type in the Fair-
view Formation (e.g., Clifton Avenue, Cincinnati; see Figure 54B).

Ford's reason for including the "shingled zone" in the Fairview For-
mation is not g?ven. I can only assume that he followed the recommenda-
tion of Hyde (1959) who suggested that the "operational contact" between
the Fairview Formation and the Bellevue Limestone be placéd at the top
of the Miamitown Shale, since the "shingled zone" is often covered by
weathered shale and is not persistent in the Cincinnati area. However, I
have observed that the bedding type and thickness, shale content, dominant
rock type, and fauna of the "shingled zone" are equivalent to that of the
Bellevue Limestone. For that reason, the upper contact of the Fairview
Formation should be redefined independently of the overlying rock types or
their thicknesses, and in such a way that the "shingled zone" is included
as part of the Bellevue Limestone. Thus, the top of the Fairview Forma-
tion is herein redefined as the uppermost stratum of medium, planar-bedded
limestone and shale, regardless of the overlying roék types. Hence, the
redefined contact occurs at the point where medium, planar-bedded limestone
and shale ends, and either thin, wavy-bedded rocks of the Bellevue Lime-
stone or shale-rich, nodular-bedded rocks of the Miamitown Shale begin.

The Fairview Formation is overlain by a thin unit (0.4 to 6 m) com-

posed of dolomitic shale interbedded with abundant limestone nodules (i.é.,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



164

the Miamitown Shale). Ford (1967, p. 931) originally defined the Miami-
town Shale as follows:

. . . shale and mudstone with a few thin, widely spaced lime-

stone interbeds. The limestone contains a high proportion of

terrigenous detritus and a diagnostic gastropod-pelecypod fau-

nal assemblage that includes forms of Lophospira, Cyclonema,

and Byssonychia. Nodular-bedded limestone is common.

Although Ford's description of the Miamitown Shale is adequate for field
identification, he failed to define the upper and lower boundaries of

the unit. Hence, the upper and lower contacts of the Miamitown Shale are
herein defined as the uppermost and lowermost vertical extents of its
shale-rich, nodular-bedded lithology, regardless of the overlying or un-
derlying rock types (see Appendix 3, Reidlin Road locality).

Another aspect of the Miamitown Shale that has not been previously
discussed is its intertonguing nature and geographic extent. Ford (1967)
described the Miamitown Shale as a unit that lies stratigraphically be-
tween the Fairview and Bellevue formations. However, the Miamitown Shale
cannot be considered a continuous, sheet-like unit that always occurs be-
tween the Fairview Formation and the Bellevue Limestone, because it inter-
tongues with both formations (see Figure 54)... Furthermore, the Miamitown
Shale covers a larger area than previously noted. Although Ford resported
an absence of the Miamitown Shale south of the Ohio River, Tobin (1980,
fig. 4) demonstrated that it blankets a fairiy largé part of northern
Kentucky as well.

The Bellevue Limestone was originally defined by Nickles (1902), and
later redefined by Ford (1967, p. 933) as ". . . a sequence of medium- to
thin-bedded limestone and shale in which thin-bedded, massive, coquinite

limestone (class 3c) predominates." Ford also noted that "it may represent
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a northwesterly tongue of the Grant Lake Formation that has been mapped
south of Maysville, Kentucky (Peck, 1966)." The Grant Lake Limestone
(not "Formation") occupies the same stratigraphic position as the Bellevue
Limestone and is present at the eastern and southeastern extremities of my
field area. The Grant Lake Limestone was defined by Peck (1966) for the
Maysville, Kentucky, area and has subsequently been used by Lee (1974) in
his field area (Maysville, Kentucky, to Dayton, Ohio). Peck's original
description follows (1966, pp. Bl4-Bl6):

The Grant Lake is chiefly irregularly bedded argillaceous lime-

stone and minor interbedded shale. Limestone, which makes up

70-90 percent of the formation, is mainly medium to light gray

and has light olive-gray mottling. The dominant type of lime-

stone consists of a micrograined- to medium-grained poorly sorted

argillaceous limestone matrix surrounding jumbled large fossil

fragments and whole fossils. The beds are thin, very irregular,

and rubbly weathering. Thin- to thick-~bedded fine- to coarse-

grained well sorted clastic limestone in even beds occurs locally.

Gray calcareous shale occurs as irregular partings and thin beds

separating limestone layers.

Field observations of Bellevue and Grant Lake exposures in my field area
indicate that the rock types, fauna, bedding characteristics, and shale
content of both formations are very similar. Hence, both units are con-
sidered equivalent in this report.

Ford (1967, pp. 933-934) accurately defined the base of the Bellevue
Limestone as ". . . the lower surface of the massive coquinite limestone
« « » «" However, he defined the upper contact as "gradational and com-
monly concealed" (i.e., the contact is arbitrarily placed in the tramsi-
tion between the coquinite limestone of the Bellevue and the overlying
interbedded limestone and shale, which Ford designated "unnamed strata").

Exposures of the Bellevue-Corryville contact in my field area (e.g., the

Georgetown locality; the Muddy Creek and Lawrenceburg localities discussed
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in Tobin, 1980) demonstrate that this contact, although "commonly con-

cealed,"

is definitely not gradational. 1In all three exposures, this
contact is marked by the sharp termination of the thin, wavy—gedded,
shale-poor strata characteristic of the Bellevue Limestone, and the be-
ginning of the thicker, planar-bedded shales and 1imestoges of the Corry-.
ville Formation. Hence, the upper contact of the Bellevue Limestone is
herein redefined as the sharp boundary between these two different lith-
ologies (see Appendix 3, Georgetown locality).

In summary, the lithostratigraphic nomenclature proposed by Ford
(1967) for the Kope to Bellevue shoaling-upward cycle is considered de-
pendable for this and future stratigraphic work because: (1) Lithologic
descriptions, although outdated, can be easily used to distinguish all
four formations. (2) Stratigraphers have successfully applied the clas-
sification to other field areas. (3) The rock-stratigraphic units de-
scribed by Ford represent ancient lithotopes, and hence, conform to the
facies concept discussed earlier. Thus, Ford's lithostratigraphic clas-
sification is applicable throughout the field area, and does not need to
be revised (with the exception of formational contacts). In the next

subsection, "Sedimentology," each of these formations will be described

using new terminology.

Sedimentology

In this section, the sedimentologic characteristics of the Kope to
Bellevue shoaling-upward cycle are thoroughly described. The lowermost
unit in this sequence is the thick-bedded, shale-rich Kope Formation.

The Kope Formation is a thick unit ranging from 59 meters (194 feet) to
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82 meters (270 feet), and is composed of interbedded shales (80 percent)
and carbonates (20 percent). Bedding is planar; moderately chtinuous,
and thick (averaging 12 cm). Shale beds are very thick in comparison to
carbonate beds (24 cm vs. 6 cm), and in comparison to shale beds in the
Fairview and Bellevue formations. Kope megacycles are abundant and rela-
tively thick (see Figure 43 and Table 12). In addition, sedimentary
structures are abundant and well preserved, including: symmetric and
asymmetric ripples, starved ripples, planar and cross lamination, tool
marks, flute marks, gutter casts, load structures, and ball and pillow
structures.

All eight of the "recurrent carbonate rock types" discussed earlier
can be found in the Kope Formation, but packstones and siltstones are most
abundant. The percentages of each of these recurrent rock types follow:
packstones (45 percent), wackestones (3 percent), micstones (4 percent),
siltstones (30 percent), poorly washed grainstones (4 percent), coarse
grainstones (6 percent), fine grainstones (7 percent), and calcisiltites
(1 percent). The ratio of coarse grainstones to fine grainstones has
significant interpretive value, and thus is included here (0.86).

Shales in the Kope Formation contain more silt than shales in the
overlying units. Seventy-one percent of the thin-section samples examined
are mudstones, and only 29 percent are claystones. AThe Yaverage" Kope
shale is a mudstone (QF39 CMs54 CD8) having a silt/clay ratio of 0.85 and
a grain size of 25 microns.

The overlying Fairview Formation is a medium~thick unit ranging from
24 meters (78 feet) to 33 meters (198 feet), and is composed of inter-

bedded limestones and shales. The shale content is much lower than that
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of the Kope Formation (49 percent). In addition, the lower half of the
Fairview Formation contains more shale (55 percent) than the upper half

(45 percent). Fairview bedding is planar, moderately continuous, and
medium thick (averaging 8 cm). Shale beds and carbonate beds both average
about 8 cm in thickness. Fairview megacycles are abundant, but are thinner
than those in the Kope Formation (see Figure 43 and Table 12). As in the
Kope Formation, sedimentary structures are abundant and occur in a variety
of forms.

All of the recurrent carbonate rock types occur in the Fairview For-
mation, but packstones are most abundant. In addition, grainstones are
more abundant and siltstones are less abundant than they are in the Kope
Formation. The percentage of each of these rock types follows: packstones
(53 percent), wackestones (6 percent), micstones (3 percent), siltstones
(12 percent), poorly washed grainstones (5 percent), coarse grainstones
(8 percent), fine grainstones (6 percent), and calcisiltites (7 percent).
The ratio of coarse grainstones to fine grainstones (1.33) is higher than
that of the Kope Formation.

Shales in the Fairview Formation are less silty than shales in the
Kope Formation. Sixty percent of the thin-section samples studied are
claystones, and only 40 percent are mudstones. The "average" Fairview
shale is a mudstone (QF33 CM5g CDg) having a silt/ciay ratio of 0.70 and
a grain size of 25 microms.

Overlying the Fairview Formation are two intertonguing units, the
Miamitown Shale and the Bellevue Limestone. The Miamitown Shale is a
very thin formation, ranging from 0.4 meters (1.3 feet) to over 5 meters

(17 feet) in thickness, and is composed of thick, unfossiliferous shales
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(76 percent) interbedded with a few widely spaced, discontinuous limestone
layers and abundant limestone nodules (24 percent). These nodules are
small, ovoid- to ripple-shaped carbonate lumps that are no mofe than 15 cm
in length, occur along moderately well-defined horizons, and are sometimes
cross laminated. Unfortunately, the terms "nodule" and "concretion" are
often used interchangeably, because their external shapes are similar.
However, "concretions" are structures that have formed in place diageneti-
cally, whereas '"nodules" are primary bedding features formed by sedimentary
processes. Nodules in the Cincinnatian Series were first studied by Ward
(1966), who concluded that their characteristic rippled shapes and internal
cross lamination were indicative of high-velocity current transport. Thus,
the term "nodule" is used in this paper to refer to current-—formed sedimen-
tary structures. The environmental significance of nodules and nodular
bedding is discussed on page

Overall bedding thickness averages 9 cm, but shales are relatively
thick (averaging 13 cm) in comparison to carbonate beds (5 cm). Megacycles
are absent in this formation, and sedimentary structures are limited to
gutter casts and cross lamination. Gutter casts are most abundant in
siltstone layers, where they range from 3 to 9 cm in depth, 10 to 38 cm
in width, and up to 2 meters in length. Multiple gutter casts occurring
along the base of a single horizon are usually oriented parallel to each
other (within a few azimuth degrees). In cross section, these structures
often exhibit several sets of overlapping, cross-laminated, U-shaped chan-
nels (see Tobin, 1980, fig. 15).

Carbonate rocks in the Miamitown Shale are limited to five of the

recurrent rock types and are dominated by packstones, wackestones, and
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micstones. The average percentage of each of these five rock types fol-
lows: packstones (46 percent), wackestones (18 percent), micstones (32
percent), coarse grainstones (2 percent), and fine grainstones (2 percent).

Shales in the Miamitown Shale are more dolomitic and far less silty
than those of the Kope and Fairview formations (Tobin, 1980). All of the
thin-section samples examined are either claystones, dolomitic claystones,
or very dolomitic claystones. The "average" shale in this unit is a dolo-
mitic claystone (QF13 DM, CD25) having a silt/clay ratio of only 0.21 and
a grain size of 32 microms.

The uppermost formation in this sequence, the Bellevue Limestone, is
also thin, ranging from 6 meters (20 feet) to 15 meters (49 feet) in thick-
ness, and is composed of thin, coarse-grained limestones (82 percent) in-
terbedded with wavy, discontifivous shales (18 percent). Overall, bedding
is wavy, discontinuous, and thin (averaging only 4 cm), but shale beds are
very thin (2 cm), very discontinuous, and usually very fossiliferous. Car-
bonate beds are also thin (4 cm) and discontinuous. Megacycles are absent
in the Bellevue Limestone, and sedimentary structures are rare.

Grainstones are the most abundant rocks in the Bellevue Limestone.
The percentage of each of the six carbonate rock types present in the
Bellevue Limestone follows: packstones (10 percent), wackestones (1l per-
cent), poorly washed grainstones (1 percent), coarsé grainstones (58 per-
cent), fine grainstones (28 percent), and calcisiltites (2 percent). The
coarse grainstone to fine grainstone ratio (2.07) is relatively high.

Shales in the Bellevue Limestone are thin, fissile, and usually fos-
siliferous, impeding sample collection and thin-section processing. Ac-

cordingly, only one sample was thin sectioned (sample MB 7.9; see Tobin,
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1980, Appendix 4). This sample is a silt-poor, very dolomitic claystone
(QF99 CM,s5 CD33) having a silt/clay ratio of 0.49 and a grain size of 37
microns.

In summary, the upward vertical succession of facies in the Kope to
Bellevue shoaling-upward sequence is reflected most strongly by the fol-
lowing trends: (1) a decrease in facies thickness, (2) a decrease in bed-
ding thickness and lateral continuity, (3) a vertical change from planar
bedding to wavy or nodular bedding, (4) a decrease in shale content, (5) a
decrease in shale bedding thickness, (6) a decrease in the silt content of
shales, (7) a decrease in siltstone content, (8) an increase in the per-
centage of grainstones (particularly coarse grainstones), and (9) a de-

crease in megacycle thickness.

Paleontology

In this section, the faunal characteristics of the Kope to Bellevue
shoaling-upward sequence are described, including diversity, typical gen-
era, fossil morphology, preservational states, and trace fossils. This
information is summarized in Table l4. In situ limestonmes (packstones)
in the Kope Formation have an average generic diversity of 4.8 and a pet-
rographic diversity of 7.0. These rocks contain an open-marine assemblage
of fossils dominated by brachiopods, bryozoans, trilobites, crinoids, gas-
tropods, and pelecypods. Less abundant fossils include cephalopods, os-
tracods, graptolites, conodonts, and scolecodonts.

The most common brachiopod genera in the Kope Formation are Onniella,
Sowerbyella, and Zygoepira. All three of these brachiopods have small,

lightweight shells. The most common varieties, Onniella and Sowerbyella,
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have valves that are wide, thin, smooth or finely ornamented, and hence,
very delicate. Similarly, bryozoans in the Xope Formation are small and
delicate. The most common genera (Hallopora, Batostoma, and Dekayia) are
small branching forms with smooth surfaces. Other typical Kope fossils
include the trilobites Flexicalymene and Cryptolithus, the high-spired
gastropod Lophospira, and the pelecypod Ambonychia. A slight change in
fauna occurs in the upper 25 to 30 feet of the formation, which is repre-
sented by the appearance of the brachiopods Rafinesquina and Platystrophia,
and the gastropod Cyclonema (Felton, 1982, pers. comm.). All body fossils
in the Kope Formation are unabraded and well preserved. However, encrust-
ing bryozoans are occasionally found on some brachiopod shells.

Trace fossils in the Kope Formation are abundant and include the fol-
lowing varieties: Chondrites, Diplocraterion, color mottling, Trichophy-
cus, Paleophycus, vertical tubes (probably escape structures), Rusophycus,
and Lockeia. Although Diplocrateriorn and vertical tubes belong to the
Skolithos ichnofacies, the majority of these trace fossils belong to the
Cruziana ichnofacies (Seilacher, 1967).

In situ limestone beds (packstones) in the overlying Fairview Forma-
tion also contain an open-marine assemblage of fossils dominated by brach-
iopods, bryozoans, trilobites, crinoids, pelecypods, and gastropods. Minor
amounts of cephalopods, ostracods, conodonts, scolecodonts, and grapto-
lites also appear. These beds have a slightly lower petrographic diver-
sity than their Kope counterparts (6.5), but about the same generic diver-
sity (4.9).

The most common brachiopod genera in the Fairview Formation are Raf-

inesquina, Strophomena, and Zygospira. Other genera include Platystrophia
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(P. hopensis and P. sublaticosta), Hebertella, and Plectorthis. The first
two genera have wide, flat shells, and the last three have large, inflated
shells with coarse, detailed ornamentation. Bryozoans in the Fairview
Formation are composed of small, delicately branching forms such as Hallop-
ora, Dekayia, and Escharopora in addition to larger, more robust forms
such as Constellaria, Heteroirypa, and Homotrypa. Other Fairview genera
include the trilobite Flexicalymene, the gastropod Cyclonema, and the
pelecypod Ambonychia. Although body fossils in the Fairview Formation are
unabraded, encrusting bryozoans and borings (some of which may have been
produced by bryozoans--see Pohowsky, 1974) are occasionally found.

Trace fossils in the Fairview Formation are abundant and include the
following varieties: Chondrites, Paleophyeus, Trichophychus, Diplocrate-
rion, color mottling, vertical tubes, Phycodes, mollusc trails, and Ruso-
phycus. As before, these trace fossils belong to the Cruziana ichnofacies
(Seilacher, 1967).

The overlying Miamitoum Shale is perhaps the most unique formation
in this sequence, both lithologically and paleontologically. In sifu pack-
stones in the Miamitown Shale contain a restricted-marine assemblage of
fossils dominated by the high-spired gastropod Lophospira, and the pelecy-
pods Ambonychia and Modiolopsis. Cyclonema—-a supposedly characteristic
gastropod of this unit (Ford, 1967, p. 931)--was not observed. Minor
amounts of brachiopods, bryozoans, trilobites, ostracods, conodonts, sco-
lecodonts, and crinoids also occur in the Miamitown Shale. Typical brach-
iopod genera include Rafinesquina, Platystrophia (P. laticosta), Zygospira,
and Hebertella. Body fossils are usually well preserved, with the excep-

tion of some rare bryozoan encrustation. Trace fossils are less abundant
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than in the underlying formations and include Chondrites, Diplocraterion,
color mottling, and vertical tubes.

In stitu packstones and poorly washed grainstones in the overlying
Bellevue Limestone contain an open-marine assemblage of fossils dominated
by brachiopods, bryozoans, crinoids, and trilobites. In addition, minor
amounts of gastropods, pelecypods, ostrapods, conodonts, and cephalopods
are present. Petrographic diversity (7.0) and generic diversity (4.7) are
nearly the same as that of the Kope and Fairview formations. Red algae
(fragments and onkoids) occur in minor amounts along the eastern and south-
eastern extremities of the field area (Grant Lake outcrops at Maysville,
Kentucky, and Georgetown, Ohio).

The most common brachiopod genera in the Bellevue Limestone are Rgf-
inesquina, Platystrophia (P. ponderosa and P. cypha), Zygospira, and Heber-
tella. With the exception of Zygospira, these brachiopods are very large,
having either wide, flat shells (Rafinesquina) or thick, heavy, inflated
shells with deep plications. Bryozoans in the Bellevue Limestone exhibit
two dominant morphologies: (1) thick, massive lumps or fans (Monticulip-
ora), or (2) thick, branching forms having steep, sharp monticules (Hal-
lopora ramosa). Minor amounts of thin, delicate bryozoans are also repre-
sented by the genera Dekayia and Batostomella. In addition, rare specimens
of the pelecypod Ambonychia and the enrolled trilobite Flexicalymene are.
present.

Body fossils in the Bellevue Limestone are mostly well preserved.
However, algal encrustation (onkoids), micritization, bryozoan encrusta-
tion, boring, and abrasion are most abundant in this formation. Trace

fossils are uncommon, and are limited to color mottling and vertical
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tubes. In addition, rare examples of Fucusopsis and Chondrites may be
found.

In summary, both the body fossils and trace fossils characteristic of
the Kope to Bellevue shoaling-upward sequence are very abundant and highly
diverse (with the exception of the Miamitown Shale). However, thé/upward
vertical succession of rock facies is accompanied by several faunal changes
including: (1) an increase in the amount of abrasion, boring, micritiza-
tion, and encrustation of shells; (2) a decrease in the amount and diver-
sity of trace.fossils; (3) an upward change from a dominantly Cruziana
ichnofacies to a mixed Cruziana/Skolithos ichnofacies; (4) an upward change
from small, thin, delicate shells to larger, thicker, more robust shells;
and (5) a decrease in the relative amount of deposit feeders and a subse-
quent increase in the amount of suspension feeders (particularly brachio-

pods, bryozoans, and crinoids).

[y

Interpretation

In this section, three important interpretations are discussed:
(1) The Kope to Bellevue sequence represents deposition on the shallowest
part of a gently sloping marine ramp in the offshore to shoreface posi-
tion. (2) Frequent storm activity resulted in the loss of fine-grained
sediments from the shoreface zone into deeper water. (3) The Miamitown
Shale lithofacies may not represent a laterally adjacent lithotope contem-
poraneous with the Kope, Fairview, and Bellevue lithotopes. Instead, it
may represent a short-term, region-wide change in envirommental conditionms.

According to the first conclusion, the Kope to Bellevue sequence re-

presents shallow-water deposition on a gently sloping ramp. Several lines

‘o
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of evidence exist to support this interpretation: (1) Limestones contain
a shallow-water fossil assemblage. (2) Trace fossils represent a mixture
of the Skolithos and Cruziana ichnofacies (indicative of an inmner shelf
setting). (3) Limestones with textural inversions are present in both the
Kope and Fairview formations, suggesting that at least two very different
types of environmental settings existed at the same time, one above wave
base and the other below wave base. (4) The presence of convolute lamina-
tion and ball and pillow structures indicate a sloping sea floor.
Specifically, deposition occurred in three zones--the "offshore zone,"
the "transition zone," and the “shoreface zone" (see Figure 55). The off-
shore zone is defined as that part of the coastal sea floor that is almost
always below wave base (Reineck and Singh, 1975, pp. 322-349). Sediments
in the offshore zone are disturbed only by large storms or hurricames.
Hence, the majority of sediments in this environment are mud rich (i.e.,
shales on clastic shorelines, and mudstones, wackestones, and packstones
on carbonate shorelines). The offshore zone extends from average low wave
base which, on modern shelves, ranges from 8 to 30 meters in depth, to the
outer edge of the continental shelf. Shoreward of this zone is the transi-
tion zone, which is defined as that part of the coastal sea floor that
lies between average high wave base (i.e., fair-weather wave base--2 to
20 meters in depth) and average low wave base (i.e., wave base during mild
storms--8 to 30 meters). Sediments in this zone accumulate mostly under
low-energy conditions, but are frequently subjected to higher energy
events. Hence, a variety of rock types should appear, ranging from fine-
grained muds and silts to clean sands. Shoreward of the transition zone

is a zone that is almost always above average wave base, the shoreface
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zone. Shoreface sediments are constantly being moved around by waves and
currents, resulting in clean quartz or carbonate sands.

I believe that the Kope Formation represents deposition in the off-
shore position for several reasons: (1) The relative abundance of shale
(80 percent), the relatively high silt content and thickness of shale
beds, and the abundance of siltstones (30 percent of the carbonate rock
fraction) all indicate low-energy deposition below wavelbase. (2) The
excellent preservation of sedimentary structures and trace fossils indi-
cates a lack of wave erosion. (3) The dominant carbonmate rock types.in
this formation are packstones, wackestones, and micstones (52 percent).
As discussed earlier, these rocks represent in situ deposition below wave
base in a quiet-water zone. (4) Body fossils in the Kope Formation are
small, thin, and fragile, indicating that these organisms lived in a pro-
tected, low-energy environment, probably below wave base. (5) The lack
of abrasion, micritization, and boring of fossils indicates low-energy
deposition beyond the reach of constant wave reworking.

The overlying Fairview Formation probably represents deposition in
slightly shallower water than the Kope Formation, probably in the offshore
to transition zone. The following vertical trends suggest that Fairview
sediments accumulated in shallower water than Kope sediments: (1) the
relative decrease in shale content (49 percent) and siltstone content
(12 percent); (2) the lower silt content and bedding thickness of shales;
(3) the greater trace fossil diversity; (4) the relative increase in
grainstone content (26 percent vs. 18 percent); (5) the mixture of small,
delicate fossils and larger, more robust forms in most limestones; and

(6) the slightly higher degree of abrasion, boring, micritization, and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

encrustation of fossils.

Sediments in the overlying Bellevue Limestone were probably deposited
in the shallowest setting of the three formations. The following evidence
indicates that Bellevue sediments accumulated in a lower shoreface to
transition zone setting: (1) The low shale content (18 percent), high
claystone/mudstone ratio, and thin bedding of shales indicate that wave-
induced winnowing effects were high. Thus, most of the storm-deposited
terrigenous muds which accumulated in this setting were easily removed by
winnowing processes. Only those muds which were trapped under or between
shells were protected from erosion. (2) The characteristic wavy-to-len-
ticular, discontinuous bedding is generated primarily in the shallow sub-
tidal to intertidal zomes (Reineck and Singh, 1973, pp. 99-102). (3) The_
poor preservation of sedimentary structures and trace fossils indicates
that substrates were highly mobile, and that wave erosion was dominant.
(4) The dominant carbonate rocks in the Bellevue Limestone are grainstones
(clean skeletal sands). (5) Most of the body fossils in this unit are
large, robust forms capable of withstanding a high degree of water turbu-
lence by virtue of their massive skeletons (e.g., the bryozoan Monticuli-
pora), their ability to firmly attach themselves to more stable substrates
(e.g., encrusting bryozoans), or their ability to roll around on the sea
floor without being damaged (e.g., the brachiopod Platystrophia ponderosa).
(6) Although a mixture of fossil preservational states exists in most beds
(a mixture of fragmented, abraded bioclasts and undamaged, whole fossils),
abrasion, micritization, boring, and encrustation of shells is most abun-
dant in this formation. An interpretation of all three lithotopes is

shown in Figure 55.
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The second major conclusion to be discussed in this section is the
concept that frequent storm activity resulted in the loss of fine-grained
sediments (both terrigenous and carbonate) from the shoreface and upper
transition zone into deeper water. As mentioned before, storms erode and
rework bottom sediments primarily by lowering wave base to depths greater
than normal. Furthermore, the frequency of storm-induced erosional events
decreases with increasing water depth. Hence, bottom sediments in the
shoreface zone (the Bellevue lithotope) were disturbed by every storm that
occurred in the area, even the mildest of storms. Conversely, only those
hurricanes having exceptionally strong winds were capable of eroding sed-
iments in the offshore zone (the Kope lithotope). As a result, sediments
in the Bellevue lithotope experienced a much higher degree of winnowing,
breakage, and abrasion than sediments in the Kope or Fairview lithotopes.
Therefore, Bellevue sediments should theoretically be represented by clean,
fine-grained, carbonate sands (i.e., calcisiltites and fine grainstones).
However, the reverse is true; the dominant carbonates in the Bellevue Lime-
stone are coarse-grained rocks (i.e., poorly washed grainstones and coarse
grainstones) .

This anomalous situation suggests that fine-grained sediments in the
Bellevue lithotope were frequently entrained by storms and transporfed out
of the shoreface zone into deeper water via storm currents or storm-induced
gravity flows (see Figure 56). I propose that large bioclasts in the
Bellevue lithotope may have experienced the following "idealized" sequence
of biostratinomic events: (1) disarticulation of valves or segments,

(2) initial breakage and abrasion, (3) subsequent periods of breakage and

abrasion, (4) hydraulic entraimment by a storm event, (5) transportation
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out of the Bellevue lithotope by downslope gravity flow, (6) subsequent
period(s) of redistribution downslope in discontinuous sand sheets,

(7) final deposition in the transition zone or offshore zone and burial

by a rapidly deposited layer of shale. Steps 4 and 5 would have occurred
only when bioclast fragments had been sufficiently reduced to some "eri-
tical size"™ (perhaps 2 mm?) below which they could be transported out of
their environment of origin. Any grains coarser than this "critical size"
would have remained in the Bellevue lithotope until further breakage and
abrasion reduced their size below the "critical point. Exceptionally
robust skeletons, such as the massive bryozoan, Monticulipora, or the
thick-shelled brachiopod, Platystrophia ponderosa, probably required such
a long period of breakage to reach the “critical size" that many of them
were bored, abraded, encrusted, and finally, buried long before they could
be transported out of the shoreface zone. Hence, Bellevue limestone beds
may represent coarse lag deposits from which the finer grained components
have been removed by storm winnowing and transportation.

This process also explains several other unusual characteristics of
the Kope to Bellevue sequence: (1) the thin, wavy, discontinuous bedding
typical of the Bellevue Limestone; (2) the fact that the Bellevue Limestone
is the thinnest facies in the entire sequence; (3) the low shale content
of the Bellevue Limestome; (4) the presence of textural inversions in the
Kope and Fairview formations; (5) the presence of fine grainstone and cal-
cisiltite beds in the Kope and Fairview formations, plus the relatively
low coarse grainstone/fine grainstone ratio in these two units (such break-
age and abrasion could not be produced in a low-energy zone below wave

base, and therefore must have originated in a shallower water setting).
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The transportation and redistribution of sediments by storms, cur-
rents, and gravity flows is depicted in Figure 56. A similar interpreta-
tion has been proposed for sand deposits in the Hughley Shales of Shrop-
shire (Silurian) by Benton and Gray (1981)--see Figure 57 for comparison.

According to the third major conclusion, the Miamitown Shale litho-
facies may not represent a laterally adjacent lithotope contemporaneous
with the Kope, Fairview, and Bellevue lithotopes. My initial interpreta-
tion of the Miamitown Shale was just the reverse--that it was an example
of Facies D of the idealized shoaling-upward cycle, and therefore repre-
sentative of a shallow subtidal (lagoonal?) to intertidal environment (see
Figures 47 and 52). This assumption was based on several observations:
(1) the association of the Miamitown Shale with Facies C (Bellevue Lime-
stone); (2) its semi-restricted, molluscan-rich fauna; (3) the relative
abundance of dolomite in shales; and (4) the presence of very elongate,
oriented gutter casts (possibly tidal in origin).

However, I now believe that the Miamitown Shale could represent a
short-term, region-wide change in environmental conditions, instead of a
contemporaneous lithotope. This idea is based on the following observa-
tions: (1) The Miamitown Shale is very thin in comparison to other exam-
ples of Facies D in the Cincinnatian Series. (2) If the Miamitown Shale
actually represents a low-energy lithotope with restricted circulation
(e.g., a'lagoon or tidal flat behind a protective barrier bar or shoal),
then such a lithotope should have always been situated shoreward of the
shoaling zone (the Bellevue lithotope). In a regressive vertical sequence
such as the Kope to Bellevue cycle, this facies should always occur stra-

tigraphically above or in the middle of Facies C. Instead, the Miamitown
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Shale never occurs above the Bellevue Limestone, and is known to occur in
at least three other stratigraphic positions—-in the middle of the Belle-
vue Limestone, between the Bellevue Limestone and the Fairview Formation,
and in the middle of the Fairview Formation (see Tobin, 1980, Batavia lo-
cality). (3) Sedimentary features characteristic of shallow subtidal to
intertidal environments are missing, such as bimodal current orientations,
flasar bedding, mudcracks, massive dolomites, glauconite, birdseye struc-
tures, vuggy limestone, rip-up clasts, and omission surfaces. Most of
these features can be found in the Saluda and Drakes formations, both of
which are examples of Facies D.

Perhaps the Miamitown Shale represents a short-term change in envi-
ronmental conditions that affected sediment type and faunal composition
across much of the sea floor. The presence of abundant shales and silt-
stones, in addition to the presence of a semi-restricted fossil assemblage
(brachiopods, gastropods, pelecypods), suggests that the Miamitown Shale
may represent a period of time during which the influx of shale was very
high. 1If so, the increased turbidity of the water column during this time
period would have precluded a more open-marine fauna (e.g., crinoids, bryo-
zoans, cephalopods, etc.). Figure 58 illustrates the proposed sequential

development. of the Miamitown Shale.

Regional Comparison

One of the original objectives of this study was to describe and
interpret vertical sequences of strata in the Cincinnati area, and to
compare those sequences on a regional scale (preferably from west to east).

Ideally, a complete (or at least composite) section of each of the three

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



—

SHOREFACE T
3 | TRANBITION ZONE !
]
1

OFFSHORE

.
10% ot xm,

——

OFFBHORE

——

SHOREFACE 1
°° > I TRANSITION ZONE

T S0 levei

1
' OFFBHORE
]

Figure 58:

Sequential development of the Miamitown Shale inter-
tonguing relationship. Time 1 is a cross section of
the sea floor before deposition of the Miamitown Shale.
At Time 2, the Miamitown Shale has accumulated across
most of the ramp. Time 3 represents renewed deposition

after Miamitown time. Hence, the Miamitown Shale could
represent a time line.
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shoaling-upward sequences should be exposed at several key localities from
southeastern Indiana to the eastern edge of the outcrop belt. In the case
of the Kope to Bellevue sequence, a detailed regional comparison was in-
hibited by the lack of good outcrop exposures in the field area. The only
complete exposure of the entire sequence occurs in the Cincinnati area.
Although the sequence is not exposed in Indiana, the Fairview, Miamitown,
and Bellevue formations are exposed along the Indiana-Kentucky border
(I~275 outcrop near Lawrenceburg; see Tobin, 1980, Appendices 1 and 2).
The only exposure eas£ of the Cincinnati area is the Georgetown locality.
There, the Bellevue Limestone is completely exposed, but only one-sixth

of the Kope Formation and one-third of the Fairview Formation are exposed.
Hence, the regional trends discussed in this section are somewhat tenuous
and should be more completely investigated by future workers.

A comparison was made of the sedimentary characteristics of the Kope
Formation at two different localities (the I-275/Kentucky 445 outcrop in
northern Kentucky, and the Georgetown, Ohio, outcrop). The only observable
lithologic differences between these two areas are: (1) the shale content
at the Georgetown locality is slightly lower (76 percent vs. 80 percent),
(2) shale beds at that 1ocalit§ are sligh;ly thinner (20 cm vs. 24 cm), and
(3) ripples, starved ripples, and gutter casts are more.abundant.

Two apparent west-to-east lithologic trends were also detected in the
Fairview Formation: (1) Shale content decreases towafdxthe east (50 per-
cent at Lawrenceburg, 49 percent at Cincinnati, and only 35 percent at
Georgetown). (2) the average bedding thickness of shales decreases to the
east (8 cm at both the Lawrenceburg and Cincinnati localities, and only

4 cm at Georgetown).
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Finally, three west-to-east trends were observed in the Bellevue
Limestone: (1) Shale content decreases toward the east (20 percent at
Lawrenceburg, 18 percent at Cincinnati, and 14 percent at Georgetown).

(2) Exposure effects (micritization, boring, abrasion, and encrustation)
increase toward the east. (3) The dominant brachiopod associations

change from west to east. At the Lawrenceburg locality, Rafinesquina and
Zygospira dominate. In the Cincinnati area, Rafinesquina, Platystrophia
(P. laticosta mostly), and Zygospira dominate. At the Georgetown locality,
Platystrophia dominates (mostly P. ponderosa, but also P. laticosta and

P. cypha).

In summary, the only apparent weét—to—east trends in the Kope to
Bellevue sequence include a decrease in shale content and bedding thick-
ness, an increase in exposure effects, and a change from flat, thin-shelled
brachiopods to inflated, thick-shelled brachiopods. Perhaps these trends
reflect a gradual lowering of sea level as these three facies prograded

eastward across the shallow carbonate ramp.

Corryville to Oregonia Sequence

StratigraEh‘Z e . . e e . .o . S e e o e e e e e aemn s mbanne

Unconformably overlying the Kope to Bellevue shoaling-upward cycle
is a similar, but thinner sequeuce of strata, the Corryville to Oregonia
sequence. This sequence comprises four distinct rock facies which roughly
correspond to the following traditional biostratigraphic units: "Corry-
ville," "Mt. Auburn," "Sunset," ané "Oregonia" (see Figure 4). Previous
lithostratigraphic analyses of this interval were conducted in two differ-

ent field areas: southeastern Indiana (Brown and Lineback, 1966; Hatfield,
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1968; Hay et al., 1981), and the Maysville, Kentucky, to Dayton, Ohio,
area (Peck, 1966; Lee, 1974). The lithostratigraphy of this interval in
the Cincinnati area has largely been ignored. Ford (1967. p. 924) be-
lieved that there were '"no valid lithologic criteria" for subdividing rock-
stratigraphic units above the Bellevue Limestone in the Cincinnati area,
and therefore referred to these strata as "unnamed beds."

The first lithostratigraphic study of the Corryville to Oregonia
sequence was Brown and Lineback (1966), who assigned the strata between
the top of the Kope Formation and the top of the Liberty Formation to the
"Dillsboro Formation" (see Figure 2). This "formation" is a thick (145
meters), undifferentiated unit containing eight lithologically distinct
rock facies, which had already been described by biostratigraphers nearly
60 years before. Subsequent examples of the tendency to lump these rock
facies into thick, undifferentiated units include Hatfield (1968; "Tanner's
Creek Formation'"--Sunset ‘through Waynesville), Peck (19663 "Bull Fork For-
mation"--Sunset through Whitewater), Lee (1974; "Bull Fork Formation"),
and Hay et al. (1981; "Excello Member of the Brookville Formation"--Corry-
ville through Oregonia).

As discussed earlier, the traditional "biostratigraphic" units in
this part of the Cincinnatian Series do indeed possess distinctive litho-
logic characteristics which can be correlated laterally. Perhaps these
rock facies were not recognized and defined by the stratigraphic "lumpers"
because of two interrelated factors: (1) As previously discussed, they
ignored the traditional biostratigraphic units on the grounds that they
were defined faunally. This incorrect assumption was based on summary

articles, rather than on the original references. (2) They based their
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type sections in areas which are laterally distant from the Cincinnati
area. In an effort to locate the traditional biostratigraphic units of
the Cincinnati area in their own field areas, these stratigraphers looked
for faunal zones, instead of the rock facies in which the characteristic
fossils occur (again, because of the preconceived notion that these units
were defined faunaily). 'Hemnce, whenever the characteristic fossils could
not be detected in their own field areas (fossil species sometimes pinch
out laterally), the rock facies in which they occur were also not detected.

Because many of the traditional biostratigraphic units possess dis-
tinctive lithologic characteristics which can be correlated laterally and
recognized in the original descriptions, they are herein reinstated as
valid rock-stratigraphic units. In this section, the following formation-
al names are proposed for four lithogenetically related rock facies (from
bottom to top): Corryville, Mt. Auburn, Sunset, and Oregonia. Each unit
will be described using modern terminology and redefined in accordance
with the rules of the Code of Stratigraphic Nomenclature.

The lowermost unit in this sequence is the Corryville Formation. The
"Corryville or Chiloporella nicholsoni Beds" were originally described by
Nickles (1902, p. 83) as follows: "In this division the limestones are
thinner and less frequent than in the quarry beds [Fairview] and the shales
more yellowish. Blue shale also occurs." Although his description is
archaic, Nickles has adequately described a shale-rich facies containing
widely spaced ("less frequent") limestone interbeds which are thinner than
those found in the Fairview Formation. Such a description is adequate for
distinguishing this facies from the underlying thin-bedded, shale-poor

"Bellevue Beds" and from the overlying nodular-bedded '"Mt. Auburn Beds."
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For this reason, I propose that the name "Corryville Formation" be used

to designate the shale-rich facies which occurs stratigraphically between
the Bellevue Limestone and the Mt. Auburn Formation. Although this newly
defined formation does not exactly coincide with the vertical extent of
Nickles' "Chiloporella nicholsoni Beds," the original description of the
dominant lithology in which C. nicholsoni is found is the same as that of
the Corryville Formation. Furthermore, the name "Corryville" has priority
over the thick, undifferentiated “formations" discussed earlier.

In order to conform with the Code of Stratigraphic Nomenclature, the
following characteristics of the Corryville Formation must be described:
(1) its lithology (recast in modern terms), (2) its upper and lower bounda-
ries (lithologically defined), (3) its lateral persistence, and (4) its
type section or type area.

Accordingly, the Corryville Formation is herein proposed as a valid
rock-stratigraphic unit. ' The Corryville Formation is a thick-bedded,
shale-rich (64 percent) facies composed of thin (5 cm), widely spaced,
planar-bedded limestones and thick (10 cm), flaggy shale interbeds. The
dominant limestones are mud rich (packstones and wackestones) and contain
a thin-shelled, open-marine fauna. Shale beds are dominantly composed of
dolomitic mudstone. The Corryville Formation is the thickest unit in this
sequence, reaching a maximum of 23 meters (76 feet) at the Stonelick Creek
locality, about 20 miles east of Cincinnati (see Meyer et al., 1981, fig.
35)., Figure 59 is a typical outcrop exposure of the Corryville Formation.

The upper and lower contacts of the Corryville Formation were origi-
nally defined as the vertical range of the bryozoan, Chiloporella nichol-

soni (Nickles, 1902). In accordance with modern stratigraphic procedures,
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the lower contact of the Corryville Formation is herein redefined as the
lowermost extent of its characteristic shale-rich, planar-bedded strata.
This horizon is generally marked by a vertical transition from the upper-
most wavy- or nodular-bedded, shelly limestone (of the Bellevue Limestone)
to an overlying shale bed ranging from 5 to 10 cm in thickness (the lower-
most shale bed of the Corryville Formation--see Appendix 3, Georgetown
locality). Similarly, the upper contact of the Corryville Formation is
redefined as the uppermost extent of its shale-rich, planar-bedded strata.
This contact is indicated by the first (lowermost) appearance of the
nodular-bedded limestone typical of the overlying Mt. Auburn Formation
(see Appendix 3; Blue Rock Road, Middletown, and Rumpke localities--see
also Figure 59). 1In the Brookville, Indiana, area the Mt. Auburn Forma-
tion is absent. Thus, in areas where the Mt. Auburn Formation has pinched
out completely, the upper contact of the Corryville Formation is defined
as the uppermost extent of its shale-rich, planar-bedded strata, and the
beginning of the limestone-rich, planar-bedded strata of the Sunset Forma-
tion. At the Brookville Dam locality, this contact is clearly marked by
the top of a 92 cm thick shale bed which is overlain by two very thick,
closely spaced limestone beds (see Appendix 3).

Nickles did not define a specific type section for the Corryville
Formation. However, Nickles (1902, pp. 83, 98) referred to the "Price
Hill" locality in Cincinnati as a representative exposure. Other nearby
exposures were described at Fairview Heights and McMillan Street. Because
these outcrops are no longer exposed, a valid type section of the Corry-
ville Formation does nof exist. The only complete exposure of the forma-

tion at the present time is located at Stonelick Creek, east of Cincinnati
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(see Meyer et al., 1981, fig. 35). Perhaps this exposure should serve as
a new type section for fufure study. Although this outcrop was not de-
scribed in this study, its lithologic and paleontologic characteristics
have been outlined by Meyer et al. (1981) and Hinterlong (1981). The
Corryville Formation is laterally persistent throughout the field area,
and may also be studied at the following locations: Brookville Dam,
Middletown, Rumpke Landfill, and Blue Rock Road (see Appendix 3). Two
other incomplete exposures of the Corryville Formation, which include its
basal contact with the underlying Bellevue Limestone, occur at the Law-
renceburg and Muddy Creek localities (see Tobin, 1980, Appendices 1 and 2).
The Corryville Formation is overlain by a thin, nodular-bedded facies
known as the Mt. Auburn Formation. The "Mt. Auburn or Platystrophia lynx
Beds" were also defined by Nickles (1902, pp. 85-86) as follows: "Their
thickness is about 20 feet. The lower five to twelve feet contain an
abundance of the large Orthid, Platystrophia lynx [now P. ponderosa, var.
auburnensis], known in common parlance as double~headed Dutchman; . . . The
beds are mainly blue shale, though sometimes yellowish in exposure, with
some rather irregularly bedded limestone.”" Again, Nickles' original de-
scription is adequite enough to distinguish this facies both lithologically
and paleontologiéally from the overlying Sunset Formation and the under-
lying Corryville Formation. His original description includes total thick-
ness, faunal content, the presence of abundant "blue shale" (olive gray
shale comprises 37 percent of the unit), and most importantly, the presence
of nodular-bedded limestones ("irregularly bedded"). Thus, I propose that
the Name "Mt. Auburn Formation" be used to designate the nodular-bedded

facies which occurs stratigraphically between the Corryville Formation and
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the Sunset Formation. As before, the vertical extent of Nickles' "Mt.
Auburn Beds" may not coincide exactly with this new formation, but the
-lithology he described can be easily recognized in outcrop. Furthermore,
the name "Mt. Auburn" has priority. This conclusion was first discussed
by Krumpolz (1980) who believed that the Mt. Auburn facies should be given
"member" status, primarily because of its thinness (5.1 meters at Blue
Rock Road). However, the unit does meet the requirements of a formation
as defined by the Code of Stratigraphic Nomenclature (i.e., distinctive
lithologic character, mappability, usefulness in interpretation), and
therefore should be given formational status.

The Mt. Auburn Formation is a thin-bedded facies composed of very
thin (2 cm), fissile shales (37 percent), and abundant, thin-bedded (4 cm)
nodular limestone (63 percent). Limestones are dominated by two different
varieties: fine-grained argillaceous packstones and wackestones, and
grainstones. Although fossils are abundant and varied, the thick-shelled
brachiopod, Platystrophia ponderosa, var. auburnensis, is characteristic
of the formation. A typical outcrop exposure of the Mt. Auburn Formation
“is shown in Figure 60.

The lower contact of the Mt. Auburn Formation is redefined as the
first (1owermos£) horizon in which its nodular-bedded limestone occurs. On
weathered outcrops, this horizon is easily recognized by a pronounced break
in slope (see Figure 59). Similarly, the upper contact of the Mt. Auburn
Formation is redefined as the uppermost occurrence of nodular-bedded lime-
stone. This horizon is generally marked by the first occurrence of the
thick, even-bedded limestones and shales of the overlying Sunset Formation

(see Appendix 3; Blue Rock Road, Middletown, and Rumpke Landfill sites).
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Figure 59: Field exposure of the Corryville and Mt. Auburn
formations, Middletown locality. The Jacob's
staff marks the contact between the shale-rich,
planar-bedded Corryville Formation and the shale-
poor, nodular-bedded Mt. Auburn Formation.

Figure 60: Field exposure of the Mt. Auburn Formation,
Middletown locality. Note the discontinuous,
nodular bedding. The Jacob's staff marks the
Corryville~Mt. Auburn contact.
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The "Mt. Auburn Beds" were originally described from exposures in
the Mt. Auburn neighborhood of Cincinnati, and include the Price Hill and
Clifton Heights localities (Nickles, 1902, p. 85). Because these EEFCEOEF
are no longer exposed, a new type section should be defined. Perhaps the
Blue Rock Road locality should be used for this purpose since it is the
closest complete exposure of the Mt. Auburn Formation to the original type
area. Additional reference localities may be observed at the Middletown
and Rumpke locations. The Mt. Auburn Formation is persistent throughout
the field area, occurring at least 20 miles east, northeast, and north of
Cincinnati. In addition, the unit has also been observed along the east-
ern and western flanks of the Cincinnati Arch in Kentucky (Nickles, 1905).
However, the Mt. Auburn Formation pinches out in a northwesterly direction
between the Cincinnati area and Brookville, Indiana. At the Brookville
Dam locality, the Corryville Formation is directly overlain by the Sunset
TFormation. The absence of the Mt. Auburn Formation in southeastern Indiana
has also been noted by Cumings (1908, p. 636) between Weisburg and Guil-
ford, 20 miles south of Brookville (the "Tanner's Creek section"). How-
ever, Cumings later mentioned the presence of a 6- to l0-inch-thick layer
of strata at this locality which contains occasional specimens of Platy-
strophia lynx, and which he believed was equivalent to the Mt. Auburn Bed
of Cincinnati (1908, p. §69). Furthermore, Felton (1982, pers. comm.) has
observed a 4-foot-thick layer of phosphatic, shelly limestone containing
P. ponderosa maysvillensis between the Corryville and Sunset formations
along Route 421 at Madison, Indiana.

The next lithofacies in this sequence is the Sunset Formation.

Nickles (1902) originally used the name "Warren or Homotrypa bassleri
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Beds" to describe the interbedded limestones and shales which lie above
the "Mt. Auburn Beds." This sequence roughly correlates with the Sunset
and Oregonia facies described in Caster, Dalvé'and Pope (1961). Nickles
(1902, p. 86) described the lower part of the "Warren Beds" (i.e., Sunset)
as follows: "Limestone is not very abundant in the beds under considera-
tion, whose thickness is about 80 feet. The intercalated shales are of a
dark bluish color, rather marly." Nickles (1902, p. 86) also noted that,
"Foward the top of this division, the layers, both limestone and shale,
especially the latter, become rough and nodular, indicating a marked change
in the sedimentation." This nodular-bedded facies roughly corresponds to
the Oregonia Formation. The term "Warren Beds" was later replaced by the
name "Arnheim Bed" after the town of Arnheim, in Brown County, Ohio
(Foerste, 1905b). Foerste also noticed the lithologic distinction between
the planar-bedded facies below and the nodular-bedded facies above. Ac-
cordingly, Foerste (1910) subdivided the Arnheim into two divisions, the
lower "Sunset Diyision“ (after Sunset, Kentucky), and the upper "Oregonia
Division" (after Oregonia, Ohio). Later, Foerste (1912a) gave the "Arnheim
Bed" formational status. Hence, later workers assumed the Sunset and
Oregonia divisions to be of member status. However, because Foerste's
"Arnheim Formation" contains two rock facies having distinctive lithologic
identities, it is deemed inappropriate for use in modern stratigraphic
nomenclature. Hence, I propose that the term "Arnheim" be discontinued,
and that the terms "Sunset" and "Oregonia" be reinstated as valid rock~
stratigraphic units having formational status.

The Sunset Formation is herein redefined as the planar-bedded lime-

stone and shale facies that occurs stratigraphically between the underlying
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Mt. Auburn Formation (or, in Indiana, the Corryville Formation) and the
overlying Oregonia Formation. The Sunset Formation is a medium~-bedded
facies containing nearly equal amounts of interbedded limestone (48 per-
cent) and shale (52 percent). This formation is composed of medium-to-thin
(6 cm), closely spaced, planar-bedded limestones interbedded with medium-
thick (8 cm) shales. Limestones are dominated by packstones and wacke-
stones, and shales are mostly mudstones.

The Sunset Formétion is laterally persistent throughout the entire
field area. Parts of the formation may be seen at the following locali-
ties: Aiken High School, Rumpke Landfill, Blue Rock Road, and Middletown
(see Appendix 3). The only complete exposure of the Sunset Formation oc-
curs at the Brookville Dam locality, where it reaches a total thickness
of 13.5 meters (44 feet). Perhaps this locality should also serve as a
type section for the new formation.

The lower boundary of the Sunset Formation is herein redefined as
the lowermost occurrence of its medium-thick, planar-bedded lithology.
This horizon coincides with the redefined upper Corryville Formation con-
tact (in Indiana only), and elsewhere with the redefined top of the Mt.
Auburn Formation (see preceding discussion). The top of the formation is
redefined as the uppermost occurrence of its characteristic medium-~thick,
planar-bedded limestone and shale. This horizon is marked by the.first
(lowermost) occurrence of the nodular-bedded limestone typical of the over-
lying Oregonia Formation.

The uppermost facies in this sequence is the Oregonia Formation. As
mentioned earlier, this facies was originally defined by its paleontolog-

ic and lithologic characteristics, and the name "Oregonia" has priority.
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Thus, I propose that the nodular-bedded strata which occur stratigraphi-
cally between the Sunset Formation and the overlying Waynesville Forma-
tion represent a valid rock-stratigraphic unit and should be renamed the
Oregonia Formation. This formation is a thin unit (7 meters thick at the
Brookville Dam locality) composed of thin (4 cm), discontinuous, fissile
shales interbedded with thin (4 cm), light gray, argillaceous limestone
nodules and some wavy-to-planar limestone beds. The characteristic thin,
nodular bedding is quite distinctive from the planar—bedded units above
and below (see Figure 61). Furthermore, the shale content is lower than
that of the underlying and overlying formations (44 percent).

The lower contact of the Oregonia Formation coincides with the top of
the Sunset Formation (see preceding discussion). The top of the Oregonia
Formation is abrupt, and is redefined as the uppermost occurrence of its
nodular- and wavy-bedded strata. This horizon is marked by an abrupt
change from thin, nodular limestone to thick, planar beds of shale and
limestone (see Appendix 3, Brookville Dam locality, and Figure 61).

The only complete exposure of the Oregonia Formation occurs at the
Brookville Dam locality. Perhaps this exposure should serve as the rede-
fined type section of the formation. Only two other exposures of the
Oregonia Formation were described in this study: the Aiken High School
locality (Appendix 3) and the Caesar Creek locality (see Figures 61 and
62A). In addition, the formation is exposed just west of the intersection
of the Miami River and I-71, 5 miles southwest of Caesar Creek (Feltom,
1982, pers. comm.). Hence, the Oregonia Formation is laterally persistent

throughout the field area.
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Figure 61A: Field exposure of the Oregonia Formation,
Caesar Creek locality. Jacob's staff marks
the Oregonia-Waynesville contact.

Figure 61B: Profile of the Oregonia Formation, Caesar
Creek locality. Note the characteristic
"rubble" produced upon weathering.
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Figure 61C: Close-up view of the Oregonia
Formation, Caesar Creek locality.
Note the characteristic nodular
bedding.
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In summary, previous workers have revised the stratigraphy of the
middle third of the Cincinnatian Series without regard to the rules of
priority established by the American Commission on Stratigraphic Nomen-
clature (1961), and without regard to the facies concept. Accordingly,
four valid rock-stratigraphic units are herein proposed for future stra-
tigraphic work on the Cincinnatian Series: the Corryville Formation, the
Mt. Auburn Formation, the Sunset Formation, and the Oregonia Formatiom.
This stratigraphic revision is believed to be more useful than previous
revisions for the following reasons: (1) The reinstated names have pri-
ority, and are well known. (2) The newly defined units are laterally per-
sistent throughout the field area. (3) These new formations are thinner,
and‘are dgscribed in more detail than the thick, undifferentiated forma-
tions previously used. Hence, lateral trends and intertonguing relation-
ships may now be accurately described. (4) All of the new formations in-
troduced in this study represent contemp;raneous ancient lithotopes, and
therefore are genetically related. Thus, this new classification is more
useful sedimentologically, because it conforms to the facies concept dis-

cussed earlier.

Sedimentology

The lowermost rock facies in this sequence is the Corryville Forma-
tion. This formation is thick (23 meters or 76 feet) and is composed of
interbedded shales (64 percent) and carbonates (36 percent). Bedding is
planar, moderately continuous, and moderately thick (averaging 8 cm).
Shale beds are twice as thick as carbonate beds (10 cm vs. 5 cm). In ad-

dition, Corryville megacycles are thick and abundant (see Figure 43 and
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Tablé 12). Sedimentary structures are also abundant and well preserved,
including symmetric and asymmetric ripples, planar and cross lamination,
tool marks, flute marks, gutter casts, rare ball and pillow structures
(Stonelick Creek locality), and oriented fossils (aligned cephalopods,
brachiopods, and crinoids--see Meyer et al., 198l--and imbricate brachio-
pods).

All eight of the “recurrent carbonate rock types" discussed earlier
can be found in the Corryville Formation, but packstones and siltstones
are most abundant. The percentages of each of these recurrent rock types
follow: packstones (60 percent), wackestones (5 percent), micstones (2
percent), siltstones (13 percent), poorly washed grainstones (5 percent),
coarse grainstones (5 percent), fine grainstones (7 percent), and calci-
siltites (3 percent). The ratio of coarse grainstones to fine grainstones
is low (0.71).

Shales in the Corryville Formation contain more silt than shales in
the overlying units. Three of the four thin-section samples examined are
mudstones. The "average" Corryville shale is a mudstone (QF39 CM;y CDjg)
having a silt/clay ratio of 1.05 (the largest of any formation in the Cin-
cinnatian Series) and a grain size of 28 microns.

The overlying Mt. Auburn Formation is a thin unit (5.1 meters) com-
posed of nodular-bedded limestones (62 percent) and lumpy, fissile shales
(38 percent). Three types of bedding exist: mnodular bedding (73 per-
cent), wavy bedding (8 percent), and planar bedding (19 percent). At the
‘Middletown locality, the planar bedding occurs in.a zone, 0.7 meters thick,
in the middle of the formation. This planar-bedded zone is lithologically

similar to the Sumset Formation, and may represent a lateral extension
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(tongue) of that unit (see Appendix 3). Overall, bedding is very discon-
tinuous and thin (averaging only 4 cm). Limestones average 4 cm in thick-
ness, and shales average 3 cm in thickness. Megacycles are absent in the
Mt. Auburn Formation, and sedimentary structures are limited to planar and
cross lamination, oriented fossils, and load structures.

Six of the eight "recurrent carbonate rock types" are present in the
Mt. Auburn Formation, including packstones (39 percent), wackestones (27 '
percent), poorly washed grainstones (19 percent), coarse grainstones ¢
percent), fine grainstones (5 percent), and calcisiltites (1 percent).

The coarse grainstone to fine grainstone ratio is 0.67. About 35 percent
of the packstones and wackestones are light gray, argillaceous or silty
nodules which, upon microscopic examination, prove to be either (1) fine,
silty or argillaceous grainstones, or (é) fine-grained (< 1 mm), silty or
argillaceous packstones containing very well-sorted bioclast grains having
a high degree of breakage (textural inversions). Most of the carbonate
rocks in the Mt. Auburn Formation are phosphate rich. Phosphate, in the
form of amorphous collophane, occurs as conodonts, as an internal pore
filler (e.g., bryozoan zoecia, gastropod casts), and as a skeletal re-
placement feature (crinoid ossicles). Collophane is most abundant in
limestones of the Mt. Auburn Formation, ranging from 1 to 52 percent of
the rock volume, and averaging 12 percent.

Shales in the Mt. Auburn Formation are thin, fissile, discontinuous,
and usually fossiliferous, impeding sample collection and thin section
processing. Hence, shales were not examined microscopically. However,
Krumpolz (1980, pp. 38-44) described three Mt. Auburn shale samples

petrographically. According to his data (table 5, p. 41), the average
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Mt. Auburn shale is a dolomitic claystone, having a composition of

QF;o CMy4 CDjg. These shales are very fossiliferous (16 percent bio-
clasts) and include a combination of fine-grained fragments (< 40 microns)
and coarse-grained fragments (» 100 microns). The average silt/clay ratio
is 0.14, and grain size averages 30 microns.

The overlying Sunset Formation is a medium-thick unit (13.5 meters
or 44 feet) composed of interbedded limestones (48 percent) and shales
(52 percent). Bedding is planar, moderately continuous, and medium thick
(averaging 7 cm). In addition, shale beds are slightly thicker than lime-
stone beds (8 cm vs. 6 cm). Sunset megacycles are slightly thinner than
those in the Corryville Formation, averaging 1.02 meters in thickness. As
in the Corryville Formation, sedimentary structures are abundant and occur
in a variety of forms.

All eight of the "recurrent carbonate rock types" can be found in
the Sunset Formation, but packstones dominate. The percentages of each of
these recurrent rock types follow: packstones (60 percent); wackestones
(5 percent), micstones (trace), siltstones (8 percent), poorly washed
grainstones (8 percent), coarse grainstones (7 percent), fine grainstones
(6 percent), and calcisiltites (6 percent). The ratio of coarse grain-
stones to fine grainstones is higher than that of the Corryville and Mt.
Auburn formations (1.17).

Shales in the Sunset Formation are less silty than shales in the
Corryville Formation. Aithough both of the shale thin sections examined
are mudstones (QF,; CMsq CDg)» the silt/clay ratio is low, averaging 0.69.
Average grain size is 41 micronms.

The uppermost facies in this sequence, the Oregonia Formation, is a
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thin unit (7.3 meters) composed of nodular- and wavy-bedded limestones

(56 percent) and thin, discontinuous, fissile shales (44 percent). Lime-
stones and shales both average 4 cm in thickness. Overall, bedding is
very discontinuous and thin (4 cm). As in the Mt. Auburn Formation, three
types of bedding are present: mnodular bedding (55 percent), wavy bedding
(35 percent), and planar bedding (10 percent). Megacycles are absent in
the Oregonia Formation, and sedimentary structures are limited to planar
and cross lamination, ripples, and gutter casts.

All eight of the "recurrent carbonate rock types" are present in the
Oregonia Formation, including packstones (36 percent), wackestones (9 per-
cent), micstones (1l percent), siltstones (2 percent), poorly washed grain-
stones (8 percent), coarse grainstones (15 percent), fine grainstones (25
percent), and calcisiltites (4 percent). The coarse grainstone to fine
grainstone ratio is low (0.60). About 30 percent of the packstones and
wackestones in this facies are light gray, argillaceous or silty nodules
similar to those described in the Mt. Auburn Formation. In addition, col-
lophane content is high in Oregonia limestones, ranging from 4 to 28 per-
cent, and averaging 11 percent.

As in the Mt. Auburn Formation, shales are‘thin, fissile, discontin-
uous, and usually fossiliferous, impeding sample collection and thin sec-
tion processing. Thus, onlynéne shale sample was examined in thin section:

a mudstone having a composition of QF3g9 CMgy CDg. The silt/clay ratio is

" nearly the same as that of the underlying Sunset Formation (0.74), and

grain size is 27 microns.
In summary, the upward vertical succession of facies in the Corry-

ville to Oregonia shoaling-upward sequence is reflected most strongly by
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the following trends: (1) a decrease in facies thickness, (2) a decrease
in bedding thickness and lateral continuity, (3) a vertical change from
planar bedding to nodular and wavy bedding, (4) a decrease in shale con-
tent, (5) a decrease in shale bedding thickness, (6) a decrease in the
silt content of shales, (7) a decrease in siltstone content, and (8) an

increase in the percentage of grainstones.

Paleontology

In situ limestones (packstones and wackestones) in the basal Corry-
ville Formation contain a diverse, open-marine faunal assemblage dominated
by bryozoans, brachiopods, trilobites, crinoids, gastropods, and péiecy-
pods. Minor amounts of ostracods and conodonts also appear. These beds
have an average generic diversity of 4.6 and a petrographic diversity of
6.3. Edrioasteroids, although rare in the Corryville Formation, are some-
times very abundant within a given stratum (Meyer et al., 1981).

The most common brachiopod genera in the Corryville Formation are
Rafinesquina (R. ponderosa and R. nasuta), Onniella, and Zygospira. The
first two genera have wide, thin, flat shells. Other, lesé common brach~
iopod genera are Hebertella and Platystrophia (P. laticosta mostly), which
have large, inflated shells with coarse, detailed ornamentation. Bryo-
zoans in the Corryville Formation are small and delicate. The most common
genera (Batostomella gracilis, Dekayia, and Chiloporella) are small branch-
ing forms with smooth surfaces. Another common bryozoan, Hallopora ramosa,
is a branching form having high, sharp monticules or monticules fused into
ridges. Rare examples of Monticulipora, a large mound-shaped bryozoan,

occur near the base of the formation, but are common at some locations in
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the middle of the formation. Other typical Corryville fossils include
the gastropods Cyclora, Loxoplocus bowdeni, and Cyclonema (C. humerosum
and C. simulans), the pelecypod Admbonychia, and the trilobite Flexical-
ymene. In addition, several examples of well-preserved echinoderm-Lager-
statten have been discovered in the Corryville Formation (Meyer et al.,
1981). All body fossils are unabraded and well preserved.

Trace fossils are abundant in the Corryville Formation, and include
the following varieties: Chondrites, color mottling, vertical tubes (pos-
sibly escape structures), Trichophycus, Paleophycus, Diplocraterion, and
gastropod trails. These trace fossils belong primarily to the Cruziana
ichnofacies.

In situ limestones (packstones, some poorly washed grainstones and
coarse grainstones) in the overlying Mt. Auburn Formation also contain a
diverse, open-marine faunal assemblage. Dominant fossils include brachio-
pods, bryozoans, trilobites, pelecypods, crinoids, and gastropods. Secon-
dary amounts of ostracods and conodonts also exist. These beds have a
slightly higher generic diversity (4.8) and petrographic diversity (6.8)
than the underlying Corryville Formation.

The most common brachiopod genera in the Mt. Auburn Formation are
Rafinesquina, Zygospira, and Platystrophia (P. ponderosa var. auburnensis).
Other genera include Hebertella, Onniella, and Leptaena. Platystirophia
and Hebertella are inflated, thick-shelled, highly ornamented brachiopods,
whereas Rafinesquina and Onniella are flat, thin-shelled forms with deli-
cate ornamentation. The most common bryozoan genus is Homotrypa, a larger,
more robust organism than those in the underlying Corryville Formation.

Other typical fossils are the gastropods Cyelora, Cyclonema, and Lophospira.
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Although body fossils in the Mt. Auburn Formation exhibit a variety
of preservational states, abrasion, boring, and encrustation effects are
high. For example, specimens of the brachiopod Platystrophia ponderosa
are occasionally preserved whole and unabraded. However, Krumpolz (1980)
has shown that P. ponderosa is most commonly preserved as disarticulated
valves showing some degree of abrasion (ranging from the simple abrasion
of growth lines to the total abrasion of growth lines and plications).
Furthermore, Meyer et al. (1981, fig. 36) show that highly abraded and
bored shells of P. ponderosa occur within a thin zone near the top of the
Mt. Auburn Formation at the Blue Rock Road locality (see Appendix 3).
Encrustation is another common feature of Mt. Auburn fossils. Analysis
of epizoans on P. ponderosa reveal frequent bryozoan encrustation over-
lapping the commissure of articulated specimens (Krumpolz, 1980).

Trace fossils are abundant in the Mt. Auburn Formation. The follow-
ing varieties are known to exist: Chondrites, Trichophycus, Paleophycus,
vertical tubes, color mottling, and possible hardgrounds (the tops of a
few limestones beds exhibit a red-to-black stain, in addition to some pos-
sible biogenic borings; see Rassman, 1981, for a discussion of probable
Cincinnatian hardgrounds). In addition, Krumpolz (1980, p. 20) has de-
scribed a wackestone horizon near the base of the Mt. Auburn Formation
from which symmetrical, cone-shaped structures (oriented apex-down) pro-
trude into the underlying shale (see'Figure 63). Krumpolz noted that
these unknown structures extend from 2-8 cm below the bed and are composed
of jumbled fossil fragments. Krumpolz concluded that these structures
"_ . . represent the filling of some sort of excavation of an organism."

T have located and examined these structures at the Blue Rock Road and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



214

Figure 63: Conical trace fossils in the Mt. Auburn Formation
(sample taken from the Blue Rock Road locality).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



215

Middletown localities, and have also noted that in about 30 percent of

the cases, two closely spaced, downward pointing cones are present. Usu-
ally, one of the cones is about twice as large as the other. I agree with
Krumpolz' conclusion that these structures are biogenic in origin. These
structures may in fact represent the resting traces or dwelling traces of
sea anemones. The abundance of double cones may represent clustering or
perhaps the close association of a juvenile (small cone) and an adult
(large ceone). Frey (1970) described recent anemone burrows (Paranthus
rapiformis) in shallow water off the coast of North Carolina (slightly
above the low tide mark). These burrows are similar to those found in the
Mt. Auburn Formation. They have a conical shape (7-8 cm long), and have
either a blunt or tapered end. Ancient examples of conical structures
produced by anemones are Bergaueria perata (Moore, 1962, pp. 186-187;
Ordovician) and Kulindrichnus langi (Hallam, 19603 Jurassic).

In situ limestones in the overlying Sunset Formation also contain a
diverse, open-marine assemblage of fossils dominated by brachiopods, bryo-
zoans, trilobites, crinoids, gastropods, and pelecypods. Secondary amounts
of ostracods, conodonts, and graptolites are also present. These beds have
an average generic diversity of 5.3 and a petrographic diversity of 6.5.

The most common brachiopod genera in the Sunset Formation are Zygo-

' spira and Rafinesquina. A dramatic change in the shell morphology of

Rafinesquina occurs within this unit. Limestones in the bottom half of

the Sunset Formation contain flat specimens of Rafinesquina, whereas
limestones in the upper half of the formation contain "concavo-convex”
(slightly curved) and "geniculate" (highly curved) specimens. ([Note: Ac-

cording to Alexander (1975), the curvature of Rafinesquina is a morphologic
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adaptation to high sedimentation rates. However, Alexander also demon-
strated with flume experiments that the “concavo-convex" and "geniculate"
geometries are hydraulically more stable than the "flat" geometry. Hence,
they may also represent an adaptaion to turbulent-water environments. ]
Less common brachiopod genera in the Sunset Formation include Strophomena,
Onniella, Leptaena, and Trematis. Rare examples of Platystrophia cypha
occur near the top of the formation. The dominant bryozoan genus in the
Sunset Formation is Homotrypa, a larger, more robust form than those in
the Corryville Formation. Other typical Sunset fossils include the trilo-
bite Flexicalymene, and the gastropods Cyelora and Cyclonema (C. bilix
lata). ﬁody fossils in the Sunset Formation are generally well preserved.

Trace fossils are very common in the Sunset Formation, and include
the following varieties: Rhizocorallium, Diplocraterion, vertical tubes,
color mottling, Trichophycus, Chondrites, and horizontal gastropod trails.
These trace fossils represent a mixed Skolithos/Cruziana ichnofacies.

In situ limestones in the uppermost facies, the Oregonia Formation
also contain a diverse, open-marine assemblage of fossils dominated by
brachiopods, trilobites, gastropods, pelecypods, bryozoans, crinoids, and
ostracods. Gastropods, pelecypods, and ostracods are more abundant in
this formation than in the underlying units. Minor amounts of scolecodonts
and conodonts are also present. These beds have the highest average gener-
jc diversity (6.1) and petrographic diversity (6.7) in the entire shoaling-
upward sequence.

.The most common brachiopod genmera include Zygospira, Rafinesquina,
Leptaena, and Retrorsirostra carleyi. The last two genera have coarse,

well-defined ornamentation, and R. carleyt is inflated. Furthermore,
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Rafinesquina specimens exhibit the "geniculate" geometry previously dis-
cussed. Occasional specimens of Onniella are also present. Other typical
Oregonia fossils include the trilobites Flexicalymene and Isotellus, the
gastropod Cyclora, and the pelecypods Ambonychia and Modiolopsis. Bryo-
zoan encrustation, boring, and shell abrasion is commonplace in the Ore-
gonia Formation.

Trace fossils in the Oregonia Formation include Diplocraterion, un-
known vertical and inclined tubes, rare unnamed conical structures (simi-
lar to those in the Mt. Auburn Formation), Chondrites, Paleophycus, and
Trichophycus. Again, this assemblage represents a mixed Skolithos/Cruziana
ichnofacies.

In summary, both the body fossils and trace fossils characteristic of
the Corryville to Oregonia shoaling-upward sequence are very abundant and
highly diverse. However, the upward vertical succession of rock facies is
accompanied by several faunal changes, including (1) an increase in faunal
diversity; (2) an increase in the amount of abrasion, boring, and encrus-
tation of shells; (3) an upward change from a dominantly Cruziana ichno~
facies to a mixed Skolithos/Cruziana ichnofacies; (4) an upward change from
small, thin, delicate fossils to larger, thicker, more robust fossils,

(5) an upward morphological change in the brachiopod genus Rafinesquina
from flat shells to "geniculate" shells, and (6) a slight increase in the
amount of gastropods, pelecypods, and ostracods. These vertical trends

are summarized in Table 15.

Interpretation

Following the deposition and progradation of the underlying Kope to

Bellevue sequence, a major, rapid transgression of the Ordovician sea
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occurred. This event is marked by the sharp unconformable contact between
the Bellevue Limestone (a shallow-water facies) and the overlying Corry-
ville Formation (a deeper water facies). The subsequent renewal of car-
bonate and shale sedimentation at this time resulted in the deposition of
the Corryville to Oregonia sequence. The facies in this sequence are be-
lieved to represent deposition on the inner part of a gently sloping ramp,
primarily in the transition zone to upper shoreface setting.

The Corryville to Oregonia sequence, represents a typical shoaling-
upward shelf cycle containing facies A, B, and C of the "idealized" model
(see Figure 47). Facies A is represented by the Corryville Formation. 1
believe that this facies was deposited in the lower tramsition zone to
upper offshore position for several reasons: (1) The relative abundance
of shale (64 percent), the relatively high silt content and thickness of
shale beds, and the relative abundance of siltstones (13 percent) all in-
dicate low-energy deposition, mostly below wave base. (2) The excellent
preservation of sedimentary structures and trace fossils indicates a low
level of wave erosion. (3) The dominant carbonate rock type in this facies
is a packstone (60 percent), suggesting deposition below wave base in quiet
water. (4) Most of the body fossils in this facies are small and fragile,
suggesting that these organisms lived in a protected, low-energy environ-
ment, mostly below wave base. (5) The lack of abrasion, boring, and mic-
ritization of fossils suggests a deeper shelf setting. (6) Trace fossils
mostly belong to the Cruziana ichnofacies, representative of shallow shelf
environments.

Facies B of this sequence is represented by the Sunset Formation.

I believe that this facies was deposited in shallower water than the
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Corryville Formation, probably in the transition zone to lower shoreface
position. The following vertical trends suggest that Sunset sediments
accumulated in shallower water than Corryville sediments: (1) the relative
decrease in shale content (52 percent) and siltstone content (8 percent);
(2) the lower silt content and bedding thickness of shales; (3) the change
from a dominantly Cruziana trace fossil assemblage to a mixed Skolithos/

Cruziana assemblage; (4) the relative increase in grainstone content (27

fossils; and (6) the morphologic change in the brachiopod Rafinesquina from
flat shells (in the Corryville and lower Sunset formations) to "geniculate"
shells (in the upper Sunset Formation).

Facies C of this sequence is represented by the Mt. Auburn Formation
and the Oregonia Formation. Both formations represent deposition in the
shoreface zone (probably upper shoreface). High-energy shoreface deposi-~
tion is indicated by the following data: (1) The relatively low shale
content in both formations suggests high-energy deposition above wave base
(37 percent in the Mt. Auburn Formation and 44 percent in the Oregonia
Formation). (2) Trace fossils are a mixture of the Skolithos and Cruziana
ichnofacies, suggestive of an inner shelf setting. (3) Both formations
contain conical structures which are possibly the resting or dwelling
traces of sea anemones. As mentioned earlier, modern sea anemones burrow
in the intertidal zone. (4) The higher percentage of grainstones in these
two facies (34 percent in the Mt. Auburn Formation and 52 percent in the
Oregonia Formation) plus the abundance of textural inversions suggest high
wave energy. (5) The presence of nodular bedding in both formations sug-

gests shallow subtidal to intertidal conditions. This type of bedding is
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very similar to the "lenticular bedding with isolated lenses" described by
Reineck and Wunderlich (1968b). Such bedding is believed to originate in
shallow-water environments where the supply of (carbonate) sand is low.

In such cases, thin layers of carbonate sand are reworked by waves and
currents into the form of incomplete or isolated ripples ("starved rip-
ples") on a pre-existing shale substrate. These isolated ripples are sub-
sequently covered by another layer of shale, preserving them as "lenses"
or "nodules." Repetition of this process produced the characteristic nod-
ular bedding of both formations. Furthermore, uneven compaction of sedi-
ments may have contributed to the rounded, ovoid shape of these carbonate
nodules (see McCrossan, 1958). (6) Most of the body fossils in these two
formations are large, robust forms capable of withstanding a high degree
of water turbulence. (7) The abundance of abrasion, boring, and encrusta-
tion of shells indicates a turbulent, shallow-water environment in which
shell material was exposed to varying amounts of reworking, degradationm,
and encrustation for a considerable length of time before final burial.
(8) The abundance of phosphate (collophane) suggests a shallow-water envi-
ronment having low sedimentation rates and abundant bioturbation.

The Mt. Auburn and Oregonia facies probably represent shallow-water
carbonate shoals which were flanked by deeper water, muddy-bottom subti-
dal environments into which shell material was periodically deposited. The
“"Oregonia shoal" was most likely a broad zone shoreward of the Sumset lith-
otope, whereas the "Mt. Auburn shoal" was probably a series discontinuous,
isolated offshore bars seaward of the Sunset lithotope (see Figure 64).

Although the Kope to Bellevue and Corryville to Oregonia sequences

are similar in appearance and were both deposited in similar environmental
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settings, several fundamental differences exist. First, the Corryville
to Oregonia sequence was probably deposited in slightly shallower water
than the Kope to Bellevue sequence. This conclusion is supported by the
following observations: (1) The Corryville to Oregonia sequence is abouf
half as thick as the Kope to Bellevue sequence. (2) It contains less
shale, but more grainstones than the Kope to Bellevue sequence. (3) The
degree of fossil abrasion is higher in the Mt. Auburn and Oregonia forma-
tions than it is in the Bellevue Limestone. (4) Skolithos trace fossils
are more abundant in the Corryville to dregonia sequence. (5) Possible
sea anemone burrows are present in the Corryville to Oregonia sequence,
suggestive of shallow subtidal to intertidal conditions.

The second major difference between these two sequences is that the
process of gravity-induced transportation of fine-grained material down-
slope was apparently not as efficient during Corryville to Oregonia time
as it was during Kope to Bellevue time. The relative abundance of fine-
grained carbonates and shales in facies C of the Corryville to Oregonia
sequence indicates that fine-grained sediments were retained closer to
shore.

Finally, the sea floor may have been steeper during Kope to Bellevue
time than it was during Corryville to Oregonia time. This conclusion is
supported by the following evidence: (1) Fine-grained carbonates are con-
centrated in facies C of the Corryville to Oregonia sequence (i.e., closer
to shore), suggesting that the sea floor was not inclined enough to enable
gravity flows to transport sediment downslope. (2) Convolute lamination
is found only in the Kope to Bellevue sequence. (3) Ball and pillow struc-

tures commonly occur in the upper Kope and Fairview formations along the
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eastern edge of the outcrop belt, but are present at only one locality
(Stonelick Creek) in the Corryville Formation. (4) The lithologic dif-
ferences (i.e., shale content, bedding thickness, rock types, etc.) be-
tween facies A and facies B are much greater in the Kope to Bellevue se-
quence. Because these differences are largely controlled by bathymetry,
the difference in water depth (and hence, slope) was probably much greater
between the Kope and Fairview lithotopes than it was between the Corryville

and Sunset lithotopes.

Regional Comparison

A fairly detailed regional comparison was made for three of the four
formations in this sequence. The lowermost unit, the Corryville Formation,
is exposed in three areas: in Indiana (Brookville Dam), in the Cincinnati
area (Blue Rock Road, Middletown, and Rumpke Landfill localities), and at
the Georgetown, Ohio, loqglity. Four west-to-east lithologic trends were
detected: (1) Shale content decreases toward the east (67 percent at
Brookville, 57 percent in the Cincinnati area, and 45 percent at George-
town). (2) Average shale bedding thickness decreases to the east (17 cm at
Brookville, 7 cm in the Cincinnati area, and 6 cm at Georgetown). (3) Al-
though the percentages of packstones and grainstones are nearly equal in
the Brookville and Cincinnati aréas, grainstones are more abundant (32 per-
cent vs. 11 percent), and packstones are less abundant (38 percent vs. 64
percent) in the Georgetown area. (4) The proportion of inflated, thick-
shelled brachiopods (Hebertella and Platystrophia) to flat, thin-shelled
brachiopods (Onniella and Rafinesquina) increases to the east.

The Sunset Formation is exposed in the Brookville, Indiana, area

(Brookville Dam), and in the Cincinnati area (Aiken High School, Blue Rock

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



225

Road, Middletown, and Rumpke Landfill localities). Five lithologic trends
were observed in this unit: (1) Shale content decreases toward the east
(from 52 percent to 45 percent). (2) Average shale bedding thickness de-
creases to the east (from 7 cm to 6 cm). (3) Grainstones increase toward
the east (38 percent vs. 18 percent) while packstones decrease toward the
east (50 percent vs. 69 percent). (4) The inflated, thick-shelled brachio-
pod Platystrophia is present only in the Cincinnati area. (5) Possible
hardground surfaces are more common in the Cincinnati area.

Finally, the characteristics of the Oregonia Formation in the Brook-
ville, Indiana, area (Brookville Dam) and at the Caesar Creek locality (50
miles to the east) were compared. Four 1ithologic trends were detected:
(1) Shale content decreases toward the east (from 44 percent to 34 per-
cent). (2) Average shale bedding thickness decreases to the east (from
4 cm to 3 cm). (3) Average limestone bedding thickness increases to the
east (from 4 cm to 5 cm). (4) The inflated, thick-shelled brachiopod
Platystrophia is present only at Caesar Creek.

In summary, four common west-to-east lithologic trends were detected
in the Corryville to Oregonia sequence, including (1) a decrease in shale
content, (2) a decrease in average shale bedding thickness, (3) an increase
in the amount of grainstomes, and (4) a change from flat, thin-shelled
brachiopods to inflated, thick-shelled brachiopods. In additionm, hard-
ground surfaces and the Mt. Auburn lithofacies are absent toward the west.
These trends indicate that deposition occurred in slightly shallower, more
turbulent environments in the eastern part of the field area than in the
west, and may reflect a gradual lowering of sea level as lithofacies pro-

graded eastward across the shallow carbonate ramp.
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Waynesville to Saluda Sequence

Stratigraphy

Unconformably overlying the Corryville to Oregonia sequence is a
thicker sequence of strata composed of four rock facies which roughly
correspond to the following traditional biostratigraphic units: "Waynes-
ville," "Liberty," "Whitewater," and "Saluda" (see Figure 4). As men-
tioned earlier, previous lithostratigraphers have ignored these "tradi-
tional" units in favor of thick, undifferentiated formations such as the
Dillsboro Formation (Brown and Lineback, 1966), the Tanner's Creek Forma-
tion (Hatfield, 1968), and the Bull Fork Formation (Peck, 1966).

Because the traditional biostratigraphic divisions of this sequence
have distinctive lithologies which can be correlated laterally and recog-
nized in the original descriptions, they are herein reinstated as valid
rock-stratigraphic units.‘ In this section, the following names are pro-
posed for four lithogenetically related rock facies (from bottom to top):
the Waynesville Formation, the Liberty Formation, the Whitewater Forma-
tion, and the Saluda Formation. The uppermost facies in this sequence,
the Saluda Formation, occurs only in southeastern Indiana. This unit may
be laterally equivalent to the Elkhorn Formation (Cumings, 1908), and/or
the Preachersville Member of the Drakes Formation (Weir, Greenme, and
Simmons, 1965). Each unit will be described uéing modern terminology and
redefined in accordance with the rules of the Code of Stratigraphic Nomen-
clature.

The lowermost facies in this sequence is the Waynesville Formation.

The "Waynesville or Bythopora meeki Beds" were named after the town of
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Waynesville, Ohio,vby Nickles (1903). Nickles' original description
(pp. 205-206) follows:

They contain some good limestone layers, two to five inches

thick, suitable for ordinary building purposes, and a large

amount of clay and clay shale . . . . The thickness of this

division is about fifty feet. The clay is often of an intense

blue, or greenish blue color. The limestones are rather of a

dove color than blue, though there is considerable variation

in the matter of color.

Nickles has adequately described a 50-foot-thick, shale-rich facies
composed of interbedded dove-gray limestones and greenish-blue shales.
Although this description is incomplete by modern standards, Nickles'
"Waynesville Beds" can be easily distinguished from the underlying nodu-
lar-bedded Oregonia Formation, and hence, should be considered as a valid
rock-stratigraphic unit. Lee (1974) was the first to recognize that this
interval has its own lithologic identity, and proposed that the Waynesville
facies be considered a member of the Bull Fork Formation. Similarly, Hay
et al. (1981) have proposed that the term "Waynesville Shale Member" (of
the "Brookville Formation") be accepted for usage as a lithostratigraphic
mapping unit. However, I disagree with both proposals for two reasons:
(1) The Waynesville facies meets all the requirements of the Code of Strat-
igraphic Nomenclature for formational status (i.e., distinctive lithologic
characteristics, internal lithologic homogeneity, mappability, usefulness
in interpretation). (2) The "Brookville Formation" and the "Bull Fork
Formation" are thick, undifferentiated units composed of at least six dif-
ferent rock facies. Because they lack the "degree of internal lithologic
homogeneity" required by the Code (Article 6a), they should not be consid-

ered as valid formations.

Accordingly, the Waynesville Formation is herein proposed as a new
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lithostratigraphic unit. The Waynesville Formation is a thick-bedded,
shale-rich facies (67 percent) composed of thin (5 cm), widely spaced,
planar-bedded limestones and thick (11 cm), flaggy shale interbeds. The
dominant limestones are mud rich (packstones and wackestones) and contain
a thin-shelled, open-marine fauna. Shale beds are dominantly composed of
dolomitic mudstone. The Waynesville Formation is the thickest unit in
this sequence, reaching a maximum of 36 meters (118 feet) in the Brook-
ville, Indiana, area. Figure 65 is a typical outcrop exposure of the
Waynesville Formation.

The upper and lower contacts of the Waynesville Formation were not
defined by Nickles. Thus, in accordance with modern stratigraphic proce-
dures, the lower contact of the Waynesville Formation is herein definéd aé
the lowermost extent of its characteristic shale-rich, planar—bgdded stra-
ta. This contact is marked by the abrupt vertical transition from the
nodular bedding of the underlying Oregonia Formation to the planar bedding
of the Waynesville Formation (see Appendix 3, Brookville Dam). This con-
tact is quite noticeable on weafhered outcrops because the abrupt increase
in shale content produces a distinct break in slope. Similarly, the upper
contact of the Waynesville Formation is defined as the uppermost extent of
its shale-rich, planar-bedded strata. This contact is marked by the first
(lowermost) appearance of the shale-poor, planar-bedded strata of the over-
lying Liberty Formation.

Nickles (1903) did not define a specific type section for the Waynes-
ville Formation. However, he did refer to Waynesville, Ohio, as a repre-
sentative area. The only complete exposure of the Waynesville Formation at

the present time is the Brookville Dam locality (see Appéndix 3). Perhaps
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this outcrop should serve as a new type section for future study. Addi-
tional reference sections may be found at the Caesar Creek locality (see
Figure 62) and on roadcuts along Ohio Rt. 42, north of Waynesville, Ohio.

The Waynesville Formation is overlain by a thinner sequence of strata
herein referred to as the Liberty Formation. Nickles (1903, p. 207) origi-
nally described the "Liberty or Strophomena planumbona Beds" from exposures
near Liberty, Indiana:

The strata of this subdivision consist of even-bedded limestones

averaging three inches in thickness, prevailingly blue in colox,

with clayey and shaley layers intervening, which are also usually

blue in color . . . . The thickness of this subdivision is about

thirty-five feet.

Again, such a lithologic description is poor by modern standards, but
is adequate for distinguishing this facies from those above and below.
Nickles has described a 35-foot-thick sequence of interbedded limestone
and shale in which limestones, averaging three inches in thickness (7.6
cm), predominate. Although most lithostratigraphers in the past have ig-
nored this lithofacies, Hay et al. (1981) have recognized that it has a
characteristic lithology, and have proposed that the Liberty facies be
designated as a member of the "Brookville Formation." However, the same
argument for raising the Waynesville facies to formational status also
applies to the Liberty facies.

Therefore, the Liberty Formation is herein proposed as a new rock-
stratigraphic unit which occurs in Ohio and Indiana. The Liberty Fbrmation
is a medium- to thick-bedded facies composed of closely spaced, planar-
bedded limestones (55 percent) and shales (45 percent). Limestone beds

are thicker than those in the Waynesville Formation (8 cm) and shales

are thinner (8 cm). The most abundant limestone types are packstones and
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grainstones, containing an open-marine fossil assemblage. Shale beds are
dominantly composed of dolomitic mudstone. The Liberty Formation is thin-
ner than the Waynesville Formation, reaching a total thickness of 19 meters
(62 feet) in the Brookville, Indiana, area. Figure 66 is a typical outcrop
exposure of the Liberty Formation.

Because the boundaries of the Liberty Formation were not described
by Nickles (1903), they are herein defined as the uppermost and lowermost
extent of the planar-bedded, mixed carbonate and shale strata character-
istic of the Liberty facies. The lower contact coincides with the newly
defined upper Waynesville contact and is easily distinguished by the first
appearance of thick, closely spaced limestone beds (see Appendix 3) Imn
profile, it appears as a distinct break in slope (see Figure 65). The
upper contact of the Liberty Formation isbmarked by the first appearance
of the thin, wavy-bedded strata of the overlying Whitewater Formation. 1In
the Brookville, Indiana, region, the Liberty Formation is directly overlain
by thick-bedded, poorly fossiliferous, dolomitic wackestones of the Saluda
Formation. In such cases, the upper contact of the Liberty Formation is
instead marked by the first appearance of Saluda rocks.

Nickles (1903) did not define a specific type section for the Liberty
Formation. However, he did refer to the following exposures as represen-
tative sections: Silver Creek in Liberty, Indiana; the Whitewater River
south of Richmond, Indiana; the Dayton, Ohio area; and Cowan's Creek in
Clinton County, Ohio. At the present time, the best exposures of tﬁe Lib-
erty Formation may be found at the Brookville Dam, Brookville North, and
Caesar Creek localities (see Appendix 3 and Figure 62). Although no com-

plete, uninterrupted exposure of the Liberty Formation is known to exist,
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Figure 65: Field exposure of the Waynesville Formation,
Brookville Dam locality. The Waynesville-
Liberty contact occurs at the break in slope
near the top of the hill (photo courtesy of
Paul E. Potter).

Figure 66: Field exposure of the Liberty Formation,
Brookville North locality. Note the char-
acteristic thick, planar limestone beds.
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the Brookville Dam and Brookville North localities together expose the
entire formation. Perhaps these two outcrops should serve as a composite
type section for this new formation.

The Liberty Formation is overlain by the third lithofacies in this
sequence, the Whitewater Formation. The "Whitewater or Homotrypa worth-
eni Beds" were originally described from exposures along the banks of the
Whitewater River in Richmond, Indiana, by Nickles (1903, p. 208):

In this division the strata usually present a roughish, concre-

tionary, nodular appearance, both the limestone and the shale.

The color is usually brownish or yellowish, though at some lo-

calities bluish. The limestone layers, often more or less im-

pure, are seldom over two inches thick and generally less. The

thickness of this division is from forty~five to fifty feet.

Again, Nickles has adequately described a 50-foot-thick sequence of
thin (< 5 cm), irregularly bedded (nodular-to-wavy), argillaceéus lime-
stones and shales. Nickles' description can easily be used to identify
the Whitewater Formation in outcrop. Accordingly, Brown and Lineback
(1966) , Hatfield (1968), and Hay et al. (1981) have reinstated the name
"Whitewater Formation" in a rock-stratigrapliic sense, although there
appears to be little agreement about the upper and lower contacts of the
unit. I have observed that the Whitewater Formation directly overlies
rocks of the Liberty Formation at the Madison, Indiana, and Caesar Creek
localities as well as rocks of part of the Saluda Formation (at the Brook-
ville North locality). This intertonguing relaticnship has been previously
described by Caster, Dalvé: and Pope (1961) and Fox (1962). 1In order to
avoid confusion over the exact nature of the upper and lower boundaries

of this formation, I propose that they be redefined as the uppermost and

lowermost extent of the thin, limestone-rich, wavy-bedded strata typical
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of the Whitewater Formation, regardless of contiguous formations. Good
exposures of the Whitewater Formation may be observed at the Richmond
and Madison localities in Indiana (see Figure 1), at the Caesar Creek
locality in Ohio (see Figure 62), and at the Cowan Lake Spillway section
of Lee (1974).

The Whitewater Formation is the thinnest facies in this sequence,
reaching a maximum of 11 meters (36 feet) in Indiama. It is composed of
thin (4 cm), discontinuous, wavy-bedded limestones (86 percent) and thin
(2 cm), fissile shales (14 percent). Grainstone is the dominant carbonate
rock type (83 percent). Shales are thin, fissile, and silt poor. Figure
67 is a typical outcrop exposure of the Whitewater Formation.

The uppermost unit in this sequence is represented by three different
lithofacies: the Saluda Formation (Indiana), the Elkhorn Formation (be-
tween Richmond, Indiana, and Cincinnati), and the Preachersville Member of
the Drakes Formation (alohg the eastern edge of the outcrop belt in Ohio).
The Saluda Formation or "Upper Richmond Bed" was originally described by
Foerste (1903, pp. 342-343) in a lithologic sense:

The separation of the Upper Richmond from the Middle Richmond

must usually be effected by lithological means. The Middle

Richmond consists of a series of richly fossiliferous lime-

stones interbedded with richly fossiliferous clays. The Upper

Richmond consists of much less fossiliferous material, varying

geographically from soft clay to clay rock and to massive beds

of argillaceous limestone, fairly homogenous throughout the

greater part of the vertical section.

Foerste (1903, pp. 343-347) goes on to describe three divisions of
the Saluda Formation (from bottom to top): (1) a lower division consist-

ing of soft, clayey and shaley rocks containing two conspicuous coral

layers (Favistella stellata and Tetradium minus); (2) a middle division
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Figure 67A: Field exposure of the Whitewater Formation,
Caesar Creek locality.

Figure 67B: Close-up view of the Whitewater Formation,
Richmond locality. Note the characteristic
thin, wavy bedding.
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consisting of massive, unfossiliferous, "banded" limestone that is highly
resistant to erosion--rocks in this division contain fipple marks and
"suncracks"; (3) an upper division consisting of 'rubbly," mottled, fine-
grained limestone and fossiliferous clay. Rocks in this division contain
the characteristic fossils Lophospira hammelli and Cyrtocerina madisonen-
sis. This upper division was referred to as the "Hitz Bed," after Hitz
hill in WestFMadison, Tndiana. These three divisions were also recognized
by Cumings (1922), but were not given proper names (with the exception of
the Hitz Bed). More recent stratigraphic analyses of the Saluda Formation
include Fox (1962), Brown and Lineback (1966), Hatfield (1968) , Gray
(1972), Oldroyd (1978), and Hay et al. (1981). In addition, Kepferle
(1976) mapped the Hitz lithology in the Fishersville, Kentucky, area, 40
miles south of Madison, Indiana. Although Foerste's subdivisions have
been recognized in some of these studies, they have never been described
in a modern sedimentological sense, nor have they been assigned to member
status. Furthermore, there is little agreement on the exact nature of
upper and lower boundaries.

I believe that the Saluda Formation should be redefined according
to modern stratigraphic procedures and described sedimentologically in
its original type area (Madison, Indiana). I recognize that Foerste's
subdivisions are lithologically distinctive and are genetically related.
Thus, I propose that the Salud; Formation be redefined as a unit contain-
ing primarily dolomites and other dolomitic rocks, and having three mem-
bers which are roughly equivalent to Foerste's subdivisions (see Figures
68 and 69): (1) The Lower Saluda Member is a medium- to thick-bedded,

shale-bearing facies composed of thick (12 cm), planar-bedded limestones
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Figure 68A: Field exposure of the Saluda Formation (Lower
Member), Madison locality. Note the Tetradium
horizon in the middle of the photograph.

Figure 68B: Close-up view of the Saluda Formation (Lower
Member), Madison locality.
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Figure 68C: Field exposure of the Saluda Formation (Middle
Member), Madison locality. Note the character-
istic "banded" appearance.
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and thin (4 cm) shale interbeds. Shale content decreases upward from

about 80 percent in the lower three meters to about 10 pefcent near the
top. Limestones are primarily dolomitic wackestones and micstones con-
taining a restricted-marine fossil assemblage dominated by gastropods and
ostracods. This facies contains two massive coral horizons (Tetradium and
Favistella) which occur at the Madison and Brookville North localities.

The Lower Saluda Member is thickest at its type section (10.1 meters or

33 feet), and thins to 4.3 meters (14 feet) at the Brookville North local-
ity. The boundaries of this member are defined as the uppermost or lower-
most extent of the interbedded shales and dolomitic wackestones or mic-
stones characteristic of this unit. At the type section, the lower contact
is marked by the vertical transition from ﬁhe thin, wavy-bedded, shale-
poor strata of the underlying Whitewéter Formation to the thicker, shale-
bearing, dolomitic rocks of the Saluda Formation. At the Brookville North
locality, the Lower Saluda Member directly overlies similarly interbedded
limestones and shales of the Liberty Formation. Here, the contact is more
gradational and is represented by a vertical change from very fossiliferous
grainstones and poorly washed grainstones to poorly fossiliferous, silty

or argillaceous wackestones and micstones (see Appendix 3). The upper
contact is marked by a vertical transition to massive, laminated, dolomitic
rocks of the overlying member. However, at the Brookville North locality
this member is overlain by Whitewater strata. (2) The Middle Saluda Mem-
ber is a medium—-thick (13.0 meters or 43 feet), massively bedded unit con-
taining unfossiliferous, silty-to-sandy, sucrosic dolomites and dolomitic
limestones in poorly defined beds. Planar lamination, cross lamination,

ripples, mudcracks, rip-up clasts and omission surfaces are characteristic.
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This member is highly resistant to erosion and stands out in relief on
weathered outcrops. Shale is absent in this member. Occasional layers
of pelletal glauconite and calcite spar-filled vugs are present. The
boundaries of this member are defined as the uppermost and lowermost ex-
tent of its characteristic lithology. (3) The Upper Saluda Member is a
thin unit (3.3 meters or 11 feet) composed of very light gray, poorly
fossiliferous, color mottled, sucrosic dolomites that occur in very thin
(< 2 cm), irregular bedding planes. These dolomites contain abundant,
elongate pyrite lumps (1-3 cm in length) that are oriented vertically and
horizontally. This facies is unlaminated and contains no sedimentary
structures. In addition, the dolomites are soft and non-resistant to
weathering. The boundaries of this member are defined as the uppermost
and lowermost extent of its characteristic lithology. The lower contact
is marked by the vertical transition from massive, resistant, sandy dolo-
mites of the Middle Saluda Member to the soft, thin-bedded dolomites of
the upper member. Similarly, the upper contact is very sharp, and is
marked by the first occurrence of the massive dolomites of the overlying
Brassfield Formation (Silurian).

The uppermost strata of the Cincinnatian Series have also been as-
signed to the Elkhorn Formation. This formation was poorly described by
Cumings (1908) from outcrops along Elkhorn Creek southeast of Richmond,
Indiana. Cumings later described the formation in more detail (1922,

p. 438):

. . . at the top is a bed of soft clay-shale four feet thick,

underlain by six feet of hard brownish limestone layers abound-

ing in the brachiopods Platystrophia moritura and Hebertella

sinuata. Below this come twenty-five feet of blocky, arenaceous
limestone, underlain in turn by fifteen feet of very soft, blue,
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barren shale. Beneath this occur the lumpy Whitewater lime-

stones abounding in Rhynchotrema dentata.

Caster, Dalve, and Pope (1961) have reported the Elkhorn Formation
in Ohio as far east as Manchester, where the unit contains a characteris-
tic "red facies." Hay et al. (1981) have described this unit from the
Elkhorn Creek locality and have designated it as a member of the White-

water Formation. However, I examined the type section of the Elkhorn For-

e

mation (Elkhorn Creek) in the Fall of 1981 and found it to be covered by
a thick layer of soil and vegetation. Although a few in situ limestone
beds, which contain the brachiopod Platystrophia moritura,.are still pro-
jecting from the creek bank, the outcrop is virtually unmeasuraﬁle ip its
present state. Recause the "Elkhorn Formation" is no longer exposed in
outcrop, I recommend that its use as a rock-stratigraphic unit be discon-
tinued until further exposures become available for study. Perhaps core
descriptions may be used to define this facies in the future.

In contrast, the uppermost facies of the Cincinnatian Series is well
exposed along the eastern edge of the outcrop belt in Adams County, Ohio.
A series of outcrops along Route 41, north of West Union, expose a shale-
rich interval of strata at least 12.7 meters (42 feet) thick that directly
underlie the Silurian Brassfield Formation (see Figure 70). This interval
has been assigned to the Preachersville Member of the Drakes Formation by
Lee (1974). The Preachersville Member was originally described by Weir,
Greene, and Simmons (1965) for strata outcropping in south-central Ken-
tucky (30 miles south of Lexington) as follows (p. D18):

. . . contains 10 to 20 percent argillaceous, fine-grained

dolomite or dolomitic limestone in resistant beds, a few

inches to a few feet thick; commonly, the thicker beds are
near the base of the-member.
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The authors believed that this unit was probably correlative with the
Liberty and Whitewater formations undivided, although they did not attempt
to trace the unit northward into Ohio. Peck (1966, p. 22) believed that
the rocks outcropping in the Maysville, Kentucky, area (18 miles south-
east of the West Union outcrops) were a "northern extension of the upper
part of the Preachersville Member in the type area." Finally, Lee (1974)
extended this nomenclature to the West Union area.

I described three outcrops of this interval just north of West Unionm,
along Rt. 41 (see Figure 70). At this locality, the Preachersville Member
is a shale-rich facies (87 percent) containing a few thin, widely spaced
carbonate beds. These carbonates are primarily represented by unfossili-
ferous, dolomitic micstones, and some non-dolomitic limestones which con-
tain an open-marine fauna. Furthermore, a thin layer (0.92 m thick) occurs
near the top of the unit, which consists of dark red shales, siltstones,
and limestones. ‘

Because I have not described this unit in its type area, I can only
follow the advice of Lee (1974) that the strata near West Union is a
northern extension of the Preachersville Member, even though the two lith-
ologic descriptions are somewhat different. However, the use of the term
"Preachersville Member" in Ohio should be questioned for three reasons:
(1) The lithologic descriptions of both field areas, although similar,
are not identical. (2) The Drakes Formation is a thick, undifferentiated
unit which may consist of numerous rock facies. Thus, it may no longer be
advisable to use the term "Drakes Formation" as a valid rock-stratigraphic
unit. (3) The shale-rich strata exposed in the West Union area may indeed

prove to be equivalent to the "“Elkhorn Formation." Caster, Dalve, and
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Pope (1961) referred to outcrops near Manchester, Ohio, (just south of the
West Union area) aé good exposures of the Elkhorn Formation, and noted the
presence of a "red facies" in this area.

In summary, the following lithostratigraphic names are proposed for
use in Ohio, Indiana, and northern Kentucky: the Waynesville Formation,
the Liberty Formation, the Whitewater Formation, and the Saluda Formation.
Furthermore, the Saluda Formation is divided into Lower, Middle, and Upper
members. These formations are well known to stratigraphers, are laterally
persistent throughout the field area, and represent contemporaneous ancient
lithotopes. Hence, they are highly useful for interprétive purposes as
well as for mapping. However, the existing stratigraphic nomenclature for
the uppermost facies in this sequence (Saluda Formation, Elkhorn Formation,
and Preachersville Member) is confusing. All three units roughly occupy
the same stratigraphic position and have similar paleoenvironmental inter-
pretations. Hence, all ﬁhree may represent lateral variations of the same
lithosome, or they may represent different lithosomes. Hopefully, future
workers will be able to address these two possibilities by studying the
stratigraphic relationships of all three units, perhaps by using a combin-

ation of outcrop and subsurface data.

Sedimentology

The lowermost rock facies in this sequence is the Waynesville Forma-
tion. This formation is thick (36 meters or 118 feet), and is composed
of interbedded shales (67 percent) and carbonates (33 percent). Bedding
is planar, moderately continuous, and moderately thick (averaging 9 cm).

Shale beds are more than twice as thick as carbonate beds (11 cm vs. 5 cm).
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In addition, Waynesville megacycles are thick (averaging l.18 meters)

and abundant (see Figure 43 and Table 12)., Furthermore, megacycles thin
upward stratigraphically, averaging 1.54 meters in thickness in the lower
half of the formation and 0.95 meters in the upper half. In addition,
sedimentary structures are abundant and well preserved, including sym-
metric and asymmetric ripples, planar lamination, cross lamination, tool
mafks, flute marks, gutter casts, shale clasts, and imbricate brachiopods.

A1l eight of the "recurrent carbonate rock types" discussed earlier
can be found in the Waynesville Formation, but packstones are most abun-
dant. The percentages of each of these recurrent rock types follow:
packstones (73 percent), wackestones (6 percent), micstones (1 percent),
siltstones (6 percent), poorly washed grainstones (3 percemt), coarse
grainstones (5 percent), fine grainstones (6 percent), and calcisiltites
(trace). The ratio of coarse grainstones to fine grainstones is low
(0.83).

Shales in the Waynesville Formétion contain a moderate amount of
silt. Four of the seven thin-section samples examined are mudstones. The
"average" Waynesville shale is a dolomitic claystome (QF3; CMgg CD;;) hav-
ing a silt/clay ratio of 0.61 and a grain size of 20 microns.

The overlying Liberty Formation is a medium-thick unit (19 meters or
62 feet) composed of interbedded limestones (55 percent) and shales (45
percent). Bedding is planar, moderately continuous, and medium thick
(averaging 8 cm). 1In addition, shale beds are slightly thicker than lime~
stone beds (9 cm vs. 7 cm). Liberty megacycles are thinmer than those in
the Waynesville Formation (averaging 0.85 meters), but also thin upward

stratigraphically. Megacycles in the lower half of the formation average

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



249

0.99 meters in thickness and those in the upper half average 0.42 meters
in thickness. As in the Waynesville Formation, sedimentary structures are
abundant and occur in a variety of forﬁé..

All eight of the "'recurrent carbonate rock types" can be found in the
Liberfy Formation, but packstones and grainstones dominate. The percent-
ages of each of these rock types follow: packstones (44 percent), wacke-
stones (3 percent), micstones (2 percent), siltstones (8 percent), poorly
washed grainstones (7 percent), coarse grainstones (14 percent), fine
grainstones (18 percent), and calcisiltites (4 percent). Again, the ratio
of coarse grainstones to fine grainstones is.low (0.77). Shales in the
Liberty Formation are silt rich. The average Liberty shale is a dolomitic
mudstone (QF35 M35 CD30) having a silt/clay ratio of 1.02 and a grain
size of 22 microns. '

The overlying Whitewater Formation is a thin unit (11 meters or 36
feet) composed of wavy—bédded limestones (86 percent) and thin, discontin-
uous, fissile shalqs (14 percent). Limestones average 4 cm in thickness,
and shales average 2 cm in thickness. Overall, bedding is very discontin-
uous and thin (3 cm). Three types of bedding are present: wavy bedding
(82 percent), nodular bgdding (3 percent), and planar bedding (15 percent).
Megacycles are absent in the Whitewater Formation, and sedimentary struc-
tures are limited to planar lamination, cross lamination, ripples, and
shingled brachiopods.

Four of the eight “recurrent carbonate rock types" are present in the
Whitewater Formation, but grainstones dominate (83 percent). Carbonate
rock typeé include packstones (17 percent), poorly washed grainstones

(22 percent), coarse grainstones (39 percent), and fine grainstones (22
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percent). The coarse grainstone to fine grainstone ratio is high (1.80).

As in other examples of facies C of the "ideal" shoaling-upward shelf
cycle (the Bellevue, Mt. Auburn, and Oregonia formations), shales in the
Whitewater Formation are thin, fissile, discontinuous, and sometimes fos-
siliferous, impeding sample collection and thin-section processing. Thus,
only one shale sample was examined in thin-section, a claystone having a
composition of QFy5 CMg, CD;. The silt/clay ratio of this claystone is
the lowest in the Cincinmatian Series (0.17) and grain size is the lowest
(16 microns).

The uppermost facies in this sequence is the Saluda Formation. As
mentioned earlier, this formation is composed of three lithologically dis-
tinct members at the type section (Madison, Indiana). The Lower Saluda
Member is a thin unit (10.1 meters or 33 feét) which directly overlies the
Whitewater Formation (at the Madison locality) or the Liberty Formation
(ét the Brookville North iocality). This member is a medium- to thick-
bedded (10 cm), shale-bearing facies composed of thick (12 cm), planar-
to wavy-bedded limestones and thin (4 cm) shale interbeds (see Figure 68).
Shaie content is 27 percent, but decreases upward from 80 percent (in the
lower 3 meters of the member) to 10 percent (in the upper 7.1 meters).
Shales are slabby, silt poor, dolomitic, and are heavily burrowed. Color
mottling, horizontal tubes, and vertical tubes are abundant (see Figure
71). The basal 3 meters of this unit contain very thin (3 cm) grainstone
beds (fine grainstones and grainstones having a bimodal grain size) in
addition to lesser amounts of dolomitic packstones and wackestones (see
Figure 71). Imbricate brachiopods are common. The upper 7.1 meters of

the Lower Saluda Member also contain some fine grainstones (3 percent),
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Figure 71A: Bioturbated shales in the Saluda Formation
(Lower Member), Madison locality.
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Figure 71B: Dolomitic shales in the Saluda Formation
(Lower Member), Madison locality. Note
the presence of a thin storm layer (coarse
grainstone) in the middle of the picture.
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but the dominant rock types are dolomitic wackestones (76 percent), pack-
stones (14 percent), énd micstones (7 percent). Sedimentary structures in
the Lower Saluda Member are sparse, but include planar lamination, imbri-
cate brachiopods, and symmetric ripples. Megacycles are absent. As men-
tioned earlier, two massive coral horizons occur within this facies (see
Figure 69).

The Middle Saluda Member is a medium-thick (13.0 meters or 43 feet),
massively bedded unit that stands out in relief on weathered outcrops (see
Figure 68). “This member consists of unfossiliferous, silty-to-sandy su-
crosic dolomites (69 percent), dolomitic micstones (23 percent), and non-
dolomitic fine grainstones (8 percent). Planar and cross lamination is
very abundant, giving the unit a characteristic "banded" appearance. Other
common sedimentary structures include ripples, mudcracks, flat-pebble rip-
up clasts, birdseye structures, and omission surfaces (see Figure 72).
Occasional layers of pellétal glauconite and calcite spar-filled vugs are
also present. Shale. is absent in this member.

The Upper Saluda Member is a thin unit (3.3 meters or 11 feet) com~
posed of soft, light gray, irregularly bedded dolomites which are highly
susceptible to weathering (see Figure 68). Bedding is thin (< 2 cm),
wavy, very discontinuous, and poorly defined. The characteristic rock
type in this member is a sucrosic dolomite, consisting of 94 percent fer-
roan dolomite, 4 percent fine-grained fossil fragments (brachiopods and
crinoids), 2 percent quartz silt, and trace amounts of pyrite. These
dolomites are heavily burrowed with distinct vertical and horizontal tubes
as well as color mottling. Shales and sedimentary structures are absent

in this member. However, this facies contains abundant, elongate pyrite
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Figure 72A: Bedding characteristics of the Middle Saluda
Member, Madison locality. Note the presence

of planar lamination, ripple marks, and omis-
sion surfaces.

Figure 72B: Planar laminated dolomite in the Middle Saluda
Member, Madison locality. Note the presence
of omission surfaces (truncated burrows) in
each light-colored lamination.
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"lumps" (1-3 cm in length) that commonly have one bulbous end. These
structures are oriented vertically and horizontally, and may represent
burrows of unknown origin or perhaps dessication structures.

Along the eastern edge of the Ordovician outcrop belt in Ohio, the
uppermost facies of the Cincinnatian Series is represented by shale-rich
strata which have previously been assigned to the Preachersville Member
of the Drakes Fbrmatioﬁ. This facies is at least 12.7 meters (42 feet)
thick in the West Union area, and consists of interbedded shales (87 per-
cent) and carbonates (13 percent). Bedding is planar, discontinuous, and
thick (averaging 12 cm). Shale beds are nearly three times as thick as
carbonate beds (13 cm vs. 5 cm). Megacycles are absent and sedimentary
structures are limited to ripples, cross lamination, gutter casts, and
imbricate brachiopods. Figure 70 is a representation of the West Union
outcrop.

Carbonate beds in the bottom 6 meters of the West Union outcrop are
composed of three rock types: (1) grainstones having large, whole fossils
"floating" within a calcisiltite groundmass (53 percent); (2) silty, un-
laminated micstones (11 percent); and (3) fragmental packstones containing
an open-marine fauna (36 percent). Shales in this part of the outcrop are
olive gray to medium bluish gray in color, and are composed of dolomitic
mudstone.

The upper 6.7 meters of the West Union outcrop contain planar-bedded,
unfossiliferous, dolomitic micstones and medium bluish gray (5B 5/1), very
dolomitic shales (mudstones). Some of the dolomitic micstone beds exhibit
muderacks. In addition, a distinctive layer of dark red carbonates and

shales (0.92 meters thick) occurs within the upper few meters of the unit
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(see Figure 70). Three varieties of shale occur within this reddish
layer: (1) abundant blackish red (5R 2/2) and grayish red (5R 4/2),
non-calcareous, unfossiliferous mudstones having abundant horizontal and
inclined burrows; (2) occasional thin layers of dark yellowish brown (10
YR 4/2) and dusky yellowish brown (10 YR 2/2), calcareous mudstones that
lack bioturbation and fossils; and (3) rare, discontinuous layers of blu-
ish gray, dolomitic mudstone. Five varieties of carbonate rocks occur
within this red zone: (1) grayish red (5R 4/2) siltstones; (2) grayish
red, fine grainstones having rip-up clasts; (3) light olive gray (5Y 6/1),
fine-grained, well-sorted, crinoidal grainstones; (4) fine-grained, olive
gray packstones having parallel-oriented fossils and reddish rip-up clasts;
and (5) silty, olive gray, fine-grained packstones.

The same shale-rich facies which is exposed in the West Union area
is also known to occur 40 miles to the north in Highland County, Ohio.
Examination of a core from the Ohio State Geological Survey (sample num-
ber 2499, Fairfield Township) revealed the presence of a l4-meter-thick
(46 feet) facies at the top of the Ordovician which is composed of bluish,
dolomitic shales and dolomitic limestone interbeds. Most of the shales
exhibit wavy, "crinkly" lamination (< 2 mm thick) formed by the alterna-
tion of clay-rich layers and ferroan dolomite layers. In addition, the
dolomite laminae contain very thin stringers of pyrite which are oriented
parallel to the laminae. This interval also contains a thin layer of red-
dish shales and carbonates, just like the West Union outcrops.

In summary, the upward vertical succession of facies in the Waynes-
ville to Saluda sequence is reflected most strongly by the following

trends: (1) a decrease in facies thickness; (2) a decrease in bedding
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thickness and lateral continuity; (3) a vertical change from planar bed-
ding in the Waynesville and Liberty formations to wavy bedding in the
Whitewater Formation; (4) a decrease in shale content; (5) a decrease in
shale bedding thickness (witﬁ the exception of the Preachersville Member) ;
(6) a decrease in the silt content of shales; (7) a decrease in siltstone
content; (8) an increase in the percentage of grainstones (especially
coarse grainstones); and (9) a vertical change from non-dolomitic lime-
stones containing an open-marine assemblage of fossils (Waynesville, Lib-
erty, and Whitewater formations) to dolomites and poorly fossiliferous,
dolomitic limestones containing a rectricted-marine assemblage of fossils

(Saluda Formation).

Paleontology

In situ limestones (packstones and wackestones) in the Waynesville
Formation contain a diverse, open-marine faunal assemblage dominated by
brachiopods, bryozoans, trilobites, crinoids, and gastropods. Lesser
amounts of pelecypods, ostracods, conodonts, and scolecodonts also exist.
These beds have an average generic diversity of 6.6 and a petrographic
diversity of 7.7.

The most common brachiopod genera in the lower half of the Waynesville
Formation are Onniella, Rafinesquina, and Zygospira. The first two genera
have wide, thin, flat shells and the last has a rounded, but minute shell
(< 5 mm). These same three brachiopods are also present in the upper half
of the formation in addition to Strophomena, Leptaena, Rhynchotrema, Heber-
tella, Platystrophia, and Lepidocyclas. The last four of these brachiopods

have inflated shells with coarse, detailed ornamentation. Bryozoans in the
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Waynesville Formation are small, branching forms such as Batostomella
and Hallopora, but fan-shaped forms are also present (Homotrypa dawsoni).
Other typical Waynesville fossils include the trilobite Flexicalymene,
the gastropods Cyclora and Cyclonema, the characteristic cricoconarid
Tentaculites, and the pelecypods Caritodens and Ambonychia. All body
fossils are unabraded and well preserved.

Trace fossils are abundant in the Waynesville Formation and include
the following varieties: Chondrites, Trichophycus, Paleophycus, Ruso-
phycus, and unnamed vertical tubes. These trace fossils belong to the
Cruziana ichnofacies.

In situ limestones in the overlying Liberty Formation also contain
a diverse, open-marine faunal assemblage. These rocks contain abundant
brachiopods, bryozoans, trilobites, crinoids, corals, and gastropods.
Lesser amounts of pelecypods, cephalopods, conodonts, and ostracods also
occur. These beds have nearly the same generic (6.2) and petrographic
(7.7) diversities as those in the underlfing Waynesville Formation.

Some of the brachiopod genera in the Liberty Formation have large,
inflated shells with coarse, detailed ornamentation, such as Lepidocyeclas,
Platystrophia, Glyptorthis, and Rhynchotrema. Others have smaller, flat-
ter shells with less detailed ornamentation, such as Holtedahlina, Stropho-
mena, Onniella, Thaerodonta, and Rafinesquina. Bryozoans in the Liberty
Formation are either small and branching, such as Hallopora and Homotrypa
(d. flabellaris), or fan-shaped, such as Comstellaria. Other typical Lib-
erty fossils include the gastropods Cyclora, Cyclonema, and Lophospira, the
trilobite Isotellus, and the cup coral Grewingkia. All body fossils are

unabraded and well preserved.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



260

Trace fossils are also abundant in the Liberty Formation and include
Chondrites, Trichophycus, inclined tubes, vertical tubes, and color mot-
tling. These trace fossils represent a mixture of the Cruziana and Skoli-
thos ichnofacies.

In situ limestones (packstones, poorly washed grainstones, and some
coarse grainstones) in the overlying Whitewater Formation contain a di-
verse, open-marine fossil assemblage dominated by brachiopods, crinoids,

" bryozoans, trilobites, gastropods, pelecypods, and algae (both red and
blue-green algae as isolated fragments and as onkoidal coatings). Lesser
amounts of cephalopods, ostracods, and conodonts are also present. These
beds have a higher average generic diversity (7.3) and petrographic di-
versity (8.2) than limestones in the underlying units.

Most of the brachiopods in the Whitewater Formation have large, in-
flated shells with coarse, detailed ornamentation, such as Platystrophia
(P. acutilirata), Hebertella, Lepidocyclas, Plaesiomys, and Rhynchotrema.
Others have smaller, flatter shells with less detailed ornamentation,
such as Holtedahlina, Leptaena, and Strophomena. The minute brachiopod
Zygospira is present in most beds. Similarly, bryozoans in the Whitewater
Formation are large, massive forms with coarse, star-shaped monticules
(such as Constellaria polystomella), with coarse, knob-like monticules
(such as Hallopora subnodosa), or with sharp, pointed monticules (such
as Homotrypa wortheni). Other typical Whitewater fossils include the
gastropod Cyclora, the pelecypod Ambonychia, and the cup coral Grewingkia.
The effects of boring, abrasion, bryozoan and algal encrustation, and
micritization are relatively high in this unit. Trace fossils are less

abundant in the Whitewater Formation than they are in the underlying
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units, and are limited to color mottling and unnamed vertical tubes (Sko-
lithos).

As previously defined, the overlying Saluda Formation consists of
three members. Limestones in the Lower Saluda Member contain a semi-
restricted fossil assemblage dominated by gastropods, ostracods, and pele-
cypods. Less abundant fossils include bryozoans, brachiopods, crinoids,
trilobites, corals, scolecodonts, cephalopods, and blue-green algae. Aver-
age generic diversity is low (3.7), but average petrographic diversity is
fairly high (7.6). This discrepancy is the result of the presence of very
fine-grained (< 100 microns) fossil fragments that can be seen only in
thin section. [Note: These small, highly broken fragments were probably
eroded from an adjacent high-energy lithotope and transported into the
Saluda lithotope.] Thus, the average generic diversity (3.7) is probably
most representative of the indigenous fauna of the Lower Saluda Member.

Genera in the Lower Saluda Member inciude the brachiopods Lepidocy-
clas, Plaesiomys, and Zygospira, and the corals Tetradium and Favistella.
Bioturbation is abundant, but is limited to color mottling and vertical
tubes (Skolithos). Body fossils are unabraded and well preserved.

Body fossils in the Middle and Upper Saluda Members are very sparse.
No body fossils were observed in the Middle Member, and only a few very
small crinoid and brachiopod fragments were observed in the Upper Member,
although Foerste (1903) reported the presence of the g;stropod Lophospira
in the Upper Member ("Hitz Bed"). Trace fossils are abundant in both mem-
bers, but are limited to vertical tubes and color mottling.

Although no exposures of the Elkhorn Formation are presently available

for study, the characteristic fossils in this unit are included in this
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discussion, thanks to the work of Caster, Dalvé, and Pope (1961). These
fossils include the corals Tetradiwm, Favistina, and Labechia, the cystoid
Lepadocystis, the bryozoan Homotrypa, the pelecypod Ischyrodonta, and the
brachiopod Platystrophia (P. moritura, a "winged" form, and P. acutilirata,
also a "winged" form, but only occurring near the base of the unit).

Field observations of the Preachersville Member of the Drakes Forma-
tion reveal the presence of the brachiopods Onniella, Platystrophia (P.
acutilirata), Lepidocyclas, and Strophomena (S. vetusta) in the lower 6
meters of the West Union outcrop. In the upper 6.7 meters of this out-
crop, body fossils are limited to a few small inarticulate brachiopods
(Pseudolingula) and the bryozoan Bythorpora delicatula. B. delicatula
also occurs in the lower 6 meters of the outcrop and is a very small (<1
cm), delicate, branching form. Trace fossils are limited to color mot-
tling and vertical tubes.

In summary, the upward vertical succession of rock facies in the
Waynesville to Saluda shoaling-upward sequence is accompanied by several
faunal changes, including (1) an increase in faunal diversity from the
Waynesville Formation to the Whitewater Formation, followed by a decrease
in diversity in the overlying Saluda Formation; (2) an increase in the
amount of abrasion, boring, and encrustation of shells (followed by a
return to well-preserved fossils in the Saluda Formation); (3) an upward
change from a Cruziana ichnofacies (Waynesville) to a mixed Cruziana/
Skolithos ichnofacies (Liberty) to a Skolithos ichnofacies (Whitewater
and Saluda); (4) an upward change from small, thin, delicate fossils
(Waynesville and Liberty) to larger, thicker, more robust fossils (White-

water), followed by a return to thin-shelled, delicate fossils (Saluda);
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and (5) an upward change from an open-marine assemblage of fossils
(Waynesville, Liberty, Whitewater) to a restricted-marine assemblage of

fossils (Saluda). These vertical trends are summarized in Table 16.

Interpretation

Following the deposition and progradation of the underlying Corry-
ville to Oregonia sequence, a second major tramsgression of the Ordovician
sea occurred. This event is marked by the unconformable contact between
the Oregonia Formation (a shallow-water facies) and the overlying Waynes-
ville Formation (a deeper water facies). The subsequent renewal of car-
bonate and shale sedimentation at this time resulted in the deposition of
the Waynesville to Saluda sequence. The facies in this sequence are be-
lieved to represent deposition on the immer part of a gently sloping ramp,
primarily in the offshore to supratidal zomes (see Figure 73). The top
of the Waynesville to Saluda sequence is marked by the unconformable con-
tact between the Saluda Formation and the overlying Brassfield Formation
(Silurian). This contact represents a third major transgression of the
sea that began at the close of the Ordovician period. |

The Waynesville to Saluda sequence is the.only complete example of
the “idealized" shoaling-upward shelf cycle discussed earlier (see Figure
47). All four lithofacies in the idealized cycle are represented in this
sequence. \Facies A is represented by the Waynesville Formation. The fol-
lowing evidence suggests that this facies was deposited in the offshore
zone: (1) The relative abundance of shales (67 percent) and siltstones
(6 percent) indicates deposition in a non-turbulent environment, probably

below wave base. (2) The excellent preservation of sedimentary structures

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



264

*aguanbas paemdn-Surieoys epnies 03 ITTFASaukeM SYy3 UT SOTOEF 3201 Jo uostaedmoo [edoF307009INY 9] IIqe]
(Se12Ad0pTda] ‘ETT2313qQ3H
(edAajowoly) tetydoaisAjerd ‘euseida] -
suxo3y padeys-ue3j auwog ¢BWaIjodUAYY ‘eudmoydoxls) (suraem uado) >
3J1ey xaddn up syyoys a3aeg m
eueyzni) | poAzasazd IO (ezodoi1eH | pue STIoYS [IPWS JO PANIXTKH spodox3se3d Lt 9°9 @
fpTawols0leyg) SWI0J SPTOUTID =)
Supyoueaq ‘o3edf(ap ‘IrEWS (BTT2TuuQ 893FqOTF13 B
seurnbsautiey) JTeY I9MOf sueozokaq
ur STTaYs 3IeTJ ‘uryl ‘yreUs spodoryoeaq
(FuaaIousukG (sutarvm-uado)
“8143303dATH “*ser? spodoxised =
amtos \iomuen pap | - ‘emanwaeD | sesod 2
/SOUITTOAS | poniasaxd TTaM $3k130500 *530do[TeH) sTTays papunox ‘adiey SPTOUTAD Lt 2°9 m
(oe/a3onon OTT®H) | pue (FUTTYEPSITON *BTISTUUO 593790TTa3 e |
POXTH suloj supyoueaq “yrems ‘eusawoydoal§ ‘eurnbssuijey) sueozokxq
STT3YS 3IBTI ‘SpPTM 30 JINIXIH spodoryoraq
(sutaem uado)
UoFILISNIOUD sesTe M
.:«.ouoaua pug (emaajoydulyy *sAworsaeld spod£oatad H
:M,_"umwm:nocm (edZa30m0p ¢8ET0A50pTdoT] *®119339Q9H gspodoaysed 2'8 €L g
SOUIFTOAS .._”w Te ‘durpioq ‘gixodofTeH *‘®BTIIBTI93ISUOD) sgrydo13skierd) uorl 893TQOTT13 3
=oﬂuwuﬂuﬁnowa sw103 aAfssew 9817 | -BIUGWBUIO PITFRIOP °IBIROD sueozoi1q <)
uorse1qe yatM STIaYs papunox *a31eq SPTOUTID
3o @2a3ap y3tH spodoryoeaq
(sutaeu
Pa30Ta389) 172)
atqeorrdde arqeortdde
80U1710%S | paa1ssazd T1oM 19 20 spodfoatad 9°L e M
N N spooea1so 4
spodoayseld
orydead
FOVITESSV 9Fa3u3)
SAIOVA NOILVA¥ASTYd XD0TOHJdYON X90TOHJYONH TISS0d =0139d NOTIVWHOJ
=ONHO1 TISS04 NVOZOoXY¥d d0dOIHOVYH INVNIHOG PR——

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



265

19A0) wog

e —

9TPPTH = SH

*1oquey] epnTes aaddpn = gn Sadquealy epnres
*sadojoyaTT
epnTes pue ‘i931emolTyM ‘£119qTT ‘OITTASSuUAEM Syl JO uorierlIvadialur

*pojeao88exs ATyYSTY ST °TEOS TEBOTIILA

$§/ °andta

— -"ojjIAsaU

3NOZ NOILISNVHL < N
“mo<umco:m/mw/

FEM — — — ——

s

‘Wi jo »,01

SW
sn
)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



266

and trace fossils indicates a low level of wave erosion. (3) The domi-
nant carbonate rock type in this facies is a packstone (73 percent) sug-
gesting deposition below wave base in quiet water. (4) Body fossils in
this facies are small and fragile, suggesting that these organisms lived
in a protected, quiet-water environment. (5) The lack of shell abrasion,
boring, encrustation, and micritization suggests a deeper shelf setting.
(6) Trace fossils belong to the Cruziana ichmofacies, representative of
inner- to outer-shelf environments. (7) The abundance of thick, moder-
ately continuous, plamar beds suggests a lack of wave erosion.

Facies B of this sequence is represented by the overlying Liberty
Formation. This formation was deposited in shallower water than the
Waynesville Formation, probably in the transition zone. The following
vertical trends suggest that Liberty sediments accumulated in shallower
water than Waynesville sediments: (1) a .decrease in shale content (45
percent); (2) a decrease in shale bedding thickness; (3) a change from a
dominantly Cruziana trace fossil assemblage to a mixed Cruziana/Skolithos
assemblage; (4) an increase in grainstone content (from 14 percent to 43
percent) and a decrease in packstone content (from 73 percent to 44 per-
cent); (5) an increase in the amount of larger, more robust fossils; and
(6) a higher degree of micritized fossils (50 percent of the samples ex-
amined contain micritized fossils as opposed to only 33 percent in the
Waynesville Formation).

Facies C of this sequence is represented by the Whitewater Formationm.
This facies was probably deposited in a high-energy shoreface setting for
the following reasons: ‘(1) The low shale content (l4 percent), low silt

content of shales, and thin, discontinuous shale bedding indicate that
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winnowing effects were high. (2) The characteristic wavy, discontinuous
bedding is generated primarily in the shallow subtidal-to-intertidal zones
(Reineck and Singh, 1973, pp. 99-102). (3) The poor preservation of sedi-
mentary structures and trace fossils in this unit indicates that substrates
were highly mobile and subject to wave erosion. (4) The trace fossils
which are preserved in this formation belong to the Skolithos ichnofacies,
indicative of shallow, inner-shelf environments. (5) The dominant carbon-
ate rocks in the Whitewater Formation are grainstones (83 percent), indi-
cating a high degree of winnowing. (6) Most of the body fossils are large,
robust forms capable of withstanding a high degree of water turbulence.

(7) Although a mixture of fossil preservational states exists in most beds,
abrasion, boring, and encrustation of shells is most abundant in this for-
mation. In addition, all of the limestones in this unit contain micritized
fossils. Such preservation indicates a turbulent, shallow-water environ-
ment in which shell material was exposed to varying amounts of reworking,
degradation, and encrustation for a considerable length of time before
final burial. The Whitewater facies probably represents a shallow~water
carbonate shoal which was located seaward of the Saluda lithotope. This
shoal acted as a barrier to incoming wave energy, thereby allowing mud-
rich, dolomitic sediments to accumulate in a quiet-water zone behind the
barrier bar.

During Kope to Bellevue time, frequent storm activity resulted in the
loss of fine-grained sediments from the shoreface zone (i.é., the Bellevue
lithotope) into the deeper parts of the ramp (i.e., the Fairview and Kope
lithotopes——see previous discussion). The following evidence suggests

that this process was just as active during Waynesville to Saluda time:
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(1) The thin, wavy, discontinuous bedding, the low shale content, and-the
thinness of the Whitewater Formation itself indicate a loss of indigenous
sediments downslope via storm-induced gravity flows. (2) The presence of
textural inversions in the Waynesvillg and Liberty formations indicates
that fine-grained carbonate sediments originating from a nearby shallow-
water source were periodically transported into the offshore and transi-
tion zones. (3) The high coarse grainstone to fine grainstone ratio and
the absence of calcisiltites in the Whitewater Formation indicate a nearly
continual loss of fine-grained sediments into deeper water. (4) The pre-
sence of fine grainstone and calcisiltite beds in the Waynesville and Lib-
erty formations plus the low coarse grainstone to fine grainstone ratio in
both units indicate that fine carbonate sediments originating in shallow
water were periodically transported downslope into the offshore and transi-
tion zones.

Facies D of the ideal shoaling-upward shelf cycle is represented by
the Saluda Formation. This unit was deposited in very shallow water,
ranging from shallow subtidal (lagoonal) to supratidal. The Lower Saluda
Member was deposited in a back-shoal, shallow subtidal (lagoonal) environ-
ment, based on the following evidence: (1) The abundance of mud-rich car-
bonate rocks (mostly wackestones), in addition to the presence of shale
(27 percent), suggests a protected subtidal enviromment in which fine-
grained sediments were able to accumulate shoreward of the "Whitewater
shoal" (see Figure 73). (2) The presence of planar bedding, in contrast
to the wavy bedding in the underlying Whitewater Formation, indicates a
lack of wave erosion on bottom sediments. (3) The abundance of bioturba~-

tion (particularly Skolithos) indicates a shallow-water setting (primarily
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shoreface to intertidal). (4) The presence of thin, graded layers of
fine grainstone, in addition to the presence of abundant shale interbeds
(80 percent) in the bottom 3 meters of the unit, suggests that storms
occasionally deposited terrigenous muds and carbonate sand (derived from
the "Whitewater shoal") into the Lower Saluda lagoon, where they were
trapped. (5) The abundance of gastropods, ostracods, and pelecypods in
addition to the low generic diversity characteristic of this unit suggest
a shallow-water, penesaline, lagoonal environment having restricted oce-
anic circulation. (6) The presence of intraclasts, pellets, and blue-
green algae in carbonate rocks indicates a shallow, quiet-water setting.

The Middle Saluda Member was probably deposited in an intertidal set-
ting, based on the following evidence: (1) The absence of body fossils
indicates a stressful, restricted-marine environment which was inhospitable
to most invertebrate life. (2) Vertical tubes and omission surfaces are
abundant, suggesting an intertidal setting. (3) This member contains abun-
dant ripples, mudcracks, flat pebble rip-up clasts, birdseye structures,
lamination, dolomite, glauconite, and calcite spar-filled vugs, all of
which are characteristic features of intertidal flats.

The Upper Saluda Member may represent an intertidal-to-supratidal
environment. The abundance of dolomite, absence of fossils, abundance of
vertical burrows, and the presence of possible desiccation structures in-
dicate a very shallow water environment that was periodically exposed to
the atmosphere.

Similarly, the Preachersville Member of the Drakes Formation also
represents a shallow-water, lagoonal-to-intertidal setting, based on the

following evidence: (1) The abundance of shale (87 percent) indicates a
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protected, quiet-water environment. (2) The abundance of dolomitic shales
and carbonates suggests a tidal, penesaline environment. (3) The abun-
dance of rip-up clasts, graded storm layers, possible algal lamination,
mudcracks, and omission surfaces suggests a shallow subtidal-to-intertidal
setting. (4) The abundance of bioturbation (particularly Skolithos) indi-
cates a very shallow-water, inner-shelf settihg. (5) The presence of a
thin zone of red hematite-rich sediments (both in outcrops and cores) sug-

gests periodic subaerial exposure.

Regional Comparison

A detailed west-to-east regional comparison of the Waynesville to
Saluda sequence was inhibited by the lack of outcrop exposures in the field
area. Although the sequence is completely exposed in Indiana, the only
known outcrops in Ohio are those at the Caesar Creek locality, 50 miles
east of Brookville, Indiana (see Figures 1 and 62). Only three of the four
formations in this sequence occur at Caesar Creek. Furthermore, less than
half of the total thickness of the Waynesville Formation and only one-third
of the Liberty Formation is exposed at Caesar Creek. Hence, regional
trends discussed in this section are tenuous and should be more completely
investigated by future workers.

Three west-to-east trends were observed in this sequence: (1) a
slight increase in shale content in the Whitewater Formation (from 14 per-
cent to 23 percent); (2) a slight increase in average shale bedding thick-
ness in the Waynesville Formation (from 11 cm to 13 cm); and (3) a change
from shale-poor dolomitic rocks of the Saluda Formation (in Indiana) to

shale-rich strata of the Preachersville Member (along the eastern edge of
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the outcrop belt). These trends indicate that the influx of terrigenous
sediments during Waynesville to Saluda time was greater in the eastern
part of the field area than it was in Indiana. Perhaps this situation
was the result of a gradual increase in terrigenous sediment supply with

the passage of time (and with the eastward progradation of facies across

the ramp).
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SUMMARY OF
DEPOSITIONAL MODEL

The interbedded carbonate and shalz sirata of the Cincinnatian Series
represents shallow-marine deposition on a gently sloping, storm-dominated
carbonate ramp. Deposition occurred on the Zmner part of this ramp in sub-
environments ranging from the offshore zone to the supratidal zone. This
shallow-water ramp lay to the west of an elongate, deep-water turbidite
basin which extended from Canada to the southeastern United States. This
deep-water basin graded eastward into an elongate landmass (the "Taconic
Highlands") which supplied terrigenous sands, silts, and clays to the ocean
basin. Cincinnatian Series shales were ultimately derived from this source
area.

The strata of the Cincinnatian Series is composed of interbedded
shales, siltstones, limestones, and dolomites. The distribution, bedding
characteristics, and proportions of each of these rock types were governed
‘by the depositional environments in which they were deposited, and by the
specific depositional processes that were active du?ing Late Ordovician
time. Two dominant modes of sedimentation were active during Cincinnatian
time: <n situ accumilation of carbonate sediments and storm sedimentation.
In situ carbonate accumulation was a slow process which was periodically
interrupted by storm events, and is represented in the rock record by
mafrix—rich packstones and wackestones. Storm sedimentation was mani-
fested in several ways, including (1) the upslope transportation and depo-
sition of terrigenous muds (represented by graded shale beds); (2) sub-

marine erosion (represented by omission surfaces, irregular or scoured
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surfaces, rip-up clasts, truncated cross laminae, "Fossil-Lagerstatten,"
and abrupt changes in rock type or grain size); (3) winnowing of carbon-
ate mud from bottom sediments (represented by poorly washed grainstones,
coarse grainstones, and shell lag deposits); and (4) the transportation
and redistribution of fine-grained carbonate sediments upslope, downslope,
and parallel to slope. The transportation and redistribution of carbon-
ate sediments is represented by textural inversions, graded calcisiltite
and fine grainstone beds, and coarse, whole-fossil shell layers. Upslope
transportation resulted from storm surge, and downslope transportation
resulted from storm ebb or storm-induced gravity flows.

Cincinnatian strata are arranged.in a cyclic pattern with at least
three different levels of cyclicity represented, including storm cycles,
megacycles, and shoaling-upward shelf cycles (see Figure 30). Storm cy-
cles are thin (€ 20 cm), fining-upward sequences of rocks (both limestone
and shale) which represent the periodic deposition of sediments by hurri-
cane events. The characteristic graded bedding is the result of deposi-
tion from suspension during a period of declining flow regime (i.e., as
the storm is waning).

Megacycles are moderately thin (£ 5 m) sequences of interbedded car-
bonates and shales in which carbonate-rich strata (the "carbonate hemi-
cycle") grade upward into shaley strata (the "shale hemicycle"). These
cycles represent a periodic shift from carbonate sedimentétion to shale
sedimentation, and probably reflect fluctuating terrigenous sediment
supply. The supply of terrigenous sediments may have been controlled
by global climatic fluctuations or by shifting source areas.

Shoaling-upward shelf cycles are thick sequences (49 m to 106 m)

e o—
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of strata that consist of four major rock facies (from bottom to top):
Facies A, a thick, planar-bedded, shale-rich unit; Facies B, a moderately
thick, planar-bedded unit containing nearly equal proportions of carbonate
and shale; Facies C, a thin, wavy- to nodular-bedded, limestone-rich unit;
and Facies D, a moderately thick unit composed of dolomites, dolomitic
limestones, and dolomitic shales. Three examples of shoaling-upward shelf
cycles are present in the Cincinnatian Series (see Figure 74 and Table 17).
The superposition of rock facies within shoaling-upward shelf cycles was
formed by the lateral progradation of consanguineous environments, ranging
from offshore shelf (Facies A) to supratidal (Facies D). Hence, these cy-
clgs are regressive vertical sequences that can be explained by Walther's
Law (see Figure 75).

A record of frequent storm activity during Late Ordovician time has
been well preserved in the undeformed strata of the Cincinnatian Series.
Many of the sedimentary characteristics of the Cincinnatian Series (bed-
ding style, rock types, vertiéal sequences, sedimentary structures, etc.)
are the direct result of frequent hurricane events. Because of the ex-
cellent preservation of these events, the Cincinnatian Series should be
utilized by future workers as an example of an ancient storm dominated
carbonate shelf. Accordingly, the following characteristics of the Cin-
cinnatian Series may be used as criteria for recognizing storm domination
in other examples of ancient carbonate shelf strata: (1) Thin, fining-
upward storm sequences are abundant and occur in all rock facies. (2) A
wide variety of storm sequences exists. (3) Rock facies representative
of inner shelf environments are thinner and have a thinner, less contin-

uous bedding style than facies representative of outer shelf environments.
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(4) Winnowed, coarse-grained, shelly sediments (rudites) are most abun-
dant in those facies representative of very shallow-water environments.
(5) Clean, well-sorted, fine-grained limestone beds (fine grainstones
and calcisiltites) occur in all facies, but are concentrated in deeper
shelf facies. (6) Textural inversions are common. (7) A wide variety
of carbonate rock types occur in all facies. (8) Vertical escape struc-
tures, omission surfaces, erosional (scoured) surfaces, mud clasts, rip-
ples, cross bedding, and sole marks are common in all facies. (9) Well-
preserved, in situ faunal communities are rarely preserved. (10) The
tops of most carbonate beds contain a mixture of fossil preservational

states.
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CONCLUSIONS

(1) Previous lithostratigraphers have disregarded the presence of
numerous rock facies in the Cincinnatian Series which had originally been
described and named by "biostratigraphers" as early as 1902. Because these
rock facies have priority in description, are mappable, have distinctive
lithologic characteristics, and conférm to the facies concept, it is pro-
posed that they be reinstated as valid formatioms.

(2) The strata of the Cincinnatian Series were deposited on the inner
part of a gently sloping, unbarred, shallow-marine carbonate ramp. Depo-
sition occqrred in subenvironments ranging from the offshore zome to the
supratidal zone. This shallow-water ramp lay to the west of an elongate,
deep-water turbidite basin.

(3) The Cincinnatian Series is composed of interbedded carbonates and
shales. Although some carbonate rocks are restricted to certain facies
(e.g., dolomites occur only in the Saluda facies), eight varieties of car-
bonate rocks are repeatedly encountered throughout the Cincinnatian Series.
These "recurrent" rock types include packstones, wackestones, micstones,
siltstones, poorly washed grainstones, coarse grainstones, fine grain-
stones, and calcisiltites. The first three rock types represent in situ
accumulation below wave base, whereas the last five represent high-energy
storm deposition.

(4) Carbonate diagenetic processes include dolomitization, calcite
spar cementation, recrystallization, partial silicification, phosphatiza-
tion, pyritization, and limonite stainihg. Diagenetic minerals and tex-

tures in Cincinnatian limestones suggest that these rocks were subjected
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to at least two diagenetic environments (the "mixing zone" and the "marine
phreatic zone').

(5) Cincinnatian shales are olive gray in color, unfossiliferous, un-
1aminateﬁ, and dolomitic. The "average" shale is a dolomitic mudstone.
Most shales are unburrowed and occur as graded "packages" ranging from
several mm to several cm in thickness. Shales were ultimately derived
from the Taconic Highlands (at least 350 miles to the east) and were rap-
idly deposited from suspension by storm events.

(6) Cincinnatian strata are arranged in a cyclic pattern. Three
different levels of cyclicity are represénted, including storm cycles
(thin, fining-upward sequences that were deposited from suspension by
storms); megacycles (moderately thin sequences that have an upper shale~-
rich hemicycle and a lower carbonate-rich hemicycle and represent fluc-
tuating terrigenous sediment supply); and shoaling-upward shelf eyeles
(thick sequences of strata that grade upward from shale-rich facies to
shale;poor facies and represent the lateral progradation of consanguin-'
eous environments, ranging from offshore shelf to supratidal).

(7) Three examples of shoaling-upward shelf cycles are present in
the Cincinnatian Series: the Kope to Bellevue sequence, the Corryville
to Oregonia sequence, and the Waynesville to Saluda sequence. Each se-
quence is bounded by unconformable upper and lower contacts.

(8) Tropical storms were responsible for the wide variety of car-
bonate rock types, and for most of the bedding features characteristic
of the Cincinnatian Series. Storms contributed to sedimentation by trans-
porting shales upslope onto the shallow-water carbonate ramp (thereby pro-

ducing shale interbeds), by eroding sediments, by winnowing carbonate mud
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from sediments (thereby producing poorly washed grainstones and coarse
grainstones), and by transporting and redistributing carbonate sediments
upslope, downslope, and parallel to slope (resulting in fine grainstone
and calcisiltite beds).

(9) Tropical storms affected the paleoecologic record of the Cincin-
natian Series by periodically interrupting the process of community suc-
cession, by obscuring evidence of community succession, by mixing benthic
fauna from neighboring communities (resulting in the non-preservation of
many in 8itu benthic communities), and by creating favorable conditions
for the evolution and success of opportunistic species.

(10) Cincinnatian carbonate depositional rates were probably compa-
rable to modern carbonate depositional rates. However, calculated depo-
sitional rate for the Cincinnatian Series is too slow by a factor of 100
to 1. This discrepancy is largely the result of the frequent interruption
of carbonate sedimentation by Late Ordovician storms. Hence, the Cincin-
natian Series is a record of rapid, but very discontinuous sedimentation.

(11) The Cincinnatian Series is a good example of an ancient, storm-
dominated carbonate shelf. Storm-generated characteristics of the Cincin~-
patian Series may be used as criteria for recognizing storm domination in

other examples of ancient carbonate shelf strata.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



282

SUGGESTIONS FOR FUTURE WORK

One of the objectives of this study is to provide a plan for future
research on the Cincinnatian Series. I believe that this research should
focus on topics that will test the validity of the depositional model
proposed in this study, and generate new ideas and information which may
enhance the model. Perhaps this plan will help to avoid the random, un-
related studies of the Cincinnatian Series that have been so characteris-
tic of the past. Accordingly, I recommend that the following topics be
investigated by future workers: '

(1) The diagenesis of Cincinnatian carbonate rocks should be more
fully investigated. Modern analytical equipment such as the cathode lum-
inoscope, scanning electron microscope, mass spectrometer, and electron
microprobe can be used to enhance information obtained from stained thin
sections, particularly with respect to isotopic and trace element compo-
sition of diagenetic minerals. Such research could yield valuable infor-
mation about specific diagenetic processes, diagenetic environments, and
the timing of diagemetic events (relative to each other and with respect
to geologic time).

(2) The Cincinnatian Series should be studied from subsurface data.
Core descriptions and well logs could provide valuable information about
geographic areas in which little or no outcrop data is presently avail-
able. Such information may enable future geologists to correlate indivi-
dual stratigraphic units and lithogenetic sequences in greater detail.
Furthermore, if subsurface data could be used to trace the Cincinnatian

Series away from the field area (i.e., into northern Ohio, eastern Ohio,
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and central Indiana), the lateral extent and nature of the Late Ordovician
carbonate ramp could be more accurately defined.

(3) Upper Ordovician strata in central Kentucky should be re-examined
to determine if the revised stratigraphic nomenclature proposed in this
study for the southwestern Ohio and southeastern Indiana region is appli-
cable to the central Kentucky area. Furthermore, a depositional model
should be developed for these rocks, based on modern sedimentologic and
paleoecologic analyses, and compared to the model proposed in this paper
for southwestern Ohio and southeastern Indiana.

(4) As previously mentioned, Cincinnatian megacycles exhibit a lim-
ited amount of homotaxial correlation over short distances (at least 6.5
miles). However, the maximum lateral extent of a given megacycle is un-
known. Perhaps future workers will be able to trace megacycles regionally
to determine their geometry, lateral extent, and stratigraphic relation-
ship with adjacent units.

(5) As mentiéned earlier, the paleogeographic and stratigraphic rela-
tionships between the Saluda Formation, Elkhorn Formation, and Preachers-
ville Member of the Drakes Formation are unclear. Future stratigraphers
should investigate these relationships by making a systematic search for
new outcrop exposures in the area north of Cincinnati (between Brookville,
Indiana, and Goes, Ohio--the northernmost exposure of the Preachersville
Member), and by utilizing subsurface data, if available.

(6) The Miamitown Shale should be examined in greater detail to de-
termine its lateral extent, thickening trend(s), and relationship to con~
tiguous formations. This data could be used to determine if the Miami-

town Shale represents a time line or a lithotope contemporaneous with the
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Bellevue, Fairview, and Kope lithotopes (see discussion in "Kope to Belle-
vue Sequence").

(7 A detailed‘sedimentologic and biostratinomic comparison should be
made between the Bellevue and Whitewater formations, and the Mt. Auburn
and Oregonia formations. All four units are examples of Facies C of the
idealized shoaling~upward shelf cycle. However, the first two formations
are lithologically and faunally different from the last two formationmns,
and may represent similar, but different palecenvironments or paleoenvi-

ronmental conditions.
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APPENDIX 1

THICKNESS OF FORMATIONS DESCRIBED IN OUTCROP

Outcrop Locality

4)
(BK)

(Ba)
(1)

(BD)
(BN)
(&)

()
(M)
(Ré)
(Ri)

(Ru)

Aiken High School,

Cincinnati, OH

Bald Knob Hill,
Cincinnati, OH

Batavia, OH

Blue Rock Road
Cincinnati, OH

Brookville Dam,
Brookville, IN

Brookville Nerth,
Brookville, IN

Georgetown, OH

I-275 East/KY
Rt. 445

Middletown, OH

Reidlin Road, KY

Rt. 27 North,
Richmond, IN

Rumpke Landfill,
Cincinnati, OH

Formations and Thickness

Sunset (6.0 m), Oregonia
(2.0 m)

Kope (6.6 m), Fairview (0.6 m
described)

Kope (16.0 m)

Corryville (1.0 m), Mt. Auburn
(5.1 m), Sunset (2.5 m)

Corryville (13.8 m), Sunset
(13.5 m), Oregonia (7.4 m),
Waynesville (35.9 m), Liberty
(15.4 m)

Waynesville (13.5 m), Liberty
(18.3 m), Saluda (4.3 m),
Whitewater (1.1 m)

Kope (8.9 m), Fairview (9.2 m),
Bellevue (14.8 m), Corryville
(5.0 m)

Kope (59.0 m)

Corryville (5.0 m), Mt. Auburn
(4.6 m), Sunset (2.4 m)

Kope (8.5 m), Fairview

(32.6 m), Bellevue (4.5 m),
Miamitown (0.4 m)

Whitewater (7.0 m)

Corryville (13.9 m), Mt. Auburn
(5.2 m), Sunset (4.2 m)
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Total

Thickness

8.0 m

7.2 m

16.0 m

8.6 m

86.0 m

37.2 m

37.9 m

59.0 m

12.0 m

46.0 m

7.0 m

23.3 m
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APPENDIX 2

OUTCROP LOCATIONS IN THE FIELD AREA

Outcrop Locality

(A) Aiken High School

(BK) Bald Knob Hill

(Ba) Batavia, Ohio

(B1) Blue Rock Road

(BD) Brookville Dam

(BN) Brookville North

(G) Georgetown, Ohio

(I) I-275 East/KY
Route 445

(M) Middletown, Ohio

Location

Roadcut along driveway on the north side of
the school. Access is from Belmont Avenue,
College Hill.

Roadcut along driveway, 0.2 miles west of
intersection of Lehman Road and State Ave-
nue, Cincinnati.

Roadcut along exit ramp from State Route 32
East, Batavia, Ohio. Outcrop is about 0.5
miles east of the East Fork of the Little
Miami River.

Roadcut just past entrance ramp to Blue
Rock Road, Cincinmati, Ohio. Outcrop is
0.3 miles southeast of intersection of
I-275 and Blue Rock Road (Exit 31).

Spillway section south of Brookville Lake.
Access is from Route 101 North, 1.5 miles
north of Brookville, Indiana.

Roadcuts along both sides of Route 101,
5.0 miles north of Brookville, Indiana.

Composite section; Kope formation outcrops
along banks of White Oak Creek south of
Route 125. Remainder of section is a road-
cut on Route 125 about 0.8 miles west of
the Georgetown city limits.

Composite Kope section; lower Kope outcrops
along roadcut at intersection of KY 445 and
Route 8, Fort Thomas, Kentucky. Upper Kope
outcrops along the north side of I-275,
just west of the Ohio River

Roadcut along Ohio Route 4, just south of
bridge across Dicks Creek, and about 0.3
miles south of Route 73.
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APPENDIX 2 (continued)

Outcrop Locality

(Re) Reidlin Road, KY

(Ri) Route 27 North,
Richmond, Indiana

(Ru) Rumpke Landfill

303

Location

Outcrop along Reidlin Road, just south of
Covington, Kentucky. Access is from Route
16, 0.5 miles north of I-275 (Exit 79) and
0.6 miles south of Banlick Creek.

Roadcut along west side of Route 27, 1.0
mile south of Richmond, Indiana.

Streamcut and landfill exposure in fieid
east of Route 27 North (Colerain Avenue,
Cincinnati), 1.5 miles north of I-275.
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"APPENDIX 3

Detaiied Outcrop Descriptions

Key to Geologic Columns:

Mater number \aq

fercent shale
in meter %9

Semple

My |~ Pesitt

Lim s‘hne

&~ shell |m'er

P Rrﬂ""aceous

D ¢ Siltstone

Limestone A

Meqac cle
Yoo ,3.17

) Waw7 bedd ing

Nedular bellinj
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Key to Symbols:

Diplograterion
faleo phycus Iﬂ'_shggh;f.us

vertical +tubes
inclined +ubes
chondrites (horizental)
Chondrites (vertical)
color mettling
Slumping

horieental lamination
cross lamination

ri pplos
imbricate shells

gutter cas ts

mud clasts
ho.rtlgrou.ne!
cone ~in-cone
onkoids
corals
os‘l‘m.c.ods
trilobites
qastropeds
ralec7pods
crinoids
bn’o roans
braehiopuls
abrasion

4444*!0@[-%3@»1:4§ékll®©wzz\=-a<m[

Lorins

Rock T;ges :

P = packsione

W = wackestone

M= micstone

P/G= Poor'l7 washed 3r¢ins‘|’one
G = qrainstone

C = caleisiltite
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APPENDIX

HAND SPECIMEN DESCRIPTIONS OF CARBONATE ROCKS

Key to Appreviations

Br = brachiopods

Bz = bryozoans

Ce = cephalopods

Cl = corals

Co = conodonts

Cr = crinoids

Ga = gastropods

Gr = graptolites

On = algal onkoids

Os = ostracods

Pe = pelecypods

S¢ = scolecodonts

Tr = trilobites

(8) = shale hemicycle

(C) = carbonate hemicycle i
N/A = not applicable, or none observed
P/G = poorly washed grainstone
subhoriz. = subhorizontal

parall. = parallelism

mod. =
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APPENDIX 8

EXAMPLES OF
DISCONTINUOUS SEDIMENTATION
FROM

LIMESTONE POLISHED SLABS

(Arrows denote inferred storm events)
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APPENDIX 10

STATISTICAL ANALYSIS OF CINCINNATIAN MEGACYCLES

(A) Transition matrix for carbonate hemicycles vs. shale hemicycles in

the Kope Formation (location I, units U.5 - 22.9):

Row
carbonate shale Totals:
carbonate 0 16 16 : : 8.0} 8.0 : -8.0| +8.5
Column _
Totals: 16 16 32
. . . Carbonate ) Shale Carbonate
Dominant Transition: Hemicycle Hemicycle Hemicycle

(B) Transition matrix for carbonate hemicycles vs. shale hemicycles in

the Fairview Formation (location Re, units 21.9 - 31.6):

Row
carbonate shale Totals:
carbonate 0 15 15 :' 7.5 1 7.5 : -1 =-7.5| +7.5
shale 15 0 15 7.5 7.5 +7.5| -7.5
Column -
Totals: 15 15 30

Carbonate Shale Carbonate
Dominant Transition: Hemicycle _> Hemicycle » Hemicycle
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APPENDIX 10 (continued)

(C) Transition matrix for units A, B, and C of the "idealized" megacycle
in the Kope Formation (location I, units U.5 - 22.9):

unit unit unit Row
A B C Totals:

unit A| O 3 8 11 4,51 1.7} 4.8 -4,5) +1.3| +3.2
unit Bj O 0 6 6 D 2.410.91 2.6 D -2.41 -0.9] +3.4
unit C| 13 2 0 15 6.1] 2.3} 6.6 +6.9| -0.3| -6.6
Column -

Totals: 13 5 14 32

Ideal Prediction: A

>

w3y B =m=mpp C
—> ¢ —>
/

Dominant Transition:

> mammp- (0

(D) Transition matrix for units A, B, and C of the "idealized" megacycle

in the Fairview Formation (location Re, units 21.9 - 31.6):

unit unit unit Row
A B C Totals:

unit A| O 3 1 4 0.5)1.6| 1.9 -0.5|+1.4] -0.9
unit C| 4 | 10 0 14 1.815.7]1 6.6 +2.2| +4.3] -6.6
Column T

Totals: & 13 15 32

Ideal Prediction:

Dominant Transition: \

B

|

c

(o]

-
-

i

N
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APPENDIX 10 (continued)

(E) Transition matrix for individual limestonme beds in the Kope Formation
(location I, units U.5 - 22.9):

Row
¢ F w M S Totals:
G 9 11 0 0 4 24
Ideal Prediction:
P 7 20 3 2 6 38
M or S
W 1 1 3 0 2 7
M 0 0 0 0 3 3
P or W
S 6 8 1 1 15 31
Column
Totals: 23 40 7 3 30 103 G
5.4] 9.3] l.6] 0.7} 7.0
8.51 14.8] 2.6 1.11 11.1 Dominant Transitions:
1.6 2.7| 0.5] 0.2} 2.0 S
0.7] 1.2] 0.2] 0.1| 0.9 /M
6.9 12.0| 2.1| 0.9] 9.0 S

v ~

i
o
(=)}

|
[aey
~3
S
W

1
g
N
o

Qém-———*!ﬁ
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APPENDIX 10 (continued)

(F) Transition matrix for individual limestone beds in the Fairview For-
mation (location Re, units 21.9 - 31.6):

G P W ¢ M S To%ggs:
G 1 3 1 1 1 2 9
P 5 23 2 2 3 4 39
g O R
c 1 3 0 1 0 0 5
M 0 3 0 1 1 0 5 M or S
S 1 5 0 0 0 1 7
Column
Totals: 9 39 3 5 5 7 68 P or W

V Gotc

1.2 5.2| 6.4} 0.7] 0.7] 0.9
5.2122.4}1 1.7 2.9] 2.9] 4.0
0.4| 1.7] 0.1] 0.2} 0.2} 0.3
0.7} 2.9] 0.2 0.4} 0.4}1 0.5
0.7 2.9] 0.2] 0.4} 0.4] 0.5
0.9} 4.0} 0.3} 0.5} 0.5] 0.7

Dominant Transitions:

a
\\tu

-0.2 | -2.2 | +0.6 | +0.3] +0.3| +1.1
-0.2| +0.6 | +0.3| -0.9]+0.1]| 0
+0.6 ] +0.3] -0.1{ -0.2] -0.2] -0.3
+0.3}40.1] -0.2} +0.6] -0.4] -0.5
-0.7 | +0.1] -0.2} +0.6 | 40.6 | 0.5 M
+9.1]+1.0] -0.3] -0.5] -0.5] +0.3

R

N\
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APPENDIX 10 (continued)

482

(G) Transition matrix for all beds in the Kope Formation (locatiomn I,
units U.5 - 22.9):

¢ P/6 P W M S shale Tolégv{s:
¢! ol 1| ol o] o] of 151] 16
/el ol ol o] o] ol of 3 3
pl 1| of ol of ol 11 36| 38
wl ol of ol ol of 1
M| ol of ol o] ol o
sl ol ol of ol of ol 31| =
shate| 19| 3| 38| 71 31 201 of 99
Column
Totals: 20 & 38 7 3 31 9 197
A\ Vg
1.6] 0.3] 3.1] o0.6] 0.2] 2.5| 7.6
0.3| o0.1] 0.6] 0.1] 0.1| 0.5] 1.4
3.9| 0.8| 7.3} 1.4] 0.6 6.0} 18.1
0.7] o0.1| 1.4] 0.3] 0.1 1.1] 3.3 _
0.3 o.1] o.6] 0.1 0.1] 0.5] 1.4 poominant
3.2] 0.6] 6.0] 1.1] 0.5 4.9]14.8
10.1| 2.0f19.1| 3.5 1.5} 15.6] 47.2 Shale
A\ 1\
All carbonates
-1.6 | +0.7| -3.1] -0.6 | -0.2| -2.5| 47.4
-0.3|-0.1|-0.6|-0.1]-0.1]-0.5]+1.6
-2.9|-0.8{-7.3]-1.4]-0.6]-5.0]+17.9 Shale
0.7 -0.1} -1.4] -0.3] -0.1] -0.1] +2.7
—0.3]|-0.1] -0.6] =0.1] -0.1}-0.5] +1.6
3.2 -0.6|-0.6] -1.1{ -0.5]| -4.9 | +16.2
+8.9 | +1.0}+18.9] +3.5] +1.5 [ +13.4|-47.2
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APPENDIX 10 (concluded)

(H) Transition matrix for all beds in the Fairview Formation (location
Re, units 21.9 - 31.6):

G B/ P W C M Shale § 07
G 0 0 0 0 0 0 1 6
P/G|_ 0 0 0 0 0 0 0 3
P 0 0 0 1 0 o | 34 1 36
W 0 0 0 0 0 0 3 0
c 0 0 0 0 0 0 5 0
M 0 0 0 0 0 0 5 0
Shale| 6 31 39 2 5 4 0 5 64
S 0 0 1 0 0 0 6 0 7
Column .
Totals: 6 3 48 3 5 4 61 7 129
©
0.3] o0.1] 2.2] o0.1] 0.2] 0.2 2.8| 0.3 Dominant
0.1| o.1) 1.1} o.1] 0.1) 0.1] 1.4] 0.2 Iransitions:
1.7) o.8}13.4] o.8] 1.4! 1.2} 17.0] 2.0
0.1 o0.1] 1.1| 0.1 o0.1| 0.1} 1.4] 0.2 Shale
0.2} 0.1 1.9} 0.1} 0.2] 0.2| 2.4] 0.3} T
0.2} 0.1 1.9} 0.1| 0.2 0.2]| 2.4} 0.3
3.0y 1.5|23.8] 1.5] 2.5| 2.0§30.3[ 3.5 All
0.3} 0.2} 2.6} o0.2] 0.3} 0.2] 0.3] 0.4 Carbonates
v 0
1-0.3]-0.1]-2.2]-0.1]-0.2| -0.2| +2.2 | +0.7 Shale
-0.1]-0.1{-1.1]-0.1}-0.1]-0.1]+1.6]-0.2
-1.7] -0.8 {-13.4| +0.2 | -1.4} -1.2 |+17.0| -1.0
-0.1] -0.1{-1.1]-0.1|-0.1}-0.1]+1.6|-0.2 .
-0.2]-0.1}-1.9}-0.1}-0.2|-0.2]|+2.6]-0.3 5 W
-0.2]-0.1}-1.9}-0.1}-0.2]-0.2] +2.6} -0.3 T T
+3.0 | +1.5 |+15.2] +0.5 | +2.5 | +2.0|-30.3| +1.5
-0.3|-0.2|~1.6}-0.2]-0.3] -0.2 | 45.7| -0.4 ¢ P
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