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PALEOTECTONIC INVESTIGATIONS OF THE PENNSYLVANIAN SYSTEM IN THE UNITED STATES,
PART II: INTERPRETIVE SUMMARY AND SPECIAL FEATURES OF THE PENNSYLVANIAN SYSTEM

INTERPRETATION OF PENNSYLVANIAN HISTORY

Compiled by EDWIN D. MCKEE

INTRODUCTION

An interpretive summary of paleotectonic events of
the Pennsylvanian Period has been compiled from data
supplied by the geologists who prepared the regional
chapters in Part I of this publication. The contributing
geologists were:

Ernest E. Glick
William P. Irwin
William W. Mallory
William J. Mapel
Edwin K. Maughan

Edwin D. McKee
George E. Prichard
Gary F. Stewart
Harold R. Wanless
Richard F. Wilson

George O. Bachman
Kenneth G. Bell
Eleanor J. Crosby
George H. Dixon
Sherwood E. Frezon

Interpretation of the paleotectonic history of the Penn-
sylvanian System is represented on two sets of maps, one
referred to as interpretive isopach maps and the other as
interpretive paleotectonic maps (pl. 15A-C). Each set
includes five maps, one for each interval of the Penn-
sylvanian. All me s of both sets were prepared at the
same scale (1:5,000,000) and are published at a scale of
1:10,000,000. Therefore direct comparisons can readily
be made.

The interpretive isopach maps are derived from the
isopach maps of present rock thickness (pls. 3, 6, 7, 8,
and 9) as determined from outcrops and boreholes. The
areas of present Pennsylvanian rock distribution, both
surface and subsurface, are shown on the interpretive
isopach maps in green. Estimates of the original
thicknesses of strata for each interval are shown by
restored isopachs superimposed on the areas of present
extent, and estimated original margins of depositional
areas are indicated by zero isopachs. Because all these
data are estimates, no question marks or broken lines are
used to indicate uncertainty — the maps are inter-
pretations and are intermediate in subjective character
between the isopach maps showing present distribution
and thickness and the interpretive paleotectonic maps.

On the interpretive isopach maps, the principal
positive and negative areas as determined from

reconstructed isopachs are indicated. Positive elements
are labeled as “low” or “high” according to deductions
based largely on characteristics of the detrital sediments
derived from them. Negative elements are classified as
geosynclines, basins, troughs, shelves, and platforms,
largely on the basis of shape and depth of fill as il-
lustrated by the reconstructed isopachs. The criteria
used in applying this classification are shown in figure 1.
Miogeosynclines are distinguished from eugeosynclines
largely by the kinds of contained sedimentary rocks.
Directions of sediment transport determined from
crossbedding and other current vectors or from grain-size
distribution, and the relative amounts of transported
sediment, are shown by arrows. Thick arrows indicate
coarse sediment; thin arrows, fine; long arrows indicate
much sediment; short arrows, little.

Paleotectonic maps are derived from the interpretive
isopach maps. They are designed to emphasize struc-
tural activity and trends within the conterminous
United States during deposition of each of the five inter-
vals of the Pennsylvanian System. The axes of features
having linear configuration, such as geosynclines,
troughs, arches, and certain other uplifts or positive
elements, and the centers of more nearly equidimen-
sional features, such as basins and most small positive
elements, as determined from thickness relations and
trends, are shown. Positive areas that underwent con-
siderable uplift (estimated at more than 1,000 feet) are
in brown; those that underwent little or no uplift
(estimated at less than 1,000 feet) are yellow. Similarly,
negative areas are in different shades of blue according
to the amount of subsidence. Other structural features of
Pennsylvanian age, indicated by appropriate symbols,
are zones of overthrusting, belts of slight deformation,
and belts of severe deformation; areas of volcanic
deposits also are represented. Thus, the structural
pattern of the continent is portrayed in broad terms that
permit generalizations regarding its history.
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FIGURE 1. — Terms for structural features as used in this paper.

STRUCTURAL FRAMEWORK

The structural framework of interval A of the Penn-
sylvanian System was to a considerable extent inherited
from earlier Paleozoic time and included many major
structural features already established. As shown on
plate 154, figure 2, the major structures have axes
oriented in one of two principal directions, northeast or
northwest. Those with a northeast trend include the Ap-
palachian positive element and bordering geosyncline,
the southwestern part of the Ouachita geosyncline in
eastern Texas, and both northern and southwestern ends
of the Cordilleran geosyncline. A northwest trend con-
trolled the La Salle anticline, the Frontrange positive
element and the Central Colorado trough, the Oquirrh
basin, and parts of the Cordilleran geosyncline.

Trends of some simple structural features, largely in
the north-central part of the United States, differ from
those of the two main sets by having a north-south orien-
tation. Such structures include the Nemaha anticline,
the Mississippi River arch, and the Duquoin monocline,
among others.

Some compound structural belts had anomalous
trends in certain segments. Among these are the Arkan-
sas part of the Quachita geosyncline, which trends east;
the Nashville-Cincinnati-Kankakee structure in which

the middle part extends north; and the Central Kansas
uplift-Cambridge arch, which also trends north in its
central part. Some compound structures bifurcate, and
the resulting branches parallel two different major struc-
tural trends. An example is the branching north end of
the Cincinnati arch.

Although axes having a northwest trend are about
equal in number to those having a northeast trend, the
northwest series is largely in the western half of the con-
tinent and the other series largely in the eastern half.
North-trending axes are mostly in between. This almost
fan-shaped pattern possibly is related to compression
from the continental margins, which are approximately
parallel to the adjacent major structural axes. No readily
apparent explanation has been found for the compound
cross-structure trends.

The overall symmetry is perhaps related to a midcon-
tinent gravity high (American Geophysical Union and
U.S. Geological Survey, 1964; King and Zietz, 1969) that
today extends from western Lake Superior through
Abilene, Kans., to a point west of Wichita, Kans. This
belt of high gravity contains the Precambrian
Keweenawan mafic igneous rocks and includes the
Duluth Gabbro Complex. Uplift in Pennsylvanian time
of the Applachian positive element, the Antler positive
element where relief was less, and also probably the
Frontrange and Uncompahgre positive elements may
have resulted from compression of the continental
margins against the Precambrian core of the craton,
which served as the ultimate stable element.

INTERPRETATION OF INTERVAL A

STRUCTURAL FEATURES

The dominant structural features along the eastern
margin of the continent during the time of interval A
were the Appalachian geosyncline and an accompanying
positive element or landmass to the east. Conclusions
about the geosyncline are fairly trustworthy because
parts of the geosyncline are still preserved. Conclusions
about the landmass are necessarily much less certain;
they are inferred from characteristics of the sediments
derived from the land. In the present coastal region, still
farther east, information about Pennsylvanian rocks and
about tectonic events and features is completely lacking.
For this reason, the easternmost part of the continent is
shown blank on the maps. According to modern concepts
of earth history, the North American and European con-
tinents were probably joined in Pennsylvanian time, and
orogenic belts in the northeastern United States were
continuous with those of western Europe. Reconstruc-
tions of a eugeosyncline or of an ocean basin off the pre-
sent coast of the United States in Pennsylvanian time
were once thought likely but are now generally con-
sidered wrong.
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The Appalachian geosyncline in interval A time was a
linear feature that extended from Pennsylvania south to
Alabama and Mississippi. Localized elliptical basins
formed in at least two parts of the larger downwarped
belt, as shown by thickened deposits of sediment. One of
these basins was in eastern Pennsylvania, and the other,
Black Warrior basin, was in central Alabama and
Mississippi (pl. 154). In the southern basin, the
amplitude of downwarping was particularly great —
more than 9,000 feet.

No sedimentary record of interval A has survived in
the Appalachian geosyncline of south-central Penn-
sylvania, south of the present-day Southern Anthracite
basin, although a thin covering of sediment, probably
derived from a region of low relief to the southeast, may
once have been there. Farther south, from West Virginia
through Tennessee to northern Alabama and Georgia,
strata representing the latter part of interval A and in-
cluding much sandstone with pebbles of vein quartz are
present, but nowhere are these deposits very thick (pl.
15A), and downwarping was probably slight.

West of the northern part of the Appalachian
geosyncline, several shallow basins that received small
amounts of sediment apparently were partly isolated
from one another by low positive elements. One of these
basins that developed in Ohio and western Pennsylvania
was roughly elliptical in outline, and it was largely filled
with alluvial and deltaic deposits. Another was the cir-
cular Michigan basin where downwarping began after
mid-Mississippian time and a narrow trough apparently
formed a connection with a marine shelf to the
northwest. A third was the Illinois basin which began to
form in southern Illinois at the upper end of an ancestral
Mississippi embayment. Although some of these basins,
and some of the positive elements between them, trend
northeast or northwest, parallel to major structural
features of adjoining areas, the trends of minor features
in this region seem inconsistent.

A major structural belt commonly referred to as the
Ouachita geosyncline extended in a broad arc from the
south end of the Appalachian geosyncline
northwestward, westward, and finally southwestward.
During the time of interval A, it was an elongated
trough, 70-100 miles wide, having a shelf on each side in
Alabama, Arkansas, and Oklahoma. Although
sediments of interval A generally are somewhat thinner
in the Ouachita geosyncline than in the adjacent
southern part of the Appalachian geosyncline, they are,
nevertheless, more than 6,000 feet thick in parts of
Arkansas. The southwest-trending segment of the
Quachita geosyncline in Oklahoma and Texas was a
major structural feature of that region, but far less sedi-
ment accumulated in it than in the more easterly areas.
Major branches of the system conform to either the

northeast or to the northwest major trends of the conti-
nent and are the Ardmore and Anadarko basins that ex-
tended northwest in Oklahoma, and the ancestral
Mississippi embayment that extended northeastward in
Arkansas, Tennessee, and Kentucky to connect with the
Illinois basin.

Among the most active structural features during
deposition of interval A were the Ardmore basin and its
continuation, the Anadarko basin in Oklahoma.
Downwarping of at least 5,000 feet took place locally
along these structural axes. Uplift of comparable
magnitude accompanied by normal faulting took place
in the narrow Amarillo-Wichita uplift to the south, as
partly indicated by the volume of coarse sediments that
were shed both north and south of the uplift. The Palo
Duro basin to the south and the Dalhart basin to the
aorthwest of the Amarillo-Wichita uplift apparently
were only moderately active, as indicated by relatively
thin accumulations of shallow-water sediment in the
basin.

An extensive, mildly positive lowland lay north of the
Ouachita geosyncline and Anadarko basin during inter-
val A. It is commonly referred to as the Siouxia land-
mass. This emergent area corresponded closely to a
present-day midcontinent gravity high (American
Geophysical Union and U.S. Geological Survey, 1964). A
few major structural features such as the Mississippi
River arch, Nemaha anticline, central Kansas uplift,
and Cambridge arch are inferred to have been locally ac-
tive within this positive area. These structural features
are known to have been forming earlier in the Paleozoic,
and evidence of activity is clear in later Pennsylvanian
time. The central part of Texas, partly enclosed by the
Ouachita geosyncline, was mostly a stable, slightly
emergent platform, probably with slight relief. A region
south of the Delaware basin and north of the Marathon
salient of the Ouachita geosyncline may have been more
strongly uplifted than the surrounding areas.

A mildly downwarped belt extended along the west
side of the great interior landmass of Siouxia (pl. 154,
fig. 2) from Canada southeastward to connect with the
tectonically active Anadarko basin of Oklahoma. Thin
deposits of shelf-type sediment of interval A ac-
cumulated throughout this belt in contrast to deposits as
much as 5,000 feet thick that accumulated in parts of
Oklahoma at the same time. Traces of the Hugoton em-
bayment where deposits of interval A attain a thickness
of 500 feet can be detected in the southern part of this
negative area at the northwest end of the Anadarko
basin in western Kansas and southeastern Colorado. The
northern part of this mildly negative area forms a broad
reentrant in North and South Dakota in the area of the
shallow, northwesterly trending Williston basin. Strata
of interval A are 250 feet thick in the center of this em-
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bayment. Farthier west, in north-central Montana, a
better defined, similarly trending basin contains more
than 1,000 feet of sediment of interval A. In southeastern
Montana, discontinuities in the isopachs define the
Cedar Creek structure and other linear structures that
are probably northwest-striking faults, believed to have
been active at this time.

Downwarping occurred across trans-Pecos Texas and
parts of southern New Mexico and Arizona, allowing a
shallow sea to cover this area west of the interior lowland
of Texas. An incipient Delaware basin, the Orogrande
basin, and northern end of the Sonoran geosyncline can
be distinguished in the region bordering Mexico.

Structural elements in the central Rocky Mountain
region display definite northwest trends in interval A, in-
cluding the Frontrange and Uncompahgre positive
elements, and the Central Colorado trough. Uplift of the
ancestral Frontrange is indicated by fine detrital sedi-
ment in the Colorado Springs area. The amount of uplift
of the central Rocky Mountain structures probably was
small compared with that during succeeding intervals,
for the maximum thickness of strata trapped in the Cen-
tral Colorado trough did not greatly exceed 500 feet dur-
ing interval A. In northwestern Wyoming and
southeastern Idaho a low unnamed landmass was
separated from the Frontrange uplift by the Sweetwater
trough. In northern Idaho another positive element,
probably anticlinal with a northwest-trending axis, was
also active.

The elongate, northwest-alined Ogquirrh basin in
northern Utah and southern Idaho sank rapidly during
the time of interval A, and more than 1,000 feet of car-
bonate rock accumulated there. Farther west and south
in Nevada, the Bird Spring-Ely basin, trending
southward roughly parallel to the Oquirrh basin,
likewise received sediment to a thickness of more than
1,000 feet. A broad, shallow embayment or trough that
branched from the Bird Spring-Ely basin toward the
southeast may have connected this basin with the
Sonoran geosyncline of southeastern Arizona.

A large, indefinitely defined positive element ex-
tended across central Nevada and southwestern Idaho.
This feature, called here the Antler positive element,
coincided closely with the Late Devonian-Early
Mississippian Antler orogenic belt. It separated a
eugeosyncline farther west from the Oquirrh and Bird
Spring-Ely basins to the northeast and southeast,
respectively. Little is known about the eugeosyncline, as
only fragmentary and isolated remains of rocks
deposited in it are preserved in a wide area that includes
northwestern Nevada, California, Oregon, and
Washington. Limited petrographic and stratigraphic in-
formation from these exposures suggests a mobile
downwarped belt that locally included positive
elements, volcanic islands, island arcs, and continental

rises. The mobile belt is thought to have merged
westward into the deep ocean.

INFERRED MARGINS OF DEPOSITION

Regions in which the inferred margins of deposition of
interval A extend considerably beyond the present limits
are readily apparent on the interpretive isopach map (pl.
154, fig. 1).

In the Appalachian region of the Eastern United
States a great thickness of interval A is believed to have
been removed all along the geosynclinal belt east of the
present area of interval A outcrop. Thickness trends
suggest that sediment once accumulated to a thickness
of as much as 2,000 feet in the northeastern part of the
geosyncline, 2,000 feet in the central part, and more than
9,000 feet in the southeastern part.

Strata of interval A west of the geosyncline in northern
Pennsylvania, Ohio, and Illinois probably never ex-
tended far beyond their present limits. In contrast,
strata of interval A in the Michigan basin are thought to
have originally been much more extensive (pl. 154, fig.
1).

Two areas in the Midwest in which sediments of inter-
val A probably accumulated more extensively than
represented today are in the area of ancestral Mississippi
embayment, which connected the Illinois basin and the
Ouachita geosyncline, and in the southern part of the
Ouachita geosyncline. The Mississippi embayment may
once have contained sediment of interval A to a
thickness of between 1,000 and 2,000 feet; parts of the
geosyncline in Arkansas and Oklahoma may have con-
tained strata exceeding 15,000 feet in thickness.

In the Texas Panhandle-Oklahoma region, margins of
deposition during interval A seem to have been about the
same as the present-day margins (pl. 34) except near the
south end of the Nemaha anticline. This area was
probably buried during interval A time. Farther west, in
the central Rocky Mountain region and in the Cor-
dilleran miogeosynclinal belt, isopachs (pl. 154, fig. 1)
likewise are restored to show the original thickness and
extent of interval A, which are only slightly different
from the present-day thicknesses and extent. Notable
exceptions are on the Apishapa uplift in southeastern
Colorado, at the southern end of the Central Colorado
trough (Rowe-Mora basin) about which little is known,
and in the northern Arizona shelf where intra-
Pennsylvanian erosion removed part of the record.

In parts of the northern Rocky Mountain and northern
Plains areas, the outer limit of deposition of interval A,
as inferred from the eastward rate of thinning and the
facies relations, was 50-100 miles east of the present
truncated edge of the interval in eastern North Dakota
and northwestern Montana. A shoreline facies in inter-
val A rocks along the southern margin of Williston basin
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in South Dakota indicates that the depositional edge of
interval A nearly coincided with the present-day zero
isopach in the area.

The eugeosyncline at the far western margin of the
continent is poorly known and its boundaries are largely
speculative. The eastern boundary is believed to have
been determined by the north-trending Antler positive
element in central Nevada and eastern Idaho, but few
data are available for locating a margin of deposition.
Even more speculative is the western boundary that
presumably was subparallel to the eastern boundary and
that may have merged with the deep area west of the
present Sierra Nevada.

SOURCE AREAS

Interval A in the Appalachian geosyncline had four
principal source areas as determined by the thickness
and facies relations of the detritus that accumulated.

Coarse gravels in the northeast section of the Ap-
palachian region, principally in the Anthracite coal field
of Pennsylvania, indicate that a highland source area lay
to the south or southeast, near the present site of
Philadelphia. The absence of any interval A strata in
south-central Pennsylvania suggests that sediments, if
ever present, were thin. Their probable source wds to the
southeast and probably was an area of relatiqely low
relief. Interval A in the central Appalachian arealof West
Virginia, Virginia, Kentucky, and Tennessee contains
much pebbly sandstone including abundant pebbles of
quartz which indicate an origin in a greatly uplifted
terrane of vein-bearing crystalline schists like that found
in the Piedmont to the southeast. A high area south of
the Cahaba coal field in the southern Appalachian
highlands was the source for an extreme thickness of in-
terval A in central Alabama.

The currently recognized abrupt south termination of
the geosyncline in Alabama and Louisiana may be the
result of major faulting, for south of the area in question
Jurassic rocks rest on Lower Ordovician. Whether Penn-
sylvanian strata once extended farther south than east-
central Louisiana is not known. No marked increase in
coarseness of sediment is noticeable along the present
southern margin of the geosyncline that would indicate
land to the southwest.

Strata of interval A filling an elongate basin in
northern Pennsylvania and Ohio apparently ac-
cumulated as alluvial and deltaic deposits, including
much pebbly sand that apparently was transported from
a northern source. Many of the pebbles were derived
from Devonian chert similar to that in the area of
western New York and probably came from either New
York State or farther north. South of this basin, in
southern Pennsylvania and central Ohio, a positive ele-
ment formed a barrier of southward-dipping Mississip.
pian limestone. This barrier was a low divide separating

sediments derived from northern and southeastern
sources.

The source of sediment of interval A in the Michigan
basin seems to have been to the northeast and north, the
largest volume entering through the present site of
Saginaw Bay (pl. 15A). A wedge of sand and mud about
300 feet thick accumulated near this entrance to the
basin. Much of the sediment was stream-transported
quartz sand, derived from sedimentary strata of middle
and early Paleozoic age. A marine limestone within the
basin indicates a former sea connection; the record of its
location, however, has been destroyed by subsequent
erosion. Probably the sea transgressed from the
northwest, for the lithology of interval A to the
southeast, south, and west in areas beyond the basin
precludes the likelihood of a marine advance from those
directions.

In the Illinois basin, sediment entered largely from the
northeast. Fifteen main stream channels have been
recognized in Indiana. Their orientation suggests that
sediment from southern Quebec, Ontario, and part of
northern New York was transported southward along a
corridor in Ohio southeast of the Michigan basin and
northwest of the Appalachian region. Much sediment
continued south through the Illinois area because of
differential downwarp along the Duquoin monocline.
Additional sediment was transported into this area from
the highlands of Virginia and North Carolina, passing
through a saddle between the Cincinnati arch and
Nashville dome. Final deposition for much of the sedi-
ment was in the downwarped area of Arkansas, far to the

south.
Interval A deposits in a small area of northwestern

Illinois and in adjacent Iowa probably were introduced
by streams from the northwest. Possibly these deposits
were originally continuous with those in the rest of the
Illinois basin to the southeast, but as yet no evidence has
been found to demonstrate such a connection. The ex-
tensive midcontinent region west and north of this basin
seems to have been a low landmass during the time of in-
terval A, as indicated by the fineness of sediment
derived from it. Continental deposits of Morrow age not
yet recognized may have accumulated in parts of
western Jowa and Kansas that are shown as a land area.

Detrital sediment of interval A in the most active part
of the Ouachita geosyncline — in Arkansas and in
northern Louisiana — is calculated to have had a volume
of 30,000 cubic miles, and an equal or greater volume of
sediment possibly was transported west and southwest
across the area during this time. Much of the sediment
seems to have been deposited by turbidity currents. This
vast amount of sediment apparently had two major
sources: (1) The region of northern New York and
eastern Canada, from which mature to semimature
detritus was transported along the route of the present
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Ohio and middle Mississippi Rivers. Sediments from
this region included little feldspar and few heavy
minerals other than tourmaline and zircon; quartz
granules and pebbles were locally common. (2) The
southern Appalachians furnished, partly in the form of
turbidites, much detritus from a metamorphic terrane.
A large percentage of feldspar and various heavy
minerals was characteristic; quartz granules and pebbles
were common.

Sediments in the east Texas segment of the Ouachita
geosyncline contain directional indicators that suggest
transportation by turbidity currents southwestward
along the structural axis. Farther west, in the Marathon
salient of the geosyncline, much of the sediment ap-
parently was furnished from land to the south, as in-
dicated by trends in thickness and in facies, and by
current indicators. Some sediment, including con-
glomerate, apparently came from the northwest.

Interval A on both flanks of the Amarillo uplift con-
tain moderate to large amounts of sandstone, probably
reflecting nearness to a mountainous area of con-
siderable relief. Other land areas in the region provided
detritus, but only fine sediment including much car-
bonate sediment is adjacent to most of the land areas,
suggesting that they were low. The Delaware basin in
southwestern Texas probably received most of its sedi-
ment from surrounding low-lying land, as suggested by
facies relations and by remoteness from other possible
sources.

The Williston basin in the Dakotas apparently
received some sand and much finer sediment largely
from the extensive lowland called Siouxia to the east and
southeast. A broad river valley trending northwest across
Siouxia may have occupied a synclinal extension of the
Williston basin. In any event, a dominance of mudstone
in the basin center early in the interval and a gradation
upward, later into increasingly calcareous sediment
reflect the expansion of Early Pennsylvanian seas across
areas of low relief.

In the Colorado Rocky Mountain region, a restriction
of coarse detrital sediment of interval A to a few places
on the east flank of the present-day Front Range in-
dicates that uplift of the Frontrange positive element
was very local and minor at that time. Farther north in
Montana terrigenous source areas of moderate size, but
not of great height, probably existed in Idaho and
western Wyoming from where fine sediments were
carried to the east and north, respectively.

Pennsylvanian sediment of interval A preserved in the
few scattered areas of outcrop in the far western part of
the United States probably had its sources at least partly
in the Antler landmass and partly in local islands within
the eugeosyncline west of the Antler region in Nevada;
data are “insufficient, however, to locate the sources
specifically. Volcanic materials are estimated to make

up 18-24 percent of the Pennsylvanian rocks in the El
Paso Mountains (loc. 143) and in the Calico Mountains
(loc. 206) in the western Mojave Desert of California
(Dibblee, 1952, p. 15-19; McCulloh, 1954, p. 15). In the
El Paso Mountains, 42 percent of the rock is chert
(Dibblee, 1952, p. 15).

CHEMICAL SEDIMENTS

A negligible amount of chemical sediments ac-
cumulated in the Eastern United States during the time
of interval A. Sediment in the Appalachian geosyncline,
the Michigan and Illinois basins, and other less exten-
sive areas was dominantly terrigenous in all but a few
very small and local areas. This is partly because the sea
did not at this time cover large parts of the region and
partly because the large percentage of terrigenous sedi-
ment from adjacent areas tended to mask the presence of
carbonate deposits throughout the region.

Bioclastic and oolitic carbonate sediments are well
represented in interval A west of the Mississippi River
within and flanking the Ouachita geosyncline. In shelf
areas, north of the very thick accumulation of sediment
in Arkansas and Oklahoma, strata are locally more than
50 percent carbonate rock and were probably deposited
in a shallow-water and shoaling sea.

Bioclastic limestone is extensive west of the Ouachita
geosyncline in north-central Texas suggesting conditions
of shallow, clear water. Even in places where down-
warping was continuous, as east of the Ardmore basin,
on the north side of the Ouachita geosyncline of
Oklahoma, much muddy limestone was deposited, but
in these areas its presence is largely obscured by vastly
greater amounts of detrital sediment.

In west Texas, extensive beds of limestone were
deposited during interval A time in what probably were
shallow waters in and near the Delaware basin. Much
carbonate sediment also accumulated in the north end of
the Sonoran geosyncline in Arizona and New Mexico.

The most widespread carbonate seas in the United
States during interval A time occupied a broad region
west of the present-day Colorado Rocky Mountains.
Much carbonate mud was combined with terrigenous
mud along the shore areas in western Utah, eastern
Nevada, and northwestern Arizona, especially to the
south. The Sweetwater trough in southern Wyoming and
the Eagle basin in the northern part of the Central
Colorado trough in Colorado also were areas of calcium
carbonate accumulation.

In the northern Rocky Mountain region, marine
limestone is widespread only in the upper part of interval
A. Calcium carbonate formed earliest in the axial parts
of the troughs and basins, but was deposited virtually
throughout the region by the end of interval A time. In
North and South Dakota, carbonate rock grades
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eastward and southeastward into mudstone, indicating
land sources in those directions.

Only minor deposits of calcium or magnesium car-
bonate are recorded in the sparse remnants of marine
strata in far western United States. Interbedded chert
and argillite and some greenstone are the principal rock
types in the western Nevada deposits.

CLIMATE

Widespread and numerous coal swamps developed in
many parts of the United States during the time of inter-
val A and are strong evidence that a humid, probably
warm climate prevailed at that time. Coal beds that con-
stitute this record occur in both lower and upper parts of
the interval in the Anthracite field of Pennsylvania, in
the central and southern Appalachians, and in the
northern part of the Ouachita geosyncline. Coals are in
only the upper part of the interval in western Penn-
sylvania and in the Illinois and Michigan basins. Thin,
local coals occur farther west in Iowa. Coal swamps ap-
parently became more widespread and better es-
tablished with time. Presumably, a climate favorable to
the forming of coal also became more widespread.

Compilations prepared by H. R. Wanless (pl. 16) of
coal thickness and of the total number of coal beds in in-
terval A for each of several principal regions show that
frequent and cyclic recurrence of coal-forming conditions
was typical of much of the Eastern United States and
parts of Western United States. For instance, deposits of
coal at least 60 feet in cumulative thickness and in-
cluding more than 30 beds are represented in the
southern Appalachian region in interval A. In other parts
of the geosyncline or in other basins, the number of coal
beds ranges from 5 to 20, and the cumulative thickness of
deposits ranges from 5 to 40 feet.

Further evidence elucidating climatic conditions is
furnished by karst surfaces covered by residual red soils.
Deposition of interval A began on such surfaces in
numerous areas. These relations are compatible with a
warm and humid climate such as is also inferred from
the distribution and abundance of coal. Regions in which
karst surfaces and residual red soils are well developed
are the Ozark Mountains of Missouri, parts of the cen-
tral and west-central Texas region, the area of the Molas
Formation in southwestern Colorado, and large parts of
central and northern Arizona.

Locally within the United States, climatic conditions
may have differed considerably from the norm as just
described. In the northwestern part of the Michigan
basin, some gypsum was formed during interval A,
possibly because part of the basin was cut off by dis-
tributary deposits of sand at a time when the climate
was dry enough to cause marked evaporation (H. R.
Wanless, writen commun., 1969). In Montana and North

and South Dakota, existence of a reducing environment
in early interval A time, represented by deposits that are
carbonaceous and that contain a tree-fern flora, was
followed in late interval A time (interval A;) by
widespread deposits of red beds, indicating change to an
oxidizing environment (E. K. Maughan, written com-
mun., 1968). In northwestern Arizona, extensive deltaic
deposits of late Morrow age also include a considerable
number of red beds.

Evidence that temperatures of extensive water bodies
fluctuated between warm and cold is available for the
Ouachita geosyncline and adjacent shelf area in Arkan-
sas. Times of shoal water on the shelf when oolitic
calcium carbonate was accumulating and coal swamps
flourished nearby were characterized by warm water; in
contrast, at times when the sea level was higher, currents
of cold water welled up from the adjacent depths to the
south and circulated across the shelf area under the in-
fluence of high-energy waves. How much these changes
in water temperature affected the climate of the land is
not known, but such changes may have had a noticeable
impact in that region.

INTERPRETATION OF INTERVAL B

STRUCTURAL FEATURES

The overall structural framework, with dominantly
northeast and northwest trends in interval B, was
generally like that of interval A. A few new structural
features appeared in interval B and, in some areas, uplift
or downwarping seems to have been rejuvenated. Most
areas of deposition were enlarged — the result of a broad
negative tendency of the continent as a whole with
resulting transgression of the sea (pl. 154). Lowlands
that were considerably reduced in area during this inter-
val include the southern Appalachian region, Siouxia,
central Texas, and much of Arizona, New Mexico, and
Utah.

The region east of the Appalachian positive element,
which includes much of the present Atlantic margin of
the United States, apparently was not eugeosynclinal
and probably was positive during interval B of the Penn-
sylvanian. This concept is supported by comparative
data from the Old World. Structural trends of this age in
parts of eastern America, formed prior to continental
drift in Mesozoic time, correspond to trends of the Her-
cynian belt in Europe and Africa (Zwart, 1967). These
structures contrast with those of the earlier Caledonian
eugeosynclinal-miogeosynclinal couples of western
Europe and have a different trend.

The New England region of Eastern United States in-
cludes, in a few areas in its southeastern part, Penn-
sylvanian deposits similar to those in maritime Canada.
Thicknesses range from approximately 1,000 to 12,000
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feet. Whether these deposits were connected to each
other or to the main body of Pennsylvanian rocks in the
Appalachian belt is not known; possibly, they were
separated in Pennsylvanian time from deposits in the
Appalachian region by land along an earlier (Acadian)
orogenic axis. These New England rocks are shown only
on the maps of interval B (objective map, pl. 6; inter-
pretive map, pl. 154), even though they may have been
deposited through much of Pennsylvanian time. Dating
of Pennsylvanian rocks in this area is so poor that
interval assignment must be arbitrary.

The Appalachian geosynclinal belt of eastern America
at the time of interval B was in a late stage of filling, as
indicated by types of rock in the coal basins of West
Virginia and Pennsylvania and possibly those of the
Maritime provinces. Coal basins in the Eastern United
States seem comparable in size to the Upper Car-
boniferous coal basins of the English Midlands and the
Ruhr of Germany. The basins in these several regions
would form part of a continuous linear belt if restoration
were made of the North American and European con-
tinents to their configuration during Pennsylvanian time
as suggested by Zwart (1967).

A comparison of paleotectonic maps of intervals A and
B for the United States (pl. 154, figs. 2, 4) shows that
during interval B some new structural features, both up-
lifts and downwarps, began to form in widely separated
regions. The Forest City basin of Iowa, Nebraska, and
Kansas began to form in what earlier had been a part of
the great interior lowland or landmass of Siouxia. In the
central Texas part of the Quachita geosyncline, the Fort
Worth basin or embayment in the north and the Kerr
basin farther south attained their characteristic forms as
a result of moderate sinking, although the beginnings of
their development may date back to interval A time. In
west Texas a Midland basin appeared for the first time,
though with indefinite form, leaving the low Central
Basin platform between it and the Delaware basin
farther west. In the northern part of Texas, the Muenster
and Red River arches began to rise as positive elements
along the south side of the Amarillo-Wichita uplift at the
Oklahoma border.

Other developments first recognized during the time
of interval B include uplift of the Uncompahgre, the
southern Frontrange, and the Apishapa positive
elements in Colorado, and the beginnings of the
Pathfinder uplift in Wyoming. Downwarping of the
Paradox basin in Utah and adjoining areas also was in-
itiated. Farther north, in Montana, regional warping late
in interval B time produced low anticlinally arched areas
having axial trends both to the northeast and to the
northwest. Most conspicuous of those folds was the
Cedar Creek structure, a northwestward-trending,
slightly en echelon anticlinal extension of the Cambridge

arch of Nebraska. This tectonism locally and briefly in-
terrupted sedimentation in Montana and North and
South Dakota.

In the far western United States, the northeast-
trending Antler positive element was much less con-
tinuous than during interval A, and the amount of its
uplift probably much less (pl. 154). A broad trough
formed across it in northern Nevada connecting the
eugeosyncline on the west and the Cordilleran
miogeosyncline on the east. A positive element in
northern Idaho, postulated for interval A, apparently no
longer existed as land. Also noteworthy is the probability
that the southern end of the Cordilleran miogeosyncline
was no longer blocked by a positive area across southern
California but was open toward the southwest.

In most regions the negative elements of interval B
were more extensive than corresponding ones of interval
A. Examples are in the northern Appalachian region;
across large parts of Siouxia or the interior lowlands, es-
pecially north and west of the Illinois basin and border-
ing the Forest City basin; along parts of the margin of
the Ouachita geosyncline; across much of the Texas in-
terior lowland; and throughout extensive areas in
Wyoming, Idaho, and a few other western states.

With the expansion of negative areas and accom-
panying broader transgressions of the seaways many
positive elements became more clearly defined and
appear on the map (pl. 1564) as isolated islands sur-
rounded by areas of deposition. Especially notable in
this connection are the greatly restricted Cincinnati
arch, Nashville dome, and Ozark dome in Eastern
United States. On the Ozark dome, extensive cavern and
sinkhole development took place. In Western United
States the Uncompahgre, Frontrange, Apishapa, Sierra
Grande, and Pathfinder uplifts became islandlike
elements and the landmass in western Wyoming and
adjacent Idaho and Utah was greatly reduced in size.

INFERRED MARGINS OF DEPOSITION

Deposits of interval B in the Appalachian geosyncline
were once thicker and far more extensive than they are
today. Scattered remnants in the Anthracite field of
eastern Pennsylvania, the projection of thickness trends,
and the pattern of lithofacies all suggest that the original
margins of the depositional area probably extended
north into central New York State and east as far as New
Jersey. In the central and the southern parts of the Ap-
palachian geosyncline, the area of deposition apparently
once extended an indefinite but not a great distance
southeastward of the present margins as indicated by
abundant detrital sediment at the eastern edge of the
geosyncline. All along the eastern margin of the
geosyncline, sediment probably accumulated to an es-
timated thickness of 3,000 to 4,000 feet, but in many
places all or nearly all the interval was subsequently
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removed by erosion. The Appalachian positive area then
probably was moderate to high.

The greatest accumulation of sediment in the United
States during the time of interval B seems to have been
along the axis of the Quachita geosyncline. In Arkansas,
deposits 15,000 feet thick are recorded, and in the Kerr
basin of south-central Texas, the deposits may exceed
5,000 feet. Southward and eastward from this axis,
however, the record is very poorly preserved and, in
many places, is nonexistent. Correlation of the interval
is based on generalized lithologic comparisons, and
restored thicknesses are necessarily based on such cor-
relations.

A positive element is postulated southeast of the
Ouachita geosyncline in south Texas, largely because a
landmass in this location seems necessary to explain the
source of sediment in the geosyncline. Land is not
postulated farther to the northeast, south of the Arkan-
sas part of the geosyncline. In this area direct evidence of
a positive element is lacking, and adequate sources of
sediment are recognized to the east and the northeast.

In the Eastern Interior region where the Nashville,
Cincinnati, and Ozark positive elements dominated the
terrane, strata of interval B seem in most places to be
eroded back appreciably from their original margins.
The exact positions of these margins, of course, can no
longer be accurately determined, but they are shown (pl.
154, fig. 3) at what seem, on the basis of facies relations
and rates of thinning, to be reasonable locations.
Relatively little detritus (all fine-grained) was derived
from these positive elements at this time but the Ozark
area was sufficiently high to permit much karst develop-
ment.

Original margins of deposition bordering the
Anadarko basin in Oklahoma, the Central Colorado
trough in Colorado, and the Paradox basin in Utah and
adjoining States, and in parts of west Texas probably
were very close to present zero isopachs. Both north and
south of this region, however, erosion has removed inter-
val B over wide areas, and original margins of deposition
seem to have been far removed from present margins. In
the eastern part of the Williston basin area, in parts of
southern and northwestern Montana, and in parts of
Idaho the interval has been restored to a considerable ex-
tent. To the south, a large part of southwestern New
Mexico and southern Arizona contains only scattered
remnants of interval B preserved in basin-ranges that
probably are well inside the original limits of deposition
for this interval.

In the far western United States, the Cordilleran
miogeosynclinal margins are moderately well defined. In
the eugeosynclinal belt of western Nevada and the
Pacific Coastal States, however, the record of interval B
is so poor that the outer boundaries are impossible to

determine and as a result even approximate lines cannot
be justified.

SOURCE AREAS

In the Appalachian geosyncline the amount of in-
troduced detrital sediment was much the same in inter-
val B as in interval A (pl. 154, fig. 3). Virtually all the
sediment seems to have been derived from the
postulated linear land mass or positive element that
paralleled the geosyncline along its southeastern margin,
except in New York State where moderate amounts of
fine sediment are believed to have come from farther
north. The quantity and coarseness of sediment differed
greatly from place to place along the geosyncline.

In the Appalachian region detritus of interval A and
that of interval B seem to differ in coarseness. During the
time of interval A fairly coarse sediments, implying
elevated sources, were furnished to the Anthracite field
in the northern part of the goesyncline, to eastern
Tennessee in the central part and, most notably, to
the Black Warrior basin of Alabama and central
Mississippi in the southern part. In contrast, only fine-
grained sediments were introduced into the geosyncline
during the time of interval B, although the quantity of
detritus remained great.

The Nashville, Cincinnati, and Ozark positive
elements were land areas that provided the surrounding
basins with some detritus, but apparently these areas
were not high, inasmuch as only fine-grained material
seems to have been derived from them. The Ozark area
was sufficiently high to permit an extensive development
of caves and sinkholes.

The Ouachita geosyncline continued to receive
sediments from two principal sources during the time of
interval B, as before. A very large volume of detritus —
mostly very fine grained sand, silt, and clay — moved
westward from the largely metamorphic terrane in the
southern Appalachian region. Much of this sediment was
transported by turbidity currents into the deep and
rapidly sinking area of central Arkansas; a considerable
amount of it may have been released to parts of the
Ouachita belt farther to the southwest.

A second important source of sediment for the
Ouachita geosyncline is believed to have been the
northern and middle Appalachians. Mature to
semimature detritus, containing little feldspar and in-
cluding mostly zircon and tourmaline among the heavy
minerals, is believed to have been introduced through
the ancestral Mississippi embayment by way of the
Illinois basin to the north and a passage between the
Nashville and Cincinnati positive elements to the
northeast. A very large amount of fine detritus ap-
parently came in by both routes.

A major source of sediment to the southeast is in-
dicated in the southern segment of the Ouachita
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geosyncline in east Texas by the facies distribution and
thickness trends. A positive element postulated in that
direction probably consisted of moderately high land as
suggested by thick accumulations of sand in the Fort
Worth and Kerr basins. Significant but much smaller
sources of sediment in Texas are the Muenster and Red
River arches on the north. Material from both
southeastern and northern sources was dominantly fine
grained, as shown by directional arrows on the inter-
pretive map (pl. 154); however, gravel accumulations
are locally common, suggesting moderate uplift.

Source areas for sediment in the Anadarko basin of
Oklahoma presumably were the bordering positive
elements. The Amarillo-Wichita-Criner uplift along the
south side of the basin and the southern part of a land-
mass to the northeast both seem to have contributed fine
material.

The Michigan basin of the Eastern Interior region con-
tinued to receive sediment from the northeast, as in in-
terval A, but apparently the basin sank more slowly and
less sediment (<200 feet) accumulated than in interval
A. A little sand, much dark mud, and some lenticular
coals were deposited. Either the source areas were more
distant or their relief was much less than during the time
of interval A.

In the Illinois basin, sediment continued to enter from
the northeast along a corridor between the Michigan
basin and the Cincinnati arch. Sand-sized detritus con-
tained a much lower percentage of quartz than in inter-
val A, however, suggesting that in the source area much
of the mantle of sedimentary rocks had been removed
and the crystalline basement furnished a considerable
part of the sediment.

In the Forest City basin of western Iowa, eastern Kan-
sas, and southeastern Nebraska most of the detritus of
interval B is fine grained, indicating that surrounding
land areas probably were low. Presumably, streams
entering the basin drained an extensive flat terrain
{Siouxia) to the north, and the sources of much of the
sediment must have been distant. Other probable
sources were along the Nemaha anticline to the west,
which apparently was a lowland at that time.

In contrast to most other positive elements in the
Rocky Mountain region, the Pathfinder uplift in
southeastern Wyoming and the northern part of the
Frontrange to the south apparently were greatly elevated
during the time of interval B. Evidence is furnished by
large quantities of sandstone and feldspathic con-
glomerate adjacent to these positive elements.
Elsewhere in the Rocky Mountain region, however, land
elevation generally remained low or moderate as shown
by a lack of coarse materials in the flanking areas.

In Montana and North and South Dakota, mudstones
. merge southwestward into carbonate rocks of the basin
interiors (pl. 6B), suggesting that main sources of

detritus were northeastward in the Canadian Shield.
Other possible sources may have been to the north and
west of this region, but if so, the evidence has been
largely eradicated by erosion.

Deposits in the Cordilleran miogeosyncline probably
were derived from land on both sides. Terrigenous
material did not enter in great volume and was mostly
fine grained except in north-central Nevada where the
north end of the Antler positive element shed abundant
gravel now preserved in the Battle and Ely Formation. In
the eugeosyncline farther west large amounts of detritus,
mostly fine grained, apparently were derived from the
Antler positive element, from smaller tectonic islands
within the geosyncline, and from volcanic eruptions,
either subaerial or submarine.

CHEMICAL SEDIMENTS

Although marine waters entered the southern Ap-
palachian region along the axis of the geosyncline and
periodically spread north as far as northern Ohio and
Pennsylvania during the time of interval B, very little
carbonate rock was formed in the geosyncline. Likewise,
marine waters covered the southern part of the Illinois
basin and other parts of the eastern interior, but the
percentage of carbonate rock of interval B is negligible in
this region. The many dark mudstone strata and abun-
dant iron carbonate nodules suggest poorly ventilated
waters and reducing bottom conditions across large parts
of the interior region; lack of evaporites suggests a low
rate of evaporation or fairly active circulation in the sea
and periodic exchange and freshening of the surface
waters.

The Ouachita geosyncline in Arkansas, like the Ap-
palachian geosyncline, contains very little limestone in
interval B. Farther southwest in Texas carbonate
deposits locally form 20 percent or more of the interval.
Among the shelf deposits of the Fort Worth basin in
northern Texas, bioclastic limestone predominates; in
the area immediately north of Kerr basin, appreciable
amounts of carbonate sediment accumulated; and in the
Marathon salient of the geosyncline, the Dimple
Limestone constitutes a considerable contribution of
carbonate rock. Textures and structural features in the
Dimple suggest that turbidity currents were active dur-
ing its deposition.

In the Western United States, carbonate sediments
accumulated across wide areas during interval B time.
They were extensively deposited in the shallow seaway
east of the Frontrange, in the Paradox basin of Colorado
and Utah where they formed a broad band flanked by
terrigenous sediment, and in many parts of the Cor-
dilleran miogeosyncline. Except along margins of land
masses, carbonates covered much of southern Wyoming
and northwestern Colorado, and they apparently ex-
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tended across much of Montana, grading laterally into
mudstone shoreward.

CLIMATE

During the time in interval B, widespread deposits of
coal formed in Tennessee, Kentucky, West Virginia, and
western Virginia, and less extensive coal beds formed in
the northern Appalachian, Michigan, Illinois, and Forest
City basins. These deposits indicate that a humid and,
probably, a mild climate prevailed throughout Eastern
and Central United States. Lack of evaporites
throughout this region, in contrast to some areas in
Western United States during interval C time, is in
agreement with the postulate of high humidity.

A warm, moist climate is postulated for the region of
the Quachita geosyncline. In the early part of interval B
time the central or axial part of the trough in Arkansas
probably was sufficiently deep to contain cool water at
the bottom. As the geosyncline filled, the sea
presumably became shallower and warmer and coal
swamps developed along its margins. On land areas in
both the Ozark region to the north and the central Texas
region to the south, karst topography continued to
develop, indicating a continuation there of the humid
climate of interval A.

The extensive carbonates deposited throughout most
parts of Western United States, like the widespread coal
beds of the east, suggest a warm climate. No change
from the warm humid environmental conditions
postulated for interval A is apparent.

INTERPRETATION OF INTERVAL C
STRUCTURAL FEATURES AND THICKNESS TRENDS

The structural features of interval C closely resemble
those of interval B. Axial trends were broadly similar
and most negative and positive elements that were ac-
tive in interval B continued to be active in interval C. As
in interval B, an original connection of extreme eastern
America with western Europe and Africa is inferred on
the basis of structure trends in New England similar to
those of the Hercynian belt.

Mayjor differences between intervals C and B are: (1) A
deep basin at the south end of the Appalachian
geosyncline in interval B became positive in interval C;
(2) the rate of sinking along the Quachita geosyncline
became progressively slower and in the late stages of in-
terval C parts of the geosyncline were compressed to
become the sites of extensive thrusting and uplift; (3)
the interior of the continent became slightly negative,
allowing the seas to transgress widely. Landmasses
between the Appalachian pcsitive element on the east
and the Antler positive element on the west in general
shrank, although some parts continued to be elevated
(pl. 15B, figs. 1, 2).

The northern and central parts of the Appalachian
geosyncline continued to be active in interval C. The
axis trended northeastward, probably parallel to the
western border of a landmass pgstulated for the area
farther to the east. Approximately 1,000 feet of sediment
accumulated in the axial part of this geosyncline. In the
Anthracite field of eastern Pennsylvania the thickness of
sediment deposited in interval C was considerably more
than the thickness of sediment deposited in interval B.
Farther south — in western Virginia, southern West
Virginia, and southeastern Kentucky — strata of inter-
val C have only moderate thickness; the maximum is
about 800 feet, which is considerably less than that of in-
terval B. Only the lower part of interval C remains in
this area, however, which makes restoration of the
original thickness uncertain.

The thickness determined for interval C in the
Virginia-Kentucky area is questionable because of un-
certainty in dating; strata of this interval may have
thinned northward to extinction in Virginia and Ken-
tucky through offlap against a thick wedge of interval B
sediment (J. C. Ferm, oral commun., 1967). Alter-
natively, interval C may pinch out farther south in
Tennessee (Harold Wanless, oral commun., 1967). If the
latter interpretation is correct, the Cincinnati arch stood
as a small island in the eastern interior seaway, and the
Nashville dome was a broad peninsula projecting
northward from a landmass in the position of the Black
Warrior basin of earlier Pennsylvanian time in
Tennessee and northern Alabama. Thus, the structure
pattern of the Appalachian geosyncline developed
significant changes during the time of interval C.

Westward from the Appalachian region, a broad but
weakly negative area extended from the Appalachian
region to the Frontrange uplift of the Rocky Mountains
during the time of interval C. The Michigan, Illinois,
and Forest City basins were not independently active,
being parts of a single continuous depositional surface.
Remnants of the Ozark dome, the Nemaha anticline,
and the Cambridge arch may have stood slightly above
sea level in the central part of this region, and possibly
were very weakly positive.

In the middle part of Southern United States, notable
structural changes are recorded in interval C. The
QOuachita geosyncline of northern Arkansas was
downwarped sufficiently during the early part of interval
C time for several thousands of feet of sediment to ac-
cumulate, as judged from the thickest remnants
preserved. The total thickness, however, was con-
siderably less than that of either interval A or interval B
deposits. By about the middle of interval C time,
downwarping in this region ceased; and by the end of the
interval, though possibly much later, uplift began.

In the central Texas part of the Quachita geosyncline,
downwarping continued early in.interval C time, es-
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pecially in those areas opposite the Fort Worth and Kerr
basins. Uplift, compression, and thrusting occurred east
of the Fort Worth basin during the last half of the inter-
val. The remnant Marathon salient of the geosyncline in
southwestern Texas continued to sink during all of inter-
val C time, and its margins were locally faulted. Its
northern margin evolved into the Val Verde basin during
late stages of the interval.

Other active structural features of the Texas interior
region were the Midland and Delaware basins; the
Diablo uplift, farther west, which locally was mildly
positive; and the Muenster and Red River arches to the
north, which apparently rose early in the interval but
which stabilized before the end. The Red River arch was
quickly submerged and is not shown on plate 15B, figure
2. Other interbasin areas apparently were stable or
changed elevation only slightly.

In Oklahoma and the Texas Panhandle, structural
features active in interval B continued to be active at the
start of interval C time. By about the middle of interval
C, the Arbuckle positive element began to rise, possibly
contemporaneously with uplift and folding in the
Ouachita structural belt to the east (pl. 15B, fig. 2). The
Amarillo-Wichita element reached a greater elevation in
interval C than before, although the area involved was
more restricted. The adjacent basins were enlarged and
deepened, and the area of the Nemaha anticline to the
north became almost totally submerged.

In the Rocky Mountain region, as in most parts of the
United States, interval C represents the time of max-
imum expansion of the seas for the Pennsylvanian
Period. Not only was the sea more widespread, but a
climax in tectonism was reached. The Uncompahgre,
Frontrange, and Apishapa uplifts attained their greatest
elevations, and adjacent basins attained their maximum
depths. These complementary movements resulted in
the production and entrapment of exceptionally thick
deposits of sediment. At least 5,000 feet of sediment ac-
cumulated in the central part of the Paradox basin, and
perhaps a comparable amount accumulated locally in
the smaller Eagle basin, indicating a minimum measure
of subsidence.

The mode of uplift of the ancestral Rocky Mountains
in Colorado and Wyoming is not entirely clear, but both
arching and block faulting probably contributed. The
rectilinear, conjugate pattern of structural elements
typical of interval C throughout the United States is es-
pecially conspicuous in this region. The Freezeout Creek
fault along the eastern margin of the Apishapa uplift is a
well-documented fault that probably was active during
interval C time. Normal faulting on a large scale oc-
curred along the southwestern margin of the Uncom-
pahgre where probable deepwater deposits, such as the
black mudstone interbedded with halite in the adjoining
Paradox basin, lie close to the basin margin. Possibly, a

hinge along the southwest side of this basin accounts for
its shape, shown by isopachs (pl. 15B, fig. 1); clearly the
great thickness of sediment that filled it reflects a major
mountain source to the northeast that furnished detritus
throughout the time of this interval.

The Piute positive element in southwestern Utah was
stable or slightly uplifted during the time of interval C,
but the land was more restricted than just before inter-
val C, inasmuch as a greatly expanded depositional
basin occupied most of Arizona to the south. Although
no evidence of major elevation in the Piute landmass is
known, this positive element apparently furnished the
fine-grained material of deltaic deposits in much of
northern Arizona. Mississippian limestones were ex-
posed to subaerial erosion, but were not deeply dissected
or removed.

In central Wyoming, the Pathfinder uplift was tec-
tonically passive during the time of interval C. The sink-
ing of adjoining areas, as indicated by the sand deposits
of shallow seas that encroached upon the uplift from
several directions, however, greatly reduced its size. The
contrast in tectonic activity between this stable area and
the highly unstable areas to the south in Colorado was
considerable.

Most of the northern Rocky Mountain and Plains
region from Idaho and Montana eastward into North and
South Dakota was negative and continued receiving
sediments, though in fairly small amounts, during the
time of interval C. The major tectonic change in this
region was the reappearance of a northwest-trending
positive area in northern Idaho. A prong of the Cor-
dilleran geosyncline, east of and parallel to the land-
mass, began to sink appreciably.

In east-central Idaho, the geosynclinal axis took a
sharp curve southwestward at right angle to the northern
section. Farther east in that area, a second southwest-
trending axis of downsinking developed with a northern
termination at the edge of the shelf in western Montana.
This axis occupied the same position and probably
represented a rejuvenation of the structure formed there
in Late Mississippian and interval A times.

In the far western part of the conterminous United
States, the Cordilleran geosyncline extended from
southern California generally northward into
Washington and Idaho. Its overall configuration in inter-
val C was much like that in interval B, with the Antler
positive element separating a wide eugeosynclinal area
to the west from a series of basins in the miogeosyncline
to the east. Negative elements crossed or bounded the
Antler positive element at its lower end in southern
California, possibly in northern Nevada, and at its north
end in central Idaho.

The general rectilinear structure pattern of the Cor-
dilleran geosyncline in both interval B and interval C is
apparent on plates 1564 and B. It is conspicuously dis-
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played in southern and central Nevada by the northeast
trend of basins within the miogeosyncline and in Idaho
and adjacent areas by the northwest trend of major
structural features.

INFERRED MARGINS OF DEPOSITION

As is true for earlier intervals of the Pennsylvanian
System, a very large part of interval C originally
deposited in Eastern United States probably has been
removed by erosion. In the Appalachian geosyncline, the
maximum thickness of strata probably was deposited in
a belt along the eastern margin of the geosyncline, ad-
joining the postulated ancient highlands that formed a
principal source of sediment. Because the thick deposits
in this belt have been completely or almost completely
removed, their former extent has been estimated by pro-
jecting the thickness trends from remnants farther west.

In the Quachita geosyncline a very imperfect record
remains. Across northern Mississippi, Arkansas, and
eastern Oklahoma less than half of the original very
thick depositional blanket remains. Deposits in the
southern and eastern parts of the region, including some
of the thickest deposits, are completely removed by ero-
sion. In the Quachita structural belt of Texas, drilling
gives only sparse information about the type and amount
of sediment that apparently filled the Ouachita
geosyncline of this area.

The Eastern Interior region is believed to have once
contained interval C throughout a considerably more ex-
tensive area than at present. Strata that today are
restricted to the Michigan, Illinois, and other basins
once formed a continuous blanket across the region, as
indicated by comparable faunas and lithic facies of the
remnants. The area between the Michigan and western
Appalachian basins which currently is devoid of interval
C probably was once occupied by sediment in transport
to the Illinois basin, as indicated by trends in current
direction within that basin. In brief, the negative areas
in which sediment accumulated probably were more ex-
tensive during interval C time than in any other part of
the Pennsylvanian Period.

SOURCE AREAS

During the time of interval C, as during that of inter-
vals A and B, the northeastern part of the Appalachian
geosyncline received sediment largely from a source to
the southeast. The coarsest detritus, consisting of
cobbles as much as 5 inches in diameter, accumulated as
widespread basal deposits of the interval in the Southern
Anthracite field of eastern Pennsylvania. Higher in the
interval in this area, coal deposits formed that are
thicker individually and cumulatively than in any other
area of Pennsylvanian rocks in the United States. Thus,
although initially detritus probably accumulated rapidly
from nearby highlands, relatively slow deposition and a

coal-swamp environment dominated the later stages of
interval C time.

In the central and southern parts of the Appalachian
geosyncline, interval C sediments came largely from
source areas in North Carolina and Virginia. Other
source areas in northern New York, Ontario, and Quebec
supplied sediment to the Appalachian region of western
Pennsylvania and Ohio. The sea repeatedly transgressed
and regressed across Ohio and Indiana north of the rem-
nant Cincinnati arch in Kentucky, forming a series of ex-
tensive intertonguing sediment wedges that provide the
finest records of cyclic sedimentation in the American
Pennsylvanian. Although sources of sediment in that
region seem initially to have been to the northeast,
toward the end of interval C they probably were more
northerly, suggesting an increased contribution from the
Wisconsin arch. Trends of current indicators show that
most sediment in the Illinois basin was transported
southwestward across the area between the Michigan
and western Appalachian basins.

The Arkansas, Oklahoma, and east Texas parts of the
Ouachita geosyncline apparently derived most of their ex-
tensive load of sediment — estimated as about 15,000
cubic miles in Arkansas — from a major stream system
coinciding at its lower end with the course of the present
Mississippi River. Source lands were probably to the
northeast and east in the region of the northern Ap-
palachians. Some sediment, however, presumably was
derived from the southern Appalachians and was
transported westward along the axis of the geosyncline.
Farther south, in southern Texas, the source area for
sediment deposited in the Ouachita geosyncline was a
region south of the Marathon area, as indicated by facies
relations within the geosynclinal rocks. In west Texas the
Diablo positive element was a local source and, during
early stages of interval C, the Muenster and Red River
arches of north Texas furnished sediment to nearby
areas as indicated by fringing deposits of coarse detritus.

In Oklahoma and northeastern New Mexico extensive
arkose deposits bordering various positive elements in-
dicate that granitic basement rock was exposed in the
uplifts during the time of interval C. Coarse arkoses on
both the north and the south flanks of the Amarillo-
Wichita uplift, around the Bravo dome, and east of the
Sierra Grande uplift, suggest vigorous erosion of nearby
sources within these positive areas. In central Texas,
much sediment was derived late in the interval from the
rising Ouachita structural belt.

In the great interior lowland of the Central United
States — the region of the present-day Great Plains —
sediments accumulated more widely during the time of
interval C than during any other part of the Pennsylva-
nian Period (pl. 15B, fig. 2). Only a few fairly small land
areas stood high enough within the depositional area to
furnish sediments locally. The northern end of the
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Nemaha anticline, for example, apparently developed
into a hilly region, raised by faulting as well as by folding
along the monoclinal front, as shown by a large quantity
of arkose and coarse sand deposited directly east of the
fault escarpment. The Cambridge arch, a remnant of the
Siouxia landmass of earlier Pennaylvanian time,
likewise was a source of sediment, and the much
restricted mainland of low relief to the northeast
probably supplied detrital material from that direction.

The middle Rocky Mountain region apparently con-
sisted of high ranges in interval C time that furnished
large quantities of coarse detritus to adjacent lowland
areas or bordering seas. These deposits are well
preserved along the eastern margin of the Frontrange
and the northeastern end of the Apishapa uplifts. They
consist of poorly sorted cobble conglomerates in central
Colorado and are thick and extensive in many places
bordering the Uncompahgre uplift. Abundant trough
crossbedding and other sedimentary features of these
deposits suggest that they are largely alluvial fans.

In northern Idaho and westernmost Montana an in-
ferred geanticlinal landmass is believed to have been the
principal source of quartzose terrigenous sediments in
the adjacent region to the east, although much sediment
may also have been transported southeastward along the
axis of the geosyncline from areas far to the north.
Farther east in Montana, North and South Dakota, and
Nebraska fine-grained terrigenous sediment probably
came mostly from a shield area, greatly reduced in size
from the Siouxia of earlier Pennsylvanian time, that lay
to the northeast.

In northern Arizona, a broad sheet of continental red
beds of the Supai Formation, considered in part to repre-
sent interval C, must have come largely from the Piute
positive element in southwestern Utah as shown by
current-direction indicators, especially crossbedding.
Some detritus may have been furnished by the Defiance-
Zuni positive element, but land in the vicinity of that
element was restricted in size at the time and direct
evidence of current movement of sediments from it is not
available.

The Cordilleran miogeosyncline apparently continued
to derive sediment from the Antler positive element on
the west as in intervals A and B. How much additional
detritus may have been introduced from the sources to
the east or southeast is not known, but a large volume of
fine-grained sediment that accumulated near the
Arizona-Nevada boundary may have had a source or
sources in those directions as indicated by lithofacies
patterns. In the eugeosyncline, farther west, rocks
similar in composition to those of intervals A and B were
formed; presumably sediment was received from the
Antler landmass, and also from tectonic islands to the
west. Subaerial and submarine volcanic eruptions also
contributed to the record. Absence of Pennsylvanian

rocks from the Sierra Nevada region possibly indicates
that a source occupied that part of California.

CHEMICAL SEDIMENTS

The eastern part of the United States is nearly devoid
of carbonate deposits in rocks of interval C. Sediment in
the Appalachian geosyncline, except for some fresh-
water limestones in the northern part, is nearly all
terrigenous. Farther west, from Ohio southwestward
through Missouri, wedges of deltaic sandstone and
mudstone interfinger with marine mudstone and
limestone in an intricate cyclic sequence produced by
many transgressions and regressions of the sea. In the
Michigan and Illinois basins terrigenous sediments are
dominant, but marine carbonate rocks are propor-
tionately more abundant toward the west. In the Forest
City basin of Nebraska, Iowa, and Missouri, carbonate
rocks constitute a very appreciable percentage of inter-
val C, for marine conditions apparently prevailed there
almost continuously.

In the Ouachita geosyncline, carbonate rock occurs
very sparsely in interval C, for although shallow seas
probably covered southern Arkansas and Louisiana at
this time, these areas were continuously flooded by
terrigenous detritus which prevented the accumulation
of an appreciable percentage of purely chemical sedi-
ment. In shoreward areas of northern Arkansas much
clay-ironstone formed in thin layers and lenses. In the
Texas areas bordering the geosynclinal belt on the west,
bioclastic limestone was formed widely in early parts of
the interval, but later, carbonate deposition was mainly
restricted to reefs, such as those forming the Horseshoe
atoll, fringing the Central Basin platform and the
eastern margin of the Midland basin.

In the region of Oklahoma, Kansas, and eastern
Colorado, a shallow-water marine environment seems to
have prevailed during much of interval C time; calcium
carbonate accumulated in considerable amounts, alter-
nating with mudstone and sandstone in characteristic
cyclothems. The percentage of limestone is much greater
than was formed farther east. Meanwhile, in Nebraska
and adjoining areas to the north, chemical sediments
were restricted in distribution. They included dolomite
and some anhydrite.

Elevation and erosion of landmasses in the middle
Rocky Mountain region produced large accumulations of
detritus adjacent to uplifts and correspondingly little
chemical rock. In the central part of the trough between
the Frontrange and the Uncompahgre uplifts was an
evaporite basin (Eagle), however, and a still larger basin
(Paradox) lay west of the Uncompahgre highlands where
salt was concentrated to a great thickness. Farther north,
in Montana, considerable dolomite and small amounts of
gypsum, believed to have been primary or penecontem-
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poraneous deposits, suggest that the shelf there was
covered by hypersaline waters much of the time. The
area of distribution of chemical sediments in Montana
became steadily more restricted as a sheet of quartz sand
from the northwest spread progressively southward.

West and south of the Rocky Mountain region in
Colorado, carbonate sediment was widespread and
dominant among deposits of interval C. In southern
Arizona it constituted the major component in strata of
the Sonoran geosyncline. In areas of northern Arizona
bordering the Supai delta and in the Cordilleran
miogeosyncline of Nevada, it also contributed greatly to
the volume of sediment. Cyclothems are conspicuously
developed in interval C rocks of this region, but the rocks
are largely marine and the cyclothems record changes of
sea level rather than oscillations of the shoreline as do
most cyclothems of the East and Middle West.

CLIMATE

Climatic conditions during the time of interval C
probably did not change greatly from the conditions dur-
ing earlier parts of the Pennsylvanian Period, although
the evidence is more pronounced. Coal swamps had a
greater extent than during any other time. One coal,
representing the deposit in a single swamp in the lower
middle part of the interval, extended from Oklahoma to
Pennsylvania. Such widespread coals are the basis for
postulating a humid, mild climate in Eastern and
Southern United States. In Oklahoma and Texas,
marine waters supported abundant corals and crinoids
suggesting warm, clear seas throughout that region. In
the Ouachita area of Arkansas and along the eastern
margin of the geosyncline in Texas, however, regional
uplift during a late stage of the interval may have altered
climates considerably. Air-circulation patterns were
probably changed by a rising mountain chain in this
region. Withdrawal of the sea from large areas as a result
of the Ouachita orogeny may have reduced the
ameliorating effects of the marine waters.

In some parts of Western United States, evaporite
deposits indicate local concentration of salines and im-
ply semiarid to arid conditions at least locally during the
time of interval C. The greatest and most noteworthy of
these deposits is in the Paradox basin of western
Colorado and eastern Utah, where salt formed exten-
sively, but also fairly widespread are evaporite deposits
of the Central Colorado trough. Presumably the environ-
ment in these areas was controlled by great mountain
uplifts of the Frontrange and Uncompahgre which
dominated air-circulation patterns and the related ocean
currents. The clay mineralogy of the Minturn Formation
in Colorado (Raup, 1966, p. 267), the absence of car-
bonaceous material, and the scarcity of plant fossils fur-
nish additional evidence of semiaridity.

Evaporite deposits in Nebraska and Montana suggest

a climate more arid than in earlier parts of the Penn-
sylvanian in those regions. The deposits include much
dolomite and some gypsum.

INTERPRETATION OF INTERVAL D
STRUCTURAL FEATURES

The restored isopach map of interval D (pl. 15B, fig. 3)
suggests that the major structural features of the
Eastern United States that became active early in the
Pennsylvanian Period and continued to be active
through intervals B and C still exerted an important in-
fluence on sedimentation during interval D. As with
preceding intervals, the few remnants of Pennsylvanian
rocks in eastern New England and their possible cor-
relatives in maritime Canada probably once connected
with rocks in the Hercynian belt of western Europe.
Thus, prior to the time of continental separation, the
Appalachian positive element shown on plate 15 may
have extended to the northeast, seaward of the present
Atlantic coastline. The Appalachian positive element
continued to rise, and basins in the northern and central
parts of the geosyncline to the west continued to sink
with much the same configuration as during interval C.
In Georgia and Alabama at the extreme southern end of
the Appalachian positive element, the amount of uplift
and the area of folding decreased notably as compared to
interval C.

The areas formerly occupied by the Cincinnati arch
and the Nashville dome in the eastern interior are
believed to have been slightly negative and were
probably covered by a blanket of sediment, and the
Ozark dome, farther west, was probably stable or only
very mildly positive. No residues of interval D are today
near enough to these ancient features to give positive
evidence of their structural history. A last remnant of the
Nemaha anticline was buried by the middle of the inter-
val, and the Cambridge arch probably was inactive
throughout the interval.

The area of deposition in the eastern half of the United
States possibly was about as large during the time of in-
terval D as during C; however, the record has been
largely removed over wide areas. Evidence is not
available to show whether the Michigan, Illinois, and
Forest City basins continued to sink as separate struc-
tural entities, as in earlier Pennsylvanian time, or were
merely parts of a very widespread negative region that
was covered by a relatively uniform blanket of sediment.

The structural pattern of the South-Central United
States, unlike regions to the north and east, changed ap-
preciably during interval D. Arkansas and northern
Louisiana were positive areas, and uplift may have been
rapid along the Ouachita structural belt at that time. An
area north of the Marathon salient of the structural belt
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continued to sink and constituted the only remaining
part of the former Quachita geosyncline. The Muenster
and Red River arches were quiescent or negative, and the
broad central part of Texas continued to sink slowly and
intermittently. In Oklahoma, uplift continued in the Ar-
buckle uplift and the Amarillo-Wichita uplift, but
otherwise structural movements were similar to those of
interval C.

Farther west, in the Rocky Mountain region, struc-
tural features of interval D were basically the same ones
that were active during the preceding interval, but the
amount of movement of the uplifts and basins ap-
parently was much less. The Frontrange uplift to the
north and the Apishapa and Sierra Grande uplifts to the
south were still the dominant positive areas, but the
linear trough north of the Apishapa uplift and the
Hugoton embayment were no longer recognizable struc-
tural elements. In general, deposits tended to assume a
blanket form, rather than a wedge shape as before. Along
the northern margin of the Frontrange uplift and in
much of western Wyoming the former shelf was positive
and emergent as indicated by the beveling and
redistribution of sand that had accumulated during the
time of interval C. Meanwhile, the Eagle and Paradox
basins subsided a little, perhaps only 500 feet, and were
almost indistinguishable structurally from adjacent
shelf areas. Uplift of the Frontrange and Uncompahgre
elements probably also diminished greatly as compared
to their movement in interval C. Apparently these
elements were no longer extremely high, for in the Cen-
tral Colorado trough, those parts of the Maroon and
Sangre de Cristo Formations assigned to interval D are
generally thinner and contain less coarse material than
those parts deposited during the time of interval C.

In the northern Rocky Mountain region, the original
extent and thickness of interval D rocks can be inferred
only in a general way because the strata involved are
largely removed by erosion. Scattered remnants suggest
that the structural framework probably was much like
that of the preceding interval. Much of Montana is
believed to have remained a stable shelf on which thin
deposits of sediment accumulated; a remnant of the
geosyncline persisted in the extreme western part of the
State; and the northern Idaho positive element is in-
ferred to have continued as an active structural element
and a source of sand deposits.

Southwestern United States, especially Arizona,
seems to have been the site of radical changes in
depositional pattern although the structural elements
were nearly the same as during interval C. Much of that
region was positive and withdrawal of the sea resulted.
The shape of the Antler positive element may have been
modified by two northeastward-trending prongs with a
trough between them as shown on plate 15B, figures 3 and

4. On the other hand, the prongs may be features
resulting from postinterval D uplift and erosion rather
than from folding during interval D.

The record of interval D in the eugeosynclinal region
west of the Antler positive element is scant, but
presumably sparse sedimentation and submarine or sub-
aerial volcanic eruptions continued throughout a wide
area. Turbidites in the Jory Member of the Havallah
Formation and the high sand content of the Havallah in-
dicate possible uplift of the Antler region.

INFERRED MARGINS OF DEPOSITION

In the eastern half of the United States, interval D
probably has been removed by erosion from an area
larger than that still containing it (pl. 15B, fig. 3).
Within the Appalachian region, for example, interval D
probably was widely distributed in Virginia and
Tennessee, and possibly extended into Georgia,
Alabama, and Mississippi although the original boun-
daries are now unknown. Parts of these areas probably
were low coastal plains, and possibly, deposits extended
beyond the limits restored on plate 15B. Farther west,
the former Cincinnati arch and Nashville dome possibly
no longer stood as islands; in any case, even though no
rocks of interval D are present within these areas, the
areas are considered to have been within the depositional
region. In contrast, the Ozark dome in Missouri has been
interpreted as a low hilly area that continued to be
eroded though reduced in size. This conclusion, however,
cannot be verified.

A former, greatly expanded area of deposition has
been postulated for the Illinois basin and other parts of
the Midwest on the basis of certain constituents in the
rocks. In north-central Illinois, for example, erratic
blocks and pebbles of quartzite and crystalline rock in
limestone (Savage and Griffin, 1928), apparently of
Precambrian origin and transported by rafts of vegeta-
tion, suggest shorelines at least as far north as the
Wisconsin arch.! The original southern limits of interval
D in this region likewise probably were far beyond pre-
sent remnants.

In Texas, inferred margins of deposition were about
the same during interval D as they were late in interval
C. The various shore facies of interval D that
presumably once occupied a narrow band between the
elevated Ouachita structural belt and the still-preserved
parts of the interval have been removed by erosion. In
west Texas, especially near the Diablo positive element
and the Central Basin platform, interval D has been
removed in numerous places.

'Results of a recent investigation by Jansa and Carozzi (1970) suggest that these gravels
were not rafted into their present place of burial but were first transported by rivers and then
distributed in the carbonate basin by submarine mudflows.
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SOURCE AREAS

In the Appalachian geosyncline, most of the detritus
that accumulated to form interval D, like the detritus of
earlier Pennsylvanian deposits, came from a
southeasterly direction. The sediment formed a
generally westward-thinning wedge, containing abun-
dant mudstone in the northern part of the region and in-
cluding some pebbly sandstone farther south in West
Virginia. The northern part of the geosyncline also
received substantial volumes of sediment from sources in
New York, Ontario, and Quebec.

In the Illinois region, terrigenous sediments ap-
parently came largely from the northeast as shown by
the orientation of deltaic deposits at several places along
the northern margin of the part of the interval remaining
in Illinois. Likewise, deposits in Iowa probably came
mostly from the north, but those in northern Missouri
were generally derived from the region of the Ouachita
uplift to the south. In parts of Missouri, channel
sandstones in the lower part of interval D indicate
northern sources, whereas those higher in the interval
contain detritus from uplands in Arkansas and
Oklahoma to the south. The Nemaha anticline of Kan-
sas was much reduced in size and nearly buried in
detritus by the time of interval D; thus, its importance
as a source area was negligible.

In east Texas and in the Marathon region of south
Texas, principal source areas of sediment during interval
D continued to be hilly to mountainous areas along the
Ouachita structural belt from which much detritus
seems to have been transported westward and
northward. Other sources were land areas along the
Amarillo uplift in Oklahoma and the Diablo positive ele-
ment in west Texas. Evidence for these being source
areas consists of an increase in coarseness of detritus
near each of the areas. In Oklahoma, the low hills in the
region of the Amarillo-Wichita uplift and of the com-
bined Quachita and Arbuckle uplifts were chief sources
of sediments. Except for some conglomerate around the
Arbuckle uplift and some coarse detritus north of the
Wichita uplift little evidence of high relief is recognized.

In the Rocky Mountain region continued uplift of the
principal positive elements seems to have produced
highlands that assured a source of considerable detritus
for surrounding areas of deposition. Although the volume
was large and included some coarse detritus, deposits of
this interval were far less and, in general, much finer
than those of interval C; this suggests that the time of
maximum uplift and erosion in the Colorado Rockies
was prior to interval D. The Apishapa and Frontrange
uplifts clearly were the most important source areas in
central Colorado as indicated by facies in the Sangre de
Cristo and Maroon Formations.

In the southern and southwestern parts of the Rocky
Mountain region the timing of uplift, as reflected in ac-
cumulated sediment of surrounding areas, seems to have
been different from that in Colorado. The regions of the
Pedernal uplift and the southern part of the Uncom-
pahgre uplift in New Mexico, which apparently had been
relatively low landmasses surrounded by dominantly
lime-forming seas during the time of interval C, were
elevated in Late Pennsylvanian time. Coarse detrital
material, including much arkose, increased markedly in
volume in surrounding basins during interval D time, in-
dicating that Precambrian rocks forming the cores of
adjacent land areas were being progressively more ex-
posed. Scattered grains of fresh feldspar were
transported into areas of dominantly lime-mud ac-
cumulation. At this time Precambrian rocks on the
crests of the Sierra Grande, Defiance-Zuni, and other
positive elements may also have been exposed, but those
areas did not contribute much coarse arkosic sediment
as did the Uncompahgre and Pedernal areas.

Source areas for interval D in the northern Rocky
Mountain region are not clearly indicated in the facies
and thickness relations. Probably this is because land-
masses were low and far from the areas of deposition. A
possible source was the northeastern part of the northern
Frontrange uplift from which fairly coarse arkosic sedi-
ment apparently was carried eastward as far as
Nebraska. In extreme southwestern Montana, terrige-
nous sands are believed to have come southward from a
landmass inferred in northern Idaho; this sand body ex-
tended farther south than the deposits of interval C.
Elsewhere in the northern tier of States, terrigenous
detritus presumably came southwestward from the
Canadian Shield, but direct evidence in those areas is
very sparse.

In the far western United States, sources of sediment
for interval D were landmasses probably of low relief
along the Antler positive element in Nevada and within
the Piute positive element in Utah, then much larger
than during the time of interval C. Other land areas con-
tributing detritus may have been in or west of the Cor-
dilleran eugeosyncline; however, little evidence is
available concerning the position of any such areas.
Coarse material that might suggest nearby mountainous
regions is lacking, although sandstones in northern
Nevada adjacent to the north end of the Antler positive
element, and in the Havallah Formation to the west, in-
dicate that a considerable volume of older rocks was be-
ing eroded in nearby areas.

CHEMICAL SEDIMENTS

In the Eastern and Midwestern United States, car-
bonate deposits of interval D were accumulated during a
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series of eastward marine transgressions and westward
regressions of widely differing magnitude. Of the prin-
cipal transgressions and corresponding regressions, each
containing a limestone unit, about 15 are represented in
Missouri, 11 in Illinois, 7 in Ohio, and only 1 in the
Northern Anthracite field of Pennsylvania. In the
Northern Anthracite field the single marine limestone
represents the easternmost spread of Pennsylvanian seas
in the United States. Thus, because individual
limestone and dolomite units mostly are thin, and com-
monly are very extensive, it is difficult to combine them
into meaningful composite entities on lithofacies maps.

In Texas, limestone is the principal component of in-
terval D in the Horseshoe atoll, on and near the Central
Basin platform, and in El Paso and western Hudspeth
Counties in the extreme western part of the State. It
makes up reefs and bioherms in these areas and in-
dicates locally shallow, agitated water; the thicker
limestone deposits generally formed rims around deeper
water areas of the major basins. Farther west, in New
Mexico, calcium carbonate was deposited across broad
areas during interval D time, but deposition of the car-
bonates was interrupted frequently by influxes of debris
from uplifted areas. The most notable limestone ac-
cumulations were adjacent to uplifts and probably repre-
sent shoals.

Because in the Rocky Mountain region much of the
land had considerable relief during the time of interval
D, detrital sediments were dominant in most nearshore
areas. Away from the uplifts, however, especially in
areas of eastern Colorado, along the eastern part of the
Wyoming shelf, and in parts of Nebraska, calcium car-
bonate was the dominant deposit. In southwestern South
Dakota, in the Eagle basin of northwestern Colorado,
and along the western margin of the Paradox basin in
Utah, moderate amounts of gypsum and dolomite ac-
cumulated by evaporation of sea water. Throughout the
central part of the Paradox basin in Colorado and Utah,
where great volumes of evaporites formed earlier, mostly
marine limestones were deposited during interval D
time. In the far western United States at the southern
end of the Cordilleran miogeosyncline (Bird Spring-Ely
basin of southern Nevada) and at the northern end of the
Antler positive element in Idaho, interval D is
represented by carbonate rocks, principally limestone.
Rocks in the eugeosyncline of southeastern California
and northwestern Nevada consist predominantly of
sandstone, rather than volcanic material and siliceous
shale — the main rocks of intervals A, B, and C; car-
bonate rocks are absent from interval D of that region.

CLIMATE

Climate in the Eastern United States during the time
of interval D probably was mild and the sea warm as
suggested by abundant fossils in marine strata. Coal

deposits were considerably less extensive than in interval
C, but this may reflect less extensive regions of coastal
swamps rather than any important differences in
climate. In general, intermittent deposition of coal in
many parts of the region suggests a persistently humid
climate and temperature fluctuations within rather
narrow limits. On the other hand, alternation of coal
deposits with strata that are dominantly detrital might
be explained as the result of climatic cyclicity.

In much of the Rocky Mountain region, the relatively
high relief of many uplifted areas doubtless made
climatic conditions less stable and less monotonous than
in most parts of the east. This seems especially likely
near the mountains of the Ouachita structural belt, in
the vicinity of the Pedernal uplift, and near the already
elevated Frontrange and Uncompahgre areas. Local
evaporitic deposits in South Dakota, Colorado, and Utah
suggest local semiarid climates, and perhaps the begin-
ning of a more widespread change to the arid climate of
the Permian.

INTERPRETATION OF INTERVAL E

STRUCTURAL FEATURES

Throughout most of the continental United States,
few differences between structural features of intervals D
and E can be shown. The lack of significant change may
be the cause in many areas of problems concerning the
boundary between these intervals. Absence of notable
differences in lithology commonly require that a separa-
tion of interval D from interval E be based on the posi-
tion of faunal or floral elements or on the projection of
key beds from areas of established contacts.

In Eastern United States, the Appalachian
geosyncline and the inferred positive element bordering
it to the southeast seem to have been much as they were
during the time of interval D, although the remnants of
sedimentary rocks that constitute interval E are even
more restricted than those of interval D. Linear belts, in
which the interval is thin, correspond with the axes of
anticlines that were active during deposition of interval
E in Pennsylvania, Maryland, and West Virginia (pl.
15C, fig. 2). The anticlinal structures, which first
appeared in interval C, seem to have been uplifted inter-
mittently during both D and E, but accurate dating of
their movements is very difficult.

West of the Appalachian region, the ancient positive
elements referred to as the Cincinnati arch and
Nashville and Ozark domes (pl. 15B, fig. 2) presumably
were buried by Pennsylvanian sediment during the time
of interval E, although this cannot be proved because
remnants of interval E are lacking near the uplifts.
Slight differential sinking in the Illinois basin, along the
Moorman syncline of western Kentucky, and along the
axis of the Forest City basin in Missouri and eastern
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Kansas can be shown by the thickness relations of rocks
still preserved. In general, however, the entire midconti-
nent region west as far as the Frontrange uplift of the
Rocky Mountains was a broad negative region which
sank rather uniformly a small amount.

The structural framework in Southern United States
was about the same during the time of interval E as in
interval D. The Ouachita region of Arkansas was greatly
elevated, the Arbuckle uplift in Oklahoma was active
tectonically, and the several basins in Texas were
deepened. Principal new activity involved normal
faulting on the north side of the Arbuckle uplift, possible
thrusting in the western part of the OQuachita structurat
belt, and probable rejuvenation of the west end of the
Matador arch.

In the southern part of the Rocky Mountain region,
the Sierra Grande, southern Uncompahgre, and Peder-
nal uplifts and the Florida Island positive element all
were sharply defined and all were probably still active at
this time. A zone of faulting along the western margin of
the Pedernal uplift is suggested by closely spaced
isopachs in that area (pl. 94). The Rowe-Mora and
Orogrande basins continued to sink, forming prominent
but narrow, north- and northwest-trending features,
respectively. Structural activity in this part of the Rocky
Mountain region apparently reached a peak later than it
did in Colorado, where the major uplift is believed to
have occurred well before interval E.

In the Rocky Mountain region of Colorado and
northern New Mexico, important positive elements dur-
ing the time of interval E were the Frontrange, Apishipa-
Sierra Grande, and Uncompahgre uplifts. The uplifts
did not furnish the tremendous amounts of arkosic sedi-
ment that had been characteristic of interval C and,
therefore, were probably rising less rapidly than before.
Faulting on the west flank of the Apishapa uplift ceased
during interval E time so that strata of that interval were
deposited west of the uplift directly on rocks of interval
A. The Eagle basin, the Paradox basin, especially its
central trough, and other basins in Colorado and New
Mexico deepened. Farther north, in western Wyoming, a
large part of the former shelf remained slightly positive
and emergent as it was during deposition of interval D.

From all of Montana, except the extreme
southwestern part, rocks representing interval E are ab-
sent. Reconstruction of tectonic events is uncertain;
however, the region was most likely a relatively stable or
slightly negative shelf until the end of Pennsylvanian
time. Uplift that caused the seas to withdraw from
northern Montana occurred late in the interval and
resulted in a beveling of strata down to the Upper
Mississippian. Coarse sand in Lower Permian strata of
North and South Dakota and adjacent parts of Wyoming
and Montana probably came from the Mississippian
Kibbey Sandstone in northern Montana, suggesting up-

liftt of that area in Late Pennsylvanian time; however,
erosion may have begun earlier and been relatively in-
effectual because of low elevation.

Far western United States was considerably affected
by tectonic changes during late stages of the Pennsylva-
nian. In Arizona, a broad lowland area that extended
south from the Piute positive element in the time of in-
terval D apparently was downwarped during the time of
interval E. A slight deepening occurred at the north end
of the Sonoran geosyncline, which was thereby again
connected with the Cordilleran geosyncline to the
northwest. The north and south prongs of the Antler
positive element may have continued as active positive
features, but carbonate rocks deposited adjacent to the
prongs suggest that structural movements more likely
were post-Pennsylvanian. Thus, the prongs probably
resulted from later uplift and erosion.

INFERRED MARGINS OF DEPOSITION

In much of the Appalachian region of the Eastern
United States large parts of the record of interval E have
been destroyed by erosion. Probably only about the
lower one-third has survived in the Southern Anthracite
field, and all the record has been removed in adjacent
areas to the north and south. The basin of deposition had
about the same configuration as before, except that it
probably was slightly more constricted, as compared to
interval D. Margins of deposition on the south, east, and
north are more limited than those postulated for interval
D on the restored isopach map, plate 15B.

In the Eastern Interior States and as far west as the
Forest City basin in Missouri and Kansas, interval E has
been largely removed by erosion except for a large area in
southeastern and central Illinois, and in the Moorman
syncline of western Kentucky. South from the Forest
City basin to south-central Texas, the margin of deposi-
tion was everywhere west of that postulated for interval
D. In numerous areas farther west in Texas, rocks of this
interval were removed in latest Pennsylvanian or earliest
Permian time. Around the Amarillo-Wichita uplift,
however, interval E extends today almost, if not fully, as
far as at the time of deposition and is about as
widespread as interval D.

In southeastern Colorado, interval E seems to be
preserved almost as it was originally deposited, but it is
progressively more eroded toward the north and has been
removed completely in northern Colorado by post-
interval E erosion along the eastern margin of the Front-
range uplift. In western New Mexico and Arizona, inter-
val E is now largely absent across a wide area where
small scattered remnants indicate that it was formerly
present. In Montana and adjacent States, it is entirely
lacking, but facies trends in the rocks of Wyoming and
North and South Dakota suggest that it probably was
once widely distributed in the Montana region.
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In the eugeosynclinal area of the Far West, the record
of interval E, like that of other Pennsylvanian intervals,
is sparse and uncertain and no reconstruction is
attempted. For much of California and western Nevada,
it seems impossible to determine whether the region at
that time was one of nondeposition or whether it con-
tained strata of interval E that have since been
destroyed.

SOURCE AREAS

Throughout most of the United States, sources of sedi-
ment during the time of interval E were virtually the
same as during interval D. Furthermore, environments
of deposition persisted almost unchanged from interval
D as indicated by the sedimentary record.

The Appalachian positive element was still suf-
ficiently high to furnish large quantities of sand, silt, and
clay, especially in the northwest part of the geosyncline.
Lesser amounts of sediment apparently were carried
southward from the Canadian Shield and spread across
the Eastern Interior States. Little coarse detritus was
deposited.

In the southwestern part of the Appalachian region,
interval E consists of fluviatile and deltaic red sandstone
and mudstone and contains only a little coal or
limestone. Thickness and facies relations indicate land
sources to the southeast. In contrast, strata toward the
northwest are thinner and grayer, and coals are fairly
numerous and locally thick enough to be of economic in-
terest.

Mountains along the Ouachita structural belt of
Arkansas and its southwestward extension in Texas, and
a hilly region in the Amarillo-Wichita belt of Oklahoma
continued to supply mostly fine material to adjacent
depositional areas. Smaller positive elements such as the
Cincinnati arch and Nashville and Ozark domes, which
were prominent topographic features early in the Penn-
sylvanian, probably were buried; no evidence is known
that any of them was a source of sediment during the
time of interval E.

In New Mexico, at the southern end of the Rocky
Mountain region, the Pedernal and southern Uncom-
pahgre uplifts apparently contributed large volumes of
detritus to nearby basins. Boulders, cobbles, coarse
sand, and arkose from these sources accumulated in the
Orogrande and Rowe-Mora basins; some tree trunks and
macerated plant debris from the Pedernal uplift were
rafted far out to sea in the Orogrande basin. Farther
north in the Paradox basin of Colorado and Utah, the sea
became shallow and in late Virgil and in earliest Per-
mian time terrigenous sediments accumulated, rather
than carbonates or evaporites as in earlier Pennsylva-
nian time. In most of the Colorado Rockies, deposits of
interval E continued to include much coarse detritus
although the total volume of sediment was far less than
that of earlier intervals.

Sources of sediment in the western part of the
northern Rocky Mountain region, as interpreted from
the scant evidence available, were virtually the same as
in the time of interval D. An inferred positive element in
northern Idaho and western Montana may have con-
tinued to furnish detritus, although the elevation of any
such land must have been much diminished. Farther
east, however, major changes probably occurred.
Northern Montana was uplifted and its surface beveled
by erosion down to the Upper Mississippian rocks; the
resulting detritus was transported southward during in-
terval E or early in Permian time.

As during earlier parts of the Pennsylvanian, the
Antler positive element in Nevada was an important
source of sediment that accumulated in the Cordilleran
geosyncline. Some coarse detritus was deposited on both
the east and the west sides, implying high elevations
locally. East of the geosynclinal belt the Piute positive
element furnished fine detrital sediment westward into
basins of the miogeosyncline and southward across
Arizona. Transport southward has been determined
through current directions indicated by crossbedding.
Sand forming a belt along the southeastern margin of
Nevada may also have been derived from the Piute
positive element or from land inferred to have been in
southwestern Arizona and adjacent California.

CHEMICAL SEDIMENTS

During the time of interval E only nonmarine
sediments accumulated in the Appalachian region,
whereas to the west, in Illinois, fine-grained marine
terrigenous sediments alternated with wedges of deltaic
detritus. In the region of Missouri, still farther west,
marine carbonates and muds were the dominant
sediments. As in preceding times, numerous and
widespread transgressions and regressions were
characteristic, but in interval E the resulting cyclothems
were largely restricted to the midcontinent region,
perhaps because a slight but general uplift farther east
restricted the eastward spread of the seas.

In Texas and adjoining areas the distribution of
chemical sediments was almost the same as in interval
D. Thickest accumulations were in reefs and banks.
Farther west, in New Mexico and Arizona, deposition of
calcium carbonate was notably widespread at this time,
and it suggests shoal conditions. The limestone is in len-
ticular beds, interbedded with terrigenous units. In the
southern part of the Orogrande basin some gypsum was
also deposited.

The lithofacies map of interval E (pl. 9B) shows that
in the Rocky Mountain region terrigenous sediment
everywhere dominates deposits in areas bordering the
major uplifts, but carbonate sediments are dominant
elsewhere, as for example, in areas north and east of the
Frontrange uplift in the present-day Great Plains of
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eastern Colorado and Nebraska, and in the Paradox
basin west of the Uncompahgre uplift. Most of the car-
bonate rock of interval E in the Great Plains region is
dolomite; in the Paradox basin it is partly limestone and
partly dolomite, although in the upper part of the inter-
val terrestrial deposits — largely red beds — constitute
much of the rock. Along the western margins of the
Paradox basin, gypsum occurs in this interval,
presumably formed in partly landlocked areas where
normal circulation of the sea was impeded and evapora-
tion was high.

In much of the Cordilleran miogeosyncline, carbonate
deposits accumulated during the time of interval E, es-
pecially in western Utah and northeastern Nevada and
in southern Nevada and adjacent parts of California and
Arizona. The latter area was a seaway apparently
directly connected across Arizona with the Sonoran
geosyncline, in which much carbonate sediment likewise
was accumulated.

CLIMATE

A survey of data upon which inferences concerning
climatic conditions during the time of interval E can be
based permits relatively few positive statements.

Continued widespread development of coal in the east
and extensive marine carbonate deposits in the west
suggest that, in general, the climate remained warm and
equable. In the northern part of the Appalachian region
at least five major widespread coal beds formed in the
upper part of interval E. These included the Pittsburg
coal, which is the thickest widespread coal in the United
States. Because no major tectonism is recorded in either
the Appalachian or the midcontinent region, marked or
sudden change of environment during interval E in these
regions seems unlikely and climatic conditions es-
tablished earlier in the Pennsylvanian presumably con-
tinued into the Permian,

Possible indicators that a less humid, perhaps
semiarid environment, such as apparently characterized
the Permian in the west, was beginning to develop in
some regions, especially in the southwest, are: (1)
evaporites in the southern part of the Orogrande basin,
New Mexico; (2) fewer coal deposits in the basins of
Oklahoma and surrounding area than earlier in the
Pennsylvanian; (3) gypsum along the western margin of
the Paradox basin; (4) red beds in Arizona, Utah,
Wyoming, and other areas.
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PENNSYLVANIAN CLIMATE IN THE UNITED STATES

By JAMES M. SCHOPF

INTRODUCTION

The climate during the Pennsylvanian Period in con-
tinental United States was milder than the climate at
present. Probably much of the country was mostly
tropical or subtropical which implies that, year around,
it was usually entirely free of frost. Most regions of sedi-
ment deposition probably were near sea level. Inter-
mittently during the Pennsylvanian, much of the in-
terior of the United States was occupied by vast swamps;
at other times, the interior was flooded by shallow seas.
The presence of these seas and swamps and the kinds of
vegetation growing in the swamps all suggest a humid
atmosphere, and possibly seasonally fluctuating rainfall.
Other evidence also indicates that the climate was warm
and humid, depending at various places on direction and
proximity to the sea.

Factors that determine seasonal climate or even daily
weather are complex. Consequently, an interpretation of
climate during the Pennsylvanian Period, 300 million
years ago, involves much speculation. The disposition of
land and sea, the positions of the equator and poles and
hence the incidence of the sun’s rays, and atmospheric
circulation all greatly influenced the climate. Probably,
within broad limits, the best climatic indicators are
fossil plants, but consideration of the tectonic aspects of
earth history during the Pennsylvanian is also necessary
in reconstructing the climate and the climatic changes
during the period.

In an area as large as that part of the conterminous
United States that was continental during the Penn-
sylvanian Period, the climatic regime probably was not
uniform. Nevertheless, there are few indications of
marked climatic diversity. Most indications of climatic
differences discernible among the plants are either am-
biguous or quantitative only. The preservations of
Walchia and of Callipteris, for instance, in a channel-fill
deposit of Virgil age in southeastern Kansas can be

readily interpreted either as the result of topographic
zonation and transport or as the result of climatic control
at the site of deposition.

The effects of climate on erosion and on transportation
and deposition of sediments have been discussed by
Barrell (1908), who cited many examples from older
literature. Four general types of climate as noted by
Barrell can be distinguished on the basis of geologic
evidence: warm and rainy, warm and arid, cold and
rainy, and cold and arid.

The paleoclimatic material first treated by Barrell has
recently been discussed in greater detail by Strakhov
(1962, 1967, 1969, 1970). Strakhov provided small-scale
paleoclimatic maps that differentiate (1) tropical-moist,
(2) southern- and northern-arid, (3) north and south
temperate-moist, and (4), on some maps, polar zones of
climate. Most important, his work indicates the ranges
of climates and the trends of climatic variation that may
have prevailed in the past.

THEORIES OF CLIMATE CONTROL

Essentially three opposing theories regarding ancient
climate have been advanced. According to the first of
these, the climate of most early periods was genial and
warm, zonation from pole to pole was slight (for exam-
ple, Lyell, 1892), and the relative positions of continents
and ocean basins were established very early in the
earth’s history, to remain virtually unaltered. Under this
theory the present zonal climate is considered abnormal;
it was established in late Tertiary time and was responsi-
ble for Pleistocene glaciation. Periods of exceptional
climate other than Pleistocene supposedly occurred at
times of other glacial episodes as during the Early Per-
mian and the late Precambrian. Advocates of this theory
claim that the distribution of ancient fossils shows little
basis for believing that a strong climatic zonation, com-
parable with that of the present regime, existed in the
distant past.
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A second theory to explain climatic changes of the
past postulates, as does the first, that continents have
been fixed in positipn since early geologic time. Accor-
ding to this theory the control of climates has been
mainly solar and zonal, and according to its principal
advocates (Berry, 1930; Chaney, 1940; Brooks, 1949) the
extent of climatic zones may have varied widely.
Furthermore, some types of tropical plants may have
formerly possessed hardiness to frost (Berry, 1930).

That the upper Carboniferous “with its apparently
tropical forests in temperate latitudes accompanied by
an enormous glaciation near the present equator, is a
meteorological paradox” was recognized by Brooks
(1949, p. 209). To explain this paradox, which is made
even more striking by recent discoveries of tropical
plants in Antarctica, he was forced to postulate land
bridges in the Atlantic and Indian Oceans (for which
modern oceanography provides no support) and an open-
ing of the Tethys and Volga Seas for diversion northward
of the entire equatorial current.

The Carboniferous was considered by Brooks to be a
period of extensive mountain making, during which
continents were elevated and Gondwanaland extended
southward from the present position of India. A cold
southern ocean apparently encircled Antarctica, which
was excluded from Gondwanaland, and Brooks
postulated that quantities of dust produced by extensive
volcanism caused a general atmospheric cooling.

The extent of the modifications of present-day
climatic controls that are necessary to solve the paradox
of Pennsylvanian climate seems one of the strongest
reasons for questioning a “fixed continent’ approach to
explanation of ancient environments. Thus, a third
theory — one that involves changes in position of land-
masses — was evolved.

The third theory of climatic control considers that
throughout time terrestrial climate has been zonal, as it
is at present. Maximum insolation always has been near
the equator and minimum insolation near the poles. The
climatic zones were altered locally in the past, as at pres-
ent, by oceanic and atmospheric currents. However, the
zones of Pennsylvanian time are not in their former
positions because of changes in the relative positions and
elevations of continents since the Pennsylvanian.

According to this theory, the present high-latitude
positions of certain ancient fossil indicators of warm and
genial climates have been determined by post-
Pennsylvanian displacement of continental masses, and
the climatic significance of the fossil indicators can be
assessed only relative to mobility of the earth’s crust.

Much disagreement prevails about specific
rearrangements of crustal elements; however, strong
geophysical and oceanographic evidence has been
presented, especially during the last 20 years (Hess,

1962; Runcorn, 1962; Irving, 1964; Takeuchi and others,
1967), which seems to support and be consistent with
displacement of continents during the course of geologic
time. Results of study of Antarctic fossil plants, for in-
stance (Schopf, 1972), are inconsistent with the inter-
pretation that Antarctica occupied a polar position at
the time these plants were growing. Continental dis-
placement thus is invoked to explain the apparent
climatic anomalies.

Each of the climatic control theories has certain uni-
formitarian aspects. The first considers the fixed loca-
tion of continents a very important principle and
suggests that fossil animals and plants flourished in the
same climates as their modern counterparts. The second
theory is intended to be conservatively uniformitarian; it
requires periodically higher temperatures near the poles,
whether the polar areas are land or sea, and it requires
extended tolerances in certain fossil plants that are now
located anomalously. However, the extent of physical
and biological adjustment that seems to be required ac-
cording to this theory is difficult to accept. The third
theory regards the continents as geologically mobile, but
accepts as uniformitarian principles both the solar con-
trol of climate and the indication of past climate by
fossils.

Conceivably, climatic changes result from sporadic
variations in the solar constant. Although, in our ex-
perience, solar radiation seems remarkably uniform, the
sun might actually be a variable star. If, on occasion, the
sun emitted a notably greater amount of radiant energy
than at present, the increased terrestrial input probably
would cause greater equatorial heating, accelerated cir-
culation of atmosphere and ocean currents, increased
climatic contrasts from poles to equator, and displace-
ment of storm tracks. However, the differences of insola-
tion would not be greatly altered, and extremes of
weather would still be about the same.

Polar land areas that in the past had climates other
than distinctly frigid are difficult to envision. No
evidence is available that plants have ever grown
naturally near the poles and no indication is known of a
period in the earth’s history when equatorial
temperatures were significantly greater than they are
now. For these reasons, it does not seem necessary to ac-
count for past variations in climate by differences in the
amount of solar radiation.

An attempt will be made in this paper to interpret
climate of the Pennsylvanian Period according to the
concepts of a constant solar input and displaced con-
tinents.

Continent displacement alone cannot, of course, com-
pletely explain the Pennsylvanian climate. Factors such
as elevation of land, albedo differences, and precession
must have had their effects. Many of these factors will
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produce only a nominal variation in climate, but, as
Milankovic (1941) and others have pointed out, if several
of them work in conjunction, they may have appreciable
effect. The point for emphasis is that whatever effects
may have resulted from continent displacement, they
are in addition to the effects contributed by all other
causes; they cannot be regarded independently.

Arguments against the displacement of continents —
Brooks (1949), Berry (1930), Chaney (1940), Simpson
(1947), Meyerhoff (1970a, b), and, formerly, Axelrod
(1952) — have so rationalized and compromised
geological evidence on paleoclimates that studies of the
literature on this subject are of little value now in dis-
cussing displacement. Although paleoclimates have
been nearly ignored in recent discussions of sea-floor
spreading, a valid reconstruction model must provide a
reasonable interpretation of the distribution of fossil
plants and animals.

Three broad areas of the earth are marked by climatic
extremes induced by solar radiation — the two polar
regions and the region around the equator. Under pres-
ent conditions, the polar areas are complementary, the
south polar area illustrating the extreme in a continental
area, the north polar area illustrating the extreme at sea.
The equatorial area is broken into different-sized
segments of land and sea. Reconstructing the
paleoclimate for any past period requires consideration
of evidence for location of poles and equator and deter-
mination of paleogeographic gradients which may
suggest orientation of climatic zones or belts.

GEOGRAPHIC SETTING
THE PENNSYLVANIAN EQUATOR

The luxuriant Pennsylvanian flora of the coal
measures in the Appalachian region is an impressive
record of plant growth in a warm, humid climate, Most
geologists and botanists have agreed on this climatic in-
terpretation. Discovery, about 70 years ago, that many of
the fernlike plants were actually seed-bearing led to the
suggestion that perhaps the presence of this group of
plants did not necessarily imply a climate such as that
favored by present-day ferns. Today this suggestion
seems unlikely. These seed ferns display all the
anatomical features characteristic of rapid growth in a
warm and humid climate, and their anatomical features
are considered to take precedence over taxonomic affilia-
tion in interpreting ecological significance.

Evidence that the climate indicated by the Pennsylva-
nian coal flora was indeed tropical or subtropical was
presented by White (1913, 1932) and Potonié (1911).
Reliance on much the same lines of evidence is shown in
recent U.S.S.R. studies of paleoclimatology (Meyen,
1969, 1970), which emphasize that the conclusions
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reached by Potonié and White were essentially correct
(Schopf, 1972). A summary of such evidence, compiled
chiefly from the work of White and Potonié, follows:

General luxuriance, size, and abundance of vegetation.

Succulent nature of many plants, as in Medulossa and Psaronius.

Tissues with large cells, thin walls, such as the calamite cortex.

Organs with large intercellular spaces and abundant lacunar tissue.

General absence of growth rings in all plants showing secondary wood.

Large size of fronds of bushy plants, as in Neuropteris.

Delicate foliage of climbers, as in sphenophylls and some
sphenopterids.

Presence of aphlebiae in ferns and pteridosperms.

Large size and texture of leaves such as Megalopteris, Psygmophyllum,
and others.

Occurrence of stomata in grooves, as in leaves of arborescent lycopsids.

Presence of hydathodes to discharge excess water in certain
sphenopterids and sphenopsids.

Profusion of large drooping fronds and pendant branches to shed rain.

Indications of delayed fertilization and adaptations for seed flotation.

Prevalence of the free-sporing habit and dependence on fluid moisture
in reproduction.

Inflorescences borne on central stems (cauliflory), as in calamites and
sigillarians.

Presence of subaerial roots in pteridosperms and ferns.

Smoothness and thickness of bark, as in Bothrodendron and other
lepidophytes.

Occurrences of pneumatophores in Sigillaria and some cordaites.

Dilation of tree bases as in large calamites, sigillarians, and others.

Presence of close relatives of modern types of tropical plants.

Areas within the Appalachian coal field and the
northern European coal fields appear to represent the
warmest and most humid climates of which a record is
available. If North America and Europe lay adjacent
during Pennsylvanian time, a line drawn lengthwise
through these coal fields might mark the axis of a
tropical zone now displaced northward. This postulate
was first made by Koppen and Wegener (1924) and it
still seems valid. The Carboniferous equator as they
drew it is shown on the map, figure 2. If any area more
tropical than the zone shown on this map existed on the
earth during Pennsylvanian time, its record is extremely
scant. Although not all the reconstructions of latitude
shown on the map may be correct, the great Appalachian
coal field in the United States seems clearly to lie upon
the Carboniferous equator.

The equator shown on the map corresponds to the
present site of the Appalachian coal field, suggesting
that most of the United States may have been within the
tropical or subtropical zone north of the equator during
Pennsylvanian time. The maximum distance from the
equator would have been about 2,000 miles or roughly
the distance that southern Florida or Texas now is north
of the equator. The postulated geographic relationships
are sketched in figure 3.

The presence during the Pennsylvanian of sub-
equatorial types of plants in parts of the United States
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FIGURE 2. — Reconstruction of continents during the Carboniferous according to Képpen and Wegener
(1924, p. 22). E, glacial deposits; K, coal; S, rock salt; G, gypsum; W, eolian sandstone; dotted area, arid
regions. Nonglacial explanations are now generally accepted for local deposits of diamictite in Oklahoma
and Massachusetts. Reproduced from Wegener (1966, fig. 35) with the permission of Dover Publications,
Inc.

NORTH AMERICA
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FIGURE 3. — Approximate position of equator in relation to North
America, South America, and Africa during the Pennsylvanian
Period.

that are now temperate seems to indicate that the
equatorial and subequatorial zones were no broader than
those zones are today, and that the differences between
climatic zones were probably not greater than today.

LANDS OF PENNSYLVANIAN TIME

The landmasses of North America, Europe, and
northern Africa included extensive epicontinental seas
which doubtless were bordered by many barrier bars, es-
tuaries, and tidal flats. The seas likewise probably were
bordered by vast areas of interior swamp at elevations
little more than a few feet above tide level. Apparently
no deep Atlantic Ocean separated North America from
Europe and Africa at this time, though shallow seas ex-
isted. The European and North American continents
were close together if not part of the same landmass. In
part, low highlands inherited from orogenies of the Devo-
nian and Mississippian Periods occupied positions along
the present coasts and shelves of both continents,
perhaps with some intervening continental selvage,
much of which has since disappeared.

The western border of North America during the
Pennsylvanian Period is poorly defined. The continental
area may have been less extensive than now, but
regardless of its extent, it bordered on an ancient Pacific
Sea. The continent of North America must have been
oriented in such a way that the Appalachian coal field
had an approximately east-west alinement, if our
postulate about the coal field being an equatorial zone is
reasonably correct.

The relative positions of North and South America
during Pennsylvanian time are uncertain. If one
attempts a reconstruction of Pennsylvanian pa-
leogeography, an excess of sea area and continental
islands is evident in the region between the two con-
tinents. Much new sea floor has been formed since late
Paleozoic time.
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Nowhere in the United States south of the Black
Warrior basin in Alabama and the Quachita structural
belt in Arkansas, Oklahoma, and Texas (pl. 34) do we
have represented a late Paleozoic terrestrial facies con-
taining fossil land plants, on which climatic inferences
mainly depend. Permian marine deposits that are pres-
ent in Honduras, and Pennsylvanian and Permian
marine limestones in Peru and Bolivia presumably
represent vestiges of epicontinental seas or shelves of
that -region. Still farther south, in the Parana basin of
southern Brazil and Uruguay, continental deposits occur
which may be of Late Pennsylvanian age. These rocks
probably are the oldest of the Lower Gondwana con-
tinental deposits, facies of which differ from those of
most of the North American terrestrial Pennsylvanian.
They include an assemblage of fossil plants which is
completely different from any found in the Pennsylva-
nian of North America and which probably grew in a
temperate climate.

No record of the Pennsylvanian is preserved in the
Canacian Shield area in northeastern Canada. North of
the Shield, marine sedimentation occurred in the
F-anklin geosyncline of the Arctic region. No Pennsylva-
nian coal deposits formed in the extreme north, and the
Pennsylvanian floral representation is relatively sparse.

Coal deposits, particularly characteristic of Penn-
sylvanian land areas, indicate the presence of intermit-
tent swamps, many of which were more extensive than
any peat-forming areas are at present. Thin coal beds oc-
cur in the Pennsylvanian, from eastern Pennsylvania as
far west as Colorado (pl. 16; figs. 8, 9, 11, 15, 16), and a
coal-measures flora is present in southern Oregon.
Minable coal is absent west of eastern Kansas but is
present in increasing amounts eastward to the
Anthracite region of eastern Pennsylvania. Coal is pres-
ent in small quantity in the Naragansett basin of Rhode
Island and Massachusetts.

Northeasterly from New England, coal occurs in the
Minto basin of New Brunswick and the Canso basin and
other relatively small, but deep, basins in Nova Scotia.
The partly submarine Sydney basin in Nova Scotia may
have been contiguous with the South Wales coal field in
Great Britain. A virtually continuous coal swamp area
must have followed the Hercynian trend across southern
England, through western Europe and North Africa to
Asia Minor and the Donetz basin in the U.S.S.R., ending
in the Trans-Caspian area of central Asia. Through all
this vast area, the well-known and characteristic Penn-
sylvanian type of coal flora is abundantly represented.

PHYSIOGRAPHY

The physiographic setting must be considered an im-
portant influence on the climate of the Pennsylvanian.

This factor has been reviewed by White (1913, p. 52-84),
who concluded that the coal swamps were of a
magnitude unparalleled in the world today. Such con-
clusions have been documented by later detailed studies
of Wanless ([1961], 1969a, b), Wanless, Tubb, Gednetz,
and Weiner (1963), and Wanless, Baroffio, and Trescott
(1969). The broad extent of low-lying swampland and
epicontinental seas must have had a great effect on at-
mospheric humidity, thermal regime, and climate in
general.

Epicontinental seas of the Pennsylvanian were subject
to unusually broad fluctuations. Large areas of the
American coal swamps were repeatedly inundated by
the sea as indicated in Wanless’ studies. During each in-
undation, previously deposited coals were covered by a
thin layer of marine sediments. When the shallow seas
retreated, the land surfaces became revegetated and
reconverted into coal swamps. This cycle of events was
repeated many times and intervals between invasions
ranged from several tens of thousands to a few hundred
thousand years. Such broad fluctuations of the
strandline also must have had an ancillary effect on rain-
fall and other climatic factors.

The causes of the repeated and widespread oceanic
transgressions during the Pennsylvanian have been
much discussed (Weller, 1930, 1931, 1956; Wanless and
Weller, 1932; Westoll, 1968). Diastrophic control is
emphasized by most authors, although climatic control
is also considered. Withdrawal of water from the oceans
to form continental ice sheets would have lowered sea
level and caused regressions of the strandline. Such
eustatic changes, attributed to the waxing and waning of
late Paleozoic (Gondwana) ice sheets, were suggested by
Wanless and Shepard (1936).

Many aspects of southern glaciation have been
reviewed by Wanless (1960) and Wanless and Cannon
(1966). Whether each of the transgressions and
regressions of the Pennsylvanian seas in North America
corresponded with advances and retreats of Gondwana
glaciers in the Southern Hemisphere (Wanless, 1960)
may be questioned (Weller, 1937). Whether, in fact, the
glacial episode of the Southern Hemisphere was contem-
porary with most of the cyclothemic deposition in the
north is also debatable.

Eustatic causes of strandline variability are consistent
with the concept of plate tectonics and are not
necessarily the result of changing of water level by
glaciation. The location of the strand reflects the volume
of ocean basins. The chief variables in ocean basins con-
sist of midocean ridges (or rises) and crustal trenches;
both represent a considerable volume displacement, the
amount depending on whether ridges are high or low and
whether the trenches are deep. Both ridges and trenches
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are active seismically and are presumed to be active tec-
tonically. If the trenches operate as crustal sumps,
troughs would become deeper when the spreading rate is
increased, and a more rapid movement of oceanic crust
would result in lowering of the average heights of ridges.
Both effects would result in an increased ocean basin
volume. A period of relatively rapid spreading might
readily account for eustatic withdrawal of the sea.

Major Pennsylvanian transgressive-regressive cycles
were probably due to eustatic causes according to
Wanless and others (1970), whereas lesser cycles had
climatic causes. Of course, similar effects might be
produced by other causes such as tectonic uplift and
related subsidence either on land or in the oceanic
basins, rapid but intermittent compaction, or sudden
breaching of a barrier to the sea. Certainly the extensive
shallow flooding of any broad embayment comparable in
size to the interior basins of North America would be ac-
companied by changes in rainfall and probably in rates
of erosion. Even though the primary causes of fluctua-
tion of the sea are obscure, climatic factors must be
recognized as continuously changing forces that exert an
influence on the marine environment.

Some recent attempts to account for cyclothemic
deposition, particularly that of the Dunkard Group, in-
cluding beds that may be of Late Pennsylvanian age, are
described by Beerbower (1961). He considers these
repetitive types of deposits, which are almost completely
nonmarine, to reflect climatic, rather than tectonic or
eustatic, cycles. The relationships of deposition to
erosional base level also are believed significant. All
other variables must be considered within the dynamic
context of secular variation in continental climate (Beer-
bower, 1961). Which of these possible, largely indepen-
dent factors were governing, either separately or in con-
juction, in any particular part of the Pennsylvanian is
difficult to determine.

ELEVATION AND OCEAN CURRENTS

Elevation plays an important part in manifestations of
climate. Any Pennsylvanian mountainous areas in the
United States would be expected to show much the same
type of climatic zonation that exists in tropical moun-
tain areas today; however, few indications of mountain
flora are preserved in the fossil record of the Pennsylva-
nian. Indications of a walchian forest are recognized in
parts of Western United States (Florin, 1940; Read and
Mamay, 1964) and these may, in part, reflect variations
in climate due to elevation during orogenic episodes.
Because Pennsylvanian deposits were largely marine in
these areas, mountainous terrain probably was relatively
limited and small in comparison with the mountains of
today. Belts of coarse sediment show that some strongly
elevated areas did occur during this period.

The present Appalachian Mountains did not exist
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during the Pennsylvanian, though highlands almost
surely existed farther to the southeast (pl. 15). A general
conclusion is that much of the North American conti-
nent was then lower and closer to sea level than at pres-
ent. Any general lessening in elevation would tend to
lessen climatic gradients and result in a generally more
equable climate than at present. Zones of tropical and
subtropical climate probably were wider than today.

The efficiency of ocean currents in modifying climate
is well known and must have had an important influence
in Pennsylvanian time. The effects of oceanic circulation
have been evaluated by Frakes and Crowell (1970). They
placed the poles where evidence of glaciation is
strongest; glaciers, however, merely indicate a climate
that was cool and temperate. These two writers have not
attempted a reconstruction for the Northern
Hemisphere.

The lush growth of Pennsylvanian plants seems to in-
dicate that the United States, particularly the eastern
part, had abundant rainfall, and that the temperature
was higher than at present. This is scarcely sufficient in-
formation, however, on which to postulate the existence
and courses of warm sea currents. Within the United
States, evidence of cold sea currents is lacking.

PENNSYLVANIAN CLIMATIC REGIONS

EASTERN REGION

Climates of coal-forming periods, especially those of
Pennsylvanian age in Eastern United States, were
thoroughly reviewed in 1913 by David White. His study
more than any other is the basis for assigning the coal
measures of the Appalachian trough to a near-equatorial
position in reconstructing Pennsylvanian
paleogeography, even though White himself did not
make such an assignment. Instead, he regarded the
tropical flora as evidence of widespread climatic
equability. Probably the first to interpret the eastern
coal measures flora in terms of an actualistic, zonal
climate were Koppen and Wegener (1924). White’s con-
clusions about the climate are valid, however, regardless
of any paleogeographic interpretation that is derived
from them.

The “climate of the principal coal-forming intervals of
the Pennsylvanian was mild, probably near-tropical or
subtropical, generally humid and equable,”” according to
White (1913, p. 74). Mindful of the geographic dis-
crepancy between the tropics and present location of the
eastern coal fields, he was careful to point out that the
climate may nowhere have been “torrid.” In spite of this
disclaimer, the eastern coal-measures flora is recognized
as the most tropical of any plant assemblage that existed
during the Pennsylvanian and corresponds fully with the
requirements of a tropical rain forest (Richards, 1966).

The Pennsylvanian flora was developed largely from
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that of the Mississippian, which White (1913, p. 74)
regarded as “impoverished, restricted and seemingly
stunted.” The very rapid expansion and differentiation
of new types of plants during Pottsville (Early Penn-
sylvanian) time is taken as unmistakable evidence of
climatic amelioration, the most uniform climate being in
the late Pottsville. This was perhaps the time of greatest
and most evenly distributed rainfall. Plants of later,
Allegheny age are regarded as having somewhat less lush
foliage and, in fact, represent a transition to climatic
conditions of Conemaugh time during which, White
thought, the flora showed evidence of considerably less
rainfall. Ferns of the family Marattiaceae were well
represented, however, and this family is now exclusively
tropical in distribution as noted by White. Red beds,
which first appeared during the Pennsylvanian in the
eastern region in the Conemaugh, may indicate actual
aridity, but are not an infallible indication. Fossil plants
in red deposits differ little from those found elsewhere in
the Conemaugh.

The climate during the interval of time represented by
Upper Pennsylvanian Monongahela deposits appears to
have been favorable to lush growth, and represents a
reversion to the climate of Allegheny time. The climate
was mild, probably subtropical, marked by short periods
of dryness but not of frost. The flora of the overlying
Dunkard, mostly of Permian age, on the other hand, is
indicative of a colder climate. The Dunkard deposits
were considered by White to be contemporary with those
formed in the Southern Hemisphere and India during
the period of glaciation.

INTERIOR REGION

The climate of the interior region was specifically con-
sidered by David White in 1931 and little can be added
to statements he made then. A summary of the con-
clusions reached by White (1931, p. 271) follows: “In
considering the climatic conditions prevailing during
Pennsylvanian time in the region of the continent now
embracing Illinois, we have to do with an ancient
geological epoch and a land pattern very different in size
and configuration from that of the present day.” Plants
of the Chester (Late Mississippian) ‘‘suggest either that
the climate was characterized by severe drouths or that
the soil was, perhaps, overdrained during dry seasons”
(White, 1931, p. 275).” On the whole, the evidence points
rather definitely, though not with certainty, to slightly
less favorable conditions for plant growth in Southern
Illinois and Indiana during Sharon time [middle
Pottsville] than in the Appalachian Trough.” White in-
ferred that during the Sharon interval the climate of the
Eastern Interior region of North America was slightly
less humid than in the Appalachian trough. ‘“Although
the Carbondale [Middle Pennsylvanian] climate was
very mild, almost certainly without frost in Illinois, it is

likely that the rainfall, while abundant, varied
seasonally * * *.”

During the later part of Pennsylvanian (Conemaugh)
time, less coal was deposited in Illinois than in the Ap-
palachian trough; the difference resulted either from less
rainfall in the Illinois-Indiana region than farther east or
less even distribution of precipitation throughout the
year, according to White. Differences in rainfall between
the interior and the Appalachian regions during the
Pennsylvanian probably were of the same order of
magnitude as today, that is, rainfall was about a third
greater in the Appalachian region. “Both the far greater
rainfall and the very much greater equability of the mild
climate, which approached subtropical in the Eastern
Interior region, should have and undoubtedly did result
from [altered] land and sea patterns of Pennsylvanian
time” (White, 1931, p. 279).

WESTERN REGION

With regard to Western United States, the climatic
trends interpreted by White for Illinois have been
applied with little modification by Read and Mamay
(1964, p. 16). They wrote:

The plant associations in the oldest parts of the Pennsylvanian se-
quences in the western areas [Rocky Mountain and Pacific Coast
regions] are similar to those of the [Eastern] coal measures, but the
relative rarity of Lycopodiales suggests drier habitats than those in-
dicated by the approximately contemporaneous floras in the eastern
coal basins. The younger Pennsylvanian floras in the western United
States, however, are striking departures from the plant associations of
the same general ages in the eastern part of the country, as inferred
from index forms and independent stratigraphic data. The plants in
the western area occur in suites of sediments that were deposited dur-
ing a period of widespread orogeny in parts of the Rocky Mountain
region. Many geological data indicate that the lowlands were restricted
and the upland habitats or areas were expanded during this period of
mountain building. The floral modifications include the presence of
abundant conifers and appear to be in the direction of mesophytic
associations. The term “Cordilleran flora” has been used for the
modifications that occur in the Rocky Mountains (Read, 1947).

A MODEL FOR PALEOCLIMATIC
INTERPRETATION

The use of models helps in reconstructing the
paleoclimate. The roughly triangular or acute-obovate
figures of Képpen (1931, p. 137-138) have been oriented
meridionally by Axelrod (1952) and by Camp (1956) to
approximate the most common generalized shapes of
continents. This model theoretically eliminates differen-
tial effects of local relief on climate, and makes possible
an analysis of conditions imposed by normal insolation
and rotation of the globe. Such models show the ex-
pected distribution of the climatic zones so that
deviations can be evaluated. The model selected
assumes a very simplified shape for the continental mass
and assumes that the interiors of continents were not oc-
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cupied by epicontinental seas. Atmospheric circulation
would remain basically unchanged, however, if models
incorporating these features were used.

In figure 4 the outline of North America (omitting
Alaska) is superimposed on one of Camp’s theoretical
diagrams of a triangular supercontinent of minimum
relief. Moderate or high relief would, of course, introduce
much greater climatic differentiation than shown, and
would modify the climatic patterns. Climates that
White (1913) described on the basis of fossil plants seem
to correspond very well with the theoretical model
produced by Camp, including a superhumid equable
climate in the Appalachian (equatorial) region, a humid
zone of more seasonal rainfall in the interior region, and
ia zone approaching semiaridity in the extreme western
United States.

90°

30°

30°

60°

FIGURE 4. — Theoretical model showing climate of a super-
continent having very low relief and triangulate outline (modified
from Camp, 1956), with North American outline map (omitting
Alaska) of similar latitudinal scale superimposed; Appalachian
area paralleling the equator. Used with permission of the
American Geographical Society.
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PALEOTECTONIC INVESTIGATIONS OF THE PENNSYLVANIAN SYSTEM IN THE UNITED STATES,
PART II: INTERPRETIVE SUMMARY AND SPECIAL FEATURES OF THE PENNSYLVANIAN SYSTEM

DISTRIBUTION OF PENNSYLVANIAN COAL IN THE
UNITED STATES

By HAROLD

INTRODUCTION

Rocks of Pennsylvanian age contain substantial
resources of bituminous coal and anthracite. This coal
occurs principally in the eastern half of the United
States (fig. 5), but thin discontinuous beds of coal occur
in Pennsylvanian rocks as far west as Colorado and New
Mexico.

Coal occurs in each of the mapped intervals in this
publication, as shown in the following tabulation.

Interval Approximate Plate Figure
or stratigraphic No. I\FO&
subinterval equivalents
Ai(oldest) — ________ Chester-lower
Morrow (Springer) 16-A R
A Upper Morrow 16-B 9
B_____ Atoka 16-C 7,89
C__________ __ Des Moines 16-D 6,10,12
D__ o ___ Missouri 16-E 13,14, 15
E (youngest) _______ Virgil 16-F 16

Coal fields of the Appalachian region are divided into
the Anthracite fields of eastern Pennsylvania and the
Appalachian bituminous coal fields, which extend from
western Pennsylvania and eastern Ohio to Alabama. For
brevity, these two coal-bearing areas are designated in
this article as the Anthracite fields and the Appalachian
basin.

CONDITIONS OF COAL ACCUMULATION

As the precursor of coal, peat requires very special
climatic and topographic conditions for its accumula-
tion. The climate must be sufficiently humid to support
a rich growth of vegetation, and the water table must be
high enough to allow prolonged accumulation of plant
detritus in a reducing environment. If the water table is
too low, the plant detritus is destroyed by oxidation.

In cold regions, the evaporation of surface water and
the oxidation of organic matter are retarded, and some

'Deceased June 3, 1970.

R. WANLESS'

plants that grow in such regions, particularly
Sphagnum, or peat moss, have the capacity to hold
much water, even on a slope. In Canada, Alaska, and
northern Eurasia, therefore, peat accumulates on slopes
as well as in flat marshes. An upland peat area of this
type is called a high moor.

In warmer regions, where rates of evaporation and ox-
idation are higher, marsh vegetation and peat accumula-
tion require a nearly level water table. This type of peat-
forming marsh, exemplified by the Everglades of Florida
and other coastal marshes and large delta plains like
those of the lower Mississippi valley, is called a low
moor.

It is generally believed that the peat-forming marshes
of Pennsylvanian time were of the low-moor type,
developed on nearly flat plains saturated with
freshwater. The substantial thickness and broad areal
extent of many Pennsylvanian coal beds suggest that
low-moor marshes characterized by luxuriant plant
growth were far more extensive in Pennsylvanian time
than they are today.

Most large peat-forming areas of today are bordered
on the landward side by areas in which the water table is
too low and the rate of oxidation too high for accumula-
tion of plant debris, and on the seaward side by areas in
which the water is too deep or too saline for growth and
accumulation of plants. At many places in sequences of
coal-bearing rock, a carbonaceous film or “smut’ streak
a fraction of an inch thick may be underlain by an un-
derclay with many root impressions, and overlain by a
sequence of shale, mudstone, or sandstone containing
either marine or nonmarine fossils. Such a stratigraphic
record indicates that plant growth was prevalent in the
area at the time marked by the carbonaceous film, but
that the water table was low and most of the plant
detritus was destroyed by oxidation prior to sub-

mergence of the land and deposition of the overlying
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SUBINTERVAL A;, ROCKS OF LATE MORROW AGE

Rocks included in subinterval A, cover a much larger
area in Eastern and Central United States than those
assigned to subinterval A;. In the Southern Anthracite
field of eastern Pennsylvania, subinterval A, contains
three to nine coal beds having a cumulative coal
thickness ranging from 9 to 21 feet. Near the north edge
of the Appalachian basin in northern Ohio and Penn-
sylvania, and along the southern border of New York,
many elongated discontinuous bodies of rock assigned to
subinterval A, consist of sandstone that filled channels
cut into the underlying pre-Pennsylvanian rocks. In
northern Ohio and Pennsylvania, subinterval A; con-
tains a discontinuous coal bed known as the Sharon coal
and, locally, a second, unnamed coal.

South of the belt of channel sandstone deposits is a
large area that contains no strata representative of sub-
interval A,. This area was a low-lying, west-trending
landmass that was not covered by sediments until the
time of interval B.

South of the land area of southern Pennsylvania and
central Ohio, subinterval A; reappears and is coal bear-
ing across the entire central and southern parts of the
Appalachian basin. In general, both the number of beds
and the cumulative coal thicknesses are greatest on the
southeast side of this area. In an area north of the
Tennessee-Kentucky line, subinterval A; contains 20
coal beds, having a cumulative thickness of 41 feet.
Surrounding this area is a narrow, northeast-trencing
belt in which the cumulative coal thickness is 10-20 feet,
and farther northwest is a wide belt in which the
cumulative coal thickness is 5-10 feet.

In Tennessee, the pattern of coal distribution is much
the same as outlined for Kentucky, but the maximum
cumulative coal thickness is 20 feet.

In Alabama, as in the northern part of the Ap-
palachian basin, subinterval A; contains on the
southeast side of its area of occurrence the maximum
number of coal beds and the maximum cumulative coal
thickness. The Coosa field contains 42 coals having a
maximum cumulative thickness of 49 feet, and the
Cahaba field contains 21 coals having a maximum
cumulative thickness of more than 50 feet. The
cumulative coal thickness decreases gradually in a
westward direction across the Warrior field and is only
about 5 feet at the Alabama-Mississippi line.

Information on subinterval A; is more sparse for
Mississippi than for areas farther east, but logs of oil and
gas wells suggest that some coal is present. A sample log
of a well at locality 103 (Cropp, 1960) shows 24 beds that
have a cumulative coal thickness of 39 feet, but this well
may not be typical.

In the Michigan basin, coal beds in subinterval A; are
discontinuous. Alluvial fans that were accumulating

along the eastern side of the basin apparently did not
coalesce, so no uninterrupted relatively level surfaces
developed on which widespread coals could accumulate.
The Saginaw bed, the most extensive coal in subinterval
A, in the Michigan basin, occurs principally on the
eastern side of the basin. Three beds having a maximum
cumulative coal thickness of 10 feet are recorded in
available records. No coal is reported from the western
third of the basin.

In the Illinois basin, deposition of strata included in
subinterval A, began in areas where relief on the un-
derlying rocks was locally as much as 300 feet. Although
this relief was greatly reduced by valley fill by the later
part of subinterval A;, coals of the Caseyville Formation
(Illinois and Kentucky) and the Mansfield Formation
(Indiana) are nearly all local in distribution. Subinterval
A; in the Illinois basin contains a maximum of five coals
having a cumulative thickness of 5 feet.

Subinterval A, is absent in Iowa, Missouri, Nebraska,
and Kansas, but it is present in Arkansas and
Oklahoma. In those two States, much of the subinterval
is marine. The interval contains one thin coal, known as
the Baldwin bed, which crops out locally in the Bloyd
Shale of Washington County, northwest Arkansas, and
in adjoining parts of Oklahoma. This bed is probably not
continuous, and it is generally less than 1 foot thick.

In the Texas and Oklahoma Panhandles, subinterval
A; is deeply buried, but cuttings from wells in those
areas indicate that it contains a few, probably thin coal
beds. The total thickness, number, and continuity of the
coal beds are unknown.

Near Colorado Springs, Colo., the Glen Eyrie Member
of the Fountain Formation, which is included in sub-
interval A, contains a coal bed less than 1 foot thick
(localities 1 and 2, fig. 9). No coal beds are known in
rocks assigned to subinterval A, west of the Rocky
Mountains. In western Utah, Idaho, and eastern
Nevada, most strata included in this subinterval are
marine.

INTERVAL B, ROCKS OF ATOKA AGE

Rocks assigned to interval B are widespread and con-
tain coal on a large scale in many parts of Eastern and
Central United States.

In the Pennsylvania Anthracite fields, rocks assigned
to interval B occur in the Northern, Eastern and
Western Middle, and Southern fields, but most of the
coal in the interval is in the Eastern Middle and
Southern fields. In the Eastern Middle field, the
cumulative coal thickness is 35 feet; in two beds in the
Southern field, it is 10-13 feet.

Interval B attains its greatest thickness and has both
the largest number of coal beds and the largest
cumulative thickness of coal in the Appalachian basin.
Near the common corner of Kentucky, Tennessee, and



38 PALEOTECTONIC INVESTIGATIONS OF THE PENNSYLVANIAN SYSTEM, PART II

Virginia the interval contains as many as 50 coals, hav-
ing a total thickness of 50 feet. The interval is thinner,
the coals are fewer, and the cumulative thickness of coal
is less to the northeast. In northern West Virginia, the in-
terval is only 200 feet thick and contains 10 or fewer coal
beds, having a cumulative coal thickness generally in the
range of 5-10 feet. A decline in number and thickness of
coal beds continues northward into Pennsylvania and
Ohio, where the average thickness of several widespread
coal beds is only about 1 foot. In these States the number
of coals in interval B is generally less than five, and the
cumulative thickness is 5 feet or less. In Ohio, most of
the coal beds are overlain by marine rocks.

Interval B is absent in southern Tennessee, Georgia,
and northern Alabama, but it is represented in the
Cahaba field, Alabama, and in the deeply buried part of
the Warrior field in the Black Warrior basin on both
sides of the Alabama-Mississippi line. In a small part of
the Cahaba field, six or more coal beds are present in the
unit. In the Black Warrior basin 34 or more coal beds
having a possible maximum cumulative coal thickness of
48 feet may be present in a drill hole at locality 103,
Mississippi (Cropp, 1960). However, the samples from
this well are reported to be mixed, so the number of coal
beds and the cumulative thickness of coal may be sub-
stantially less than reported. No comparable thickness
of coal is suggested by data from other drill holes in
Mississippi.

In the eastern part of the Michigan basin, interval B is
reported to contain a maximum of six thin beds in one
small area, and a maximum cumulative coal thickness of
5-6 feet in two nearby small areas. One thin bed, the
Verne coal, is overlain by marine limestone. No ap-
preciable amount of coal is recorded in samples from
drill holes in interval B in the western part of the basin.

In the Illinois basin, interval B is present everywhere
except on the axis of the La Salle anticline (pl. 154) of
northern Illinois and on the eastern flank of the
Mississippi River arch (pl. 154). In the deepest part of
the basin in southwestern Illinois and adjoining parts of
Indiana and western Kentucky, interval B typically con-
tains 5-10 coal beds having a cumulative coal thickness
of 10-20 feet. The number of coal beds and the
cumulative coal thickness decrease in the northwest part
of the basin. In central Illinois the interval typically con-
tains three beds that have a cumulative coal thickness of
7 feet; in western Illinois, only one coal, the Rock Island
(No. 1) in the Spoon Formation, is thick enough to be
mined. This coal probably accumulated. in an estuary,
for the coal is locally as much as 5 feet thick but thins to
disappearance within a few yards of what apparently
were the borders of an estuary (fig. 7). The coal is
generally overlain by marine limestone, which suggests
that the coal was formed during a time of marine
transgression. In the same areas, a thin coal suggestive of
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FIGURE 7. — Distribution of the Rock Island (No. 1) coal (near top of
interval B) in estuaries in northwestern Illinois (from Baroffio, 1964).

the regressive phase occurs locally a short distance above

the limestone.
In south-central Missouri, interval B is represented by

many small almost cylindrical coal deposits formed in
sinkholes and caves. Some of the thicker deposits are
45-80 feet thick (Hinds, 1912; Bretz, 1950). In most
deposits, bedding planes of the coal slope inward and
downward, which suggests that the sinkholes continued
to be enlarged as plant detritus accumulated. Deposits
of coal in sinkholes of south-central Missouri are the
finest examples of such deposits in the United States.

In the northern part of the Forest City basin (pl. 154)
of northwest Missouri, southwest Iowa, northeast Kan-
sas, and extreme southeast Nebraska, strata assigned to
interval B (Searight and Howe, 1961, p. 80) locally con-
tain three coal beds having a cumulative coal thickness
of about 5 feet.

In both the Arkoma basin (fig. 41, ch. J) and, farther
south, the Quachita structural belt (pl. 154) of Arkansas
and Oklahoma, interval B is several thousand feet thick
but contains very little coal. The rocks of these areas
were deposited in a dominantly marine environment.
Probably the basins of deposition were downwarped
rapidly, and even during periods of rapid sedimentation
the water was too deep for swamp vegetation to grow.
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unpub. data).

On the northwest flank of the Fort Worth basin (pl.
154), mainly in Jack, Wise, and Denton Counties of
north-central Texas, interval B of the subsurface is well
known through studies of well cuttings (fig. 8). Strata of
this interval include a few thin coal beds.

Interval B is present in the subsurface on the north
and south flanks of the Amarillo-Wichita uplift (pl. 154)
of west Texas and Oklahoma. The north flank was
located in the northern counties of the Texas Panhandle,
the Oklahoma Panhandle, and, presumably, adjoining
parts of Kansas. The southern flank extended across the
southern counties of the Texas Panhandle and adjoining
counties in western Oklahoma (fig. 8). Interval B, in-
cluding some coal, was deposited on piedmont surfaces
or on discontinuous alluvial fans on the two flanks of the
uplift; however, little is known about the number or
thickness of coals in the two areas.

In central and western Colorado and in north-central
New Mexico (fig. 9), coal occurs locally in interval B as
thin discontinuous beds but does not extend farther
west.

INTERVAL C, ROCKS OF DES MOINES AGE

By Des Moines time, most of the eastern and central
parts of the United States had been converted to a low-
lying, nearly level plain by filling of pre-Pennsylvanian
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stream valleys, sinkholes, and other surface
irregularities. Strandlines shifted hundreds of miles
north and east when the sea level rose, or south and west
when the sea level fell. Many cycles of transgression and
regression of the sea permitted periodic accumulation of
layers of peat, intercalated among layers of sediment,
across many thousands of square miles. The floor of most
interval C coals, like that of many other Pennsylvanian
coals, is underclay that contains abundant root im-
pressions; the roof commonly is marine mudstone or
limestone. These relations are diagnostic of coals
deposited during marine transgressions. In Indiana,
some coal beds are underlain by marine strata and
overlain by nonmarine strata (Murray, 1958). These
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relations are diagnostic of coals deposited during
regressions.

In Pennsylvania, West Virginia, and Virginia, many
interval C coals contain partings of mudstone or
sandstone, which generally increase in number,
thickness, and coarseness southeastward. These partings
record periods when swollen streams from the Ap-
palachian highlands flowed into the landward sides of
peat swamps (fig. 10). In coal fields of the Midwest, the
coal beds do not exhibit such partings, because those
coals formed in areas remote from upland sources of
detrital material.

More coal occurs in interval C of the Anthracite fields
in eastern Pennsylvania than in any other interval. At
the eastern end of the Southern field, the interval con-
tains a maximum of 14 coal beds having a maximum
cumulative thickness of 137 feet. The Mammoth bed
alone, where not split by partings, is 50 feet thick; this is
the maximum thickness recorded for any single bed of
Pennsylvanian coal in the United States. The maximum
thickness for an individual coal bed in the Western and
Eastern Middle and Northern Anthracite fields is about
45 feet.

Interval C is present in many places in the Ap-
palachian basin, north of the Kentucky-Tennessee line,
but it is absent south of that line. In southern West
Virginia, where the interval is thickest, it contains a
maximum of 10-13 coals that have a cumulative total
thickness of 25 feet; some of these coals contain detrital
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FIGURE 10. — Distribution and depositional environment of the
Brookville coal (lower part of interval C) in the northern Ap-
palachian basin (from Baroffio, 1964).
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partings. In Ohio the coals are thinner and fewer but
contain a smaller number of partings. In this area, inter-
val C contains 5-10 coals having a typical cumulative
thickness of about 10 feet, except in areas where interval
C is thinner than normal as a result of postdepositional
erosion of the uppermost beds. The Middle Kittanning
coal, which is the thickest individual coal of interval C in
the Appalachian basin, locally is 15 feet thick in
southern Ohio.

In the Michigan basin, interval C was eroded shortly
after deposition, and only the lowermost part is
preserved, forming isolated and irregular remnants.
Most of these remnants contain no coal, but at one
locality in the southeastern part of the basin two thin
coal beds occur that have a cumulative total thickness of
3 feet.

Nearly all coal mined in the Illinois basin is from in-
terval C. The number and cumulative thickness of coals
are greatest in the southeast part of the basin and tend to
decrease to the northwest. In southern Illinois, western
Kentucky, and southwestern Indiana, 15-18 beds, hav-
ing a cumulative total thickness of about 30 feet, are
present; whereas in northwestern Illinois only about
eight beds having a cummulative thickness of 10 feet are
present.

The Herrin (No. 6) coal of southwestern Illinois,
locally as much as 14 feet thick, and coal V of Indiana,
locally as much as 11 feet thick, are the most important
coals in the Illinois basin.

Most of the extensive coals of interval C in the Illinois
basin formed on delta and prodelta surfaces that sloped
gently southeastward. Each of these surfaces came to an
apex, generally on the northwest margin of the basin.
The Herrin (No. 6) coal, which is typical of the group, is
thickest to the southeast and thins to a mere layer of
smut on its northwestern edge, near the highest part of
the delta surface. Presumably oxidation took place in
the high area during most of the time that plants ac-
cumulated to the southeast. At places on the west side of
the delta surface, the Herrin (No. 6) coal rests directly on
marine strata. The Herrin (No. 6) coal generally is
overlain by transgressive marine mudstone or
limestone. Thus, this coal and others exhibiting similar
features must have started to accumulate during regres-
sion of the sea and continued to accumulate throughout
the regression and a subsequent transgression.

Coals overlain by marine mudstone or limestone
generally are high in sulfur, perhaps because of deposi-
tion of iron sulfide (FeS:) in the peat when saturated by
marine waters. In parts of the Illinois basin, several of
the major coals in interval C, which generally are
relatively low in sulfur, are directly overlain by non-
marine gray mudstone as much as 50 feet thick. These
nonmarine mudstones, which lie between the coals and
stratigraphically higher marine mudstones and
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limestones, are detrital wedges that thicken in the direc-
tion of the source and are considered to be prodelta
deposits.

The most extensive and perhaps most distinctive coal
in interval C is a bed that is known as the Colchester
(No. 2) inIllinois, coal Illa in Indiana and the Croweburg
in Iowa, Missouri, Kansas, and Oklahoma, and may cor-
relate with the Schultztown in western Kentucky.
Paleontologic evidence suggests that this bed is a cor-
relative of the Lower Kittanning coal of the northern Ap-
palachian basin. The original distribution of this coal is
approximately shown in figure D on plate 17. Although
the Colchester (No. 2) coal and its many correlatives are
not perfectly synchronous, the bed provides very convine-
ing evidence of a period of widespread and unusually low
relief. It is the most widespread coal bed in the United
States, and possibly in the world.

In the Western Interior region, particularly in the
Forest City basin (pl. 15B) in eastern Kansas and the
Cherokee basin in northeastern Oklahoma, most of the
coal beds in interval C are correlatives of those in the
Illinois basin, but they differ from those in the Illinois
basin by being generally thinner, ranging in thickness
from less than 1 foot to about 3 feet, and are more com-
monly overlain by marine mudstone or limestone.

In southern Iowa and northwestern Missouri, interval
C contains about seven coal beds having a cumulative
thickness of about 13 feet, whereas in extreme
southeastern Kansas and northeastern Oklahoma the
cumulative thickness attains a maximum of 11 feet and,
more typically, is in the 5- to 10-foot range.

Westward and downdip from the coal outcrops and
toward the axes of the Forest City and Cherokee basins,
interval C has been penetrated by many oil-test borings,
for which sample logs are available. Most of these sam-
ple logs are poor sources of coal data, but some mention
coals, mostly single beds. In contrast, very reliable
records from five holes and shafts, located considerable
distances downdip from the outcrops, provide data as
follows: Missouri, two holes, 10-11 coals having a
cumulative thickness of 13-19 feet; Kansas, two holes,
four to five coals having a cumulative thickness of 7-9
feet; and Oklahoma, one hole, four coals having a
cumulative thickness of 4 feet. These records suggest
that many of the coals in interval C in the midcontinent
region persist 50-80 miles downdip from the outcrops.

Farther west, in the deeper parts of the Forest City
basin (pl. 15B), coal is rarely mentioned in drill records
and probably is absent. The center of the basin may
have been too far offshore for plant debris to accumulate.
Still farther west near the Nemaha anticline (pl. 15B),
which forms the western boundary of the Forest City
basin, a coal believed to be a correlative of the
Croweburg has been noted in a sample log.

In the deep Arkoma basin (fig. 41, ch. J) of western
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FIGURE 11. — Distribution of coal in interval C in northern Texas and
western Oklahoma (modified from Mapel, 1967, and G. H. Dixon,
unpub. data).

Arkansas and eastern Oklahoma, coal occurs in the
Hartshorne, McAlester, Savanna, and Boggy For-
mations of early Des Moines age. Strata younger than
the Boggy Formation are barren. The interval C coals of
the Arkoma basin are, therefore, older than most inter-
val C coals in the Cherokee and Forest City basins to the
north., The several coal-bearing formations of the
Arkoma basin contain about five named and several un-
named thin coals having a cumulative thickness of 10-15
feet. The coal-bearing formations and the contained coal
beds are preserved largely in synclinal folds that exhibit
moderately steep dips.

The principal coal-bearing area of north-central Texas
is in Wise, Jack, Young, Parker, and Palo Pinto Coun-
ties. This area is underlain by two to four coals having a
cumulative thickness of about 10 feet (fig. 11). The
Thurber coal, the thickest outcropping coal in north-
central Texas, attains a maximum thickness of 28 in-
ches. The distribution pattern of the coals in north-
central Texas suggests that the coals were formed on
alluvial or deltaic platforms built westward from the
newly elevated Ouachita uplift (pl. 15B) that lay to the
northeast.

In the Texas Panhandle, and to a minor extent in the
Oklahoma Panhandle, strata assigned to interval C con-
tain a few small sporadic and deeply buried coal beds, as
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shown in figure 11. No detailed information is available
as to their number or thickness. The distribution pattern
suggests that they formed in deltaic or alluvial en-
vironments marginal to uplands along the Wichita uplift
(pl. 15B) of southwest Oklahoma.

No coal of Des Moines age is known west of the areas
shown in figure 11.

INTERVAL D, ROCKS OF MISSOURI AGE

Interval D contains many coal beds but, except in the
Anthracite fields, most are too thin to mine and have not
been recorded in detail.

In the Northern Anthracite field of Pennsylvania, in-
terval D contains a maximum of 10 beds having a
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cumulative thickness of 44 feet; in the middle fields, the
interval contains a maximum of 12 beds, having max-
imum cumulative thicknesses ranging from 30 feet in the
Eastern Middle field to 53 feet in the Western Middle
field; in the Southern field interval D contains 26 beds
that have a maximum cumulative thickness of 79 feet.
Several of the anthracite beds are locally as much as 10

feet thick, far exceeding the maximum thickness for a
single coal in interval D in other parts of the United
States.

In the Appalachian basin, interval D contains a max-
imum of eight coal beds, but the number typically is less
than five. The maximum cumulative thickness in parts
of Maryland is as much as 16 feet but generally is on the
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order of 5 feet. Many individual coals average no more
than 1 foot in thickness, and in places they thin to car-
bonaceous films a millimeter or so thick. Because of its
negligible coal content, the Conemaugh Formation,
which comprises all of interval D and the lower part of
interval E, was called the Lower Barren Measures in
early studies of Pennsylvanian stratigraphy.

A series of maps by Morris (1967) showing individual
coal beds, beginning with the Middle Kittanning coal of
late Des Moines age, suggests that coal deposition in the
uppermost Allegheny Formation and lower part of the
Conemaugh Formation took place along the margins of a
central lake or bay, open to the sea on the west and
bordered by a highland on the east (fig. 12). The basin
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occupied by the central lake or bay was intermittently
downwarped and flooded with fresh or salt water (Barof-
fio, 1964). This unstable environment was conducive to
the formation of many coal beds but not to the formation
of a single thick coal.

Interval D of the Illinois basin is represented
everywhere in Illinois except in the northern and
northwestern parts. The number of coal beds in the in-
terval ranges from a maximum of 14 in south-central
Illinois to less than 5 in north-central Illinois. The
cumulative coal thicknesses show a range from 15 to 18
feet in south-central Illinois, but are 5 feet or less in
north-central Illinois. Most of the individual coals are
too thin to be mined, except locally where the coal is
used for household purposes.

The principal coal beds in interval D rest on and are
coextensive with underlying deltaic platforms built up
by streams flowing from the south or southeast (Horne,
1965, 1968) (figs. 13 and 14).

In the Western Interior region, interval D contairs
three fairly widespread thin coal beds — the Ovid bed,
largely in Missouri (Glover, 1964); the Dawson bed in
Oklahoma; and the Thayer bed in Kansas (Horne, 1965).
Each of these beds is locally as much as 18 inches thick,
but the average thickness is generally less. The
cumulative thickness of the three beds rarely exceeds 3
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feet. Each coal bed is approximately coextensive with a
subjacent delta platform.

In the Ardmore basin (fig. 41, ch. J) of southern
Oklahoma, at one locality a 2-foot coal bed has been
reported in interval D.

In north-central Texas, coal deposits of interval D (fig.
15) occur in about the same area as the older coal of in-
terval C. The cumulative thickness of the interval D coal
is probably not more than 5 feet. The only part of the in-
terval D coal that has been mined is the Bridgeport coal
of Wise County; the Bridgeport coal has a maximum
reported thickness of 22 inches. All these coals, like those
of the underlying interval C, were formed on deltaic or
alluvial platforms built up by sediment derived from the
Ouachita Uplift (pl. 156B) to the northeast.

In parts of the Texas Panhandle, and in southwestern
Oklahoma, just north of the Wichita uplift (pl. 15B), in-
terval D contains coal, as shown by cuttings from deep
wells. No information is available about the number or
thickness of these coals, but they are probably few and
thin as most of the associated rocks are of marine origin.
The coals must have formed on deltaic or alluvial plains
that extended both north and south of the Amarillo-
Wichita uplift (pl. 15B).

INTERVAL E, ROCKS OF VIRGIL AGE

In the Appalachian basin, interval E comprises the
upper part of the Conemaugh Formation, which contains
only a few thin coal beds, and the Monongahela Forma-
tion, which contains many thick coals. The Pittsburgh
coal, at the base of the Monongahela Formation, is of
minable thickness throughout an area of 6,000 square
miles in Maryland, West Virginia, Pennsylvania, and
Ohio. It attains a maximum thickness of 22 feet in
western Maryland but thins gradually in all directions
from this area. It is 8-14 feet thick in southwestern Penn-
sylvania and in northern West Virginia, and 4-6 feet
thick in easternmost Ohio and in southern West Virginia
(Cross, 1952). This coal bed has produced more coal than
any other bed in the United States. Above the
Pittsburgh coal are the Redstone, Sewickley, Union-
town, and Waynesburg coals, all of which are locally of
minable thickness.

In western Maryland, interval E contains a maximum
of 12 coal beds having a cumulative thickness of 42 feet.
In the West Virginia Panhandle and adjoining parts of
Pennsylvania and Ohio, the interval contains 5 to 10 coal
beds that have cumulative thicknesses ranging from 10
to 32 feet. Southwest of this general area, an abrupt
facies change is marked by an appreciable thinning of
the coal beds; some coals thin to carbonaceous films.
Associated sandstone and mudstone beds are generally
red. In this area there are as many as five coal beds, and
their cumulative thickness is as much as 10 feet, but
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mostly it is 5-7 feet. The greatest amount of coal was ac-
cumulated in the most deeply depressed parts of the Ap-
palachian basin, continuing a pattern shown by coals of
intervals C and D. Interbedded with interval E coals are
several thin but persistent freshwater (lacustrine)
limestone beds that are useful stratigraphic markers.
The thick coal beds of interval E probably formed on
deltas built forward into gradually deepening water.

In the Illinois basin in east-central Illinois and in the
Moorman syncline of western Kentucky, interval E is
very thin. It contains about five coal beds in each area.
In east-central Illinois, the cumulative coal thickness is
more than 10 feet in a very small area but is 5-10 feet
throughout a much larger area. In western Kentucky, the
maximum cumulative coal thickness is 8 feet.

In southwestern Iowa and northwestern Missouri, in-
terval E was partly eroded before the deposition of
overlying beds. Its full thickness is preserved, however,
farther west in Kansas and Nebraska, and farther south
in Oklahoma. In those areas, interval E consists of a
basal unit, the Douglas Group, which consists primarily
of detrital rocks; a middle unit, the Shawnee Group,
which contains much limestone; and an upper unit, the
Wabaunsee Group, which consists of a sequence of inter-
calated limestones and detrital rocks. Three coal beds
occur in the Douglas Group (Bowsher and Jewett, 1943),
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FIGURE 16. — Distribution of coal in interval E in northern Texas and
western Oklahoma (modified from Mapel, 1967, and G. H. Dixon,
unpub. data).

and 10 in the Wabaunsee Group (Schoewe, 1946). Each
of these coals averages less than 1 foot in thickness, but
most are widespread. All the coals probably formed on
deltaic or alluvial plains, and several are directly
overlain by limestone beds, which suggests that they
formed during periods of marine transgression.

In north-central Texas, interval E comprises the
Graham and Thrifty Formations of the Cisco Group (fig.
16). Coal in the Graham Formation occurs in small
widely spaced areas, but that in the Thrifty Formation is
more continuous. The Chaffin coal in the Thrifty Forma-
tion is 20 inches thick locally in McCulloch County
where it once was mined. However, most of the interval
E coals are deeply buried and information concerning:
them is based on oil-well cuttings and records.

In the Texas Panhandle and in western Oklahoma, in-
terval E coal has been observed in well cuttings in small
widely spaced, deeply buried areas.

COAL OF PENNSYLVANIAN AGE
IN NEW ENGLAND

In the Narragansett basin of eastern Rhode Island and
southeastern Massachusetts, coal-bearing rocks of Penn-
sylvanian age are assigned to the Rhode Island Forma-
tion. This formation has been folded and faulted, and
most of the beds are steeply dipping. Sections measured
at outcrops, or cored in search of coal, represent only a
small part of the entire sequence. The formation is es-
timated, on the basis of incomplete data, to be 12,000
feet thick. Coal in the Rhode Island Formation is of
meta-anthracite rank and is somewhat graphitic; it
seems to occur near the base of the formation and is
probably of Early or Middle Pennsylvanian age. This
formation cannot yet be divided into the intervals used
in discussion of Pennsylvanian rocks throughout this
report.

Coal in the Rhode Island Formation is associated en-
tirely with detrital nonmarine rocks; individual beds
form discontinuous lens-shaped pods. Coals commonly
thin abruptly from as much as 25 feet to 5 feet or less.
Correlation has not yet been made between many of the
coals in different parts of the basin.

Two published logs of cored drill holes in the Rhode
Island Formation provide quantitative information on
its coal. One, from Portsmouth, Aquidneck Island, R. I.,
records 485 feet of rock, including 15 coal beds having a
cumulative thickness of 24 feet. The second, from
Seekonk, Mass., . records 900 feet of rock, including 13
coals that have a cumulative thickness of 21 feet.
Neither hole was drilled perpendicular to the bedding, so
the reported coal thicknesses are probably overstated.

The Rhode Island meta-anthracite was mined
sporadically and intermittently on a small scale in the
days of early settlement, but most operations have been
abandoned for many years. The steeply dipping and dis-
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continuous beds are difficult to mine, and the coal is
generally too graphitic to burn effectively as fuel
(Ashley, 1915; Toenges and others, 1948).

SUMMARY OF PENNSYLVANIAN
PALEOGEOGRAPHY AND COAL DEPOSITION

In the Eastern United States, deposition of Pennsylva-
nian sediments continued from Late Mississippian time
into Early Pennsylvanian time in both the Appalachian
and Ouachita geosynclines. The oldest coals in these
geosynclines formed on leveled depositional surfaces of
earliest Pennsylvanian age. In adjacent shelf areas, relief
of pre-Pennsylvanian and Early Pennsylvanian time was
reduced by the filling of stream valleys and sinkholes; in
those areas, the somewhat younger coals formed mainly
in river valleys, estuaries, and sinkholes.

By late Morrow time (interval A;), widespread coal
beds formed in the Black Warrior basin of Alabama, in
southern Tennessee, and in northwestern Georgia. By
Atoka time (interval B), still more widespread coals
formed in central and southern West Virginia, Virginia,
and eastern Kentucky.

Most of the pre-Pennsylvanian and Early Pennsylva-
nian land surfaces had been buried by sediment by mid-
dle Des Moines time (interval C), and a low, nearly uni-
form, gently dipping depositional plain extended from
Kansas and Oklahoma to Pennsylvania and West
Virginia. High places on this plain included the Ozark
area, the Nemaha anticline, and the Central Kansas up-
lift. In this setting, slight changes in the relative
elevations of land and sea produced extensive
transgressions and regressions of the Pennsylvanian sea
across an area of thousands of square miles. These slow
changes were conducive to the formation of the many
widespread coal beds of uniform thickness that
characterize interval C.

By Missouri and Virgil time (intervals D and E),
newly elevated areas appeared on the periphery of the
Des Moines (interval C) depositional plain and were
gradually eroded. The debris from these areas formed
deltas, many of them composite, and they tended to seg-
ment the Des Moines (interval C) depositional plain.
The coals, which are coextensive with the deltas, or
nearly so, are markedly less widespread than older Penn-
sylvanian coals.

Throughout Pennsylvanian time, coal accumulation
was concentrated in the easternmost part of the United
States, particularly in the eastern part of the Ap-
palachian basin, and in the Anthracite fields of Penn-
sylvania. This concentration is probably the result of

three factors working in combination: (1) the areas of
thick coal accumulation were in a gently subsiding
geosyncline that permitted many repetitions of a
nearshore swamp environment favorable for coal forma-
tion, (2) marine transgressions all came from the west,
and areas farther west were covered by the sea much of
the time, and (3) the climate was more humid to the east
than in western America, and the vegetation more lux-
uriant.
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in organic matter and consequently the interstitial en-
vironment was strongly reducing. The iron released by
hydrolysis of silicate grains in these sediments either
remained in solution er was precipitated as ferrous com-
pounds, and there was no reddening of the deposits.
Locally, however, either because of the initial occurrence
of a smaller amount of organic matter in the sediments,
higher pH, or because postdepositional oxidation
removed the organic matter, some marine sediments
were not sufficiently reducing to prevent ultimate
precipitation of ferric oxides, and in time these
sediments also became reddened (Walker, 1959)2.

During the course of becoming reddened diagenetical-
ly, the Pennsylvanian sediments apparently became
more uniformly red than they are at present; the existing
color relationships in the red beds indicate that the
colors of many of the nonred rocks have resulted from
bleaching of sediments that previously were red. It
should be emphasized that these color relationships do
not imply that the sediments were red when deposited;
they merely indicate that red pigment predates the
bleaching in some beds. The bleaching apparently
reflects subsequent changes in ground-water chemistry
that resulted in reduction of the previously formed iron
oxide pigment. The reason for the chemical change is un-
known, but the postdepositional history of these
sediments involves about 250 million years, and during
this time two important events occurred, either one of
which could have affected the chemistry of the in-
terstitial water and caused partial removal of the red
pigment. These events were: (1) the deposition of
strongly reducing marine geosynclinal sediments of
Mesozoic age above the red beds, and (2) the occurrence
of a moist continental environment subsequent to uplift
of the red beds during the Laramide orogeny in early
Tertiary time. During this late-stage bleaching, the
coarser, more permeable beds were affected most, and in
places the red pigment was completely removed from
some of the beds. The red pigment in other beds was only
partly removed. In some of these, crossbedding patterns
have been accentuated by selective removal of the pig-
ment from the more permeable laminae. In others,
irregularly shaped bleached areas have been formed.
The bleaching has resulted in the development of alter-
nating fine-grained red and coarse-grained nonred beds
that now characterize the red bed sequence at many
places.

SUMMARY

The main conditions which, in my opinion, con-
tributed to the formation of pigment in the Pennsylva-
nian red beds of the western interior can be summarized
as follows.

‘When the 1959 paper was written. Linterpreted the pigment in these deposits to be detrital.
I no longer accept that interpretation,

Regional aridity inhibited weathering in the source
area and allowed unstable silicate minerals to survive
alteration until after the arkosic sediments were
deposited in the basins. The arid climate also inhibited
the growth of plants, and therefore the sediments, when
originally deposited, contained little organic matter. As
a result the Eh of the interstitial water in the deposited
sediments commonly was oxidizing or only weakly
reducing.

The detrital silicate minerals, particularly the iron-
bearing silicates, were unstable wherever water migrated
through the sediments and they were slowly altered by
hydrolysis. This reaction removed the more unstable
grains such as hornblende; it released iron, and created
an alkaline pH. Owing in part to the initial low content
of organic matter and in part to the development of
alkaline conditions, the interstitial Eh-pH environment
commonly was in the stability field for iron hydroxide,
and wherever these conditions prevailed the iron
released by intrastratal alteration was precipitated as
iron-oxide pigment. The pigment probably was initially
precipitated as amorphous ferric oxide, but upon aging it
converted to hematite, and the sediments involved were
reddened.

Exceptions to the conditions of reddening occurred in
sediments that were deposited in marine environments
or in coastal swamps or inland oases where more abun-
dant organic matter created strongly reducing conditions
that prevented precipitation of iron oxide, despite the
occurrence of alkaline interstitial water. Such sediments
generally were not reddened.
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PENNSYLVANIAN CYCLOTHEMS OF THE APPALACHIAN PLATEAU,
A RETROSPECTIVE VIEW

By Joun C. Ferm!

INTRODUCTION

The concept of the cyclothem as a product of cyclic
sedimentation in coal-bearing Pennsylvanian sedimen-
tary rocks in the United States is among the major ideas
that have captured the attention and imagination of
American geologists of the last century. It is, of course,
part of the more general idea of cyclicity in natural
processes but has special appeal in that it has specific
application to a group of rocks that are widespread and
have been intensely studied. Furthermore, it has proved
to be especially attractive to stratigraphers inasmuch as
it has provided a means for organizing a group of strata
consisting of greatly diverse rock types that previously
seemed to lack any consistent interrelationships. Thus
Ashley (1931), after years of experience in the coal
measures, agreed that coal beds generally overlay seat
rocks or underclays but could recognize no vertical or
horizontal pattern beyond this. As a result of the
widespread popularity of cyclothems, the literature deal-
ing specifically with them is voluminous, including a
very large number of titles dealing directly with the sub-
ject and an even larger number in which this topic is a
major adjunct.

Weller, who can be said to be the father of the
cyclothem concept, brought together many of the major
thought trends up to 1964. More recently, Duff, Hallam,
and Walton (1967) treated the concept as a major part of
their summary volume on cyclic sedimentation.

Despite all this effort and enthusiasm, or perhaps
because of it, many basic problems of cyclothemic
deposits are apparently unresolved. There seems to be no
general agreement as to what exact sequence should
make up a cyclothem in a specific area or at what par-
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ticular point a cyclothem is to begin or end. Likewise,
the question of origin remains unresolved.

In addition, one may reasonably question the func-
tional value of the cyclothem concept. It now seems clear
that cyclothems do not constitute a basis for
stratigraphic classification (Kosanke and others, 1960),
and if the stress should be placed on environmental in-
terpretation, as Doty and Hubert (1962) suggested, the
notion of a specific sequence or of several specific se-
quences of beds may not be the most fruitful approach.

One of the major advances in the description of
cyclothemic sequences is that of their quantification
(Pearn, 1964; Potter and Blakely, 1968; Preston and
Henderson, 1964). Unlike previous approaches, which
dealt with “idealized” or “complete’” cycles, this ap-
proach describes exactly the rock units of which a
cyclothemic sequence consists and associated a
mathematical probability with each sequence. Such an
approach has a high level of objectivity and provides an
excellent predictive device for dealing with vertical se-
quences. The method, however, is applicable to any ver-
tical sequence, and some question arises as to whether it
is really dealing with the cyclothem as a unique
phenomenon, as originally proposed.

Although interest in the subject of cyclothems con-
tinues,'it may be waning, as suggested by the fact that
fewer formal papers deal with the subject than
heretofore, and informal discussion also has apparently
diminished, but has not ended. One notable recent treat-
ment of the cyclothem concept is given in the group of
papers in Kansas Geological Survey Bulletin 169
(Merriam, 1964). The present essay is intended to
provide a retrospective view of some of the major ideas
associated with cyclic coal measure sedimentation and
to indicate the direction in which they are evolving.

A regional summary treatment seems inappropriate
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while the excellent synthesis by Duff, Hallan, and
Walton (1967) is available. An attempt is made,
however, to trace the initiation and growth of the con-
cept in the Illinois basin, to show how the ideas
developed there were tested in the coal measures of the
Appalachian Plateau, and to demonstrate how this
testing, in turn, led to the development of new
lithogenetic models in that region. Thus, this treatment
is restricted to the experiences of a few people in a
limited geographic area. It provides an example of
hypothesis generation and testing in the context of non-
quantitative geologic thought and so may have general
relevance at this time.

THE INNOVATION IN ILLINOIS

If Weller can be said to be the father of the American
cyclothem concept, then Udden can certainly be
regarded as the grandfather. Udden’s ideas expressed in
a U.S. Geological Survey report (Udden, 1912) on the
Peoria quadrangle in northwestern Illinois centered on
the tendency for repetition of sequences of rock units
among Pennsylvanian strata above the Number 5 coal
bed. These sequences, in vertical order, consisted of un-
derclay and coal overlain by marine limestone and (or)
shale which was in turn overlain by another seat rock
and coal. He further recognized that all such sequences
(which he called cycles of sedimentation) were not iden-
tical. In some cycles the coal, underclay, or limestone
was much thinner than in others, and in some places one
or more members were absent. Enough of the members
were present at each place, however, to clearly show the
pattern.

Udden (1912) further believed that each sequence
represented a repeated pattern of sedimentation com-
mencing with the development of a peat and underlying
soil (coal and seat rock). This was followed by sub-
sidence of the swamp surface and concomitant marine
inundation now represented by marine limestone and
shale. Deposits of clay, silt, and sand filled the basin to a
level that would allow swamps to form again. These
observations and inferences were similar te those of later
workers on British Carboniferous rocks (see Duff and
others, 1967, p. 117-141); moreover, the British
“idealized” or “standard” cycle is very similar to that of
Udden.

Because of its publication in a quadrangle report and
its necessarily local implications, Udden’s idea of coal-
measure cyclothemic sedimentation might have quietly
expired except for the innovative paper by Weller (1930).
His paper had a galvanic effect and even now a reader
can be impressed by its breadth and by the sweeping
nature of its conclusions. Today there is little question
that many of his inferences and even some of his data
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were projected beyond available evidence, but such
lapses are forgivable in the face of the overall result.

Weller’s cyclic sequence, later designated a cyclothem
(Wanless and Weller, 1932) and slightly modified to in-
clude a few additional members (Weller and others,
1942), is shown by Krumbein and Sloss, (1963, fig.
13-10). This sequence consists of the following 10
members, from base to top: 1, sandstone with plant
remains; 2, gray sandy shale; 3, freshwater limestone; 4,
underclay; 5, coal; 6, gray shale, sparse marine fossils; 7,
marine limestone; 8, marine black shale; 9, marine
limestone; 10, gray shale, marine fossils in lower part.

One of the most obvious differences between the cycle
of Udden and the cyclothem of Weller and Wanless
(1932) is the greater precision in the latter’s lithologic
descriptions. Weller, for example, pointed out that the
basal sandstone member, which is the coarsest grained
member of the cyclothem, is overlain with gradational
contact by siltstone and this, in turn, is overlain by an
even finer grained underclay which may or may not con-
tain freshwater limestone. Further, Weller distinguished
between different types of shale above the coal beds, he
recognized at least two different types of marine
limestone, and he described the position of sideritic
ironstone.

Lateral variability, as important as the detailed
descriptions and the discrimination between rock types,
was not stressed by Weller (1930) — in fact he made a
point of emphasizing lateral continuity of some rock
units — but lateral variability is implied in his state-
ment that all members are not necessarily present in any
one place. He stated, however, that as the cyclothem is
traced laterally, members not present in one area occur
in another at the expected place in the sequence. Thus,
from the beginning the cyclothem was a laterally predic-
tive device. Reger (1931) attempted to define this com-
plete sequence, including all known members, as a
“phantom” cycle, but the term “phantom” mistakenly
became associated with units that were not actually
present. To geologists who were having enough trouble
mapping real coal beds, the notion of mapping phantoms
was simply too much.

Equally unfortunate with respect to development of
the idea that a cyclothem is the product of sedimentary
processes was the notion of the “incomplete” cyclothem
in which some members were said to be missing. This no-
tion, perhaps arising from the practice of numbering the
rock units in the cycle, gives the impression that a
cyclothem in which some numbered units are not pres-
ent at a specific place reflects an incomplete sedimen-
tary record. Elementary knowledge of sedimentation
should show the fallacy of such an idea. For any par-
ticular area the record was complete, but that area may
have lacked conditions or processes necessary for the
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development of a lithologic unit that is present in adjoin-
ing areas.

Many difficulties caused by variation from the ideal
Illinois sequence became immediately apparent in a con-
ference held at Urbana, Ill., in 1930 at which represen-
tatives from Pennsylvania, West Virginia, Ohio, Kansas,
and Texas outlined the characteristics of Pennsylvanian
successions in their respective regions (Illinois
Geological Survey, 1931). It became clear that repeated
sequences in other areas, although vaguely reminiscent
of those in Illinois, were different from them in major
aspects. These differences, after they were studied by
many people, were summarized by Wanless (1950), who
accounted for variation from one region to another by
differences in tectonic background and attendant
depositional environment (fig. 22).

Cycles in the Appalachian region were mainly non-
marine, dominated by clastic deposition and by frequent
splitting of coal beds, whereas those of the Western
Interior basin were characterized by a complete se-
quence of marine carbonates and by relatively little coal.
Implicit in this synthesis, however, as in Weller’s
original paper (1930), was the notion that at least some
beds of the cyclothem are extremely widespread, cover-
ing distances halfway across the continent. Weller, in
making this assumption (and it is an assumption, as
there exists no proof for it), concluded that the
cyclothem should properly be called a formation and
thus constitute a basis for stratigraphic classification
and mapping. This idea, coupled with a suggestion that
each member of the cyclothem should everywhere bear
the same stratigraphic name, was greeted enthusi-
astically by many geologists, if only to simplify the op-
pressive practice of Pennsylvanian stratigraphers of giv-
ing every shale, coal, limestone, ironstone, and
sandstone a different stratigraphic name. The cyclothem
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FIGURE 22. — Model of lateral variation of cyclothemic deposits (from
Wanless, 1950, p. 21).

as a basin element of stratigraphic classification was
adopted in various States; now, however, it has been
abandoned in some of these States, notably Illinois
(Kosanke and others, 1960).

The probable origin of cyclothems was also discussed
by Weller (1930). The cyclothems he described were
composed of units which were bounded at base and top
by regional unconformities and which contained a lower
segment that was indicative of marine environments.
Pursuing a logical argument requiring that regional
events arise from regional causes, Weller proposed a tec-
tonic origin, beginning with an episode of uplift which
generated the regional unconformity; this episode was
followed by initial stages of subsidence or perhaps reduc-
tion of the source area by erosion, which permitted ac-
cumulation of sands and silts on the eroded surface.
Further subsidence and (or) erosion of the source
reduced the amount of detritus, permitting first the
development of coal swamps and later a marine inunda-
tion, represented by marine shale and limestone. Uplift
and erosion began the next cycle. This explanation came
under fire quickly on the grounds that the large number
of cyclothems represented in many areas would require
an unreasonably large number of uplifts and downwarps
— a kind of springboard tectonism that would in itself be
difficult to explain. Wanless and Shepard (1936), calling
upon more conventional causes, associated late
Paleozoic glaciation in the southern hemisphere with
cyclothemic deposits, correlating periods of glaciation
with lowering of sea level and resulting erosion, and wan-
ing ice sheets with the rise of sea level. This hypothesis,
although in many ways more attractive than the tectonic
explanation, would require matching of cyclothems in
the northern hemisphere with a known number of glacial
stages in the southern hemisphere. But the number of
late Paleozoic glaciations had not been carefully worked
out (and still has not been); thus, the theory has not
been verified. The origin of the cyclothems remains one
of the intriguing questions of American geology.

APPALACHIAN TRIALS AND AN
“ALLEGHENY DUCK”

During the two decades following the widespread
application of the cyclothem concept in the Middle
West, several workers, including E. G. Williams and me,
attempted to test the idea in the coal-bearing strata of
the Appalachian Plateau. Williams and I were concerned
with the Middle Pennsylvanian Allegheny Group in
western Pennsylvania. Our experience led us first to ten-
tative acceptance of the cyclothem concept, but later to
rejection of it, and finally to development of a new
model.

At first the Weller cyclothem concept, modified by
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Wanless’ regional variation model, seemed applicable.
Many open-pit coal mines clearly showed sequences very
similar to the upper half of Weller’s cyclothem, con-
sisting in vertical succession of underclay, coal, dark
shale, thin calcareous shale and limestone containing
marine fossils, and gray shale which became silty up-
ward. Absence of the two limestones and the black fissile
shale of the Weller model could be attributed to a
generally more landward position of Appalachian
Plateau rocks. Other exposures showed similar se-
quences except that the limy components were still
further reduced or absent and faunas consisted only of
phosphatic brachiopods and pelecypods, presumably of
brackish-water or freshwater origin. These rocks, in ad-
dition to showing strong similarities to a part of the
Illinois cyclothem, also demonstrated that zones of
marine fossils, formerly known only in Ohio, also ex-
tended eastward into central Pennsylvania.

Major problems centered upon the basal sandstone of
the cycle and the unconformity upon which it rested.
Such problems were especially important because the
scoured surface at the base of the sandstone had been
defined as the lower boundary of the Weller cyclothem
and had been considered to be a feature of regional im-
portance. In accord with the Illinois model, many ex-
posures of strata between two coal beds showed
sandstones on the order of 30-40 feet thick lying with an
erosional contact on the underlying coal or roof shale and
grading upward into siltstone and finally into underclay
and coal. But in other coal-to-coal intervals where the
sandstone was thin, the sandstone was near the top of
the interval and was overlain by underclay, but it graded
downward into siltstone and shale. There was not the
slightest evidence of an unconformity beneath these thin
sandstones and thus no boundary for the cyclothem.

Still other strip-mine exposures, which showed both
types of sequence and their lateral relationships,
provided a partial solution. In these cuts, from a place
where the sandstone was thick and obviously discon-
formable, the erosional base of the sandstone rose
laterally from the coal or roof shale and, as the sandstone
thinned, passed into the underclay of an overlying coal
bed. Thus the unconformity at the base of the sandstone
and the underclay into which it laterally graded were
manifestations of the same event; the underclay
represented an interfluve surface and the sandstone with
its scoured base reflected an adjoining area of alluvial
scour and fill. The observation clarified an active debate
between those who favored a boundary at either the base
or the top of the coal bed and followers of Weller who ad-
vocated a boundary at the base of the sandstone.

At still other places, the problem of the position of the
unconformity and basal sandstone could not easily be
resolved. In some exposures, sandstones 30-40 feet thick,
with an erosional base similar to those previously
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described, intertongued laterally into dark shales con-
taining marine fossils; the underlying unconformable
surface at the base of the sandstone changed laterally to
a sharp but nonscoured contact and finally disappeared
as the overlying coarse sediment pinched out. No
regional unconformity could be recognized here, nor was
there channeling as would be expected in a channel-
interfluve situation.

In some exposures where the sandstone was thin (2-10
ft thick), the problem was even more difficult. These
sandstones graded downward through siltstone into
shale but were separated from an overlying shale by a
very sharp contact, the reverse sequence of that in the
Weller cyclothem.

In still other localities, the lateral continuity claimed
for the Illinois cyclothem could not be demonstrated.
Wanless noted similar occurrences in the Appalachian
basin, but explained them partially through the
mechanism of coal-bed splitting, in which a bed of coal is
divided into two or more units with intervening strata
developed between them as a full cyclic sequence of a
sort. This seemed to be clearly the situation in some
places, but in many others a sequence of underclay, coal,
shale, sandstone, underclay, and coal wedged out com-
pletely in both directions in the cut face of a single strip
mine and could not be found in adjoining exposures.
Such cyclothems obviously had no significant lateral
continuity.

Because of the many exceptions cited, the Weller ideal
cyclothem seemed to be unacceptable and a new model
was req<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>