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INTRODUCTION

In recent years outcrop-based strati-
graphic studies have undergone a paradig-
matic shift from a primarily descriptive
approach to a focus on understanding the
architecture of sedimentary accumulations
within a sequence stratigraphic context.
This avenue of research has developed
indirectly from seismic profiling of conti-
nental margin sediments and from the
recognition of large, unconformity-bounded
depositional wedges (“sequences”) in these
profiles. Originally, sequences were defined
very broadly as large intervals of strata
bounded by very major unconformities
(“first-" or “second-order” cycles recording
tens of millions of years; see Vail et al.,
1991), such as the six classic “super
sequences” of Sloss (1963). Seismic
stratigraphers were able to refine correla-
tions and demonstrate that these large-scale
unconformity-bounded packages are subdi-
visible into smaller intervals representing
approximately 0.5 to 3 million years,
typically termed “third-order” sequences.
Sequence stratigraphers also recognized
distinctive phases of sequences (“systems
tracts™) as the product of sea-level oscilla-
tions translated in a biased way into the
sedimentary record (Vail et al, 1977, 1991;
Van Wagoner et al, 1988; Emery and
Meyers, 1996).  Subsequently, seismic
stratigraphers working in the field recog-
nized that third-order packages could fre-
quently be subdivided into smaller scale,
“fourth-”, “fifth-”>, and even “sixth-”,
“seventh-” and “eighth-order” cycles.

The purpose of this contribution is to
examine and discuss classic Upper
Ordovician to Silurian strata of the eastern

Cincinnati Arch region (Fig. 1) in the
context of sequence stratigraphy. We
believe that the application of sequence
analysis to this classic stratigraphic succes-
sion is providing critical new insights into
the depositional dynamics and history of this
region. In turn, these well-exposed strata
may potentially help to refine models and
approaches to stratigraphy that will aid in
interpretation of other areas.
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Figure 1. Geomorphic and structural map
of the Cincinnati Arch region and adjacent
geomorphic provinces. Box outlines the
present study area in northern Kentucky.
From Ettensohn (1992a).



GEOLOGIC SETTING

Sediments of the Upper Ordovician-
Lower Silurian of southern Ohio and
northern Kentucky accumulated in a
shallow-marine subtropical setting about
20-25° south of the paleoequator (Scotese,
1990; Ettensohn, 1992a,b; Fig. 2). This
setting was well situated to be affected by
subtropical hurricanes and there is abundant
evidence for storm deposition (tempestites)
in the Cincinnatian Series.

During the late Middle Ordovician,
eastern Laurentia underwent collisions with
island arc to microcontinental terranes, first
(during the early Blackriveran) in the
southern Appalachian region where colli-
sion produced the Blountian highlands and
later (during the late Shermanian) in the area
of the New York Promontory where the
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Hamburg Klippe (SE Pennsylvania) and
Taconic allochthons were emplaced as ac-
cretionary wedges onto the Laurentian
margin forming the Taconian highlands
(Ettensohn, 1992¢; Fig. 3). Most of the
siliciclastic muds and silts of the
Cincinnatian Series were probably derived
from these upland areas to the east and
northeast. Arelatively small gap existed
between the two upland region that might
have served to funnel storms into the
present-day  Tristate region (Ohio-
Kentucky-Indiana; Ettensohn, 1992b).

The Taconic foreland basin, a relatively
narrow trough produced by thrust loading,
extended southward from Quebec to

Figure 2. North-dipping ramp in the
Ohio-Kentucky-Indiana area during the
Late Ordovician. (A) Probable hurricane
paths and approximate orientation of ramp
dipping into Sebree Trough to north.

(B) Inferred southward orientation of

storm winds and northward flow of storm-

generated gradient currents. Modified
from Jennette and Pryor (1993).

Figure 3. Major paleogeographic fea-
tures of eastern Laurentia during early
Late Ordovician (Edenian) time. The
AA Highway, route of the present field
trip, is located approximately along the
line connecting points M to B. Note the
position of the narrow Sebree Trough;
the box indicates the area in which an
embayment of the trough has been in-
ferred in recent paleogeographic recon-
structions (Ettensohn, 1999; in prep.).
From Mitchell and Bergstrém (1991).
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Alabama (Fig. 3). This area of active
subsidence accumulated a thick wedge of
siliciclastic sands, silts and muds during the
Late Ordovician. These sediments com-
mence with black shales (e.g., Utica and
Antes shales) during late Mohawkian to
early Cincinnatian times, and progress
upward through thick turbiditic flysch
(Martinsburg-Reedsville formations) by the
Maysvillian.  During late Cincinnatian
(Richmondian) time sedimentation began to
outstrip subsidence, resulting in upward
shallowing and eventually, overfilling of the
foreland basin. These shallow molasse-type
facies are recorded in the upper
Martinsburg, Bald Eagle-Oswego sand-
stones and Juniata- Queenston redbeds.
The Queenston clastic wedge prograded
westward with reddish marginal marine
sediments reaching east-central Kentucky
and Ohio by late Richmondian times.
During early Late Ordovician (Edenian)
time, the Cincinnati Arch per se was not
present in the Tristate region, rather a
shallow carbonate platform (the Lexington
Platform) existed to the southeast of
Cincinnati, and a gentle ramp sloped to the
northwest into a narrow elongated NE-SW-
oriented basinal area, the Sebree Trough,
(Mitchell and Bergstrom, 1991; Ettensohn,
1992c; Figs. 2-3). Hence, depositional
strike in northern Kentucky-southern Ohio
was also approximately NE-SW and re-
gional dip was to the north. However, the
more recent reconstructions of Ettensohn
(1999) indicate the existence of an embay-
ment in the trough, with a southeastern
boundary that ran NW-SE roughly coinci-
dent with the present Ohio River valley
between Cincinnati and Maysville. The
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Sebree Trough is of uncertain origin but is
under close study by Mitchell et al. (1997)
and Ettensohn (1999; in review). However,
its abrupt appearance during early Edenian
time coincided with a major pulse of Taconic
orogenic activity and subsidence of the
northern foreland basin in Pennsylvania and
central New York. One possible interpreta-
tion is that the Lexington Platform repre-
sents a forebulge and the Sebree Trough as
a backbulge basin (terminology of Quinlan
and Beaumont, 1984; Beaumont et al.,
1988).  Alternatively, the trough may
represent a branch of the Taconic foreland
basin. Ettensohn (1992¢, 1999, in review),
in particular, has argued that Ordovician
tectonic activity represents far-field tecton-
ics. Stresses produced by Taconic thrust
loading may have propagated long distances
onto the Laurentian craton and produced
renewed activity on old, deep-seated base-
ment faults (Fig. 4). Subsurface study of
the slightly older Black River and Trenton
carbonates indicates that there are no major
offsets as would be expected if basement
faulting had been responsible for subsidence
of the Sebree Trough. However, gentle
flexural deformation may have occurred in
association with these far-field stresses
(Ettensohn, 1999, in review). The Sebree
Trough was largely infilled with sediments
by mid-Maysvillian time, but a slightly
deeper area appears to have persisted until
the end of Late Ordovician time (Fig. 5;
Mitchell and Bergstrom 1991; Ettensohn,
1999). The orientations of the carbonate
ramp and adjacent trough seem to have
migrated somewhat through the remainder
of Cincinnatian time from NE-SW to more
nearly east-west (Hay, 1998).

Figure 4. Major
- Mtonig, unconformities and
. Sloss sequences in
the Ordovician and
Tppecance Silurian of the
™~ Supersequence Cincinnati Arch.
—— Note basement
faults that may
sup "’;‘.‘;':' once AVE reactivated
during Ordovician
Taconian Orogeny.
Modified from
Potter (1996).
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Figure 5. Regional
cross-section of
Middle-Upper
Ordovician strata
through south-central
Ohio. Note Sebree

A tvsaransis Zone——L LT LTI T -
e e e o

Trough shale basin.

A" superbus Zanommu}

From Mitchell and

xxxxx

SO LEXINGTON LS TomTor o
e

ULHIHAL

T
.......
T

Bergstrom (1991).

T
.......

-

CTRENTON LS.

X

T
T

- -

T
T b onn s v &

o
P e o e vt

T T
T

T
T T

T T T T T T T saccavenss ]

B R U R SRS

During the latest Ordovician to early
Silurian, a major sea-level lowstand, proba-
bly related to continental glaciation in North
Africa, created the widespread withdrawal
of seas from the Cincinnati area and created
a major erosion surface. Transgression in
the Early Silurian enabled deposition of
marine siliciclastics and carbonates over the
unconformity. During this interval, the
region is typically considered to have been
tectonically quiescent. However, a recent
study (Ettensohn and Brett, 1998; Fig. 6)
indicates that a late tectophase of the

Taconic Orogeny may have taken place at
this time. This spread a clastic wedge over
much of the Appalachian Basin but appears
to have had rather little influence in the study
area in which Brassfield carbonates were
deposited contemporaneously. During me-
dial Silurian (latest Liandovery) time, there
is some evidence for renewed tectonism,
which produced renewed subsidence and a
pulse of siliciclastics into the Appalachian
basin. Locally, evidence for this is provided
not only by thick shales and siltstones of the
Crab Orchard-Estill formations, but also by

development of regional an-

gular unconformities (Fig. 7;
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Figure 7. Correlation of Lower
Silurian sequences from New York
into Ohio. From Brett et al. (1990).

velopment of a forebulge related to thrust
loading and subsidence in the adjacent
Appalachian foreland basin. In a sense, this
could be viewed as the origin of the
Cincinnati Arch, although, in fact, the area
of uplift was offset from the center of the
present structural arch.

SEQUENCE STRATIGRAPHY OF
UPPER ORDOVICIAN AND
SILURIAN STRATA OF THE
EASTERN CINCINNATI ARCH

Supersequences

At the largest scale, the rocks of the
Cincinnati Arch region are subdivisible into
great unconformity-bounded packages of
the scale recognized long ago by Sloss
(1963). These large-scale “superse-
quences” are bounded by major unconfor-
mities that are traceable widely over the
North American craton and perhaps glob-
ally. The first such large-scale or “second-
order” sequence embraces the entire
Mohawkian (late Middle Ordovician) and
Cincinnatian (Late Ordovician) series of
rocks, totaling approximately 450-470 me-
ters in thickness and encompassing deposits
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of about 15-20 million years (Holland and
Patzkowski, 1997; Kolata et al., 1996;
Potter, 1996). The lower boundary of this
supersequence is the Knox Unconformity, a
very widespread Middle Ordovician erosion
surface that, in places, represents a hiatus of
as much as 30 to 40 million years of
non-deposition and erosion (Dennison and
Head, 1975). This surface is nowhere
exposed within the Cincinnati Arch region,
although it is known in the subsurface from
drill cores (Potter, 1996; Fig. 4).

At their top, the Upper Ordovician rocks
are bounded by a second great unconfor-
mity, the Cherokee Unconformity (Dennison
and Head, 1975). This unconformity is of
global extent but of shorter duration ( 3-4
million years) than the Knox Unconformity,
having removed only the uppermost
Ordovician Gamachian Stage over most of
North  America. The  Cherokee
Unconformity is typically attributed to a
major lowstand or drop in global sea level,
probably of glacio-eustatic origin and re-
lated to coeval continental glaciation in
North Africa. This unconformity is typically
nearly planar in outcrop but may display
minor relief. In southern Ohio and northern
Kentucky, the unconformity is in places very
sharply delineated at the top of Upper
Ordovician shales of the Drakes Formation,
a greenish to red mottled mudstone with
abundant thin siltstone layers that appears to
represent the distal feather edge of the
Queenston clastic wedge. These variegated
mudstones are sharply overlain by the
Silurian Brassfield Dolostone, a massive
orange weathering, cherty carbonate unit
(Gordon and Eftensohn, 1984). Although
the Cherokee Unconformity is typically
nearly flat and featureless, it clearly trun-
cates different units in various localities and
is a regionally angular beveled surface.

Together the Knox and Cherokee un-
conformities bound a very large sequence
set or “holostrome” commonly referred to
as the Creek Megasequence of the
Tippecanoe Supersequence (Fig. 4). The
Silurian strata are typically assigned to the
Tutelo Supersequence (formerly combined
with Creek as the  Tippecanoe
Megasequence of Sloss, 1963). The top of
the Silurian in eastern Kentucky and south-
ern Ohio is defined by a second major
“second-order” sequence boundary com-



prising actually a combination of two or
more unconformities. The lower, or
Wallbridge Unconformity, separates upper
Lower to Middle Devonian (Emsian-
Eifelian) deposits of the Kaskaskia
Supersequence (Sloss, 1963; Dennison and
Head, 1975) from Upper Silurian to Lower
Devonian deposits. In most areas of the
Midcontinent, a higher Taghanic unconfor-
mity that occurred during a late Middle
Devonian sea-level drawdown oversteps the
Wallbridge Unconformity, and Middle
Devonian deposits are absent. Both uncon-
formities appear to have a combination of
tectonic and eustatic signatures in their
formation.

Third-Order Sequence Stratigraphy of
Upper Ordovician-Silurian Strata of
Cincinnati Arch Region

Somewhat smaller scale, unconformity-
bounded depositional sequences are present
within Upper Ordovician and Silurian strata
of the Cincinnati Arch region as well. These
are comparable in duration (1 to 5 million
years) to the “third-order” sequences recog-
nized by seismic stratigraphers in many
aspects. In particular, they are subdivisible
into smaller sequences, parasequences, and
systems tracts. Before discussing these
stratigraphic packages in detail, the basic
concepts of sequence stratigraphy will be
reviewed briefly (Fig. 8).

Sequence Stratigraphic Concepts:
Sequences are relatively conformable pack-
ages of strata bounded by unconformities
formed during sea-level lowstands.
Depending upon their topographic situation,
sequence boundaries may be strongly ero-
sional and display substantial erosional relief
or nearly planar. It has been recognized for
some time that larger scale sequences
typically are overgeneralized and that most
such sequences are composite sequences
(Milton and Meyers, 1996). Such compos-
ite sequences can be subdivided into smaller
scale sequences. Some of these are
unconformity-bounded units that exhibit a
pattern of relative deepening followed by
shallowing (“sequences™), whereas others
are bounded not by unconformities but by
flooding surfaces and are distinctly asym-
metrical units that mainly record shallowing
(“parasequences,” Vail et al., 1991).

Based partly upon the stacking patterns
of parasequences or architecture of portions
of sedimentary sequences, stratigraphers
have been able to recognize distinct group-
ings of facies within sequences, referred to
as systems tracts (Fig. 8). Briefly, these
include lowstand (LST; or “shelf margin®),
transgressive (TST), and highstand (HST)
systems tracts. In some instances, sequence
stratigraphers also recognize early highstand
and regressive divisions of the HST. LSTs
comprise a suite of facies that typically
shallow (or prograde) and include non-
marine channel fillings that may occur
locally immediately above a sequence
boundary or erosion surface. In deeper
water areas turbidite fans are another
potential expression of lowstand accumula-
tion during times when sediments are
flushed from shallow water areas into
deeper water regions (Fig. 8).

The transgressive systems tract (TST)
may show a sharply incised transgressive
erosion surface at its base, a type of
ravinement surface, when it overlies more
marginal marine deposits of the lowstand
systems tract. This transgressive surface
reflects a rapid relative rise of sea level. In
many cases, including most sequences dis-
cussed herein, the sequence boundary and
transgressive surfaces are combined into a
single erosion surface. The transgressive
systems tract itself shows a deepening
upward, retrogradational stacking pattern of
smaller scale cycles or parasequences, and
is bounded at its top by a surface of
maximum flooding (Fig. 8). This surface,
which may be very distinct in some se-
quences, represents a time of minimal
sedimentation in offshore marine settings
associated with rapid sea-level rise, drown-
ing of coastlines, and sequestering of clastic
sediments in nearshore estuarine and la-
goonal depositional settings. Maximum
flooding surfaces are typically marked by
distinct but thin lag accumulations, phos-
phatic nodules, conodonts, or bones.
Immediately underlying and overlying the
maximum flooding surface is a thin, time-
rich section referred to as a condensed
section that represents strongly sediment-
starved conditions at times of maximum

deepening.
The highstand systems (HST) tract
typically commences with deeper water
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deposits, such as dark shales, that sharply
overlie the maximum flooding surface (Fig.
8). The highstand systems tract may show
a progradational succession of smaller
parasequences, i€., an overall shallowing
upward pattern. Sometimes the HST can
be subdivided into an early aggradational
phase, in which little change in relative

highstand or regressive phase, in which
progradational stacking of parasequences
reflects an overall upward shallowing. In
some cases, a thin condensed lag bed may
occur at the base of the boundary between
these two HST phases. The highstand

systems tract ultimately exhibits an overall
shallowing and may be truncated at its top

by the next major sequence boundary.

sea-level elevation is evident, and a late
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Third-Order Sequences of the Upper
Ordovician: Holland (1993, 1998) and
Holland and Patzkowsky (1996) have de-
fined a series of six sequences in the Upper
Ordovician (Cincinnatian Series), compris-
ing the Edenian, Maysvillian, and
Richmondian stages (Fig. 9). Sequence
boundaries for these units are relatively
subtle and occur at the bases of thin
phosphatic, skeletal-rich limestones that are
interpreted to be transgressive systems
tracts. The majority of these sequences
comprise thick coarsening/shallowing -up-
ward successions of mudstone and calcisil-
tite and, toward the top, closely bundled
skeletal packstones or grainstones, wavy-
bedded packstones and wackestones and, in
some cases, bioturbated to laminated peri-
tidal facies. These represent late highstand
or regressive systems tracts separated by
relatively planar and subtle unconformities.
No lowstand deposits were identified and,
as such, sequence boundaries and transgres-
sive surfaces appear to be combined.

Five of the six sequences identified by
Holland are exposed in the eastern
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Figure 9. Third-order sequences in
the Upper Ordovician Cincinnatian
Series (from Holland etl al., 1997).
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Cincinnati Arch region. The sixth has been
removed by pre-Silurian erosion at the
Cherokee Unconformity. The lowest two of
the six Cincinnatian sequences, the Edenian-
age Kope Formation (sequence C1) and the
lower Maysvillian-age Fairview Formation
(sequence C2) were originally combined in
a single very long-ranging sequence
(Holland, 1993); however, with subsequent
study these were subdivided (Holland and
Patzkowski, 1996). Units equivalent to
Sequence C1 and the base of Sequence C2
will be discussed in detail in this paper and
will be a primary focus of the present field
excursion.

Sequence Cl1 is the thickest and longest
of Holland's Cincinnatian sequences (Fig. 9),
comprising some 70-75 m of section and
representing the entire Edenian Stage (ca. 4
million years in duration). This sequence
commenced with an abrupt flooding surface
near the base of the Kope Shale. This abrupt
deepening above Point Pleasant grainstones
apparently occurred within the
Climacograptus spiniferus Zone (Mitchell
and Bergstrom, 1991); as such it coincided
with a major pulse of deepening in the
Taconic Basin, i.e., the lower part of the
Indian Castle Shale or the Utica Shale
proper. Dark Utica-type shales were depos-
ited coevally in the Sebree Trough also,
where they overstep the latest Shermanian
Point Pleasant limestones and intrude locally
upon the Lexington Platform as a dark
graptolitic shale tongue (the Fulton beds) at
the base of the Kope Formation. This
highstand event may reflect a eustatic
sea-level rise, a pulse of widespread subsi-
dence, or both. The major Edenian Cl
deepening has been recognized by Holland
and Patzkowsky (1996) throughout the
southern and central Appalachians.

Despite complexities, the Kope
Formation shows a general shallowing
upward trend, at least to the level of the
Grand Avenue beds, a bundle of closely
spaced fossiliferous limestones about 10-11
m below the Fairview contact (Brett and
Algeo, this volume). The Upper Kope,
above the Grand Avenue beds, is shale rich
and shows some faunal evidence for deeper
water conditions. This abrupt deepening
could be considered as a higher-order
deepening superimposed upon a “third-
order” shallowing trend but it should be
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noted that the occurrence of deeper water
facies near the very top of sequence Cl is
problematical.

Holland et al. (this volume) discuss in
some detail the placement of the C1/C2
sequence boundary. This was formerly
placed at the base of the Fairview
Formation, the lowermost portion of which
is composed of a relatively compact non-
cyclic bundle of limestone beds containing
abundant Strophomena (see Schumacher,
1992). However, Holland et al. suggest on
the basis of faunal data that the shallowest
level is actually present several meters
higher near the base of the shaly Wesselman
submember of the Fairview Formation.

The second Cincinnatian sequence (C2)
comprises the lower Fairview Formation
through the Bellevue limestone tongue of
the Grant Lake Formation (Fig. 9), which
together represent the bulk of the
Maysvillian Stage with an estimated dura-
tion of about 2 million years. Again, this
succession shows a gross shallowing up-
ward trend from shaly packstones through
thin-bedded bryozoan-rich limestones and
shales, and finally to rubbly, wavy-bedded
and closely stacked limestones of the
Bellevue. However, the Fairview exhibits
some retrogradation and the maximum
flooding may be represented in the
Miamitown Shale, a tongue of presumably
deeper water facies that lies between
Fairview and Bellevue limestones north of
the Cincinnati region (S. Holland, pers.
comm., 1999). This shale thins dramatically
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into northern Kentucky and is only barely
recognizable in outcrops near Alexandria.
The Miamitown carries a distinctive fauna,
typically dominated by molluscs, including
the gastropod Loxoplocus, and bivalves such
as  Modiolopsis, = Ambonychia, and
Caritodens. The Miamitown and its subdi-
visions recently have been studied and
correlated in detail by Datillo (Fig. 10; 1996;
1998). The unit thickens and merges with
the Kope Formation north of the outcrop
belt in the subsurface. We consider the
Miamitown to Bellevue succession to record
another, as yet unrecognized sequence.

In Kentucky, the beds above the
Fairview Formation consist predominantly
of wavy-bedded packstones and grainstones
with thinner intervals of shale and thin-
bedded packstones and grainstones. This
interval is assigned by the Kentucky
Geological Survey to the Grant Lake
Formation; however, some differentiated
intervals, originally recognized as separate
formations in the Cincinnati area, can still be
recognized in northern Kentucky and are
now considered to be members of the Grant
Lake Formation. These are, in ascending
order, the Bellevue, Corryville, and Mt.
Auburn/Straight Creek members.

The Bellevue Limestone, as recently
defined, consists of 6 to 21.3 meters of
closely spaced thin- to medium-bedded
shell-rich packstones and grainstones. It
thickens to the southeast at the expense of
the Corryville Shale; conversely, a tongue of
Corryville-like lithology divides the Bellevue

NE Figure 10.

Sharonvile Indusirial Park] Stratigraphic
cross-section
of Fariview-
Miamitown-

. Bellevue
mnterval, corr-
sponding to
Holland's C2
sequence, from

. north to south
through the

Greater Cin-

cinnati area.

From Datillo
(1996).




north of Cincinnati. Otherwise, shale forms
a very minor constituent of the Bellevue,
and limestone beds of this unit typically are
amalgamated with only minor shaly part-
ings, giving the Bellevue a ribbed appear-
ance in outcrops. The Bellevue contains a
fauna rich in robust brachiopods, especially
large specimens of Platystrophia ponder-
osa, that are considered to represent
shallow-water, near-wavebase conditions
associated with a late highstand phase.

Holland's third depositional sequence
(C3; Fig. 9), dated as late Maysvillian in
age, 1s substantially thinner than the first two
and may represent less than a million years.
It commences with shaly beds of the
Corryville Member of the Grant Lake
Formation, which yield upward to rubbly,
wavy-bedded packstones and grainstones of
the Mt. Auburn Member.

In classic exposures in the city of
Cincinnati, Bassler (1906) originally recog-
nized a shale-rich interval overlying the
Bellevue which he named Corryville. In this
area, near the present-day University of
Cincinnati, the Corryville was about 20 m
thick and consists of medium gray fossilifer-
ous mudstone with thin brachiopod-rich
packstones. The umit contains a rich,
diverse fauna including exceptionally well-
preserved trilobites and crinoids (Goldman,
1998). The lower portion of the Corryvile
becomes more limestone rich and is consid-
ered to merge with the upper Bellevue
Member toward the southeast, accounting
for the decrease in thickness of the
Corryville to only about 6 m in the Maysville
area. Hence, this thickness change is facies
dependent rather than a reflection of later-
ally variable sedimentation rates. In any
case, the Corryville appears to record
another deepening event and a return to
Fairview or even Kope-like facies, with a
maxcimum flooding surface probably in the
upper half of the umit. Overlying the
Corryville, the Mt. Auburn-Straight Creek
members of the Grant Lake Formation
record shallowing into an environment very
similar to the Bellevue.

Holland’s fourth depositional sequence
(C4) is also short and consists of the Sunset
and Oregonia members of the Arnheim
Formation (Fig. 9; n.b., these members were
each given formational status by Holland).
Once again, this succession commences

with shales and nodular limestones and
progresses upward into wavy-bedded pack-
stones and grainstones. The base of the
Richmond Group (Richmondian Stage)is
presently set at the base of the Arnheim
Formation (base of C4).

Holland's fifth depositional sequence
(C5; Fig. 9) is well developed and shows
well-defined transgressive and early high-
stand systems tracts. It falls within the
middle Richmondian and comprises the
Waynesville, Liberty, and lower Whitewater
formations, a shallowing upward succession.
Its base is marked locally by about 1.5 m of
phosphatic grainstone. This bed is abruptly
overlain by gray shales of the Waynesville
Formation, which contains a fauna domi-
nated by bivalves, trilobites, and the brachio-
pods Onniella and Sowerbyella (or
Thaerodonta) that strongly suggests a return
to deeper water Kope-like conditions.
Facies of the Waynesville, representing
transgressive to highstand conditions, may
correspond to a major early Richmondian
deepening event seen elsewhere in the
Frankfort and Blue Mountain formations
(dark gray to black shales) of New York and
Ontario, respectively, and the Maquoketa
Shales of the upper Mississippi Valley
region. Along the western flank of the
Cincinnati Arch, the shaly Waynesville
grades upward into packstones and grain-
stones of the Liberty Formation, and the
latter, in turn, grades upward into-wavy
bedded limestones of the Whitewater
Formation. Overlying the last-named unit
are bioturbated, coral-rich “lagoonal” mud-
stones and laminated peritidal dolostones of
the Saluda Formation.

On the eastern flank of the Cincinnati
Arch, the correlative section is composed of
shallowing upward facies of the Bull Fork
Formation. A Waynesville equivalent is
recognized in the base of this sequence and
shaliows through variably shaly carbonates
into variegated greenish gray to reddish
mudstones of the Preachersville Member of
the Drakes Formation. These sediments
reflect westward progradation of the
Queenston clastic wedge and are apparently
coeval with the muddy dolostones of the
Saluda Formation to the west. Sequence C5
also shows an incursion of a number of taxa
such as corals, stromatoporoids, and the
brachiopod Lepidocyclus that was referred
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as the “Richmondian invasion” by Holland
and Patzkowsky (1994) and Holland
(1997). Holand and Patzkowsky (1994)
attributed this faunal change to a general
warming of the Cincinnatian seas, possibly
accompanied by changes in seawater chem-
istry.

Finally, Holland (1998) recognized rem-
nants of a sixth and highest Cincinnatian
sequence (C6). This sequence has appar-
ently been completely removed at the major
sub-Silurian Cherokee Unconformity on the
east flank of the Cincinnati Arch (Fig. 4).
However, on the west flank of the arch it is
reflected in a return to packstones and
shales assigned to the Upper Whitewater or
Elkhorn Fomation, above the Saluda
dolostones.

Third-Order Sequences of the
Silurian:  Research on the sequence
stratigraphy of Silurian rocks in the northern
Appalachian Basin (Brett et al., 1990, 1994,
1998) has resulted in recognition of about
eight widespread, unconformity-bounded
packages that may be assigned “third-order”
status, as well as a large number of smaller
(“fourth-order”) sequences (Fig. 11).
Recently, sequence analysis of correlative
units in Ohio and Kentucky has led to
recognition of about six, possibly correla-

tive “third-order” sequences in the
Cincinnati Arch region. Interregional corre-
lation of these sequences is facilitated by the
conodont  biostratigraphic studies of
Kleffner (1989) as well as the detailed
subsurface study of Lukasik (1988).

The first Silurian sequence (S1) is the
Medina or Tuscarora sandstone succession
of the Appalachian Basin, which is recorded
by the Lower Silurian (lower Llandovery)
Brassfield Formation in Ohio and Kentucky
(Fig. 11). It is bounded at its base by the
Cherokee Unconformity and at its top by a
more subtle and previously unrecognized
sequence boundary marked by a hematitic
bed near the top of the Brassfield (Fig. 12).
The sequence consists of the lower portion
of the Clinton Group, comprising mixed
shales, carbonates and ironstones in the
Appalachian Basin. In the Cincinnati Arch
region, its basal unit is the Belfast Member
of the Brassfield Formation, an argillaceous
dolostone that may resemble the underlying
Drakes dolomitic shales. This interval
apparently represents lowstand or initial
transgressive conditions, and over the se-
quence boundary the Belfast locally features
a phosphatic, glauconitic lag. The bulk of
the Brassfield Formation is a massive orange
buff-weathering dolostone with layers of
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Figure 11. Correlation of medial Silurian units in New York State.
Ontario, and central Ohio. From Brett et al. (1990).
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Figure 12. Composite column of
Silurian stratigraphic units of the
eastern Cincinnati Arch area.
Modified from Ettensohn (1992).

light gray chert. This unit contains some
fossils in common with the Manitoulin
Dolostone of Ontario, its probable lateral
equivalent. Like the Manitoulin, the cherty
Brassfield is interpreted as the TST of
sequence S1. An upper division of the
Brassfield in Kentucky consists of gray shale
with thin-bedded dolomitic siltstones (Fig.
12). This interval probably consititutes the
HST of sequence S1 and corresponds to the
Cabot Head Formation of northern Ohio,
Michigan and Ontario. A minor sequence
may be represented by an upper Brassfield
dolostone unit that is capped by a hematitic
bed rich in cystoid columnals, the so-called
"bead bed."

The second Silurian sequence (S2) is
represented by a thin, poorly exposed
succession assigned to the Noland or Crab
Orchard formations (or groups) in southern
Ohio and northern Kentucky, respectively
(Fig. 11). The basal Plum Creek Shale
represents a TST; its base is marked by a
thin, hematitic phosphatic nodule bed. Also
included within sequence S2 in Ohio are the
overlying Oldham Limestone and Lulbegrud
Shale, which have been tentatively corre-

lated with the Reynales Limestone and
Sodus Shale of the classic New York section
(Brett et al., 1990, 1998). In Ohio these
units are truncated to the northwest and
overstepped by the Dayton Limestone, a
distinctive, thin glauconitic carbonate
(Lukasik, 1988). The Dayton has been
dated as late Llandovery (mid-Telychian) on
the basis on conodonts (Kleffner, 1990).
The Dayton is thus approximately coeval
with the Merritton Limestone and upper
Fossil Hill Dolostone, which similarly over-
step strata of sequence S2 in the Bruce
Peninsula area of southern Ontario, Canada.
Brett et al. (1990) inferred that the sub-
Dayton unconformity of central Ohio and
the sub-Merrittton-Fossil Hill unconformity
in Ontario are local manifestations of the
same regional unconformitiy. It probably
represents a minor episode of uplift and
erosion along the Alonquin-Findlay Arch,
which was evidently active during the medial
Silurian.  Goodman and Brett (1994)
suggested that this activity may reflect an
isostatic response to thrust loading during
early phases of the Salinic Orogeny.

The third and fourth Silurian sequences
(S3 and S4) are represented by the Estill
Shale (a member of the Crab Orchard
Formation in Kentucky terminology), which
overlies the Dayton Limestone (Fig. 11).
These units are separated by a subtle but
possibly regionally angular unconformity.
The lower Estill Shale consists of purplish
shales and contains an ostracode and cono-
dont fauna suggestive of a late Telychian
age; this would correlate with sequence S2
(Sauquoit Shale) in the New York succes-
sion (Brett et al, 1990, 1998). At the
Charters roadcut on the AA Highway, a
subtle but slightly angular discordance ap-
pears between the lower purplish shales and
the overlying greenish-grey shales and silt-
stones of the upper Estill. At most, a thin
transgressive lag deposit occurs at the base
of sequence S4.

The upper Estill Shale is assigned a latest

Llandovery (late Telychian) age on the basis
of graptolites of the Monograptus clin-
tonensis Zone and conodonts of the
Pterospathodus amorphognathoides Zone
(Kleftner, 1987). The lower five meters of
shale and thin, fossiliferous siltstones appear
to correlate directly with the uppermost
Rose Hill Shale of the Appalachian Basin
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and with the Williamson-Willowvale shales
(sequence S4-A) of the standard New York
section. This represents the highest stand
of relative sea level during the Silurian in
eastern North America and may be a global
eustatic highstand (Johnson et al., 1998).

The uppermost Estill dolomitic siltstone
unit (previously assigned to the overlying
Bisher Formation; Potter, et al., 1991;
Mason, et al.,, 1991), which is regionally
removed under the S5 unconformity, com-
prises thin- to medium-bedded dolomitic
and somewhat fossiliferous carbonates and
greenish-grey shales. This dolomitic silt-
stone appears to correlate directly with the
Rockway Formation of Ontario and New
York State and with the lower Keefer
Sandstone or sandy uppermost Rose Hill
Formation in Pennsylvania (late highstand
of sequence S4; subsequence S4-B). Also,
probable K-bentonites have been found in
this interval, which may correlate with beds
in the Osgood Shale on the western flank
of the Cincinnati Arch (Ray and Brett,
1999). These ash beds may also correlate
with K-bentonites found in the upper
Llandovery of the southern Appalachians
(Kolata et al., 1996).

A very distinct sequence boundary at
the base of the Bisher Dolostone separates
overlying Sequence S5 from the underlying
Estill Shales (Fig. 11). At this surface, the
uppermost Estill dolomitic siltstones and
shales are regionally truncated in a series of
outcrops near Vanceburg, Kentucky (Stop
8 of field trip, p. 21). Sequence S5 shows
a well-defined transgressive systems tract,
recorded in crinoid-rich dolomitic pack-
stones and grainstones of the lower unit of
the undifferentiated Bisher Formation. This
is sharply overlain by a thin shaly HST
interval, apparently correlative with the
Rochester Shale in the Appalachian Basin.
No more than a half meter of shales and thin
calcisiltites occurs at this level in Kentucky,
however, to the north near Hillsboro, Ohio,
a succession of nearly four meters of typical
Rochester Shale occurs overlying the basal
grainstones of the Bisher Dolostone. The
top of the lower Bisher unit is thus
interpreted as a major flooding surface.

A cryptic, but important, sequence
boundary occurs above the overlying cal-
cisiltite and shale interval. This sequence
boundary appears to correlate with the base

of the Lockport Group and the base of the
McKenzie Formation in Pennsylvania and
Maryland and represents the base of se-
quence S6. This interval is represented by
hummocky to herringbone cross-stratified
crinoidal dolostones, assigned to the upper
Bisher Formation in Kentucky and to the
Bisher or lower Lilly Formation in Adams
County, Ohio (Kleffner and Ausich, 1988;
Kleftner, 1990). The top of this succession
contains a distinctive, poorly bedded interval
consisting of mounds or blocks of dolomic-
rite surrounded by poorly bedded dolomitic
mudstones. This interval has been inter-
preted as a collapse breccia associated with
karstification during the Devonian because
it lies just below the Kaskaskia unconfor-
mity. However, its association with poorly
preserved corals and stromatoporoids and
the occurrence of in-situ crinoid holdfasts
on the surfaces of the dolomicrite mounds
indicate that, instead, these structures may
represent bioherms or mud mounds. If so,
they are associated with the early high-
stand/maximum flooding surface of se-
quence S6. As such, they would correlate
with a widespread zone of coral-stromato-
poroid reefs in the lower Lockport Group
in New York State and thrombolitic mounds
in the McKenzie Formation of Pennsylvania
and West Virginia (Crowley, 1973; Brett et
al., 1990). The overlying Lilly-Peebles
dolostone succession of southern Ohio has
been largely removed by Devonian erosion
in northern Kentucky.

In the study area gray to black pyritic
shales of the Upper Devonian (Famennian)
are juxtaposed directly upon eroded Silurian
carbonates (see Over et al., this volume).
The unconformity typically displays a small
amount of relief and may be overlain by a
thin lag deposit of dark bone and conodont-
rich pyritic to phosphatic limestone.
Corrosion and some dissolution of the
underlying Silurian carbonates is common
and in places minor sandstone dikes may
intrude downward into Silurian dolostones.

This field trip will provide an opportu-
nity to examine both the Cherokee and
Wallbridge unconformities, as well as a
number of the less profound but widespread
surfaces discussed above. In the context of
sequence stratigraphy, these represent se-
quence boundaries or, in some cases, maxi-
mum flooding surfaces.
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