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bstract

Mixed carbonate-siliciclastic strata of the lower Richmondian (Upper Ordovician, Cincinnatian) in the Cincinnati Arch region represent deposition
long a gentle epeiric ramp in the Taconic foreland basin. Previous stratigraphic investigation of this interval largely emphasized local facies, with
ittle consideration of regionally persistent patterns and widespread marker horizons. The current study describes a distinctive package within
he lower Rowland Member of the Drakes Formation of northern Kentucky; this interval comprises a four-part succession of units, several of
hich are characterized by unusually high abundance of particular taxa (proliferation epiboles). Similar (to nearly identical) successions, including

piboles in corresponding positions, are present within the undifferentiated Bull Fork Formation of central Kentucky and the Fort Ancient Member
f the Waynesville Formation in southwestern Ohio. Further, progressive erosion of the widely traceable “lower Rowland” succession beneath a
istinctive, prominent marker bed indicates the presence of a previously undocumented, regionally angular unconformity within the middle Rowland
ember (the “mid-Richmondian unconformity” predicted by some earlier workers). Hence, a widely persistent, nearly layer-cake pattern can be
ocumented over 150 km across the Cincinnati Arch. Although the mechanism(s) responsible for such widespread epiboles is (are) enigmatic, this
tudy demonstrates the significant value of epiboles in regional stratigraphic correlation and recognition of unconformities.

 2015 Elsevier B.V. and Nanjing Institute of Geology and Palaeontology, CAS. All rights reserved.
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.  Introduction

Epiboles constitute thin, widespread intervals characterized
y the unusual abundance of a fossil taxon or taxa that are other-
ise significantly less common or absent in a given depositional
asin (Brett and Baird, 1997). Multiple types of epibole have
een documented throughout the Paleozoic, but proliferation
piboles — thin intervals defined by the exceptional abundance

f taxa that were normally present, but otherwise insignifi-
ant components of assemblages — remain enigmatic. Such
piboles were widely recognized in the classic Cincinnatian
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Upper Ordovician: Katian) strata of the Cincinnati Arch region
f eastern Laurentia by paleontologists in the late 1800s and
arly 1900s, and workers such as August Foerste (1903, 1912)
sed these “faunal zones” to good advantage in correlating strata.
or example, in the lower Waynesville Formation, a series of
eds and epiboles were described and utilized in regional strati-
raphic analyses: the Dalmanella  meeki  beds with a distinct
rthid brachiopod now called Cincinnetina  meeki, the Flexi-
alymene  butter shales, the incursion of the Clarksville fauna
ncluding the brachiopods Eochonetes  (formerly Thaerodonta)
nd Leptaena, and the Glyptorthis  bed were used to help develop

 detailed correlated stratigraphic framework within Ohio. How-

ver, in spite of the efforts of Foerste (1912) to extend these
arkers southward into shallower water settings by document-

ng overlapping diagnostic epibole taxa in different areas, the

y, CAS. All rights reserved.
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apid facies changes in Kentucky frustrated efforts to develop
 refined synthetic, regional stratigraphy. Thus, partly because
f these problems, the Cincinnatian epiboles were dismissed
uring much of the later 20th century as being of little or no strati-
raphic significance. Such faunal markers were generally treated
s non-biostratigraphic phenomena and were instead interpreted
s simply marking particular, laterally restricted biofacies (see
avis and Cuffey, 1998). Yet, even though the ecological con-

rols on such proliferation events remain poorly understood, it
s clear that they do exist as discrete, widely traceable inter-
als (e.g., Brett et al., 2003; McLaughlin and Brett, 2007) and
herefore have great utility in local and regional correlation
nd chronostratigraphic calibration (Brett, 2000; Brett et al.,
007).

The failure to recognize the importance of epiboles and other
ypes of event beds and key surfaces by more recent workers has
ed to an overly lumped stratigraphy and a much less precise,
nd often redundant and confusing, terminology. In spite of the
dmirable feat of mapping every quadrangle in the common-
ealth of Kentucky by USGS field geologists during the 1960s

nd 1970s, a more highly refined and consistent stratigraphy
ad already been worked out by earlier workers (e.g., Foerste,
903; Butts, 1915) but subsequently discarded in an attempt to
roduce a strict lithostratigraphy. For example, in some areas,
tratigraphic terminology was changed, somewhat arbitrarily,
cross the boundaries of quadrangles. This fed into a view of
acies mosaics with little continuity of any horizons throughout
he greater Cincinnati Arch region (see, for example, Cuffey,
998).

A series of relatively recent road cuts along interstate high-
ays and state roads, however, provides new insights into
igh-resolution event and sequence stratigraphy and re-affirms
he utility of epiboles (and other markers) in providing highly
efined regional correlations. This, of course, also raises ques-
ions as to the origin and significance of these beds and their role
n the paradox of “layer cake” stratigraphy (Brett et al., 2007),
nd suggests a highly predictable pattern of sedimentary pack-
ges, even at a refined scale. Further, these regionally traceable
aunal markers provide evidence of previously unrecognized,
equence-bounding disconformities. Failure to recognize these
egionally angular erosional unconformities (sensu Brett et al.,
990) is one of the factors that clouded previous attempts at
orrelation and hampered a more realistic view of the stratal
rchitecture of the type Cincinnatian.

Although integrated study of this temporal interval through-
ut the region has been complicated by uplift and erosion
f the Cincinnati Arch, probable a late Paleozoic forebulge
hich has removed the record of Cincinnatian beds over a

arge area (Beaumont et al., 1988; Ettensohn, 2008), as well
s the application of a plethora of lithostratigraphic terms, dis-
inctive faunal markers — primarily proliferation epiboles —
evertheless serve as important tools for high-resolution corre-
ation. These faunal and lithological markers, which had been

argely discounted by many previous workers, permit recogni-
ion of widespread stratigraphic patterns over a broad geographic
rea (cf. Brett et al., 2007) and aid in recognition of a regional
nconformity that locally cuts them out.
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The objectives of the current study are: (1) to document fau-
al epiboles in an interval of the Upper Ordovician of Kentucky;
2) to utilize these faunal events as marker horizons that can shed
ight on the presence of discontinuities and sequence stratigra-
hy of the study interval; and (3) to interpret the nature of these
piboles and their ecologic and sedimentologic significance.

.  Stratigraphic  relations

.1.  Regional  setting

Strata of Upper Ordovician (Katian: lower Richmondian) age
re well exposed around the periphery of the Cincinnati Arch
n north-central Kentucky (Fig. 1A), where they are variably
ssigned to the Arnheim and Waynesville formations of Ohio
nd the Bull Fork, upper Grant Lake, and lower Drakes for-
ations to the south (Fig. 1B). These units comprise mixed

iliciclastic-carbonate rocks deposited in the distal Taconic fore-
and basin. Locally, this basin was subdivided by a shallow
latform, referred to as the Lexington Platform, with a likely
ack-bulge basin, the Sebree Trough, to the north (Kolata et al.,
001).

These strata were thus accumulated along a gently north-
loping ramp with shallow peritidal facies to the south and shoal
o deeper ramp environments to the north. Siliciclastic sediments
ere derived from tectonic source areas uplifted in the Ver-
ontian tectophase of the Taconic Orogeny (e.g., Ettensohn,

008). Carbonates were locally derived and include micritic
ackestones in the shallowest environments, and skeletal grain-

tones and rudstones in mid-ramp environments, grading into
uddy packstones with occasional grainstones in areas below
ave-base to the north. We are currently attempting to cali-
rate the absolute depths and gradient dynamics of this ramp,
hich ranged from above mean sea level in desiccation cracked
icrites in the south to deeper ramp but within the photic zone

 probably < 30 m of depth — in the north (Brett et al., in press).
he present study primarily considers the upramp, proximal
ettings and their associated epiboles.

.2.  Stratigraphic  overview

A relatively detailed stratigraphy for the lower Richmondian
tage, long recognized in southern Ohio and eastern Indiana,
omprises the upper Arnheim and Waynesville formations, the
atter of which is further subdivided into three units: the Fort
ncient, Clarksville, and Blanchester members, in ascending
rder (Figs. 1B and 2). However, in Kentucky the apparently
orrelative interval undergoes relatively abrupt facies changes
ith a resultant lack of detailed correlations. This is further

omplicated by the uplift of the Cincinnati Arch, a feature
hich, in its present form, probably represents a forebulge of
arboniferous–Early Permian age that very gently upwarped

oreland strata during the Alleghenian Orogeny (Ettensohn,

008). More than 300 million years of erosion has removed
igher beds from the center of the Cincinnati Arch, revealing
eds as old as Sandbian-age near Lexington, Kentucky, but los-
ng the record of overlying strata in this area. Consequently, the
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Fig. 1. Location and general stratigraphy of study area. (A) Location map of the Indiana-Ohio-Kentucky tri-state area of eastern USA (see inset map); open circles
represent cities or towns for geographic reference, closed circles represent studied outcrops, and +’s represent critical sections described in detail within the text;
note that outcrops of the stratigraphic interval studied here form a ring around the margin of the Cincinnati Arch, and no data can be derived from locations within
this ring; many of these localities are also described by Foerste (1912). (B) Schematic diagram of stratigraphic and terminological relationships between strata in
southern Ohio (Ohio), the western Cincinnati Arch region in Kentucky (WCA), and the eastern Cincinnati Arch in Kentucky (ECA). ARNH. = Arnheim Formation;
Oreg. = Oregonia Member; SHB = Southgate Hill bed; BWH = Bon Well Hill bed; T. duseri shale = Treptoceras duseri shale; MHB = Marble Hill bed; abst? = locally
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bsent; FCB = Fisherville coral beds; Cypho. = Cyphotrypa shale.

orizons considered herein cannot be directly traced across the
enter of the Cincinnati Arch, where they have been removed
y post-Paleozoic erosion, in an area as much as 275 km wide
n places.

Ongoing research tentatively links a distinctive, five to seven
eter-thick package studied herein to the lower two members

f the Waynesville Formation of southern Ohio (Fig. 1B). In
articular, the basal, Fort Ancient Member in Ohio and Indi-
na seems to be divisible into a three- or four-part stratigraphy
hat can be traced southward into Kentucky (Fig. 2). In ascend-
ng order, this succession comprises: (1) an approximately one
eter thick, phosphatic, skeletal limestone (the South Gate Hill

ed, new term, herein); (2) a sparsely fossiliferous, gray clay
hale (sometimes referred to as the lower Fort Ancient “barren
hale”); (3) a bundle of coquinoid, dalmanellid-rich limestones
the Bon Well Hill beds); and (4) a soft, blue-gray claystone, or
butter shale”, referred to as the “trilobite shale” or Treptoceras
useri shale (Frey, 1987); these beds are overlain by a series
f limestones and shales, termed the Clarksville Member, with

 distinctive fauna including abundant Leptaena  and the first

ppearance of Eochonetes  clarksvillensis, Hiscobeccus  capax,
nd the rugose coral Grewingkia  canadensis. Recent study has
dentified two regionally angular unconformities, one at the base

t
s
F

nd one above the top of this package (Fig. 2), partly on the basis
f the epiboles discussed herein (Aucoin et al., 2014). These will
e discussed elsewhere.

The apparent equivalents of this succession, as well as the
ounding erosional surfaces, can be traced southward into a dis-
inctive lower interval within Rowland Member of the Drakes
ormation in north central Kentucky (Fig. 2), where the units
escribed above appear to grade laterally, in ascending order,
espectively, into: (1) a basal grainstone-packstone interval
locally termed the lower Marble Hill bed); (2) a sparsely fos-
iliferous mudstone and cherty calcisiltite; (3) the Fisherville
oral bed; and (4) a soft Cyphotrypa  bryozoan-bearing shale
Butts, 1915); the Clarksville interval, however, appears to be
argely absent. The correlation of the Fort Ancient Member with
he lower Rowland has been corroborated by unpublished car-
onate carbon isotopic studies, which indicate the Waynesville
ositive excursion (Bergström et al., 2010) in both units. In the
ollowing sections, we consider the detailed stratigraphy and
orrelations of these epiboles and marker intervals from the
ucky, moving counterclockwise to the southeastern and eastern
ide of the Cincinnati Arch near Mt. Sterling, Owingsville, and
lemingsburg, Kentucky (Fig. 1).
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Fig. 2. Stratigraphic columns for two sections from far ends of the studied interval showing local terminology (left of columns) and inferred equivalent units. (A)
Roadcut on I-71N, near Smithfield, Henry County, Kentucky (N38◦28′41′′, W85◦16′12′′). (B) Roadcut on I-64E, near mile marker 117, west of crossing of Salt Well
Creek, ∼6 km southwest of Owingsville, Bath County, Kentucky (N38◦06′32′′, W83◦49′01′′). Section A is about 160 km northwest of Section B, on opposite sides
of the Cincinnati Arch.
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Fig. 3. Outcrop photograph of the lower and upper Rowland Member along
highway I-71 at milepost 29 near Sulphur, Henry County, Kentucky, showing
the major units recognized in this report. A major sequence boundary is marked
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.3.  Northwestern  Cincinnati  Arch  stratigraphic  relations

The stratigraphic interval considered here comprises a thin
ut highly distinctive package typically mapped in the area of
ouisville, Kentucky, as the lower portion of the Rowland Mem-
er of the Drakes Formation and herein referred to as the “lower
owland succession” (Figs. 2 and 3). This interval underlies an
brupt, and evidently disconformable, contact with a distinctive
asal bed of the middle Rowland interval, which further south
s regarded as the base of the Rowland. In the area of the north-
estern Cincinnati Arch, from about Bedford southwestward to
t. Washington, Kentucky, this marker is everywhere underlain

y a distinctive series of four units, described individually in
scending order below.

.3.1.  Basal  grainstone  and  lower  Marble  Hill  bed
The base of the lower Rowland succession in this region

s marked by a relatively thin package of phosphatic, skeletal
ack- to grainstones and, locally, a unit of gastropod-rich
rainstone that has been previously identified as the lower
ongue of the Marble Hill beds (Swadley, 1979; Weir et al.,
984). The latter unit is a distinctive coarse, skeletal grainstone,

ocally extremely rich in well preserved specimens of the
igh-spired gastropod Loxoplocus  bowdeni  (Fig. 4C); this bed
rops out in a narrow belt south of the Ohio River near Milton
nd Bedford, Kentucky. It has been interpreted as an offshore

H
u
s
b

ig. 4. Selected details of significant stratigraphic units. (A) Outcrop on I-71 near Sul
ead (Cyathophylloides) near the top of the unit, overlain by the Fisherville coral b
ember. (B) Non-calcified dasyclad algae, common within the “lower barren” shale 

bundant Skolithos; this photograph was taken at a creek along US-421 southeast of B
n the basal upper Rowland bed at the same locality as in (C), occurring slightly abov
y the solid horizontal line; small-scale sequences are marked by the double-
ided vertical lines and are divided into transgressive systems tracts (TST) and
ighstand systems tracts (HST).

keletal shoal (Swadley, 1979). This basal interval is thought
o be the lateral equivalent of the informally named South Gate

ill bed, a phosphatic, brachiopod-rich pack- and grainstone
nit that forms the base of the Waynesville Formation in
outheastern Indiana (Figs. 1B, 2, 4C). This correlation is
ased partly on stratigraphic position, but also because of the

phur, Kentucky showing the “lower barren” shale, which contains a large coral
ed, the Cyphotrypa shale, and the basal carbonate bed of the upper Rowland
interval. (C) A block of the basal unit of the upper Rowland Member, showing
edford, Trimble County, Kentucky. (D) Large solenoporid (red algae?) thallus
e the unconformity forming the base of this unit.
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vidence for the taphonomic complexity of these units, which
e interpret as a reflection of stratigraphic condensation during

n interval of relatively rapid base-level rise. This correlation is
lso supported by the concentration of phosphate in both units
nd the abundance of high-spired gastropods in the Marble
ill beds, which seemingly reflects a time-specific episode of

levated primary productivity during deposition of these units
cf. Allmon, 1992; see Section 3).

.3.2.  “Lower  barren”  shale
The basal grainstone unit is overlain by approximately one

nd a half to three meters of soft, greenish-gray, silty mudstone
Fig. 4A). This interval is sparsely fossiliferous and contains
ew packstone or grainstone beds; however, along I-71 south of
edford, Kentucky, large heads of the colonial corals Cyatho-
hylloides and Tetradium  occur in the upper half-meter of this
nit. This dark shale is rich in carbonized dasyclad algae. To the
outhwest, this mudrock interval becomes increasingly silty and
ocally contains cherty calcisiltites. The presence of nodules of
ale gray “amoeba-form” chert forms a distinctive marker for
his shaly unit that is recognized in several quadrangles south of
ouisville, Kentucky.

.3.3.  Fisherville  coral  beds
In turn, the lower mudrock interval is overlain by a unit ∼1 to

.5 m thick that is characterized by a facies motif, referred to as
hythmic bedding. One component of these rhythms is medium
ray, pale-weathering, hard, micritic limestone (lime mudstone
nd wackestone) that contains scattered brachiopods (large,
obust specimens of Hebertella  occidentalis, small Platys-
rophia), ramose bryozoans, cap-shaped Cyphotrypa  bryozoans,
astropods (Loxoplocus, Lophospira), bivalves (Modiolopsis,
mbonychia, Caritodens), as well as abundant Tetradium  sp.,
nd Cyathophylloides  stellata  (formerly called Columnaria
lveolata), including heads up to nearly a meter in diame-
er. Surprisingly, solitary rugose corals, common in the upper

aynesville Formation and equivalent middle-upper Rowland
ember (Elias, 1983), have not been documented from the Fish-

rville coral bed. This lithology alternates evenly with very dark
rownish-gray, fissile, carbonaceous shales (Fig. 4B), which
ommonly show small Chondrites  burrows and carbonized dasy-
ladacean algae. These beds weather to a striped appearance
ecause of the alternation of pale chalky micrites and recessive
ark shales.

This interval was previously identified as the Fisherville
reef”, for coral beds or biostromes west of Fisherville, KY,
n epibole of the colonial rugose coral Cyathophylloides  stel-
ata and Tetradium  spp. (Foerste, 1903; Brown, 1964). This is
n important regional marker, which previously has been traced
rom the vicinity of Mount Washington, Kentucky northeast-
ard to the area of Sulphur, KY (see Fig. 1). It has been used to
efine the base of the southern “Waynesville-equivalent” (Butts,
915) and, subsequently, as the base of the Rowland Member

f the Drakes Formation in certain quadrangles of Kentucky
e.g., the Fisherville Quadrangle; Kepferle, 1976). However, as
oted in Section 2.3, we consider the underlying succession to
e equivalent to the lower beds of the Fort Ancient Member

a
t
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f the Waynesville Formation and also include them within the
owland Member; the equivalent cherty calcisiltites and shale
elow the Fisherville bed have also been used as the base of
he Rowland in some geological quadrangles mapped by the US
eological Survey.

.3.4.  Cyphotrypa shale
In all outcrops between the Smithfield Quadrangle to the

orth and Seatonville, Kentucky, within the Jeffersontown Quad-
angle, to the south, the Fisherville beds are overlain by two to
hree meters of mudstone that locally contain an exceptional
bundance of the small, domal, slightly monticular bryozoan
enerally identified as Cyphotrypa  clarksvillensis  (Fig. 2; also
ee Fig. 7). The interval is otherwise sparsely fossiliferous
xcept for scattered shells of the brachiopod Hebertella  and
he bivalve Modiolopsis, which also forms the most common
ubstrate for the Cyphotrypa  bryozoans (see also Schwalbach
t al., 2014). Both the base and top of this interval pass
nto thin, rhythmically interbedded, pale-gray wackestones,
nd dark gray shales with carbonized dasyclad algae; these
esemble the Fisherville facies, but, significantly, lack corals.
his interval appears to be cut out at a major regional ero-
ion surface between Seatonville, and Bardstown, Kentucky
Fig. 1).

.3.5. Middle  Rowland  basal  beds
The lower Rowland beds are sharply overlain by a distinc-

ive series of beds, at the abrupt, and evidently, disconformable
ontact with the middle part of the Rowland Member. The basal
ed, typically approximately one half to one meter thick, is com-
osed of massive, pale olive-green, yellow- to buff-weathering,
ilty argillaceous lime mudstones to wackestones. This bed is
haracterized by the presence of small spheroidal bryozoans
Cyphotrypa), stromatoporoids, and corals and, in many locali-
ies dark green, glauconite-filled Skolithos  burrows near its top
Fig. 3). This bed serves as an important regional marker and is
erein referred to as the “Skolithos  bed”. Slightly higher beds
how gastropod rich grainstone with large solenoporid algae
Fig. 4D).

A key discovery of this work is that the Skolithos  bed and
ther middle and upper Rowland markers persist to the south,
hereas the critical markers of the lower Rowland are progres-

ively truncated and overlapped. The Cyphotrypa  shale persists
outhward to about Seatonville, but 10 km to the south, near

ount Washington, the Fisherville bed occurs immediately
elow the basal middle Rowland Skolithos  bed, with the inter-
ening Cyphotrypa-bearing mudstone having apparently been
emoved by erosion (see Fig. 7). The Fisherville interval is
bsent south of this region, where the Skolithos  bed comes to
est first on the cherty calcisiltite facies and then, south of Bard-
town, Kentucky area, on successively older beds equivalent to
he lower Arnheim Formation and mapped as Reba Member
f the Ashlock Formation. This evidence defines a significant

nd previously undocumented regionally angular unconformity
hat removes the lower Waynesville/lower Rowland Member
nits and ultimately cuts away most of the underlying Arnheim
ormation to the south.
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Fig. 5. Outcrop of the lower and upper Rowland Member-equivalents (mapped
as the middle Bull Fork Formation) along I-64 at milepost 117, ∼4 miles west of
Owingsville, Bath County, Kentucky (see Fig. 1A). Note the strongly rhythmic
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.4.  Southeastern  Cincinnati  Arch  stratigraphic  relations

The lower Rowland interval appears to be absent south
f Bardstown, Kentucky along the southwestern and southern
anks of the Cincinnati Arch, and has not previously been rec-
gnized anywhere to the east. However, our recent fieldwork has
evealed a similar succession along the southeastern flank of the
incinnati Arch between Mount Sterling and Flemingsburg, KY,
here it has been mapped as part of the undifferentiated Bull
ork Formation (Figs. 1, 2 and 5). We argue, on the basis of
n extremely similar suite of faunal epiboles and key beds, as
ell as the persistence of bounding (upper and lower) mark-

rs for this interval, that this succession (Fig. 1B) is, in fact,
ery similar to the lower Rowland succession of the west side
f the Cincinnati Arch. The interval of interest is well exposed
rom Howards Mill, 8 km east of Mt. Sterling, northeastward
o the vicinity of Owingsville, Kentucky (Fig. 1). Although it
as not recognized as a distinct unit during quadrangle map-
ing by the USGS, it is clear that at least the basal middle
owland interval was noted near Owingsville, where it was
onsidered simply to be a local bed rich in bryozoans (espe-

ially Cyphotrypa, which may be densely packed; see Fig. 6D),
etradium, and stromatoporoids. This bed overlies a somewhat
hicker succession that includes all of the sub-units of the lower
owland succession (Fig. 6A). Moreover, careful mapping by

i
t
M
r

ig. 6. Details of the upper Bull Fork Formation in the vicinity of Owingsville, Ken
howing the sequence boundary above the Cyphotrypa shale; the immediately overlyi
ed”), as shown in (D). (B and C) Basal upper Rowland bed showing abundant vuggy
mage in (C) is from a nearby roadside outcrop. (D) Close-up of dense Cyphotrypa 

ame locality as that shown in (A).
edding of the Fisherville coral bed-equivalent. Small-scale sequences within
nits underlying the major unconformity are delineated as in Fig. 3.

he US Geological Survey, summarized by Weir et al. (1984),
ndicated that the upper Bull Fork Member shows dramatic

hinning in the area from the Owingsville southwest to the

ount Sterling Quadrangle. We regard this as evidence for a
egionally angular unconformity coextensive with that which

tucky (see Fig. 1A). (A) View of outcrop on I-64, at exit 123 onto US Rte. 60,
ng bed is remarkably rich in round Cyphotrypa colonies (BBB = “ball bryozoan

 stromatoporoids and corals; image in (B) is from the same locality as (A), and
concentration at the base of the upper Rowland Member-equivalent; from the
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Fig. 7. Schematic cross-section along western side of Cincinnati Arch from Milton, Kentucky in the north to Bardstown, Kentucky in the south (see Fig. 1A).
This cross-section, approximately 120 km in distance, shows a southward truncation of the Cyphotrypa shale, Fisherville bed, “lower barren” shale, and Southgate
Hill-lower Marble Hill bed below the basal upper Rowland Member, at a regionally angular unconformity. The “C4-C5A” and “C5A-C5B” labels are associated
w ies be
P

w
A

2

c
t
h
(
O
t
l
i
t
fi
g
f

g
b
m
o
b
s
a

2

o
m

d
T
1
t
i
t
A
g
f
b
c
t
s
o

2

e
t
g
d
c
s
A
c
A

ith unconformities (designated by vertical striping) that serve as the boundar
atzkowsky (2007) and modified slightly by Brett et al. (2012).

e have documented on the northwest side of the Cincinnati
rch.

.4.1. Basal  succession  and  “barren  shales”
The base of the lower Rowland/Fort Ancient-equivalent suc-

ession is not as clearly defined in all outcrops, but appears
o be represented at Mt. Sterling, Kentucky by four or five
ighly fossiliferous packstone beds totaling approximately 1.6 m
Figs. 2 and 7). However, cuts along exit 123 from I-64 east of
wingsville show a distinctive channelized set of grainstones

hat appear to fill a channel several tens of meters across and at
east a meter deep (see Weir et al., 1984). Even more dramat-
cally, at large roadcuts on KY-111 northeast of Owingsville,
he apparently correlative interval is represented by a channel-
ll succession, up to three meters thick, of coarse, cross-bedded
rainstones that laterally pinches to a 40 cm grainstone within a
ew tens of meters laterally.

In all localities, the grainstone is overlain by 1–1.7 m of pale-
ray, thinly nodular, sparsely fossiliferous olive gray to dark
rownish-gray mudstone, rich in dasycladacean algae with a
edial band rich in Hebertella, Platystrophia, and ramose bry-

zoans (Fig. 5). These beds appear to be the equivalent of the
arren algae-rich shales and cherty calcisiltites of the western
ide of the Cincinnati Arch, but have not yielded chert nodules
t any outcrop on the eastern side.
.4.2. Fisherville  coral  beds-equivalents
The sparsely fossiliferous mudstone interval is abruptly

verlain by a distinctly rhythmic succession of ten to twelve
icritic, sub-concretionary wackestones interbedded with very

2

b

tween third-order stratigraphic sequences defined and named by Holland and

ark brownish-gray, carbonaceous shales (Figs. 2, 5 and 6A).
his interval is very well exposed at mile markers 115 and
17 on I-64 near Preston, Kentucky. It appears to correlate with
he rhythmic limestone-dark shale succession of the Fisherville
nterval on the west side of the Cincinnati Arch. This interval
hins to about a meter to the north on both sides of the Cincinnati
rch and has fewer rhythmic beds, perhaps due to the amal-
amation of layers. These outcrops also contain a very similar
auna to the Fisherville beds, including abundant modiolopsid
ivalves, ramose and hemispheroidal bryozoans, and notably
ommon Hebertella  brachiopods, especially near the base of
he unit. In these sections, however, colonial corals and small
tromatoporoids are relatively uncommon and restricted to one
r two beds near the base.

.4.3.  Cyphotrypa shale
At sections from Howards Mill, east of Mt. Sterling, to just

ast of Owingsville, rhythmic carbonates and coral biostromes of
he Fisherville interval are overlain by one to two meters of olive-
ray, silty shale that is exceptionally rich in small (1–3 cm in
iameter) hemispheroidal colonies of the bryozoan Cyphotrypa
larksvillensis (Figs. 2 and 6D). This shaly interval is again very
imilar to the Cyphotrypa  shale of the west side of the Cincinnati
rch, more than 150 km to the west and was almost certainly

oextensive with this shale prior to erosion of the Cincinnati
rch (see Figs. 7 and 8).
.4.4. Upper  Bull  Fork  succession
In sections between Mt. Sterling and Owingsville, the upper

ed of the Cyphotrypa  shale interval is overlain by a 15–20 cm
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Fig. 8. Paleogeologic, subcrop map extrapolated across the Cincinnati Arch.
Cincinnatian outcrop area is shown in pale gray with older Ordovician strata in
d
r

l
c
b
i
n
s
(
b
e
c

c
w
t
(
b
p
fi
d
a
l
i
o
l
c
s
T

a
s
C
a
o
s
o

i
a
O
w
b
s
i
a
u
H
w
R
F
l
t
o
R
t
m
f
o

3

e
t
o
t
p
a
d
c
r
s

C
o
s
w
“
C
o
b
t
may be linked to incursion of warm, nutrient-rich waters during
arker gray. This map shows how units are intercepted and truncated beneath
egionally angular unconformity at the base of the upper Rowland Member.

edge-forming packstone, the upper surface of which is nearly
ompletely covered by C.  clarksvillensis. This so-called “ball
ryozoan bed” forms a prominent local marker (Fig. 6A and D)
n these outcrops and has been the subject of detailed tapho-
omic investigation (Schwalbach et al., 2014). In all of these
ections, bryozoans are most commonly attached to bivalves
Modiolopsis), which appear as external molds on the flattened
asal surfaces of the colonies. This bed is overlain by a poorly
xposed slightly dolomitic mudstone interval, rich in the bra-
hiopod Hebertella  and bryozoans.

This succession is exceptionally well developed in out-
rops near I-64 exits 121 and 123 at Owingsville, Kentucky,
here it becomes highly fossiliferous and sharply overlies

he “Cyphotrypa  shales” at an apparent sequence boundary
Fig. 6A). The base of the interval, equivalent to the “ball
ryozoan bed”, is represented by a relatively compact, phos-
hatic, oncolitic grainstone, rich in Cyphotrypa, about twenty to
fty centimeters thick. Locally, this basal bed contains abun-
ant colonial corals, including Cyathophylloides, Tetradium,
nd small stromatoporoids. This basal limestone and the over-
ying one to two meter fossiliferous mudrock and packstone
nterval is also exceptionally rich in large, robust individuals
f the brachiopod Hebertella  occidentalis, representing a pro-
iferation epibole for this taxon. The upper half of this interval

ulminates in two thicker beds extremely rich in large, pink
tromatoporoids (Labechia  sp.) and corals (Cyathophylloides,
etradium). Although the color of stromatoporoid colonies is not

a
p
o
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 diagnostic, time-specific feature of this thin interval and pink
tromatoporoids are known from other intervals of the greater
incinnati Arch region, the coloration is nevertheless consistent
cross the study area and allows these faunal elements to stand
ut sharply from surrounding matrix sediments. In contrast, most
tromatoporoids from the older Sunset Member of the lower part
f the Arnheim Formation are typically a brownish color.

Again, as on the west side of the arch, careful mapping start-
ng with the work of Robert Weir (USGS) revealed a pattern of
brupt southward thinning of the Bull Fork Formation (Fig. 7).
ur work shows that this results in part from successive south-
estward truncation of the Cyphotrypa  Shale, Fisherville, and
asal beds down to a level within the lower Arnheim. This ero-
ion takes place within the length of two quadrangle maps and
s analogous to the rapid removal of units between Seatonville
nd Mount Washington on the west side of the Arch. The
nderlying Cyphotrypa  shale interval is removed southwest of
owards Mill; eventually, the “ball bryozoan bed”, typically
ith vuggy stromatoporoids, marking the base of the middle
owland comes to overlie a thin remnant of the lower Bull Fork
ormation, equivalent to the Leptaena-Rynchotrema  beds of the

ower Arnheim Formation, again termed the Reba Member of
he Ashlock Formation, southwest of Mount Sterling. Hence, as
n the western side of the Cincinnati Arch, the base of the middle
owland appears to represent a regionally angular unconformity

hat removes the entire “lower Rowland” succession and several
eters of underlying material. Indeed, this is the same uncon-

ormity that removes the lower Rowland near Bardstown on the
pposite side of the Cincinnati Arch, 150 km to the west.

.  Discussion

Despite separation by up to 270 km owing to post-Paleozoic
rosional removal, the succession of distinctive epiboles within
he so-called “lower Rowland” interval of the western side
f the Cincinnati Arch very closely matches that of an interval of
he Bull Fork Formation on the eastern side (Figs. 7 and 8). This
rovides strong evidence that these successions record a correl-
tive interval and preserve a persistent pattern of strata along
epositional strike (see also Brett et al., 2007). The underlying
auses of widespread epiboles and related time-specific facies
emain to be conclusively determined. However, we may make
ome tentative hypotheses as to their significance.

The Fisherville coral beds record the first appearance of
yathophylloides  corals in the Cincinnati Arch region. The
ccurrence of these taxa and their persistence into higher
tratigraphic levels seemingly records the incursion of warm-
ater fauna from lower latitudes near the beginning of the

Richmondian invasion” (Holland and Patzkowsky, 2007).
yathophylloides, as well as Tetradium  and stromatoporoids,
ccur in the putatively equivalent middle Fort Ancient Mem-
er of the Waynesville Formation to the north, in Ohio. In
his case, the Cyathophylloides  epibole of the Fisherville bed
 major paleoceanographic event. It is notable that Cyatho-
hylloides, Tetradium, and small stromatoporoids also first
ccur in the apparently equivalent Fort Ancient shales in Ohio
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Frey, 1987); hence, this incursion epibole is regional and some-
hat facies cross-cutting. Furthermore, the incursion of these

oral and sponge taxa is associated with a major late-Katian
ea-level highstand and a positive carbon isotope excursion (the
aynesville excursion of Bergström et al., 2010). It is partic-

larly notable that this aspect of the Richmondian invasion in
hallow water facies occurs earlier than the incursion of deeper
rachiopod, coral, and other taxa in offshore shale-rich facies,
hich occurs in the overlying Clarksville interval in Ohio and

ndiana. Perhaps not surprisingly, the influx of warm water
asses affected shallow water areas before deeper portions

f the basin, which retained a more typical lower Cincinna-
ian Rafinesquina  and dalmanellid-brachiopod dominated fauna
hrough deposition of the Fort Ancient Member.

The association of this coral incursion epibole with rhyth-
ic wackestone-shale facies is analogous to associations of

tromatoporoid-Tetradium  biostromes in several older units;
hese include the Mt. Auburn and Sunset Members of the Grant
ake Formation and the Stamping Ground and Strodes Creek
embers of the Lexington Limestone (Young et al., 2013). In

ll cases, the depositional system appears to have been poised
etween two end-members: (1) an organic-rich clay-bottom set-
ing that favored non-calcified algae, and (2) a carbonate mud
etting with abundant corals, mollusks, and ostracods. Abundant
asyclads indicate shallow water depths, probably less than fif-
een meters, and may also suggest eutrophic conditions (Brett
t al., 1993, in press). In addition, the abundance of chert in the
mmediately underlying beds seemingly reflects an incursion of
utrient-rich waters (Pope, 2004), which may have fostered an
bundance of siliceous sponges. Elevated nutrient levels are also
upported by the vast accumulations of high-spired gastropods
Loxoplocus) in grainstone facies (Marble Hill beds) recording

 shallow-water shoal-bar complex (Swadley, 1979) in laterally
quivalent sediments to the north.

The proliferation of Cyphotrypa  clarksvillensis  appears to
e coupled with this distinctive faunal change. This small,
emispherical bryozoan shows a pattern suggestive of an oppor-
unistic taxon, similar to Prasopora  (Brett and Brookfield, 1984;
uffey, 1997), that is well-adapted to muddy, shallow water

acies because of its growth form and ability to rapidly colo-
ize locally abundant bivalve shells (Schwalbach et al., 2014).
his bryozoan extends into more offshore facies further north,

hough it is not as abundant.
Regardless of cause, these marker beds provide an excel-

ent framework that permits characterization and high-resolution
orrelations of a critical, previously unrecognized stratigraphic
nterval. Further, mapping of these markers (Figs. 7 and 8) pro-
ides evidence for a previously unrecognized erosion surface
ith implications of gentle regional tilting. Progressive south-
ard removal of these persistent marker units along an erosive

ontact at the sharp base of a distinctive, prominent glauconitic,
ioturbated coral-bryozoan bed (“Skolithos  bed-ball bryozoan
ed”), highlights the significance of this surface as a regionally

ngular unconformity. This “mid-Richmondian unconformity”
as predicted by Ross and Ross (2002, 2004), but its exact posi-

ion and extent remained unclear prior to the recent detailed
orrelations.

A

ld 24 (2015) 149–159

.  Conclusions

The Upper Ordovician (Katian: lower Richmondian) of
orth-central Kentucky records deposition along a gently slop-
ng ramp in the Taconic foreland basin. Although an integrated
tudy of this temporal interval throughout the region has been
omplicated by uplift and erosion of the Cincinnati Arch and
pplication of a plethora of lithostratigraphic terms, distinctive
aunal markers — epiboles — nevertheless serve as important
ools for high-resolution correlation. We recognize a consis-
ent succession of epiboles and associated lithologic units (the
lower Rowland succession”) that persist from the southeastern
incinnati Arch to the northwestern Cincinnati Arch, and, in

urn, into southwestern Ohio and southeastern Indiana. These
aunal markers, which had been largely discounted by many
revious workers as local phenomena without biostratigraphic
tility, permit recognition of near “layer cake” stratigraphy over

 broad geographic area. Further, progressive removal of these
ersistent units underneath an erosive contact (the base of the
mid-Rowland succession”) highlights the significance of this
urface as a regionally angular unconformity (Figs. 2 and 7).

Although the exact underlying causes of certain of these
piboles remain to be conclusively determined, some may be
inked to incursion of nutrient-rich waters during a major paleo-
eanographic event, whereas others reflect an opportunistic life
trategy and capacity to utilize specific, locally abundant sub-
trata. In a broader sense, this study demonstrates the value of
aunal epiboles and associated stratigraphic markers in regional
orrelation and high-resolution sequence and event stratigraphy;
ngoing and future work of a similar nature shows considerable
romise for further resolving stratigraphic relationships in the
ype Cincinnatian.
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