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A R T I C L E S

Stratigraphic Model for Glacial-Eustatic Pennsylvanian Cyclothems in
Highstand Nearshore Detrital Regimes1

Philip H. Heckel, Martin R. Gibling2, and Norman R. King3

Department of Geology, University of Iowa, Iowa City, Iowa 52242

A B S T R A C T

Lower (distal) positions on gently sloping shelves (ramps) affected by Pennsylvanian glacial-eustatic sea-level fluctua-
tion display classic marine transgressive-regressive cyclothems, which are separated by exposure surfaces or by shal-
low marine to thin terrestrial beds deposited at lowstand. In contrast, higher shelf (proximal) positions display marginal
marine units and coastal-plain coal beds deposited at marine highstand and separated by thicker terrestrial units.
Both marine and terrestrial strata deposited in high-shelf positions underwent significant fluvial incision and valley
formation during long stands of lower sea level, resulting in discontinuous erosional remnants and subsequent local-
ized terrestrial deposition on irregular leached and eroded surfaces. Examples from the Appalachian, Illinois, and Syd-
ney basins display features such as erosional disconformities with rotated slumps, buried hilltops preserving erosional
remnants of marine units, colluvially reduced landscape relief, and buried paleovalleys filled with stacked channel
sands or locally with marginal marine deposits from incursions of lesser extent. The basic cyclothem in highstand
nearshore (proximal) detrital regimes consists of a widespread marginal marine-associated coal-bearing unit formed
during early highstand, overlain by late highstand progradational, largely terrestrial siliciclastics. These grade upward
in some places to thick paleosols and are truncated in other places by valley-fill deposits. The lower-stand weathering,
erosional, and depositional features in lower areas are overlain by colluvial/alluvial to late transgressive estuarine
deposits, and all lower-stand features are capped by the next major highstand coal-bearing to marginal marine unit.
All features produced by sea-level fall reflect the primacy of global glacial-eustatic control over the cyclic nature of
Pennsylvanian stratigraphy.

Introduction

Most systematic interpretations of cyclic Pennsyl- the Appalachian basin were attributed respectively
to allogenic tectonic uplift (Weller 1930) and auto-vanian successions have been made in the Midcon-

tinent and Illinois basins, where distinctive marine genic fluvio-deltaic processes (Brown 1969; Ferm
1970). Allogenic glacial-eustatic fluctuation of seatransgressive-regressive cyclothems comprising di-

verse rock types are best developed and were first level, first proposed by Wanless and Shepard (1936),
but not considered seriously for a number of years,described. Although depositional cycles were rec-

ognized early in the Appalachian basin, many ma- has recently become more strongly supported for
the primary control over global cyclic Pennsylva-rine units there are discontinuous, and detrital

rocks dominate the succession. Most studies there nian stratigraphy, as large-scale tectonic effects
have been determined to be lower frequencyfocused on the economically important coal beds

formed in lowland terrestrial (but often marine-as- (though significant in providing accommodation
space), and delta shifting has been relegated to moresociated) environments and thereby favored auto-

genic delta shifting to explain the cyclic stratigra- local importance (Busch and Rollins 1984; Heckel
1986, 1994; Veevers and Powell 1987; Soreghanphy. Sandstone-filled channels recognized early in

the Illinois basin, the north Texas succession, and 1994).
It is therefore appropriate to consider the effects

1 Manuscript received September 15, 1997; accepted January that glacial eustasy should have had on detrital-
27, 1998. dominated Pennsylvanian successions where its

2 Department of Earth Sciences, Dalhousie University, Hali- signal is obscured by lesser diversity of rock types.fax, Nova Scotia B3H 3J5, Canada.
Accordingly, this paper examines some evidence3 Department of Geosciences, University of Southern Indi-

ana, Evansville, Indiana 47712. for sea-level fall and erosional incision in detrital
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374 P H I L I P H . H E C K E L E T A L .

Figure 1. Dip transect showing expected relations of marine (shaded) and terrestrial (blank) strata on a gently sloping
shelf (ramp) subjected to several glacial-eustatic sea-level fluctuations, with greater tectonic subsidence (hence net
accommodation space) toward lower (distal) end of shelf. At lower sea-level stands, both marine and terrestrial strata
deposited higher on the shelf during highstands would be subject to fluvial incision, valley formation, and pedogenesis,
resulting in irregular surfaces (uneven lines) locally subdued by colluvial processes, with remaining lows filled by
subsequent transgressive sedimentation.

successions that formed at higher elevations and thin terrestrial or nearshore deposits; this would
grade up-shelf (proximally) to an increasingly ter-were encroached by marine shorelines only during

the highest stands of sea level, because these are restrial succession as marine units resulting from
lesser highstands progressively thin and pinch out,the effects of glacial eustasy that would be expected

in such positions between times of marine trans- while the bounding terrestrial units thicken, and
the exposure surfaces ultimately merge.gression. These examples serve as a further test for

the concept of primary glacial-eustatic control over This lateral transition is illustrated along the
Midcontinent outcrop belt. In a low-shelf positionPennsylvanian cyclothems.
at the Kansas-Oklahoma border, the Missourian–
lower Virgilian (up through Deer Creek) successionGeneral Model consists of 35 marine T-R units (figure 2), only 14
pairs of them separated by terrestrial units or expo-Along a basin-to-shelf (distal-proximal) transect

subject to glacial-eustatic sea-level fluctuations, sure surfaces. This succession grades up-shelf to 24
marine T-R units, 20 pairs separated by terrestrialthe stratigraphic succession would range from en-

tirely marine in the basin (and parts of the adjacent units or exposure surfaces at the lowa outcrop
limit, a mid-shelf position. Over a broader region,low shelf) to entirely terrestrial high on the shelf

(figure 1). At intermediate positions, the succession the coeval succession in east-central Illinois con-
tains 15 marine T-R units, 13 pairs separated by ter-would comprise marine transgressive-regressive (T-

R) sequences, the classic cyclothems, separated by restrial units, suggesting a higher (upper) mid-shelf

Figure 2. Correlation of major marine cyclothems (long horizontal lines with names above) along Midcontinent
outcrop belt, with those in and near Charleston core in eastern Illinois basin and with marine units of upper Allegheny
and Conemaugh groups in Appalachian basin (slightly modified from Heckel 1994, 1995). Lesser marine T-R units
(shorter horizontal lines) are left unlabeled to reduce clutter, but are named in Heckel (1994, p. 67). Note that total
number of marine units decreases from Midcontinent basin margin (low shelf) in Oklahoma (S) to mid-shelf in Iowa
(N), fewer marine units extend into eastern Illinois basin, and even fewer reach Appalachian basin, indicating progres-
sively higher shelf (proximal) positions for those regions during this time. Correlations are based upon distinctive
conodont faunas (tailed diamond symbols) collected from Charleston core and type sections of named units in Illinois
(Heckel and Weibel 1991; Heckel, Weibel and J. P. Pope unpub. data) and from vertical successions of exposures at
Athens, Cambridge, and Steubenville, Ohio, and Pittsburgh, Pennsylvania (J. E. Barrick and P. H. Heckel unpub. data)
in conjunction with Heckel (1989), and upon coal correlations (labeled C) of Peppers (1996).
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376 P H I L I P H . H E C K E L E T A L .

position. Finally, the coeval succession in the fluctuation based on depositional interpretation of
the phosphatic black shale in Midcontinent cyclo-Ohio-western Pennsylvania part of the Appala-

chian basin includes only 8 marine units, all sepa- thems are further supported (Heckel 1994) by con-
sidering the ice-volume/areal relations of Gondwa-rated by terrestrial intervals, indicating that this

part of the Appalachian basin lay in a high-shelf po- nan glaciation (Crowley and Baum 1991) along
with the 120 m post-Wisconsinan glacial-eustaticsition during this time (figure 2).

Because major marine transgression was infre- sea-level rise (Fairbanks 1989) because the area of
Pleistocene ice that melted then is comparable toquent, deposition on the high shelf took place

mainly within the terrestrial regime; therefore, the Mid- to Late Pennsylvanian ice coverage illus-
trated by Veevers and Powell (1987, p. 476). There-successions in high-shelf positions were subject to

subaerial processes most of the time. In semi-arid fore, a vertical dimension of at least several tens of
meters was available for erosional downcutting inmarine carbonate regimes (e.g., mid-shelf lowa),

thick regressive limestones deposited during sea- high-shelf positions during the lowest stands of
Pennsylvanian sea level.level fall underwent early marine and meteoric ce-

mentation (Heckel 1983), thus ‘‘armoring’’ the sur-
face, so that erosional incision was minimal, and Examples Supporting the Modelleaching, microkarstification, and thin clay-rich
paleosols provide the main evidence of exposure Appalachian Basin. Even though the entire Ap-

palachian basin has traditionally been regarded asduring sea-level lowstand. In contrast, quartz sand
and argillaceous mud deposited in more humid de- a delta-filled depocenter throughout Pennsylvanian

time, the great thickness of strata resulting fromtrital regimes would have remained relatively un-
consolidated and more readily subject to fluvial foreland subsidence there appears to be confined to

the Lower and lower Middle Pennsylvanian succes-incision, valley formation, colluvial landscape
reduction, and deep soil formation during lower sion, which totals about 1100 m in the Pocahontas,

New River, and Kanawha groups of southern Weststands of sea level. This would produce a surface
of variable topography incised by drainage systems Virginia and the Lee and Breathitt groups of eastern

Kentucky. The substantially thinner (200–300 m)prior to the next marine inundation, as described
in the detrital Douglas Group (Missourian-Virgil- upper Middle to lower Upper Pennsylvanian (Alle-

gheny-Conemaugh group) succession suggests a de-ian) by Archer et al. (1994) in the mid- to low-shelf
transition area of northeastern Kansas. Such effects crease in tectonic subsidence through time (assum-

ing even only rough equivalence in time span).of eustatic sea-level fluctuations should be more
common in higher shelf settings but may have been Moreover, the lower Conemaugh succession (upper

Freeport coal to Ames Limestone) in Ohio andoverlooked because the glacial-eustatic model has
received little consideration in these areas. western Pennsylvania is only 60–110 m thick, or

about one half to three-quarters of the coeval 130–Two stratigraphic implications of the general
model are: (1) that marine units deposited across 150 m succession in lowa (Altamont to Oread

Limestone: data sources in Heckel 1994). Thus, thismost of the higher extent of the shelf during the
highest stands of sea level could be locally removed part of the Appalachian basin had less net accom-

modation space during early Late Pennsylvanianby valley incision during the following regression
and lowstand, and thus become erosionally discon- time than it did earlier, or than existed at the same

time at the most shelfward erosional limit of thetinuous (figure 3A,D); and (2) that marine units re-
sulting from lesser highstands might be deposited Midcontinent outcrop belt. As a result, this part of

the Appalachian basin preserved only a thin aprononly in paleovalleys and thus be depositionally dis-
continuous (figure 3B,E ). In addition, tectonic over- of detrital sediment derived from nearby highlands

during this time. A higher shelf position for thisprinting could modify these patterns in two quite
different ways: (a) increased subsidence rate would part of the Late Pennsylvanian Appalachian basin

is supported also by the substantially fewer (8) ma-inhibit valley formation during sea-level falls, as
less potential relief would be available for incision, rine units in the Conemaugh Group than the 24 in

the coeval succession in lowa (figure 2).and deposition would be promoted across more of
the landscape during lowstands; or (b) decreased Williams et al. (1965) illustrated features re-

sulting from fluvial incision and resultantsubsidence rate would promote more erosion and
deeper valley formation as rivers more readily be- slumping in Allegheny detrital strata between two

laterally persistent coal beds in west-central Penn-came entrenched during sea-level fall and low-
stand. sylvania. Here, about 6 m of bedded siltstone strata

that are no longer present in an adjacent undis-Previous estimates of at least 100 m of sea-level
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Figure 3. Strike transect showing expected relations of marine (shaded) and terrestrial (blank) strata in high-shelf
(proximal) position (see figure 1) during several glacial eustatic sea-level fluctuations. Irregular erosion surfaces (ha-
chured wavy lines) that developed during lower stands of sea level dissected originally continuous marine units (A,D)
and confined marine units deposited during lesser highstands to paleovalleys (B,E) or to eroded terrace remnants (C),
possibly leading to miscorrelation of age-distinct units (D,E) deposited at comparable elevations at different times.

turbed section are preserved in the top of a rotated and colluvium accumulated in lower areas, while
paleosols formed on higher areas that were moreslump block resting on a thin marine shale above

the lower coal bed (figure 4). Both incised/slumped stable, until the encroaching shoreline again
caused peat formation over the entire subduedand undisturbed sections are overlain by another 6

to 9 m of non-bedded siltstone interpreted as collu- landscape during the next marine transgression (see
Heckel 1995).vium. From this they estimated perhaps 15 m of

landscape reduction on the incised disconformity A lenticular Conemaugh marine limestone (20
cm thick) extends along a roadcut east of Steuben-to produce the gentler surface upon which the over-

lying coal bed formed. Residual clay units, locally ville, Ohio (figure 5). Its conodont fauna allows its
identification as the Pine Creek (Pennsylvania)/up-with apparent soil zonation (Williams et al. 1965,

p. 540), formed elsewhere on paleointerfluves. This per Brush Creek (Ohio) Limestone, which corre-
lates with the Stark Shale (Dennis cyclothem) ininterval was formed during lower stands of sea level

by fluvial incision of late highstand progradational the Midcontinent (figure 2). This limestone is trun-
cated on the north by a thick sandstone and on thedeltaic/paralic deposits, above the late trans-

gressive peat and early highstand marine shale unit. south by reddish, southward-dipping, locally rub-
bly shale and sandstone. The surface of truncationSlumping reduced slopes on the weak valley sides,

Figure 4. Rotated slumps in railroad cut 1.6 km southwest of Curwensville, Pa., showing bedded siltstone unit (heavy
outline) in upper part of left slump that has no equivalent in overlying unit. Arrow shows slump direction. Bedded
siltstone unit that existed prior to fluvial incision and slumping must have been removed elsewhere during landscape
reduction and formation of overlying non-bedded siltstone unit, probably largely colluvium (modified from figure 3C
of Williams et al. 1965).
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Figure 5. Buried hilltop containing erosional remnant of Pine Creek ([Pa.] 5 upper Brush Creek [Ohio]) Limestone
exposed along W.Va. Route 2 across Ohio River from Steubenville, Ohio (drawn from photograph taken by P. H. Heckel
on 1988 NC-GSA field trip led by A. T. Cross; see also Caudill 1990). Original relief was subdued by sandy (north) and
muddy (south) alluvial/colluvial deposits prior to next marine incursion, when Cambridge Limestone was deposited.
Vertical distance between Pine Creek and Cambridge limestones is about 4 m.

rises above the thin limestone, over a lenticular paleovalley fills up to 60 m thick and several km
wide cutting out underlying marine units in olderunit (up to 2 m thick) of gray shale grading upward

to reddish mudstone, and delineates the local ap- Breathitt strata of Kentucky.
Illinois Basin. Along the southeastern margin ofpearance of the thin limestone as an erosional out-

lier in an ancient ‘‘buried hilltop’’ with 3 m of relief the Illinois basin, King (1992, 1993) delineated a
subsurface dendritic paleovalley system at least 50in about 80 m along outcrop. This relief was sub-

dued by sandy valley fill on the north and by mud- km long, and up to 6 km wide and 60 m deep,
within upper Desmoinesian strata between thedier colluvium on the south prior to the next ma-

rine incursion, which deposited the Cambridge widespread Danville Coal and West Franklin Lime-
stone (figure 2). The section in the paleointerfluveLimestone about 4 m above the Pine Creek outlier.

The Cambridge unit correlates with the Quivira region comprises one or two coarsening-upward de-
trital sequences capped by a major paleosol. In con-Shale (Dewey cyclothem) of the Midcontinent

(figure 2), which is separated from the Stark Shale trast, the paleovalley-fill succession includes at
least three more thin T-R units, each comprising athere by about 30 m of marine T-R units of lesser

extent. These lesser T-R cycles are represented in coaly zone overlain by a shelly marine bed, fol-
lowed by a mudstone capped by an exposure surfacethis part of the Appalachian basin by a mainly ero-

sional episode that excavated valleys and removed (figure 7). The paleovalley system was incised into
progradational sediments during a major post-Dan-the Pine Creek marine unit across substantial ar-

eas; the marine highstands they record were not ville lowstand, and the minor coaly and marine
beds were deposited only in the low area providedgreat enough to inundate the higher shelf present

at this time in the Appalachian basin. by the paleovalley during minor marine highstands
that did not cover the paleointerfluves. Each ma-Even larger paleovalley fillings are recognized in

the Appalachian basin. Martino (1992) noted that rine bed in the paleovalley was covered by bayfill
sediment that eventually became subaerially ex-the mid-Conemaugh Saltsburg Sandstone in north-

easternmost Kentucky comprises up to four posed during a minor lowstand. These minor T-R
cycles are not recorded on the paleointerfluves butstacked alluvial channel fills totaling 23 m in

thickness. Donaldson and Mefford (1969) illus- may be represented by thin coals and associated
marine beds between the Danville coal and Lons-trated upper Conemaugh post-Ames sandstone

units cutting out nearly 30 m of underlying strata dale (5West Franklin) Limestone westward in the
deeper part of the Illinois basin, and by lesser T-for nearly 2 km along an exposure south of Steuben-

ville, Ohio (figure 6); a zone with redbeds separating R cycles below the West Franklin equivalent (Lost
Branch cyclothem) in the southern part of the Mid-two of these sandstone units suggests that valley

filling took place in at least two stages separated by continent basin (figure 2).
Sydney Basin. The Sydney basin of eastern Novaa period of stabilization and soil formation, perhaps

related to distant sea-level fluctuations. More re- Scotia, within the northern Appalachian orogen,
contains a succession of cyclothems of late West-cently, Aitken and Flint (1994, p. 355) interpreted
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Figure 6. Paleovalley cutting down stepwise through nearly 30 m of Conemaugh strata (including Ames Limestone)
along Ohio Route 7 south of Steubenville; it is filled with at least two stacked sandstone units (dots) separated by
zone of redbeds (oblique lines), possibly paleosols (modified from Kovach 1979, figure 1.7, after Donaldson and Mefford
1969, p. 29).

Figure 7. Inferred relations between stratigraphic successions in paleovalley (right) and interfluve region (left) be-
tween Danville Coal and West Franklin Limestone in southeastern Illinois Basin. Paleovalley contains record of minor
marine T-R cycles capped by exposure surfaces (hachures) not represented in interfluves. Paleovalley system was
interpreted by King (1992; in preparation) from grid of wireline well logs in southwestern Indiana; lateral relations
shown here take place in 1 to 2 km in well-log grid, and lithic successions within the two areas are shown by logs
of representative cores 15 km apart: Peabody Coal #3 Butler in NW-SE-NE sec. 19, T. 6 S., R. 13 W., Posey Co. Ind.
(IGS file 282) in paleovalley; Bell & Zoller #2 Powell in SW-NW-SE sec. 3, T. 7 S., R. 12 W., Posey Co., Ind. (IGS file
154) in interfluve region.

This content downloaded from 129.173.74.49 on Thu, 12 May 2016 12:12:51 UTC
All use subject to http://about.jstor.org/terms



380 P H I L I P H . H E C K E L E T A L .

phalian to early Stephanian (Allegheny-Cone- duction (C5), all formed during lower sea-level
stands. Some erosion surfaces are overlain by localmaugh) age (Calder and Gibling 1994). These have

laterally persistent intervals of coal beds and de- coal beds and marginal marine deposits (C6) of
lesser highstands confined to the paleovalleys. Thistrital deposits that contain marine marsh fora-

minifers (Wightman et al. 1993) and thus represent entire complex in lower areas is overlain by
colluvial/alluvial to estuarine sediments (D) depos-marginal marine highstand deposits. Above these

intervals, late highstand deltaic/paralic bayfill de- ited mainly during mid to late transgressive phases
of the following major sea-level rise, capped by coalposits either grade up into thick paleosols (figure 8,

unit C1), or are truncated by stacked channel sand- beds and other coastal-plain to nearshore marine
units (A) deposited from latest transgression intostones (figure 8, unit C4) that fill paleovalleys cut

when sea level stood much lower (Gibling and Bird the next major marine highstand. In higher areas,
the coal beds directly overlie the thick paleosols.1994). The paleosol/paleovalley interval is overlain

by reddish alluvial sediments (figure 8, unit D) that This range of sequences could be considered to rep-
resent the ‘‘Appalachian cyclothem’’ of late Middlereflect renewed deposition during the subsequent

sea-level rise (Gibling and Wightman 1994) that to Late Pennsylvanian time. It is similar to that
proposed by Williams et al. (1965, their figure 6) inculminated in deposition of the next marginal ma-

rine to coastal-plain coal-bearing interval (figure 8, a remarkably insightful but long-overlooked contri-
bution to Pennsylvanian stratigraphy. Mid to lateunit A). This glacial-eustatic signal persists at least

50 km from subbasin to subbasin, in spite of com- transgression (D) and highstand, both major (A) and
minor (C6), are the phases when incised valleysplex facies variation and the considerably greater

tectonic subsidence evident here in the greater net provided adequate accommodation space to pre-
serve the remarkably complete records of rapidlyaccommodation space (400 m compared to 100–

200 m for the roughly coeval Appalachian succes- deposited estuarine tidal-flat sediments totalling
several meters of vertical section (e.g., Martino andsion).
Sanderson 1993; Archer et al. 1994).

Conclusions
Implications1. Recognition of these various erosional features

shows that the mechanism of worldwide glacial- 1. Prolonged lowstands would have provided
enough time for erosion to form broad paleovalleyseustatic rise and fall of sea level first proposed by

Wanless and Shepard in 1936 continues to clarify over much of the Appalachian high shelf while the
shoreline was fluctuating only across the Midconti-many notable characteristics of Pennsylvanian

stratigraphy. These range from the high-frequency nent low to mid-shelf. The area of disappearance of
the lower Allegheny ‘‘Vanport’’ (Obryan) Lime-(105 yr) long-recognized classic cyclothems that al-

ternate between exposure surfaces and offshore ma- stone delineated by Webb (1963) across 30 km of
northeastern Kentucky, along with concomitantrine deposits in mid- to low-shelf positions, to the

more recently appreciated evidence of substantial appearance of several additional thin coal and ma-
rine beds in this area of no Obryan, may representerosional incision and paleovalley formation be-

tween successive marine highstand deposits in a broad post-Obryan paleovalley that removed the
Obryan Limestone and became filled largely by de-higher-shelf (proximal) detrital regimes, which pre-

viously were attributed solely to tectonic uplift or posits formed during later minor marine incursions
of lesser extent, like the Illinois basin example de-to fluvio-deltaic incision at constant sea level.

2. The graphic model derived for the general scribed above. More such features probably await
discovery in similar stratigraphic settings.cyclothem (figure 8) in high-shelf (proximal) detri-

tal regimes inundated only at major marine high- 2. Among lesser marine highstand units that
filled the paleovalleys, later episodes of channelingstand comprises: Widespread nearshore/marginal

marine to coal-bearing lower coastal-plain intervals may have removed only part of the paleovalley fill,
leaving lenticular remnant terraces (figure 3C ).(A) formed during late transgression and into early

marine highstand (Heckel 1995) are overlain by up- This is an alternative explanation to deltas for len-
ticular Appalachian units delineated by Webbward-coarsening deltaic/paralic detrital sequences

(B) that prograded during late highstand. These are (1963) and other students of J. C. Ferm that are de-
fined by local coal beds and marine units (e.g.,overlain either by thick paleosols developed on in-

terfluves (C1), or by incised paleovalleys delineated Ogan-Zaleski-Winters of southern Ohio; Strasburg-
Tuscarawas of northeastern Ohio). In any case, del-by descending erosion surfaces (C2) overlain locally

by slumps (C3), stacked valley-filling sandstones taic sedimentation that did take place during late
highstand and early regression would have been fo-(C4), and colluvial fills representing landscape re-
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Figure 8. Model for detrital-dominated cyclothems in high-shelf (proximal) position (generalized in part from Wil-
liams et al. 1965, figure 6, for Appalachian basin; Gibling and Bird 1994, figure 10, for Sydney Basin of Nova Scotia;
and modified on right side [C6] by interpretations of King 1992, 1993, in Illinois basin). Coal beds and associated
transitional marine units (A) represent coastal swamp and marginal marine deposition prior to and during early sea-
level highstand. These are overlain by late highstand deltaic/paralic clastics (B), with local distributary channels (dc),
passing upward (on sides) to thick paleosols (C1), but cut out (in middle) by major erosion surface (C2) delineating a
paleovalley formed during lower sea-level stands (C). Paleovalley fill above surface includes rotated slumps (C3),
stacked sandstone bodies (C4) representing typical fill, colluvium (C5), and/or margins of cyclothemic marine incur-
sions (hachured lines) from lesser highstands (C6). This part of cycle is overlain in lower areas by colluvial/alluvial
shale and sandstone (D) deposited mostly late during next major sea-level rise, followed by next coal-bearing coastal-
plain to marginal marine unit (A) deposited just prior to and during next major highstand. Coal beds commonly directly
overlie major paleosols (C1) in higher interfluve areas (left side).

cused down the paleovalleys, resulting in lenticular erally better development of coals of this age in this
same direction.units confined by the valley sides. The linear distri-

bution and irregular outlines of Appalachian ma- 4. Lateral discontinuity of marine units in high-
shelf settings can result both from erosional dissec-rine units mapped by Williams (1960) and Busch

and West (1987) may reflect their confinement to tion of a once continuous unit (e.g., the Pine Creek
outlier near Steubenville, figure 5) and also fromerosional paleovalleys.

3. Recognizing the primary role of glacial eu- confinement of marine units to a paleovalley sys-
tem (e.g., the Illinois basin example, figure 7). If astasy in controlling the basic cyclicity of Pennsyl-

vanian stratigraphy will allow tectonic effects on depositionally discontinuous marine unit in a pa-
leovalley lies near the elevation of an older, ero-the stratigraphic pattern to be better constrained.

Once glacial-eustatic cyclothems are correlated sionally discontinuous marine unit now confined
to the paleointerfluves (figure 3D,E ), these tempo-from basin to basin (e.g., figure 2), regional varia-

tions in net accommodation space can be related to rally distinct marine units would probably be re-
garded as the same named unit, considering thelarge-scale tectonic control, as has been suggested

above in comparing the Late Pennsylvanian Appa- general lack of lateral exposure. Presence of irregu-
lar erosional disconformities might help explainlachian basin with the northern Midcontinent and

Sydney basins. Moreover, certain local variations the complex relations of marine units such as the
Putnam Hill and Vanport limestones (lower Alle-in thickness and facies successions can be attrib-

uted to small-scale tectonic effects (see Ferm and gheny) illustrated by Ferm (1970). Wardlaw et al.
(1993) regarded the ‘‘Vanport’’ (Obryan) of southernWeisenfluh 1989; Wise et al. 1991). Certainly, lin-

ear tectonic downwarping would provide a ready Ohio as younger than the northern (type) Vanport
based on conodont faunas, whereas Merrill (1968)site for erosional valley formation during lowstand,

and King (1992) noted possible fault control of pa- regarded the southern ‘‘Vanport’’ as older; both
claims hypothetically could be correct if the fossilsleovalley alignment in the Illinois basin. Also, in-

voking differential tectonic overprinting, the differ- were collected from discontinuous units of differ-
ent ages. Proper biostratigraphic correlation of ma-ence in the strata beneath the Ames Limestone

along the northwestern Appalachian basin margin rine units in a high-shelf setting will require analy-
sis of all exposures and cores within a carefully(well-drained paleosols, paleovalley fills, and len-

ticular coals) from those along the southeastern ba- delineated lithostratigraphic framework, and
avoidance of the assumption that biotic correlationsin margin (less well drained paleosols capped by a

widespread coal) may be related to increased rates of a named unit in one place applies to units given
that name elsewhere.of tectonic subsidence to the southeast (Joeckel

1995). This trend is consistent with both the thick- 5. Because the selection of a chronostratigraphic
boundary requires a succession of continuous ma-ening of the entire Conemaugh section and the gen-
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cores, and, along with numerous colleagues (e.g.,the north or east, where the successions were de-

posited higher on the shelf and are replete with sig- A. W. Archer, E. A. Bettis, R. M. Busch, M. R. Cau-
dill, C. B. Cecil, A. C. Donaldson, T. R. Fahrer,nificant disconformities.
J. C. Ferm, R. M. Joeckel, D. L. Kidder, R. L. Mar-
tino, G. K. Merrill, H. L. Rollins, T. S. White, T. M.

A C K N O W L E D G M E N T S Whitsett, B. H. Wilkinson, and anonymous review-
ers), for information on exposures, discussion ofWe gratefully acknowledge National Science Foun-

dation Grant EAR 91-04300 to P. H. Heckel, a Nat- ideas and other aid in our independent investiga-
tions that ultimately resulted in this paper.ural Sciences and Engineering Research Council of

R E F E R E N C E S C I T E D

Aitken, J. F., and Flint, S. S., 1994, High-frequency se- ville, Ohio section, in Donaldson, A. C., ed., Some Ap-
palachian coals and carbonates: Models of ancientquences and the nature of incised-valley fills in fluvial

systems of the Breathitt Group (Pennsylvanian), Ap- shallow-water deposition: Morgantown, West Vir-
ginia Geol. Econ. Survey, 27–29.palachian foreland basin, eastern Kentucky, in Dal-

rymple, R. W.; Boyd, R.; and Zaitlin, B. A., eds., Fairbanks, R. G., 1989, A 17,000-year glacio-eustatic sea-
level record: Influence of glacial melting rates on theIncised-valley systems: Origin and sedimentary se-

quences: SEPM (Soc. Sed. Geol.) Spec. Pub. 51, p. 353– Younger Dryas event and deep-ocean circulation: Na-
ture, v. 342, p. 637–642.368.

Archer, A. W.; Lanier, W. P.; and Feldman, H. R., 1994, Ferm, J. C., 1970, Allegheny deltaic deposits, in Morgan,
J. P., ed., Deltaic sedimentation modern and ancient:Stratigraphy and depositional history within incised

paleovalley fills and related facies, Douglas Group Soc. Econ. Paleont. Mineral. Spec. Pub. 15, p. 246–255.
———, and Weisenfluh, G. A., 1989, Evolution of some(Missourian/Virgilian; Upper Carboniferous) of Kan-

sas, USA, in Dalrymple, R. W.; Boyd, R.; and Zaitlin, depositional models in Late Carboniferous rocks of
the Appalachian coal fields: Int. Jour. Coal Geology,B. A., eds., Incised-valley systems: Origin and sedi-

mentary sequences: SEPM (Soc. Sed. Geol.) Spec. Pub. v. 12, p. 259–292.
Gibling, M. R., and Bird, D. J., 1994, Late Carboniferous51, p. 175–190.

Brown, L. F., Jr., 1969, Virgil and lower Wolfcamp repeti- cyclothems and alluvial paleovalleys in the Sydney
basin, Nova Scotia: Geol. Soc. America Bull. v. 106,tive environments and the depositional model north-

central Texas, in Elam, J. G., and Chuber, S., eds., Cy- p. 105–117.
———, and Wightman, W. G., 1994, Paleovalleys andclic sedimentation in the Permian Basin: West Texas

Geol. Soc. Pub. 69-56, p. 115–134. protozoan assemblages in a Late Carboniferous cyclo-
them, Sydney basin, Nova Scotia: Sedimentology, v.Busch, R. M. and Rollins, H. B., 1984, Correlation of Car-

boniferous strata using a hierarchy of transgressive-re- 41, p. 699–719.
Heckel, P. H., 1983, Diagenetic model for carbonategressive units: Geology, v, 12, p. 471–474.

———, and West, R. R., 1987, Hierarchal genetic stratig- rocks in Midcontinent Pennsylvanian eustatic cyclo-
thems: Jour. Sed. Petrol., v. 53, p. 733–759.raphy: A framework for paleoceanography: Paleocea-

nography, v. 2, p. 141–164. ———, 1986, Sea-level curve for Pennsylvanian eustatic
marine transgressive-regressive depositional cyclesCalder, J. H., and Gibling, M. R., 1994, The Euramerican

Coal Province: Controls on Late Paleozoic peat accu- along midcontinent outcrop belt, North America: Ge-
ology, v. 14, p. 330–334.mulation: Palaeogeog. Palaeoclimat. Palaeoecol., v.

106, p. 1–21. ———, 1989, Updated Middle-Upper Pennsylvanian eu-
static sea-level curve for midcontinent NorthCaudill, M. R., 1990, Lithostratigraphy of Conemaugh

Group (Upper Pennsylvanian) marine zones; Steuben- America and preliminary biostratigraphic character-
ization, in Onzieme Cong. Int. Stratigraphie et deville, Ohio–Weirton, West Virginia: Southeast. Geol-

ogy, v. 31, p. 173–182. Geologie du Carbonifere Compte Rendu, Vol. 4:
Beijing, Nanjing University Press, p. 160–185.Crowley, T. J., and Baum, S. K., 1991, Estimating Carbon-

iferous sea-level fluctuations from Gondwanan ice ex- ———, 1994, Evaluation of evidence for glacial-eustatic
control over marine Pennsylvanian cyclothems intent: Geology, v. 19, p. 975–977.

Donaldson, A. C., and Mefford, J., 1969, South Steuben- North America and consideration of possible tectonic

This content downloaded from 129.173.74.49 on Thu, 12 May 2016 12:12:51 UTC
All use subject to http://about.jstor.org/terms



Journal of Geology M O D E L F O R G L A C I A L - E U S T A T I C C Y C L O T H E M S 383

effects, in Dennison, J. M., and Ettensohn, F. R., eds., Merrill, G. K., 1968, Allegheny (Pennsylvanian) cono-
donts: Unpub. Ph.D. dissertation, Louisiana StateTectonic and eustatic controls on sedimentary cycles:

SEPM (Soc. Sed. Geo.) Concepts in Sedimentology and University, Baton Rouge, 184 p.
Peppers, R. A., 1996, Palynological correlation of majorPaleontology 4, p. 65–87.

———, 1995, Glacial-eustatic base-level—climatic Pennsylvanian (Middle and Upper Carboniferous)
chronostratigraphic boundaries in the Illinois andmodel for late Middle to Late Pennsylvanian coal-bed

formation in the Appalachian basin: Jour. Sed. Res., v. other coal basins: Geol. Soc. America Mem. 188, 111p.
Soreghan, G. S., 1994, Stratigraphic responses to geologicB65, p. 348–356.

———, and Weibel, C. P., 1991, Current status of cono- processes: Late Pennsylvanian eustasy and tectonics
in the Pedregosa and orogrande basins, Ancestraldont-based biostratigraphic correlation of Upper

Pennsylvanian succession between Illinois and mid- Rocky Mountains: Geol. Soc. America Bull., v. 106,
p. 1195–1211.continent, in Weibel, C. P., ed., Sequence stratigraphy

in mixed clastic-carbonate strata, Upper Pennsylva- Veevers, J. J., and Powell, C. M., 1987, Late Paleozoic gla-
cial episodes in Gondwanaland reflected in trans-nian, East-Central Illinois: Great Lakes Section, Soc.

Econ. Paleont. Mineral. 21st Ann. Field Conf. Cham- gressive-regressive depositional sequences in Euram-
erica: Geol. Soc. America Bull., v. 98, p. 475–487.paign, Illinois State Geol. Survey, p. 60–69.

Joeckel, R. M., 1995, Paleosols below the Ames marine Wanless, H. R., and Shepard, F. P., 1936, Sea-level and
climatic changes related to late Paleozoic cycles:unit (Upper Pennsylvanian, Conemaugh Group) in the

Appalachian basin, USA: Variability on an ancient de- Geol. Soc. America Bull., v. 47, p. 1177–1206.
Wardlaw, B. R.; Rice, C. L.; and Stamm, R. G., 1993, Pre-positional landscape: Jour. Sed. Res., v. A65, p. 393–

407. liminary analysis of conodont occurrences in Pennsyl-
vanian strata of Ohio and Kentucky: U.S. Geol. SurveyKing, N. R., 1992, A coal-bearing, fault-influenced, in-

cised valley-fill system in the Shelburn Formation Open-File Rept. 93-312, 9 p.
Webb, J. E., 1963, Allegheny sedimentary geology in vi-(Pennsylvanian), Posey and Vanderburgh Counties, In-

diana (abs.): Geol. Soc. America Abs. with Prog., v. 24, cinity of Ashland, Kentucky: Unpub. Ph.D. disserta-
tion, Louisiana State University, Baton Rouge, 167 p.no. 4, p. 24.

———, 1993, Cyclothems in the Shelburn Formation Weller, J. M., 1930, Cyclical sedimentation of the Penn-
sylvanian Period and its significance: Jour. Geology,(Middle and Upper Pennsylvanian) of southwestern

Indiana (abs.): Geol. Soc. America Abs. and Prog., v. v. 38, p. 97–135.
Wightman, W. G.; Scott, D. B.; Medioli, F. S.; and Gi-25, no. 3, p. 30.

Kovach, J., 1979, Stop 1: Upper Conemaugh depositional bling, M. R., 1993, Carboniferous marsh foraminifera
from coal-bearing strata at the Sydney basin, Novaenvironments—south Steubenville section, Ohio, in

Ettensohn, F. R., and Dever, G. R., eds., Carboniferous Scotia: A new tool for identifying paralic coal-forming
environments: Geology, v. 21, p. 631–634.geology from the Appalachian Basin to the Illinois Ba-

sin through eastern Ohio and Kentucky: Field Trip Williams, E. G., 1960, Marine and fresh-water fossilifer-
ous beds in the Pottsville and Allegheny Groups ofNo. 4, Ninth Int. Cong. Carboniferous Stratigraphy

and Geology, p. 31–37. western Pennsylvania: Jour. Paleontology, v. 34,
p. 908–922.Martino, R. L., 1992, Conemaugh Group strata in the tri-

state area, in Cecil, C. B., and Eble, C. F., eds., Paleocli- Williams, E. G.; Guber, A. L.; and Johnson, A. M., 1965,
Rotational slumping and the recognition of disconfor-mate controls on Carboniferous sedimentation and

cyclic stratigraphy in the Appalachian basin: U.S. mities: Jour. Geology, v. 73, p. 534–547.
Wise, D. U.; Belt, E. S.; and Lyons, P. C., 1991, ClasticGeol. Survey Open-File Rept. 92-546, p. 71–76.

———, and Sanderson, D. D., 1993, Fourier and autocor- diversion by fold salients and blind thrust ridges in
coal-swamp development: Geology, v. 19, p. 514–517.relation analysis of estuarine tidal rhythmites, lower

Breathitt Formation (Pennsylvanian), eastern Ken-
tucky, USA: Jour. Sed. Petrol., v. 63, p. 105–119.

This content downloaded from 129.173.74.49 on Thu, 12 May 2016 12:12:51 UTC
All use subject to http://about.jstor.org/terms



This content downloaded from 129.173.74.49 on Thu, 12 May 2016 12:12:51 UTC
All use subject to http://about.jstor.org/terms


