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   INTRODUCTION

The Union Chapel Mine has yielded a prolific as-
semblage of amphibian trackways (Cincosaurus cobbi
Aldrich, 1930) and associated invertebrate trace fossils
that provides a unique window into life during Early
Pennsylvanian time. The fossil locality at Union Chapel
has characteristics of a Konzentrat-Lagerstätte because
of exceptional abundance and a Preservat-Lagerstätte
because of exceptional preservation of detail (e.g.,
Seilacher, 1990). The Union Chapel Mine is a surface
coal mine in the Warrior coal basin of Walker County,
Alabama (Fig. 1). The mine covers parts of the eastern
half of sec. 21 and the western half of sec. 22, T. 14 S.,
R. 6 W. in the Cordova 7.5-minute topographic quad-
rangle and is excavated into Pennsylvanian-age strata
of the Pottsville Formation. Nearly all of the fossil ma-
terial recovered has come from the mine spoils and, prior
to some stabilization and reclamation activities, strata
were preserved intact in a highwall that was in places
taller than 30 m. Examination of the mine face indicates
that strata containing a series of distinctive fossil as-
semblages were deposited in a wide range of deposi-
tional environments that place the trackway discovery
into geologic context.

 Amphibian trackways have been known from
Alabama’s coal mines for more than 75 years (Aldrich
and Jones, 1930; Rindsberg, 1990), yet little is known
about the ancient environments in which the trackways
were preserved. The objective of this paper is to charac-

terize the Union Chapel lagerstätte in terms of stratigra-
phy (i.e., the time-space relationships of sedimentary
rock) and environments of deposition. These strata pro-
vide evidence for local conditions as the trackways
formed and also provide a compact record of the tec-
tonic and climatic processes that operated globally as
continental masses came together to form the supercon-
tinent Pangaea.

Characterization of the Union Chapel  lagerstätte
underscores the relevance of geology to our everyday
lives and demonstrates that fossil finds are not merely
academic curiosities. The Pottsville Formation is an im-
portant source of coal and natural gas that are used for
many purposes, including electric power generation,
metallurgy, and home heating. Geologists routinely char-
acterize the paleontology, stratigraphy, and sedimentol-
ogy of these strata to predict the distribution, quantity,
and quality of coal and natural gas resources, thereby
ensuring a stable supply of energy for the future.

   POTTSVILLE FORMATION

Economic coal-bearing strata in Alabama are re-
stricted mainly to the Pottsville Formation of Early Penn-
sylvanian age (Morrowan Epoch), which has been dated
using fossil spores and marine invertebrates (Butts, 1926;
Eble and Gillespie, 1989; Eble et al., 1991). The Union
Chapel Mine is in the Warrior coal basin, which under-
lies most of Walker, Jefferson, and Tuscaloosa counties
and includes nearly 90 percent of Alabama’s bitumi-
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nous coal resources (Ward, 1984) (Fig. 1). The Pottsville
Formation contains mainly shale, sandstone, and bitu-
minous coal, and the total thickness of the formation
approaches 2 km in the Warrior coal basin (McCalley,
1900; Butts, 1926; Thomas, 1988) (Fig. 2). Coal re-
sources are estimated to exceed 21 billion metric tons
(Ward, 1984), and demonstrated reserves are nearly 4
billion metric tons (Carroll, 1997). McCalley (1900)
recognized that coal beds in the Alabama Pottsville are
concentrated in stratigraphic clusters which he called
coal groups. Coal groups, which are properly termed
coal zones to avoid confusion with formal stratigraphic
nomenclature, have formed the basis of most subsequent
stratigraphic subdivisions of the Pottsville Formation
(e.g., Butts, 1910, 1926; Culbertson, 1964; Metzger,
1965).

The lower Pottsville Formation is dominated by
sandstone and contains few mineable coal beds, whereas
the upper Pottsville contains nearly all of the coal re-
serves in the Warrior coal basin (Fig. 2). Within the upper
Pottsville, the Black Creek, Mary Lee, Pratt, and

Brookwood coal zones are economically most impor-
tant. More than two thirds of the 19.3 million short tons
of coal mined in Alabama during 2001 came from the
Blue Creek and Mary Lee beds of the Mary Lee coal
zone (R.E. Carroll, personal commun., 2002), which
includes the Union Chapel Mine.

Nearly 12 million short tons of coal was produced
from deep underground mines in the Blue Creek and
Mary Lee coal beds between depths of 300 and 700 m
during 2001. These mines include the deepest vertical
shaft underground coal mines in North America, and
the high natural gas content of these coal beds has been
an acknowledged mining hazard since the 19th century
(McCalley, 1886; Butts, 1926). During the 1970s, the
U.S. Bureau of Mines investigated the possibility of
producing natural gas from Blue Creek coal to improve
mine safety (Elder and Deul, 1974), and thus the mod-
ern coalbed methane industry, which now spans the
globe, was born in Jefferson County, Alabama. Annual
coalbed methane production exceeds 3 Bcm (billion cu-
bic meters), and cumulative production exceeds 35 Bcm.
Coalbed methane resources (i.e., the total amount of gas
in the coal) in west-central Alabama are estimated be-
tween 280 and 570 Bcm (Hewitt, 1984; McFall et al.,
1986) and, according to the U.S. Geological Survey,
reserves (i.e., the amount of that gas that is recoverable
using current technology) exceed 100 Bcm (J. R. Hatch,
personal communication, 2002). Commercial produc-
tion of coalbed methane began from the Mary Lee coal
zone in 1980, and today natural gas is produced from
the Black Creek through Utley coal zones (Pashin and
Hinkle, 1997). Alabama remains a world leader in the
development and application of coalbed methane tech-
nology. Today, coalbed methane accounts for about 25
percent of the natural gas produced in Alabama, and the
state ranks 9th nationally in natural gas production.

In addition to being a source of natural gas, coal is
a potential sink for greenhouse gases, such as carbon
dioxide. Bituminous coal can hold about twice as much
carbon dioxide as methane, and injection of carbon di-
oxide into coal through wells has the potential to in-
crease coalbed methane recovery (e.g., Reichle et al.,
1999; Gentzis, 2000). In a preliminary investigation of
the Warrior coal basin, Pashin et al. (2001) suggested
that potential exists to sequester more than 35 years of
greenhouse gas emissions from coal-fired power plants
serving the Birmingham-Tuscaloosa area.

   TECTONICS AND PALEOCLIMATE

The late Paleozoic was a time of major plate-tec-
tonic and climatic changes associated with the assem-
bly of Pangaea (Fig. 3). During this time, ancestral North
America and Europe, or Laurussia, collided with a large
continental mass called Gondwana. Plate reconstructions
suggest that tectonic activity in southeastern Laurussia
was related to closure of a small Mediterranean-type
ocean basin called the Rheic Ocean (e.g., Scotese, 1990;
Scotese et al., 1994). As this basin closed, the Laurussian
plate drifted northward, and what is now the Warrior
coal basin moved from a latitude of about 25° S, which
is in the arid southern tradewind belt, to a latitude of

FIGURE 1. Location of the Union Chapel Mine in the bituminous
coal fields of Alabama.
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FIGURE 2. Generalized stratigraphic section of the Pottsville Fomation  in the Warrior coal basin showing stratigraphic position of the
Union Chapel lagerstätte.
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about 10° S, which is in the humid equatorial belt. In
eastern North America, including the Warrior coal ba-
sin, this humidification is reflected partly by the occur-
rence of Bahama-type limestone banks of Mississippian
age followed by widespread peat (i.e., coal) swamps of
Pennsylvanian age (Cecil, 1990; Pashin, 1994a).

Although the Warrior coal basin was near the
paleoequator, the Gondwanan continental mass was cen-
tered on the South Pole and provided a nucleus for a
major continental ice sheet that waxed and waned from
Late Devonian through Middle Permian time (Caputo
and Crowell, 1985; Frakes et al., 1992)(Fig. 3). Depo-
sitional cyclicity is a salient feature of Pennsylvanian-
age rocks, and sea-level changes recorded by these cycles
have long been thought to have been driven by waxing
and waning of the Gondwanan ice sheet (e.g., Wanless
and Shepard, 1936; Heckel, 1986). Glacially driven sea-
level change probably exceeded 40 m in magnitude dur-
ing the Early Pennsylvanian (Maynard and Leeder,
1992). Numerous marine-nonmarine depositional cycles
have been identified in the Pottsville Formation, and the
high frequency of these cycles appears to be compatible
with glacially driven sea-level change (Pashin, 1994a,
1994b).

The Warrior coal basin is part of a larger sedimen-
tary basin called the Black Warrior Basin (Fig. 4). Sedi-
mentary basins that form adjacent to collisional moun-
tain ranges, or orogenic belts, are called foreland ba-
sins. The Black Warrior Basin formed at the juncture of
the Appalachian and Ouachita orogenic belts, which in-
tersect at near right angles (Mellen, 1947; Thomas, 1977,
1985) (Fig. 4). The crust of the earth thickens in the
collision zones where orogenic belts form and, to com-
pensate for the load of this thickened crust, the adjacent
crust flexes downward, and a foreland basin is formed
(Fig. 5). Uplifting mountains also provide source areas
for sediment, which can be eroded from the orogenic
highlands and deposited in the adjacent foreland basin.

The Black Warrior Basin formed on a prominence
of the Laurussian continental platform called the Ala-
bama promontory (Thomas, 1977, 1985) (Fig. 4). The
Ouachita orogen formed by collision on the southwest
margin of the promontory, whereas the Appalachian
orogen formed on the southeast margin. According to
Thomas (1974, 1976, 1985), the Black Warrior Basin
began forming in Late Mississippian time (~335 Ma
[million years ago]) with the inception of Ouachita oro-
genesis on the southwest part of the Alabama promon-
tory. Although the Appalachian orogen began forming
during Ordovician time (~450 Ma), early tectonic ac-
tivity was remote to the Black Warrior Basin. Conse-
quently, sedimentation driven by Appalachian orogen-
esis did not affect the eastern Black Warrior basin until
Pottsville deposition (~315 Ma), when a new, more lo-
calized downwarp was superimposed on the still-active
Ouachita foreland basin (Pashin et al., 1991; Pashin,
1994b).

 POTTSVILLE DEPOSITIONAL
ENVIRONMENTS AND CYCLES

Following establishment of the basic stratigraphic

framework by McCalley (1886, 1900), Butts (1926) rec-
ognized the evidence for repeated marine transgressions
and regressions during Pottsville deposition. During the
mid-20th century, studies of coal-bearing strata in the
eastern United States focused on depositional cyclicity,
which is a salient characteristic of Pennsylvanian-age
sedimentary rocks (e.g., Weller, 1930; Wanless and
Shepard, 1936). During this time, however, little work
was done on the Alabama Pottsville. In the 1960s, mod-
els of modern depositional environments and sedimen-
tary sequences began emerging that encouraged investi-
gators to piece together the details of Pottsville stratig-
raphy and sedimentation in Alabama and to provide new
perspectives on Pennsylvanian coal-bearing strata.

   Ferm et al. (1967) explained the heterogeneous
distribution of shale, sandstone, and coal in the Pottsville
Formation by developing a depositional model based on
sedimentary processes in coastal and shallow marine
environments. This model signaled a shift in thinking

FIGURE  3. Generalized plate reconstructions for Devonian through
Pennsylvanian time showing formation of Pangaea, northward drift
of ancestral North America, and generalized location of the
Gondwanan ice sheet (after Scotese, 1990).
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toward paleoenvironmental modeling in the coal-bear-
ing successions of the Appalachian region, and subse-
quent investigators have interpreted the Pottsville For-
mation within this general framework (e.g., Hobday,
1974; Horsey, 1981; Rheams and Benson, 1982; Tho-
mas, 1988; Ferm and Weisenfluh, 1989) (Figs. 6, 7).

Exploration for oil and gas in the Black Warrior
basin has had a strong influence on recent interpreta-
tions of Pottsville stratigraphy and sedimentation. Sub-
surface studies by Thomas and Womack (1983) and
Sestak (1984) indicated that the Ouachita orogen was
an important source of fluvial (i.e., riverine) and deltaic

Figure 4. Tectonic setting of the Black Warrior basin (after Thomas, 1998).
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sediment during Pottsville deposition and confirmed that
the upper Pottsville coal zones could be traced across
the basin. Intensive coalbed methane development in the
eastern Black Warrior basin provided new data indicat-
ing that the Appalachian orogen was a more important
source of sediment than was previously thought (Pashin
et al., 1991; Pashin, 1994a).

While recognizing the extreme vertical and lateral
heterogeneity of the Pottsville Formation, Pashin et al.
(1991) found that the Pottsville Formation contains re-
gionally extensive depositional cycles ranging in thick-
ness from 10 to 200 m. Each cycle contains (1) a ma-
rine shale unit at the base, (2) a fluvial-deltaic or bar-
rier-shoreline sandstone near the middle, and (3) a litho-
logically heterogeneous coal zone of fluvial-deltaic ori-
gin at the top (Figs. 2, 6). Recent investigators have
applied the concepts and nomenclature of sequence
stratigraphy (Vail, 1987; Galloway, 1989) to the
Pottsville cycles (e.g., Gastaldo et al., 1993; Pashin,
1998). Contacts between cycles are typically sharp or
intensely burrowed by animals and have been interpreted
as major marine flooding surfaces by Liu and Gastaldo
(1992). The flooding surface is characteristically over-
lain by a thin (<1 m) interval of limy shale or clayey to
sandy limestone containing a condensed marine fossil
assemblage dominated by brachiopods, molluscs, and
crinoids (e.g., Gibson, 1990). Such condensed assem-
blages form in response to reduced sedimentation rate
during the most rapid parts of marine transgressions (i.e.,
marine flooding events).

The thick mudstone unit (10-75 m) in the lower part
of each cycle is dark gray and coarsens upward into
sandstone; the shale is considered to represent construc-
tive deltaic systems that marched basinward during rela-
tive highstands of sea level (Gastaldo et al., 1993; Pashin,

1998) (Figs. 6, 7). Sandstone and conglomerate units
near the middle of the cycles are medium to light gray
and very fine- to coarse-grained; they represent diverse
depositional environments including deltaic deposits,
incised valley fills, beach-barrier systems, and marine
sand banks. Although much of the deltaic sandstone was
deposited during relative highstands, most of the beach-
barrier and incised valley deposits were deposited fol-
lowing lowstands. The economic coal zones forming the
top of most cycles represent a spectrum of coastal plain
environments, including muddy estuaries and destruc-
tive deltaic systems that were deposited mainly during
the early stages of marine transgression.

Pashin (1994a) suggested that the upper Pottsville
depositional cycles each represent an average timespan
of less than 0.5 my (million years), which is compatible
with the high-frequency global changes of sea level as-
sociated with Gondwanan glaciation. Waxing and wan-
ing of continental ice sheets is thought to be regulated
by Milankovitch orbital parameters, which refer to pe-
riodic changes in the earth’s orbit around the sun (Imbrie
and Imbrie, 1980; Imbrie, 1985) (Fig. 8). Variation of
insolation (incident solar radiation; Berger and Loutre,
1991) in concert with the long eccentricity cycle (ellip-
ticity of earth’s orbit; 0.4 my) is commonly cited as the
cause for depositional cyclicity during Pennsylvanian
time (Heckel, 1986, 1994) (Fig. 9). However, the oxy-
gen isotope record indicates that the short eccentricity
(~0.1 my) and obliquity cycles (~0.04 my) dominated
Pleistocene glaciation (Imbrie and Imbrie, 1980; Rial,
1999). Pashin et al. (2003) discovered that three minor
flooding surfaces of regional extent can be traced within
many Pottsville cycles, which suggests the short eccen-
tricity signal (Fig. 10). Accordingly, they interpreted that
falling sea level in the short eccentricity band contrib-

FIGURE 5. Diagram showing flexure of the earth’s crust adjacent to mountain ranges to form foreland basins.
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uted to incision of river channels and valleys at multiple
stratigraphic levels within each cycle. By the same to-
ken, rising sea level favored high water table conditions
and formation of the widespread peat swamp complexes
which have been preserved as coal beds.

   THE UNION CHAPEL SECTION

The Union Chapel Mine covers approximately two
square kilometers in the Cordova 7.5-minute quadrangle.
The Pottsville Formation is approximately 400 m thick
in this area, and the Mary Lee coal zone spans about 30
m of section (Metzger, 1965; Tolson, 1986). Strata ex-
posed in the mine face include the upper part of the Mary
Lee coal zone and the thick marine mudstone below the
Gillespy coal zone (Figs. 2, 11). Effectively all of the
Cincosaurus cobbi trackways collected at the mine came
from the mine spoils, thus careful examination of the
mine face is required to identify the beds in which they
originated.

The following discussion is based on a description
and measured section of the mine face that was made
using standard field procedures (e.g., Lahee, 1961). The
section was measured on August 8, 2000, during a field
trip of the Birmingham Paleontological Society. Addi-
tional information on the geologic setting of the mine
and the quality of the coal was derived from mine records
in the open files of the Geological Survey of Alabama.

   Mary Lee Coal Bed

 Characteristics. The Mary Lee coal zone contains four
named coal beds, which in ascending order are the Jagger
coal, the Blue Creek coal, the Mary Lee coal, and the
New Castle coal (Fig. 2). The Jagger and Blue Creek
beds are absent in the Cordova Quadrangle, and so the
Mary Lee and New Castle beds are the chief mining
targets in the Union Chapel area (Tolson, 1986). Al-
though the coal was concealed below talus when the
section was measured, mine records indicate that the
Mary Lee bed maintains a uniform thickness of 0.6 m in
and around the Union Chapel Mine.

The Mary Lee coal in the Union Chapel area is
bright-banded in hand sample and contains no signifi-
cant partings of shale or sandstone (Tolson, 1986). Mi-
croscopic examination of coal banding reveals that the
Mary Lee coal in Walker County contains a diverse flora
dominated by lycopods (treelike club mosses),
calamiteans (horsetail-like sphenophytes), and fernlike
foliage (Winston, 1990; Eble et al., 1994) (Fig. 12).
Thick, bright bands in coal are called vitrain and con-
sist of coalified woody material, including the axes,
branches, and roots of coal-forming plants. Hard, dull
coal bands are called clairain and durain and are domi-
nated by macerated woody debris, leaf litter, and spores.
Fusain forms very soft, dull bands in coal that resemble
charcoal and consists of intensely oxidized plant remains.

FIGURE 6. Idealized Pottsville depositional cycle in the Black Warrior Basin of Alabama (after Pashin, 1998). Ravinement surfaces
and condensed sections apparently formed during the most rapid parts of relative sea level rises. Constructive delta deposits formed
during times of high relative sea level, whereas the major coal zones include alluvial plain and estuarine delta deposits that apprently
formed during the early stages of sea-level rise.
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The Mary Lee coal is of exceptional quality, having a
heating value of about 12,000 Btu/lb, ash content be-
tween 13 and 16%, and only 0.4 to 0.9% total sulfur
(Bragg et al., 1998). The high heating value and low
sulfur content of the coal makes it an attractive fuel for
electric power generation.

Interpretation. The Mary Lee coal bed represents a
widespread peat swamp that formed on the Pottsville
coastal plain. The composition and quality of the coal
reveals that the Mary Lee swamp was a dynamic envi-
ronment consisting of a lycopod forest with an under-
story of sphenophytes and fernlike foliage (Winston,
1990; Eble et al., 1994) (Fig. 12). Vitrain, clarain, and
durain bands preserve plants and forest litter, whereas
intensely oxidized plant material in fusain bands pro-
vides evidence for swamp fires that occasionally rav-
aged the lycopod forest. Plants are compressed greatly
to make coal, and in Appalachian coal beds, peat is
thought to have compacted by a factor of 10 (Cobb et
al., 1981; Pashin, 1994c). Accordingly, the original thick-
ness of Mary Lee peat at the Union Chapel Mine was
about 6 m.

Coal ash is the non-combustible portion of coal and
consists mainly of mineral matter, such as pyrite, clay,
and quartz. Mineral matter can be introduced into coal
by flooding, wind, volcanic eruptions, and chemical re-
action (Spears, 1987). Some mineral matter may be de-
rived directly from plants in the form of platelets called
phytoliths (Renton and Cecil, 1979). Volcanic ash lay-
ers have not been identified in the Warrior coal basin,
thus most clay and quartz in Alabama coal was intro-
duced by flooding and perhaps to a minor extent by wind.

Peat swamps can be classified as domed or low-
lying (e.g., McCabe, 1984). Peat domes are mounds that
are protected from flooding and thus can have ash con-
tent lower than 2 percent. Today, tropical peat domes
are forming in southeast Asia (Anderson, 1964; Staub

and Esterle, 1994). By contrast, low-lying swamps are
prone to flooding with sediment-laden water and there-
fore can contain peat with higher ash content. The rela-
tively high ash content of the Mary Lee coal in the Union
Chapel area suggests that peat accumulated in a low-
lying swamp. The lack of shale partings in the coal fur-
ther indicates that it formed in interior parts of the swamp
that were protected from overbank sedimentation. Low-
lying swamps are common in the southeastern United
States and include the well-known Okefenokee Swamp
of Georgia (Cohen, 1974).

Sulfur not only is a major determinant of the mar-
ketability of coal, but it also provides important infor-
mation on depositional setting (Casagrande, 1987). The
primary forms of sulfur in coal are organic sulfur and
pyritic sulfur. Organic sulfur is bound to the coal struc-
ture and is thought to be derived mainly from coal-form-
ing plants. Pyritic sulfur is in iron sulfide (pyrite; FeS2)
and is thought to be primarily the product of bacterial
sulfate reduction in peat. Sea water is saturated with
sulfate, and coal with sulfur content higher than 2 per-
cent is typically overlain directly by marine strata (Wil-
liams and Keith, 1963). Organic sulfur content in the
Warrior coal basin averages 0.1 percent and does not
correlate significantly with total sulfur, whereas pyritic
sulfur correlates strongly with total sulfur (Pashin et
al., 2003). The low sulfur content of the Mary Lee bed
in the Union Chapel area indicates that the peat con-
tained only fresh water during early burial.

   Cincosaurus Beds

Characteristics. Comparison of the slabs containing
Cincosaurus cobbi with the mine face indicates that all
amphibian trackways found at the Union Chapel Mine

FIGURE 7. Generalized upper Pottsville paleogeography in the
Black Warrior basin of Alabama (after Pashin et al., 1991).

FIGURE 8. Idealized climatic cycles related to Milankovitch or-
bital parameters.
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came from the interval of dark gray shale between the
Mary Lee and New Castle coal beds. Accordingly, this
interval is named the Cincosaurus beds (Fig. 11). The
lower 4 m of this interval is dominated by pinstripe-
bedded mudstone (see Klein, 1977). The mudstone com-
prises numerous siltstone-shale and sandstone-shale beds
that are normally graded (i.e., fine upward) and range
in thickness from 0.2 cm to more than 4.0 cm (Figs. 13,
14). Siltstone and sandstone form thin, light gray lami-
nae at the bases of most graded beds, and dark gray
graded mudstone forms the bulk of the beds. All
trackways are preserved as impressions at the tops of
the graded beds (Fig. 15) or as casts (undertracks) at
the bases.

Progressive thickening and thinning of successive
graded beds is common in the Cincosaurus beds (Fig.
13A). Locally, thick and thin beds are paired to form
couplets (Fig. 13B). Examination of the highwall indi-
cates that the graded beds pinch and swell laterally. In
some areas, siltstone-shale beds thicker than 2 cm thin
to less than 0.5 cm in a distance of about 5 m. Broad
(>5 m), shallow (<0.3 m) scour surfaces also are com-
mon in the Cincosaurus beds. The thickness of 126 suc-
cessive beds was measured near the north end of the
highwall, and a bar chart demonstrates progressive thick-
ening and thinning of the graded beds (Fig. 14). Although
thickness changes appear to be largely progressive, the

minima and maxima of layer thickness are irregularly
spaced.

Some types of physical sedimentary structures are
common in the Cincosaurus beds. Sole markings are on
the bases of some graded siltstone-shale and sandstone-
shale beds and include groove casts, prod marks, and
load casts. The most distinctive physical structures are
crater-like impressions at the top of the graded shale
beds (Fig. 15). These impressions have variable size and
spacing and are characterized by elevated circular rims
around central depressions.

Several types of trace fossils are preserved with
Cincosaurus, including probable horseshoe crab traces
(Kouphichnium isp.), fish traces (Undichna isp.), in-
sect traces (Treptichnus isp.), and millipede traces
(Diplichnites isp.). These traces are illustrated in detail
in Buta et al. (2005) and have been identified in other
Pottsville exposures (Rindsberg, 1990). Macerated plant
debris is common on bedding planes, and most plant
fossils in the Cincosaurus beds include fragments of
fronds and branches derived from seed ferns
(Neuropteris sp.) and other fern-like foliage, as well as
the horsetail-like sphenophyte Calamites sp. In the north-
ern part of the mine face, an erect seed fern stump was
observed, and several erect specimens of Calamites have
been recovered from the spoils.

The upper 2 m of the Cincosaurus beds contrast
sharply with the underlying pinstripe-bedded shale that
yielded the trackways (Fig. 11). Above the pinstripe-
bedded interval is about 1 m of ripple-bedded (wavy
and flaser-bedded) sandstone and shale. The sandstone
is very fine grained and light gray, whereas the shale is
silty. Discoid pebbles of shale and siderite are common
in this bed, as are tubular horizontal burrows of un-
known affinity. The uppermost meter of the Cincosaurus
beds consists of sandy underclay that fines upward. Sid-
erite nodules and root traces are common throughout
the underclay interval, and some root traces extend down-
ward into the ripple-bedded sandstone below. Siderite
nodules are distinctive because they are hard and have
reddish hues. The root traces are assigned to the genus
Stigmaria, which is the root system of a variety of lyco-
pod types.

Interpretation. The Cincosaurus beds are interpreted
as intertidal mudflat deposits (Fig. 11), and these types
of deposits have been known from the Pottsville Forma-
tion for many years (Hobday, 1974; Demko and
Gastaldo, 1996). The Cincosaurus mudflat formed by
inundation of the Mary Lee peat swamp with sediment-
laden water, and biogenic and physical structures re-
veal much about the dynamics of the environment where
the trackways were preserved. Peat compacts greatly
during the early stages of burial below mud and sand
(Nadon, 1998), so preservation of the Cincosaurus beds
may reflect accumulation of sediment above compact-
ing peat as much as rising water level.

The graded siltstone-shale and sandstone-shale beds
(Fig. 13) indicate that sedimentation was episodic. Each
graded bed represents a single event in which sediment
settled from suspension in water at the site of deposi-
tion. Groove casts and prod marks formed prior to depo-

FIGURE 9. Variation of insolation and ice volume during the Pleis-
tocene glaciation (after Berger and Loutre, 1991; Riall, 1999).
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sition as vigorous currents caused objects to slide or
skip on the sediment surface. Load casts, by compari-
son, formed later as fluid sediment deformed under the
weight of the younger graded beds. Sand and silt settled
first from suspension as the current slowed, and the
lighter clay settled later, thus forming graded beds. Paired
thick and thin graded beds correspond to paired events
in which the current depositing the thick bed was stron-
ger. Such paired depositional events are common in tidal
systems and can represent the deposits of flood (incom-
ing) and ebb (outgoing) tides. Evidence for the tidal range
is not preserved at the Union Chapel Mine, but com-
parison of Pottsville strata with modern analogs sug-
gests that a mesotidal regime (2-4 m) prevailed during
Pottsville deposition (Hobday, 1974; Horne, 1979).

Progressive thickening and thinning of bedding is
common in Pennsylvanian-age tidal deposits, and analy-
sis of bedding thickness patterns has been used to char-
acterize monthly (spring-neap) tidal cycles (e.g., Kvale
et al., 1989; Archer, 1991). Pashin et al. (1995) and
Pashin and Carroll (1999) identified 14-part cycles of
bedding thickness in graded strata resembling the
Cincosaurus beds in Jefferson County, Alabama. They
suggested that these cycles are the product of a domi-
nantly diurnal lunar tidal regime (one flood daily) and
that each cycle represents 2 weeks. Diurnal systems are
typical of embayments that are restricted from the reso-
nance of the open ocean, and this type of tidal system
exists today in the Gulf of Mexico. Statistical analysis
of the Cincosaurus beds indicates poor preservation of
spring-neap cyclicity at the Union Chapel Mine (Fig.

16). The dominant periodicity of the thickness cycles is
31.2 layers, and subordinate frequencies include 62.5,
17.8, and 10.4 layers. These cycle periods suggest that
spring-neap cycles were masked by other depositional
processes, and the frequencies of 62.5 and 31.2 may
indicate monthly, seasonal, or even localized changes of
sediment flux. This result is not surprising because bed-
ding in the Cincosaurus beds pinches and swells later-
ally, and broad scour-and-fill structures provide first-
hand evidence for discontinuous sedimentation.

The extremely low sulfur content of the Mary Lee
coal bed indicates that the waters that inundated the
swamp were fresh and, indeed, modern amphibians have
effectively no tolerance for saline conditions. Therefore,
the Cincosaurus beds can be interpreted as an estuarine
mudflat in which tidal currents primarily moved fresh
water about. Other fresh-water tidal deposits have been
identified in the roof of Pennsylvanian-aged coal in In-
diana by Kvale and Mastalerz (1998), and estuarine
mudflats exist today adjacent to low-ash peat swamps
on the Rajang Delta in Indonesia (Staub and Esterle,
1994) (Fig. 17). Using the Rajang Delta as a modern
analog, sedimentation on the Cincosaurus mudflat may
have been influenced as strongly by changes in stream
levels and deltaic sediment discharge as by spring-neap
tidal cycles.

Interpretation of the craterlike impressions is prob-
lematic. These structures resemble raindrop imprints,
and if this interpretation is correct, the circular outlines
indicate that the drops fell under low-wind conditions
(Reineck, 1955; Shrock, 1948). Raindrop imprints are

FIGURE 10. Idealized relationship of stratigraphic variation within a Pottsville depositional cycle to 0.1 Ma eccentricity cycles (after
Pashin et al., 2003).
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compatible with the rainy, equatorial setting of the
Pottsville Formation. A lack of mudcracks indicates that
the mud flat was never exposed long enough for the sedi-
ment to desiccate and crack; thus windows of opportu-
nity for the formation of raindrop imprints were restricted
to extreme low-tide conditions. However, many of these

structures have irregular outlines or appear stretched,
suggesting that an origin as collapsed gas bubbles is
more feasible in many cases (see Rindsberg, 2005). Also,
few of the structures overlap, which is atypical of rain-
drop imprints, and some of the structures appear to pass
through multiple layers and may, therefore, include an

FIGURE 11. Measured section of the Pottsville Formation at the Union Chapel Mine.
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enigmatic type of burrow.
Calamites and an unidentified seed fern were the

only plants preserved in life position in the Cincosaurus
beds. The mangrove-like root systems of seed ferns (Fig.
12) attest to frequent flooding of the mud flat and sug-
gest analogy with modern mangrove swamps of the
muddy shore zone. Whereas some plants resided on the
mud flat, the trace fossil assemblage is dominated by
locomotion traces, indicating that most fauna were in
transit. One possibility is that during low-water condi-
tions, Cincosaurus and other creatures entered the mud
flat to forage.

The ripple-bedded sandstone and shale near the top
of the Cincosaurus beds also is characteristic of tidal
flats (e.g., van Straaten, 1954) and, based on the overall
lithologic character of this interval, it can be interpreted
as the deposit of a mixed sand-mud flat. Ripple-bedded
sandstone indicates deposition by turbulent flow, whereas
the shale represents mud that accumulated during low-
flow or slack-water conditions. One possibility is that
the ripple-bedded sandstone and shale were deposited in
a sandier part of the same mudflat complex where the
Cincosaurus trackways were preserved.

The underclay at the top of the Cincosaurus beds
marks a transition from tidal flat to swamp environ-
ments, thus foreshadowing formation of the overlying
New Castle coal. Intense rooting in underclay beds pro-
vides evidence for formation of an ancient soil horizon,
or paleosol. Underclay beds generally are interpreted as

hydromorphic paleosols, which are subaqueous wetland
soils, but the complete origin of underclay beds is im-
precisely known and is controversial (e.g., Gardner et
al., 1988; Mack et al., 1993). Most investigators agree
that underclay formation began with a lowered water
table in which iron and other compounds were leached
from the upper part of the soil profile. In Pottsville
underclay, the leached iron is preserved in the lower part
of the ancient soil profile as siderite nodules. As the water
table rises, perhaps in concert with sea level, a swamp
forest can be established and, as wetland conditions form,
peat can begin to accumulate. Alkaline fluid within peat
can react with the sediment below by dissolving quartz
and concentrating clay by a process called gleying, which
helps explain why underclay beds fine upward. Although
the underclay at the top of the Cincosaurus beds is silty
and thus weakly gleyed, the underclay below the Mary
Lee coal is, in places, intensely gleyed and is mined in
the Cordova area for ceramic applications.

   New Castle Coal Bed

Characteristics. The New Castle coal is 0.30 m thick at
the Union Chapel Mine and sharply overlies the
Cincosaurus beds. Like the Mary Lee coal, the New
Castle bed is bright-banded, lacks partings of shale or
sandstone, and maintains uniform thickness. The New
Castle bed has heating value (12,000 Btu/lb) and ash
content (10-16%) similar to the Mary Lee bed, but sul-

FIGURE 12. Reconstructions of common plant fossils in Pennsylvanian-aged coal-bearing strata (after Gillespie et al., 1978).
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fur content is markedly higher at 1.5 percent. In other
mines in the Cordova area, sulfur content of the New
Castle bed is as high as 5 percent (Tolson, 1986; Bragg
et al., 1998).

The flora of the New Castle coal is similar to that in
the Mary Lee coal, and coal balls from the New Castle
bed in western Walker County, Alabama, provide a
unique view of Pottsville floras (Winston and Phillips,
1991). Coal balls are limestone (calcium carbonate;
CaCO3) concretions that form in peat before deep burial
and compaction, and the New Castle coal balls are sig-
nificant because they are the oldest known from Penn-
sylvanian-age rocks in North America. Because coal
balls form so early, they preserve the cell structure of
ancient plants, and thus provide detailed information on
the biology of ancient swamp forests. The New Castle
coal balls preserve a diverse flora, with lycopods form-
ing 82 percent of the biovolume, fern-like plants form-
ing 4 percent, and a range of other plant types forming
the remainder.

Interpretation. The New Castle coal signifies a return
to lycopod-dominated peat swamp environments simi-
lar to those discussed earlier in the section on the Mary
Lee coal. A lack of shaly partings plus ash content simi-
lar to that in the Mary Lee coal indicate that New Castle
peat in the Union Chapel area accumulated in the inte-
rior of a low-lying swamp. The New Castle peat accu-

mulation was thin compared to the Mary Lee bed and,
based on the 10:1 peat-to-coal compaction ratio dis-
cussed earlier, original thickness of the New Castle peat
was only about 3 m.

The relatively high sulfur content and local preser-
vation of coal balls in the New Castle bed indicate that
marine waters influenced coal quality. Coal balls are
known exclusively from coal beds with marine or brack-
ish roof strata, as is the case where the New Castle coal
balls were discovered in northwestern Walker County,
Alabama (Gastaldo et al., 1990; Winston and Phillips,
1991). Coal balls form as carbonate-saturated sea wa-
ter infiltrates peat, and some of the carbonate may be
derived directly from decaying plant material (Stopes
and Watson, 1909; Scott and Rex, 1985). The high sul-
fur content of the New Castle bed in much of the the
Cordova area provides evidence for bacterial sulfate
reduction as marine water infiltrated peat. However, the
sulfur content of the New Castle bed at the Union Chapel
Mine is low for the Cordova area, and the key to deter-
mining why the sulfur content is low is to examine the
roof strata.

   New Castle Roof Shale

Characteristics. Above the New Castle coal bed is about
2.7 m of gray, silty shale with sparse, reddish siderite
nodules (Fig. 11). The shale forms the top of the Mary

FIGURE 13. Graded siltstone-shale layers in the Cincosaurus beds at the Union Chapel Mine. Siltstone is lighter in color than shale.
A, Progressive thickening and thinning of bedding. B, Paired thick and thin graded beds in oblique section.
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Lee coal zone and contains abundant plant fossils. This
shale is typical of the roof strata above economic coal
beds in the Appalachian region. The New Castle roof
shale is poorly bedded compared to the Cincosaurus
beds, and the presence of siderite nodules is another dis-
tinguishing feature. In contrast to the low-diversity flora
of the Cincosaurus beds, the New Castle roof shale con-
tains a rich and diverse plant assemblage. Indeed, most
collectable plant fossils at the Union Chapel Mine come
from this bed. Included in the assemblage are lycopods
(Lepidodendron, Lepidophloios), sphenophytes (Calam-
ites, Sphenophyllum), and several genera of fernlike
foliage (Neuropteris, Sphenopteris, Alethopteris, and
Mariopteris) (Dilcher et al., 2005).

Among the most distinctive features of the roof shale
are erect lycopod and sphenophyte axes that are filled
with shale. The lycopods can be distinguished from other
erect plants because they have broad, flared bases. Care-
ful examination of the shale indicates that the erect plants
have root systems, including  Stigmaria, preserved in at
least two separate stratigraphic levels. Several layers
contain abundant fern-like foliage as well as leaf and
branch litter from lycopods. Similar stratigraphic rela-
tionships have been identified in plant-bearing intervals
of the Mary Lee coal zone at other locations (Gastaldo
et al., 1989; Demko and Gastaldo, 1992).

Interpretation. Abundant plants, including lycopods and
sphenophytes fossilized in life position, indicate that the
New Castle roof shale was deposited in a terrestrial set-
ting. The diverse flora suggests analogy with the swamp
forests that formed the Mary Lee and New Castle coal
beds, and the flared bases of the lycopods are reminis-
cent of cypress trees in present-day low-lying wetlands
of the southeastern United States. But the preservation
of plant fossils in shale indicates that the New Castle
roof shale represents a swamp that was prone to influxes
of mud, perhaps by overbank flooding. These non-ma-
rine roof strata help explain why the sulfur content of
the New Castle coal is below 2 percent at the Union
Chapel Mine, because the mud protected the peat from
direct infiltration of sea water. However, the elevated
sulfur content of the New Castle coal relative to the Mary
Lee coal suggests that some sea water and sulfur-reduc-

ing bacteria may have migrated laterally within the peat
from nearby areas with marine roof strata.

The floral characteristics of different layers in ter-
restrial roof shale provide evidence of the ecological dy-
namics of swamp forests (Gastaldo et al., 1989; Demko
and Gastaldo, 1992). Concentration of root systems and
erect plant axes in distinct layers indicates that the roof
shale does not represent a single swamp forest that grew
for a sustained period, but represents multiple forests
that were established at different times. Layers bearing
fern-like foliage and leaf-branch litter just above the root
layers may be the product of forest litter that accumu-
lated during a time of relative stability. Major floods
and associated influxes of mud, by comparison, are
thought to have disturbed the swamp ecosystem, caus-
ing the plants to die and the forest canopy to drop to the
surface. These events are thought to result in extensive
layers of fossil plant litter and erect stumps.

   Nodular Limestone

 Characteristics. Above the roof shale is a bed of nodu-
lar (i.e., knobby) limestone that is about 15 cm thick
(Fig. 11). The limestone is argillaceous, is dark gray,
and contains abundant macerated fossils; it weathers with
a dark red cast. Erect plant axes in the upper part of the
New Castle roof shale are truncated at the base of the
limestone. The lower contact of the limestone marks the
top of the Mary Lee coal zone, and both contacts of the
limestone are gradational and intensely burrowed. The
nodular character of the limestone also is the product of
burrowing.

Most fossil material in the nodular limestone has
been broken, but some identifiable remains are present.
The dominant types of fossils are productid brachio-
pods and bivalves. Gibson (1990) illustrated several
fossils from this same bed in western Walker County,
Alabama. Two species of strophomenid brachiopods
were observed at the Union Chapel Mine, specifically
Antiquatonia portlockiana (Norwood and Pratten) and
Desmoinesia muracatina (Dunbar and Conrad). Also
identified was the bivalve Astartella concentrica
(Conrad). Gibson (1990) noted that marine faunas atop
the Mary Lee coal zone in Walker County vary from

FIGURE 14. Bar chart showing variation of bedding thickness in the Cincosaurus beds at the Union Chapel Mine.
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outcrop to outcrop and in places include echinoderms,
gastropods, and other types of molluscs.

 Interpretation. The nodular limestone marks a change
from terrestrial to marine sedimentation. Truncation of
erect plants at the base of the limestone indicates that an
episode of exposure or erosion predated marine deposi-
tion. Evidence of erosion is common at the base of the
thin limy units atop the Pottsville coal zones, and this
erosion is thought to be caused by current action
(shoreface erosion) as the sea onlaps the coastal plain
(Liu and Gastaldo, 1992). The predominance of
productid brachiopods and bivalves in the limestone
suggests that environmental conditions were stressed
compared to other locations where echinoderms indi-
cate more normal, open-marine sedimentation. The nodu-
lar texture of the limestone bed is the product of intense
burrowing, which apparently caused maceration and
disorientation of the shells.

Thin limestone units overlying transgressive surfaces
of erosion are characteristic of condensed sections, which
form when relative sea-level rise reaches a maximum
rate (Vail, 1987; Posamentier and Vail, 1988) (Fig. 6).
Condensed sections are thin but can represent large spans
of geologic time because they form as mud and sand are

held inshore by the transgressing sea. Indeed, the ero-
sional surface below the limestone formed near the shore-
line, whereas the top of the limestone represents the deep-
est water recorded in the Union Chapel section. Although
the maximum water depth recorded in the Union Chapel
section is unknown, absolute sea level changes during
Early Pennsylvanian time are thought to have been
greater than 40 m in magnitude (Maynard and Leeder,
1992).

   Marine Shale and Sandstone

Characteristics. The upper part of the section in the
Union Chapel Mine consists of gray shale that coarsens
upward into thickly interbedded sandstone and shale (Fig.
11). This part of the section is the coarsening-upward
shale-sandstone interval separating the Mary Lee and
Gillespy coal zones (Fig. 2). The lower part of this in-
terval consists of gray, silty shale with weak to moder-
ate fissility. This shale is distinguished from older clay-
rich beds in the Union Chapel Mine because it contains
thin (~2 cm) bands of red-weathering siderite. No body
fossils were recovered from this bed, but the shale is
intensely burrowed, and careful examination reveals an
abundance of horizontal tubular burrows ranging from

FIGURE 15. Small trackway (Cincosaurus) with crater-like gas-escape structures or raindrop impressions. Specimen collected by T.
Prescott Atkinson.
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about 1 to 3 mm in diameter.
About 12 m of interbedded gray shale and sand-

stone is accessible in the upper part of the highwall (Fig.
11). Shale is exposed in laminae to thick beds and is
similar in character to that described above. Sandstone
is very fine to fine grained, is light gray to medium gray,
and forms laminae to thick beds. The sandstone beds
have sharp bases and gradational tops. Abundant sole
markings distinguish graded beds in the marine shale
and sandstone from those in the Cincosaurus beds, and
the sole marks mainly constitute prod marks, load casts,
and horizontal burrow casts. Shale pebbles are locally
present in the lower parts of the thick sandstone beds.
Sedimentary structures within thin sandstone beds in-
clude horizontal laminae and current ripples. Within the
thick sandstone beds, by comparison, sedimentary struc-
ture is dominated by horizontal laminae. Trace fossils
are common in the interbedded shale and sandstone, and
care must be taken to distinguish them from those in the
Cincosaurus beds. The most common trace fossils in
the marine shale and sandstone are horizontal tubular
burrows. Other trace fossils include Nereites isp., which
is a sinuous feeding trace of unknown affinity
(Rindsberg, 1994).

The upper part of the highwall is inaccessible, but
blocks in the mine talus indicate that the main rock types
are dark gray, silty shale and medium gray, fine- to me-
dium-grained sandstone. Shale and sandstone in the up-
per part of the section are thickly interbedded, and a
variety of sedimentary structures are developed. In ad-

dition to current ripples and horizontal laminae like those
identified near the top of the accessible section, thick
sandstone beds contain crossbeds. Bedding becomes in-
creasingly irregular and lensoid upward in section, and
a broad, shallow channel filled with sandstone and shale
is developed near the top of the highwall. Trace fossils,
including abundant specimens of the horseshoe crab rest-
ing trace, Arborichnus isp. are common in the shale ta-
lus.

Interpretation: This interval is typical of major marine
shale-sandstone units in the Pottsville Formation and
was deposited in prodelta and delta-front environments
(Figs. 6, 7). Prodelta areas are the muddy areas sea-
ward of delta systems, and the lower, shale-dominated
part of the interval apparently was deposited in this en-
vironment. Delta-front environments include sandy and
muddy marine slopes near river mouths, and the thickly
interbedded shale and sandstone near the top of the Union
Chapel exposure are typical of delta-front deposits in
the Pottsville Formation (e.g., Rheams and Benson,
1982; Pashin, 1994a). Trace fossils like Nereites con-
firm the marine origin of the mudstone (Seilacher, 1967;
Rindsberg, 1994), although local conditions were not
conducive to preservation of the shelly fauna that is com-
mon elsewhere at this stratigraphic level (Gibson, 1990).

Graded bedding indicates that sedimentation was epi-
sodic like in the Cincosaurus beds. However, graded
sandstone layers in the marine shale and sandstone in-
terval are irregularly distributed and thus represent rela-

FIGURE 16. Results of Fourier transform analysis showing periodicity of bedding thickness cycles in the Cincosaurus beds (courtesy
of E. P. Kvale).
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tively rare depositional events. In delta-front environ-
ments, graded beds commonly are deposited as sediment-
laden currents move downslope during episodes of high
river discharge stimulated by heavy rainfall in the drain-
age basin (Martinsen, 1990). Graded beds also can be
formed during local storm events in which sediment is
eroded in proximal parts of the delta and is redeposited
farther downslope. Crossbedding and channel fills near
the top of the section are suggestive of delta-front envi-
ronments close to the mouths of stream channels. In
contrast to the episodic flows that formed graded beds
lower in section, the flow of water was probably persis-
tent close to the stream mouths. Crossbedding in the
sandstone indicates that the flow was at times highly
turbulent, and the channel fill is a testament to the ero-
sive power in the shallow marine parts of delta systems.

   SUMMARY AND CONCLUSIONS

The Union Chapel trace fossil assemblage is a fos-
sil lagerstätte that can be considered in the context of
the global, regional, and local events that shaped the
world during Pennsylvanian time. The Union Chapel
lagerstätte is in the Mary Lee coal zone of the Pottsville
Formation, which is of Morrowan (Early Pennsylvanian)
age and is an important source of coal and coalbed meth-
ane. The Early Pennsylvanian was a time of major tec-
tonic and climatic changes associated with assembly of
the supercontinent Pangaea, and the Pottsville Forma-
tion is a direct reflection of those changes.

The Black Warrior Basin formed at the juncture of
the Appalachian and Ouachita orogenic belts, which pro-
vided most of the sediment that fills the basin. Pottsville
strata were deposited in the humid tropics just south of
the paleoequator and, at the same time, a major conti-
nental ice sheet existed in the south polar realm. Wax-
ing and waning of the ice sheet resulted in lowering and
raising of sea level that is expressed as marine-nonma-
rine depositional cyclicity in the Pottsville Formation.
Climatic fluctuations controlling ice volume and sea level

are thought to have been controlled by perturbations of
the earth’s orbit around the sun, specifically the long
(0.4 Ma) and short (0.1 Ma) orbital eccentricity cycles.
Most Pottsville depositional cycles were apparently de-
posited in the long eccentricity band, and stratigraphic
variation within the cycles can be explained in part by
sea level changes in the short eccentricity band.

Strata at the Union Chapel Mine are exposed from
the upper part of the Mary Lee coal zone through the
lower part of the Gillespy coal zone, and each bed ex-
posed in the mine contains a different fossil assemblage
reflecting different environments of deposition. The Mary
Lee coal bed was the principal mining objective at the
Union Chapel Mine and represents a widespread, low-
lying peat swamp that was dominated by lycopods. The
Cincosaurus beds overlie the Mary Lee coal and con-
tain all the amphibian trackways recovered from the
Union Chapel Mine, as well as a variety of other loco-
motion and resting trace fossils. The Cincosaurus beds
evidently were deposited by tidal currents on a freshwa-
ter, estuarine mud flat that formed as the Mary Lee
swamp was inundated. Rapid sedimentation in the
Cincosaurus beds apparently reflects rapid compaction
of Mary Lee peat, as well as rising sea level in the short
eccentricity band. The trackways provide evidence for
animals that were in transit, perhaps scouring the mudflat
for food at low tide. At the top of the Cincosaurus beds
is an underclay that provides evidence for widespread
soil development, which may have been stimulated in
response to a relative lowering of sea level.

As sea level rose again, a high water table formed,
which was conducive to wetland development and gleying
of the muddy soil horizon represented by the underclay.
This episode culminated in renewed peat accumulation
and formation of the New Castle coal. Roof strata above
the New Castle bed record inundation of the swamp by
marine water in much of Walker County, Alabama, but
roof strata at the Union Chapel Mine indicate that per-
sistent terrestrial wetland sedimentation protected the
New Castle peat from degradation by sulfur-reducing
bacteria. These strata preserve standing forests at mul-
tiple stratigraphic levels and contain diverse and well-
preserved compression floras.

Erect plant fossils in the New Castle roof shale are
truncated below a nodular limestone bed, which records
a major (i.e., long eccentricity) marine flooding event
that marks the top of the Mary Lee coal zone. The lime-
stone contains a condensed brachiopod-mollusc assem-
blage that formed during the most rapid phase of sea-
level rise. The upper part of the Union Chapel highwall
contains a coarsening-upward shale-sandstone interval
that was deposited in prodelta and delta-front environ-
ments during a major highstand of relative sea level.
This event set the stage for deposition of younger
Pottsville strata in which yet other Fossil-Lagerstätten
may await discovery.
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