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Abstract Carboniferous strata provide an excellent ex-
ample on which to test the application of genetic stratigra-
phic and sequence stratigraphic concepts. Both ap-
proaches are employed in the evaluation of the coal-
bearing strata of the Black Warrior basin, south-eastern
USA. Bounding hiatal surfaces have been recognized in
the succession of rock that includes the Mary Lee coal
zone. Within the framework of genetic stratigraphy, one
genetic sequence has been identified comprised of offlap
(progradational and aggradational facies) and onlap
(aggradational and transgressive facies) components.
Seven parasequence sets have been delimited according to
the concepts of sequence stratigraphy. These have been
ascribed to transgressive, highstand and shelf margin
systems tracts. The identification of components of these
contrasting frameworks provide the basis for evaluating
other Carboniferous strata.
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strata — Black Warrior basin, USA

Introduction

Cyclical sedimentation has long been recognized in the
Carboniferous rocks of Euramerica (Udden, 1912; Wel-
ler, 1930; Wanless and Shepard, 1936). Pennsylvanian
‘cyclothems’, involving the alternation between terrestrial
and marine strata, have been interpreted to represent
regressive and transgressive deposition, respectively.
A variety of autocyclic (intrinsic) and allocyclic (extrinsic)
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mechanisms have been proposed as mediating factors to
explain this pronounced cyclicity (for a current review,
see Riegel, 1991). Recent discussions have interpreted
concurrent tectonic and climatic processes as controls of
cyclothem deposition (e.g. Klein and Willard, 198%; Read
and Forsyth, 1989; Cecil, 1990; Klein and Kupperman,
1992).

Although it would seem that these Carboniferous rocks
would be ideal strata in which to test the applicability of
sequence (Van Wagoner et al., 1988; 1990) and genetic
(Galloway, 1989) stratigraphic concepts, this has not been
so. Most attention has been focused on the applicability of
such models to marine and marginal marine Cretaceous
rocks where transgressions, characterized by ravinement
surfaces, have been recognized (e.g. Weimer, 1984; Bergman
and Walker, 1987; Cross, 1989). The utilization of these
bounding surfaces for regional correlation has become the
basis for identifying intervals of progradation punctuated
by periods of transgression within basins. Only recently
have ravinement surfaces been identified (Joeckel, 1989;
Gastaldo et al., 1990) and characterized (Liu and Gastaldo,
1992) in Carboniferous strata. Their recognition is one of
several fundamental parameters important in understand-
ing and interpreting Late Palaeozoic basin histories.
Additionally, with the ability now to identify sequence
boundaries comparable with those in other parts of the rock
record, the applicability of sequence and genetic stratigra-
phic concepts to the Carboniferous can be demonstrated.

Overview of Black Warrior basin

The Black Warrior basin is a triangular foreland basin of
Carboniferous age that is exposed in northern Alabama
and buried beneath Cretaceous Coastal Plain deposits in
north-eastern Mississippi. It is located at the southern
extremity of, and flanked on the south-east by, the folded
and faulted Appalachian Orogen (Fig. 1). The basin is
bounded on the north by the Nashville Dome and the
Pascola Arch, and on the south-west by the deeply buried
Ouachita orogenic belt (Thomas, 1989).




Fig. 1. (A) Geographical posi-
tion of eastern USA in which
Carboniferous rocks occur.
(B) Distribution of Carboni-
ferous strata illustrating the
geographical position of the
Black Warrior basin. (C) Loca-
tion of present study in north-
western Alabama

213

A south-westwards thickening wedge of Mississippian
and Lower Pennsylvanian sedimentary rocks fills the
basin. Carboniferous strata dip gently to the south—
south-west at an angle of approximately 0.5°, but the dip
angle increases to a few degrees in the subsurface farther to
the south-west (Kidd, 1982). The Pennsylvanian section,
most of which is assigned to the Pottsville Formation, is
greater than 3000 m thick in the centre of the basin (Hewitt,
1984). It thins northwards due to both depositional thinning
and post-Carboniferous erosion. Subsidence, associated
with foreland basin flexure basinwards of the Appalachian
thrust belt, created accommodation space for the entire
Pennsylvanian section. It is composed of ¢yclical alternation
of shallow marine, nearshore, inshore and terrestrial facies
(Metzgar, 1965; Pashinet al., 1990). Terrestrial intervalsin
which coal occurs have been termed coal zones (after Lyons
etal., 1985), and nine coal zones are presently recognized in
the basin. To date, marine strata have been identified
between the lowermost coal zones. No matter which
time-scale is prefered (see discussion of Klein, 1990), the
accumulation of these strata occurred over a relatively short
geological interval; the entire Pennsylvanian is reported to
be Westphalian A in age (Gillespie and Rheams, 1983).
Demko and Gastaldo (1992) note that sediment supply to
any particular coastal depositional environment strongly
influenced facies distribution laterally within and between
coal zones. Sediment supply, in turn, was controlled by
orographic, climatic and hydrological parameters operating
contemporaneously.

Our investigations have focused on one specific coal
zone, the Mary Lee coal zone, and the subjacent and
suprajacent rocks (Fig. 2). The Mary Lee coal zone is
economically the most productive in the basin, being
mined in the surface and subsurface during the past
century. In addition, it is the target for coal bed methane
production and feasibility studies (Pashin et al., 1990).
The Mary Lee coal zone is exposed in natural outcrop,
mine highwalls and road cuts in an area over 1000 km”
within Walker and Fayette Counties, north-western Ala-
bama (Fig. 3). Extensive mining has been conducted

throughout this area, resulting in exposures that often
extend several hundreds to over a thousand metres
laterally. Frequently, portions of highwalls are oriented
oblique or perpendicular to each other, providing a three-
dimensional view of the stratigraphic sequence. In addi-
tion, subsurface data are available from local mining
companies and the Alabama Geological Survey (through
the USGS KRCRA drilling programme).

Fig. 2. Generalized stratigraphy in the Black Warrior basin indi-
cating the nine recognized coal zones. The Mary Lee coal zone, the
most economically productive, is the focus of the present study
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Mary Lee coal zone stratigraphy and facies interpretation

Traditionally, the Mary Lee coal zone contains, in ascending
stratigraphic order, the Ream, Jagger. Blue Creek, Mary
Lee and Newcastle coal seams (Raymond et al., 1988).
Gastaldo et al. (1990) consider the Ream coal to represent
a distinctive coal zone developed beneath the Mary Lee coal
zone. Therefore, the following discussion will focus on the
interval beginning with the informally named ‘Jagger
bedrock’ (= Nason Sandstone; Pashin et al., 1991) and
ending with the overlying Morris Shale (Fig. 4). Arguments
to support the segregation of the Ream coal into a separate
coal zone will be presented later.

Jagger bedrock’ sandstone

A thick, fine- to medium-grained sublitharenite underlies
the geographically restricted Jagger coal seam. The
sandstone body is regionally isolated in the north-western
sector of the basin. Isopach maps of the sandstone reflect
an elongate body oriented north-east —south-west, along
the inferred palaco-shoreline. The base of the sandstone is
erosional and in discomformable contact with an under-
lying bioturbated, fossiliferous shelf mudstone. The ‘Jag-
ger bedrock’ is characterized by large-scale trough cross-
stratification (largely trough, but some tabular, cross-
bedding with sets and cosets deflined by truncation and
reactivation surfaces), rippled bedding, and soft sediment
deformation features (overturned or parabolic, recum-
bent cross-bedding and slumping; Fig. 5). Primary cross-
bed dip directions are oriented to the south-east and
south-west (Demko and Gastaldo, in preparation), direc-
ted towards the inferred land (Ferm and Ehrlich, 1967).
Large dune and sand wave-like megalorms occur on the
top of the sandstone body and are manifested as ‘rolls’ in
the pit floors of surface mines where the Jagger coal seam
is exploited (Demko, 1990). Tidal bundling of cross
strata, tidal reactivation surfaces, mud drapes and bipolar
palacocurrent directions are all indicative of deposition
within a tide-influenced environment. The trough cross-

stratification is interpreted as the result of the migration,
accretion and aggradation of flood tide-driven sub-
aqueous dunes over a shallow, muddy shelf. Ebb-tidal
influence was minimal, only reworking and rippling the
foresets of these large bedforms. The ‘Jagger bedrock’ is
interpreted as representing subtidal, shore-parallel bars
(Demko and Gastaldo, in preparation).

Jagger coal

The Jagger coal seam occurs only immediately above the
sandstone and, therefore, is restricted in its geographical
distribution. Stigmarian rhizophores and appendages
(‘rooting structures’ ol arborescent lycophytes) penetrate
the top of the ‘Jagger bedrock’, and pedogenic [eatures,
including colour mottling, siderite glacbules and slicken-
sides are common (Demko and Gastaldo, in prepara-
tion). These rooting structures either originated from
initial colonization of the sandstone or [rom peat swamp
vegetation. The coal occurs as lenticular bodies with
variable thickness. Thicknesses range from 2.3 m to only
a few centimetres over a distance of less than a kilometre,
with the thickest coal occurring in the swales of the
underlying sandstone. The thinnest accumulations occur
over sandstone ridges. A persistent carbonaceous mud-
stone parting splits the seam into a thick lower and thin
upper bench. Two erect autochthonous forests, composed
of arborescent Iycophytes (club mosses), are preserved
immediately above the thickest coal. The first forest is
preserved at the top of, and rooted within, the coal. Trees
are moulded and cast by mudstone, and forest litter is
preserved as an adpression assemblage. The second forest
occurs approximately 0.5 m above the first forest, preser-
ved similarly although a well dev:loped forest litter
assemblage is missing. Erect trunks are moulded and cast
by the lithologies of the overlying Jagger — Blue Creek
interval. The Jagger coal is interpreted to have been an
autochthonous peat mire buried by alluvium, with subse-
quent recolonization by lycophytes in a weakly developed
hydric soil (Demko and Gastaldo, in preparation).
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Fig. 4. Generalized stratigraphic section of the Mary Lee coal zone
reconstructed using outcrop, mine highwall and subsurface core
data. Interpretations for cach environment of deposition are indi-
cated adjacent to each stratigraphic unit

Jagger — Blue Creek coal interval

An mterlaminated sandstone and mudstone facies over-
lies the Jagger coal and may be up to 10m thick
(3—9+ m depending on the geomorphology of the
underlying ‘Jagger bedrock’). This lithology continues
upwards to near the base of the Blue Creek coal. It is
characterized by dark to medium grey silty mudstone

Fig. 5. Outcrop exposure of the upper part of the ‘Jagger bedrock’
sandstone exhibiting large-scale trough cross-stratification. Bed sets
are oriented in a south-eastern to south-western direction towards
the inferred coastline. Photograph taken at Mallard Creek, Marion
County, Alabama

with light grey, very fine-grained sandstone laminations.
The sandstone lamination varies rhythmically from 0.2 to
3 mm in thickness (Fig. 6; Demko et al., 1991). A coarse-
ning upwards trend is noted in this interval, and shallow
channel form sandstone bodies with intercalated shale
chip conglomerates occur at the top. The tops of these
channels may be rooted by stigmarian rhizophores and,
locally, erect vegetation may be preserved. Parallel lami-
nation, raindrop imprints and rippled surfaces character-
ize the suite of primary sedimentary structures. Biogenic
structures are restricted to shallow burrows and surface
trails (Rindsberg et al., 1990), and are abundant through-
out this facies. The pronounced rhythmicity in variation
of lamination thickness records diurnal, semi-diurnal,
neap—spring and seasonal fluctuations in current
strength within a semi-diurnal or mixed tidal system
(Demko et al., 1991). The facies is interpreted to represent
deposition within tidal flats and associated tidal creeks or
channels in the upper reaches of an estuary (Demko and
Gastaldo, in preparation).

Blue Creek coal

The Blue Creek coal overlies the root-worked, weakly
developed Aqueant soil in the underlying tide-influenced
facies (Demko and Gastaldo, 1992). It is the most
persistent in the coal zone and can be traced throughout
the basin, extending north-westwards into Mississippi (J.
C. Pashin, personal communication, 1990). It is thin,
varying little in thickness within our study area
(0.3—0.5m). Towards the south, in deeper parts of the
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Fig. 6. Rhythmically bundled interlaminated sandstone and mud-
stone tidalite sequence characteristic of the Jagger —Blue Creck
interval. Couplets deposited under neap tidal energies (NTC)
alternate with couplets deposited under spring tidal energies (STC)
in a mixed tidal system. Photograph taken in the Gateway Malls
Hope Galloway Mine, Walker County, Alabama. Knife length in
photograph 7.1 cm (photograph x 0.66)

basin and closer to the structural front, the Blue Creek
and Mary Lee coals become thicker and may be stratigra-
phically in very close proximity to each other. The Blue
Creek peat forest, one of low systematic diversity, is
preserved erect above the coal. Most trees and understory
vegetation died as the result of catastrophic stress (Gast-

Fig. 7. Autochthonous erect fossil forests
preserved between the Blue Creek (BCC)
and Mary Lee coals (MLC). Erect,
mudstone-cast trees are marked by arrows,
representing four successive clastic swamps
above the Blue Creek coal. Photograph
taken in the Drummond Co. Inc. Cedrum
Mine, Walker County, Alabama

aldo et al., 1990). In some instances, however, Calamites
were capable of regeneration (Gastaldo, 1992). All erect
vegetation is preserved either as trunk or pith casts. The
peat swamp forest litter is preserved as adpressions within
the entombing mudstone directly above the coal as
a typical roof shale flora. The Blue Creek coal is
interpreted to have accumulated in an autochthonous
planar peat mire (Demko and Gastaldo, 1992).

Blue Creek — Mary Lee coal interval

The interval between the Blue Creek and Mary Lee coals
is an overall coarsening upwards sequence (Demko and
Gastaldo, 1992). It is of variable thickness as a direct
result of the palaeotopography of the underlying ‘Jagger
bedrock’ (Demko, 1990). A homogenous mudstone di-
rectly overlies the Blue Creek coal, moulding the auto-
chthonous vegetation of the Blue Creek peat mire. These
standing trees, however, are not cast by homogenous
mudstone, but rather by mudstone and sandstone rhyth-
mites (Gastaldo, 1992). Often these primary structures
are homogenized by bioturbation. Mudstone may be
intercalated with very fine-grained sandstone lamination
and interbeds higher in the interval. Where these occur
they are rhythmically bundled, resembling the
neap —spring tidalites identified above the Jagger coal
and within erect vegetation. Rhythmites are geographi-
cally isolated, not as well pronounced, nor as complete as
those lower in the section. Thin (>2m), broad (a few
hundred metres) channel form fine-grained sandstone
bodies occur locally within palaeotopographic lows inhe-
rited from the underlying ‘Jagger bedrock’. These either
pinch out or grade laterally into interlaminated mudstone
and very fine-grained sandstone. There is no evidence of
lateral channel migration, and channels appear to have
been fixed within the palaeotopographic lows. The cha-
racteristic palaesontological feature of this interval is the




presence of three to five autochthonous forests, the plants
of which were rooted in mineral substrates (Fig.7;
Demko and Gastaldo, 1992). Each forest is preserved by
an inundite (sensu Seilacher, 1991), the result of burial by
catastrophic sedimentation. Vegetation of the uppermost
clastic swamp terminates within the base of the overlying
Mary Lee coal. This interval is interpreted to represent
the continued recolonization of coastal sites following
forest burial and death, the result of underlying peat
compaction and subsequent inundation by terrestrial
sediments (Demko and Gastaldo, 1992).

Mary Lee/Newcastle coal

The Mary Lee coal terminates continued clastic swamp
regeneration and lies immediately above the uppermost
clastic swamp horizon. The coal is widely distributed, can
be traced into deeper parts of the basin (Thomas and
Womack, 1983), but varies greatly in quality and thick-
ness. For example, in our study area the Mary Lee coal
may be composed cither of a single seam, two closely
spaced benches separated by either a mudstone parting or
localized sandstone channel (Liu and Gastaldo, 1992 a),
or two locally distinet beds (Mary Lee and Newcastle
scams) separated by up to several metres of mudstone and
sandstone (Liu, 1990). An erect forest is preserved above
each of the coal locations described. The Mary Lee coal,
in the broadest sense, is an autochthonous coastal peat
mire that was subjected to localized (coal partings
resulting in coal benches) and then regional catastrophic
burial. Lithologies intercalated within and burying the
swamp represent contemporaneous fluvial channel and
overbank environments in which there is evidence of
increased tidal influence (Gastaldo et al., 1990). Large
tidal channels, up to 5 m wide and 4 m deep, have been
identified within the interval above the Mary Lee coal
seam in the eastern part of the study area (USGS Cordova
Quadrangle; Fig. 3).

Fig. 8. Outcrop photograph in the Gateway Malls Hope Galloway,
Walker County, Alabama, mine illustrating the field occurrence of
the ravinement surface (RS; position indicated by solid arrows).
A channel form sandstone body stratigraphically above the Mary

Ravinement surface and bed

The lithologies above the Mary Lee/Newcastle coal are
truncated by an erosional surface that can be traced in
outcrop and subsurface for over 1800 km? (Fig. 8; Liu
and Gastaldo, 1992b). It is a disconformable surface
separating underlying non-marine from overlying litho-
logies preserving an offshore marine fauna. The erosio-
nal surface is easily distinguished where sandstone
overlies mudstone; it is not so easily distinguished on
first inspection where mudstone overlies mudstone.
A thin bed of sediment immediately overlying the
erosional surface provides the key features that allow
for the recognition of ravinement (Liu and Gastaldo,
1992b). The ravinement bed in the western part of the
study area is composed of sandstone, with Zoophycos
bioturbation overlain by a grain-supported bioclast
layer containing an allochthonous trilobite —cri-
noid —brachiopod assemblage. In the eastern part it is
composed of mudstone, with an in habitat brachiopod
and pelecypod dominant assemblage. The sandstone,
typically a massive very fine- to fine-grained, calcite-
cemented sublitharenite, is of variable thickness
(0.3—0.7m). Bioclasts are poorly sorted, fragmentary
(commonly only single valves comprise up to 50% of
the bed), and of open marine systematic affinities
(Gibson, 1990). A thin layer of siderite pebble conglo-
merate is often found to cap this horizon. In contrast,
the mudstone is relatively constant in its thickness
(0.3 m) without any internal sequencing. Sedimentary
structures are obscured by moderate bioturbation and
an in habitat concentrated macrofauna. There is no
silty lamination as observed in the underlying terre-
strial tidally-influenced facies. A thin layer of siderite
pebble conglomerate also occurs at the top of this bed.
The autochthonous benthic fauna may be locally
monospecific or monodeminant. The ravinement bed
represents a substrate developed by transgressive er-
osion subsequently colonized by macroinvertebrates

when physical conditions were favourable (Liu and
Gastaldo, 1992b).

Lee coal (MLC) is truncated by the overlying ravinement surface.
The ravinement bed (RB; occurring between open arrows) interpre-
ted as a condensed section, overlies this erosional surface. The
Morris shale (MS) overlies the ravinement bed
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Overlying strata

Overlying the ravinement bed is an interval of grey — black
shale within which intercalated siderite concretions or
siderite-cemented layers occur. Thisinterval averages 3 min
thickness and is characterized by distinct horizontal
bedding. A scattered macrofaunal assemblage, with taxa
characteristic of brackish marine conditions, is preserved
within the concretions (Gibson, 1990; Gibson and Gastal-
do, 1987). The siderite-bearing unit represents cyclical
fluctuations in the prevailing geochemical conditions due
either to an influx of fresh water or an increase in the organic
carbon content under anoxic conditions. It is overlain by
a horizontally bedded shale that ranges from a few metres to
30 min thickness. Scattered macroinvertebrates and trace
fossils are preserved within the interval, informally known as
the Morrisshale (Fig. 8; Raymond et al., 1988). These shales
represent deposition in offshore marine conditions. The
Gillespie/Curry coal zone (Pashin et al., 1990) occurs
stratigraphically above the Morris shale, signalling a return
to terrestrial coastal deposition (Fig. 2).

Mary Lee coal zone and relative sea-level changes

Each stratigraphic interval within the Mary Lee coal zone
reflects the available accommodation space as circum-
scribed under a specific set of depositional conditions. These
conditions, and the sedimentary facies preserved within this
stratigraphic interval, arc related to the degree of relative
sea-level change operating in this coastal plain environment
through time. Therefore, a discussion of each facies in
asea-level context will provide the basis on which to apply
sequence and genetic stratigraphic models.

The regionally isolated sandstone body called the
‘Jagger bedrock’ sits unconformably on underlying ma-
rine shale, the characteristics of which resemble the
Morris shale (Fig. 4). The basal erosional contact is
indicative of a lowering of wave base such that an
unknown thickness of fine clastic sediment was removed
before the deposition of the sublitharenite. The presence
of a thick sandstone overlying the erosional contact
demonstrates that the lowering of wave base was not
a temporary phenomenon, such as would be found
operating during high energy storms within shelfl settings.
Rather, the change in relative sea level was of longer
duration, allowing for the development of interpreted
shore-parallel sand bodies. Repetitive, stacked large-scale
trough cross-stratification bed sets, with dip directions
towards the inferred coastal plain, indicate that marine
sedimentation occurred in close proximity to the shore.
The internal architecture of bed sets reflects deposition
under tidally-influenced conditions (Demko and Gastal-
do, in preparation). This feature, in addition to the
presence of large dune and sand wave-like megaforms
that characterize the top of the sandstone body, indicate
that deposition of the sand body occurred under marginal
marine conditions. These conditions may have been at
water depths shallower than those of the underlying

marine lithology. The colonization by lycophytes on the
top of, and development of pedogenic structures within,
this sandstone unequivocally demonstrate that the top of
this sand body was aerially exposed. The stranding of
shallow marine sand bodies and their incorporation
within subsequently developed coastal plain settings is
a common phenomenon of the Quaternary (e.g. Trail
Ridge of the Okcfenokee Swamp: Pirkle and Pirkle,
1984). We believe that the accretion of this nearshore sand
body marks the moment of regional, rather than local,
regression. Hence, the *Jagger bedrock’ and other similar
sandstone bodies in the Pottsville Formation (e.g. Bre-
men Sandstone; Haas and Gastaldo, 1986) represent the
stranding of nearshore sand bodies onshore.

The development of the Jagger coal directly overlying
this sandstone is evidence to suggest a period of sea-level
stability, or continued minor base level fluctuation,
within the area. Coal thickness is directly correlated with
the palacotopography of the underlying sandstone body
(Demko, 1990). It appears that by the time the upper
bench of the peat swamp accumulated, conditions for the
development of histosols existed throughout this area.
This is because the thinner ‘upper bench’ is found not only
within the palacotopographic lows but also across the
palaeotopographic highs. The thicker ‘lower bench’ is
restricted to the base of swales. Forestation on, and
accumulation of, a peat substrate requires that a high
water-table exists at the site (for a review, see McCabe,
1984). This may be established through high precipitation
rates, slight changes in relative base level, or a combi-
nation of geomorphological and climatic factors. The
preservation of two successive lycophyte forests above the
Jagger coal points to the fact that these sites were
inundated with terrestrial clastic sediments and recoloni-
zation occurred, albeit in a mineral substrate. Lycophytes
are generally believed to be indicative of freshwater
conditions, although it has been suggested that they could
tolerate brackish salinitics (Gastaldo, 1986). Therefore it
is not possible, on this basis alone, to infer whether or not
these forests were tidally influenced. It is also impossible
at the present time to determine the parameters respon-
sible for the termination of peat accumulation. Most of
the thick Jagger Coal has been mined out, and often what
little is left and available for examination in highwalls is
poorly exposed. It is certain that the peat swamps were
autochthonous, developed under freshwater conditions
within a varied coastal plain palacotopography. It is not
certain if peat swamp burial was initiated by catastrophic
floods or the incursion of marginal marine settings in
responsc to a change in base level. In either case, the
period of time required to accumulate the Jagger peat
mire marks an interval of stable (or regressing) sea level.

The Jagger — Blue Creek interval above the standing
forests. with the thickest deposits geographically confined
to the topographic lows of the underlying sandstone, was
deposited unquestionably under a paralic or marginal
marine setting. This interlaminated sandstone and mud-
stone exhibits a pronounced rhythmicity in the variation
of lamination thickness similar to that reported in other




Upper Carboniferous tidalites (e.g. Kvale et al., 1989;
Kvale and Archer. 1990; Kuecher et al.. 1990). Diurnal,
semi-diurnal. neap —spring and seasonal fluctuations in
current strength are recorded within this mixed tidal
system (Demko et al., 1991). The incursion represents
a very short-term change in sea level, as reflected by an
extremely high depositional rate. The entire tidalite
sequence may represent as little as five years of conti-
nuous deposition. Depositional rates slowed near the top
of the interval with the establishment of tidal channels
and subsequent colonization. This short-term phenome-
non reflects a very short-term relative sea-level rise within
a very specific depositional setting, principally the swales
of the underlying ‘Jagger bedrock’. Presently, we are not
able to interpret it specifically as a function of eustatics,
localized compaction of underlying sediment (particu-
larly the Jagger peat; Gastaldo et al., 1991), or regional
subsidence related to tectonism. As the interlude of time
represented within the Jagger —Blue Creek interval is
geologically instantaneous, up to 10 m of sediment depo-
sited in approximately five years, we tend to discount
eustatics as the agent responsible for relative sea-level
change. It would be difficult to account for the abrupt
volume of generated accommodation space by eustatic
rise. Sediment accumulation rates are high in areas
affected by short-term tectonic changes in base level
(Klein and Kupperman, 1992). Short-term, nearly com-
plete sedimentological records, such as that found in the
Jagger — Blue Creek interval, may directly reflect tectoni-
cally induced base-level changes.

The Blue Creek coal, being the most persistent and
widespread coal in this coal zone (J. C. Pashin, personal
communication, 1990), represents a period of time when
the coastline was far to the north-west of our study area.
Its palynological and coal palacobotanical characteristics
and relative thinness are evidence for a planar or imma-
ture ‘domed’ geomorphology (Demko and Gastaldo,
1992; Eble et al., in press). Mire development was
terminated by burial of suspension load mud during
a catastrophic flooding event. This resulted in the regio-
nal compaction of the peat mire and subsidence to near
base level. Although there is no evidence for marginal
marine sedimentation in the lithologies directly overlying
the flood deposit, tidally-driven short-term inundation
did occur. Pith casts of erect vegetation preserve evidence
of tidalite deposition and subsequent bioturbation (Gast-
aldo, 1992). This reflects a change in local conditions
without the development of significant accommodation
space. Continued sediment loading occurred via high
energy low frequency floods. This resulted in compaction
of the underlying peat within the area and the develop-
ment of successive clastic swamp forests (Gastaldo et al.,
1991). Localized microtopographic differences through-
out the area led to the irregularly distributed occurrences
of laminated sandstone and mudstone interbeds and very
fine-grained sandstone. Once stabilization of the coastal
plain sediments occurred, peat accumulation was reiniti-
ated (Mary Lee coal). In effect, the sea level remained
virtually stationary during the time required to deposit
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the Blue Creek to Mary Lee interval — that is, subsidence
rates were equaled by sedimentation rates.

The presence of an admixture of fully tidal and
tidally-influenced fluvial environments within and above
the Mary Lee coal (inclusive of the Newcastle coal)
signals a change in sedimentation style within our study
area. Pronounced tidalites that mould and cast erect trees
above the coal manifest the difference between the
preservation of these trees and those found in the
underlying Blue Creek — Mary Lee interval. Where sedi-
ment loading punctuated peat accumulation in the Blue
Creek —Mary Lee interval, evidence for tidal incursion
was restricted to within tree casts. There was no additio-
nal accommodation space developed that allowed for
widespread and thick tidalite accumulation. Hence there
was effectively no significant rise in relative sea level.
Compaction of the underlying Blue Creek coal lowered
the land surface to near base level, thereby allowing tidal
inundation (Demko and Gastaldo, 1992; Gastaldo,
1992). Although sediment loading of peat substrates also
occurs in the Mary Lee coal, there appears to be an
accompanying notable change in the relative position of
sea level. Only such a relative rise in sea level could
account for the development of the accomodation space
in which tidalite deposition is found to be widespread,
accreted around erect trees. If relative sea-level rise did
not occur contemporaneously, imperfect and scattered
tidalite deposition would be found similar to those in the
Blue Creek — Mary Lee interval. In addition, the presence
of tidally-influenced channels in the western part of the
study area and large tidal channels above the Newcastle
coal in the eastern part of the study area point to a relative
sea-level change of an order of magnitude similar to that
responsible for the Jagger — Blue Creek interval.

Confirmation of sea-level rise is reflected in the erosio-
nal planation of these tidally-influenced channels and the
development of a ravinement surface (Liu and Gastaldo,
1992b). The ravinement surface can be traced over an
area of approximately 1800 km” and along a transgres-
sive track of more than 60 km. Shoreface retreat of the
order of kilometres is considered to be a response to
longer term sea-level rise (Everts, 1987).

The lithologies that comprise the ravinement bed result
from the offshore deposition of the material eroded
during shoreface retreat (Larue and Martinez, 1989).
Therefore, the distribution of facies within the ravine-
ment bed across the study area reflects the composition of
those sediments transgressed (Liu and Gastaldo, 1992 b).
These lithologies alone provide little information about
the water depth and distance from shoreline under which
they resided. Therefore, palacontological evidence must
be used to provide some constraints on relative sea-level
depth. Substrate conditions, water turbidity and salinities
are but a few principle factors affecting macroinverte-
brate colonization of shelf environments (Tasch, 1973).
The in habitat macrofauna (a primary biogenic concen-
tration) of the ravinement bed is composed of fully
marine filter-feeding brachiopods and bivalves, the taxo-
nomic diversity of which is variable with locality (Gibson,
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1990). Both articulated juveniles and adults coexist in
these assemblages, indicating that an established regene-
rative community existed in the substrate. These orga-
nisms require non-turbulent waters, normal salinities and
relatively stable substrates. In effect, the waters in these
offshore sites must be relatively free of suspended fine-
grained clastics, some distance away from the influence of
freshwater pulses, and in a location where depositional
rates are low. These conditions are essential for the
survival of these organisms. Such a situation only exists in
a geographical position distal to the shoreline, kilometres
away from the debouchment of sediment plume(s) and
several tens of metres below wave base. Dissolved and
fine-particulate organics, originating from an eroding
shoreface, may be transported into this site providing
a food source for macroinvertebrates (Liu and Gastaldo,
1992b). It is believed that this assemblage represents
stable open ocean conditions.

Additional data exist to support our interpretation that
the ravinement bed represents an offshore shelf environ-
ment. Conditions in this area where the ravinement bed is
composed of sandstone were stable for some period of time.
Thisisillustrated by the presence of well developed biogenic
structures (principally Zoophycos traces) within the basal
horizon. Overlying this zone of bioturbation is an allochtho-
nous (transported) macroinvertebrate assemblage preserved
in a calcite-cemented sublitharenite. This sandstone may be
composed of up to 50% bioclasts, consisting of crinoids,
trilobites, brachiopods and molluscs. These poorly sorted
fossils are either fragmentary orisolated parts. Systematical-
ly and ecologically they represent a community quite
different from the in habitat community preserved in the
mudstone facies. We interpret this secondary biogenic
concentration (tempestite concentration) as resulting from
a lowering of wave base during a severe storm event, and
transport of the bioclasts to the depositional site. We do not
believe that the accumulation represents a transgressive lag
deposit. The palaeontological composition of the concentra-
tion reflects components derived from offshore marine
communities, rather than a reworking of nearshore taxa.
The presence of a single secondary biogenic concentration
lends credence to deeper offshore water depths during the
time of infaunal colonization, If this site was within a short
distance from shore, its sedimentary character would reflect
deposition and disruption from frequent storms or storm
surges, or both.

The development of siderite concretions and siderite-
cemented beds in the Morris shale above the ravinement
bed signals a cyclical change in geochemical conditions.
The formation of siderite concretions occurs in response
to methanogenesis either in freshwater or marine environ-
ments (Curtis et al., 1972; Gautier, 1982). We do not have
geochemical data, at the present time, to determine
whether or not marine or freshwater conditions prevailed.
It is possible that freshwater inundation may have been
responsible for an increase in organic carbon that under-
went methanogenesis, resulting in concretion develop-
ment. This alternative is favoured by palaeontological
evidence. There is a dramatic reduction in the systematic

diversity of macroinvertebrates preserved within the
coneretionary horizons. Orbiculoid brachiopods predo-
minate this assemblage. These are epiphytic taxa that live
under brackish and/or fluctuating salinities (M. Gibson,
personal communication, 1992). The remainder of the
Morris shale also preserves a low diversity but widely
scattered macroinvertebrate population. No widespread
in habitat macroinvertebrate assemblages have been
identified in this unit. Rather, the individuals that are
preserved are extremely small, representing either juveni-
les or stunted forms (Pody and Dewey, 1986). These
features taken as a whole are indicative of organism
stress. Such stress may be initiated by increasing turbi-
dity, higher sedimentation rates, and/or increasing fresh-
water discharge resulting in salinity fluctuations.

The Morris shale is a shallowing-up sequence overlain by
a sandstone body of unknown characteristics and geometry.
It is interpreted as having been deposited in nearshore
environments where macroinvertebrates were subjected to
increasingly stressful physical conditions. This unit therefore
represents an interval of time when the input of terrestrial
clastic sediments increased. We believe that this reflects
shoreline progradation. Progradation is either accompa-
nied, or followed, by relative sea-level lowering and
colonization by terrestrial vegetation in subaerially exposed
environments. Palaeosols in the lowermost Gillespie/Curry
coal zone indicate such a sequence.

Applicability of genetic and sequence stratigraphy

Our ability to recognize the existence of a transgressive
erosional surface and fluctuations in relative sea level as
recorded in sediments within the Mary Lee coal zone
provide the basis on which to apply sequence and genetic
stratigraphic models to the Carboniferous of the Black
Warrior basin. The ravinement surface (or marine flood-
ing surface, Galloway, 1989; flooding surface of Van
Wagoner et al., 1990) represents the erosion of underlying
terrestrial deposits resulting from a rapid rise in sea level
and shoreface transgression landwards. Sequences in
these contrasting models are defined on different bound-
ing surfaces. Flooding surfaces mark the upper bounding
surface of a parasequence and the lower boundary of the
overlying parasequence in sequence stratigraphic termi-
nology (Van Wagoner et al., 1990). The top of the
condensed section (maximum flooding surface) marks the
upper bounding surface of a genetic stratigraphic se-
quence (Galloway, 1989). Therefore, each hypothesis will
be discussed separately with regard to how we believe the
Mary Lee coal zone conforms to these models.

Genetic stratigraphy

According to Galloway (1989), bounding hiatal surfaces
separate stratigraphic packages that reflect significant
interruptions in basin depositional history. Although
several types of unconformities are acknowledged, the




bounding hiatal surfaces chosen as the upper and lower
boundaries of a genetic stratigraphic sequence (GSS) are
both maximum flooding surfaces (MaxFS). Its transgres-
sive character and the dramatic change that is reflected in
a major basinal reorganization with regard to palacogra-
phical framework constrain genetically related rock inter-
vals, Offlap (or regressive) and onlap (or transgressive)
components are identified within the GSS.

The top of the ravinement bed (the bed is considered to
be the equivalent of a condensed section) identified by Liu
and Gastaldo (1992b) marks a GSS upper bounding
surface; the lower bounding surface is below the ‘Jagger
bedrock’ sandstone. The interval between the Ream coal
and the ‘Jagger bedrock’ is poorly exposed. However,
critical stratigraphic relations were discerned using conti-
nuous cores and several isolated outcrops (Fig. 3).
Demko (1990) has identified in core a ravinement surface
and transgressive lag situated above the Ream coal seam
throughout the area (Table 1). The ravinement surface
may directly overlie the lower bench of the Ream coal.
A marine condensed section overlies the ravinement
surface, the upper horizon of which is burrowed (Demko,
1990). Infaunal colonization is indicative of a period of
sediment starvation in the area. This horizon is interpre-
ted to represent the MaxFS and, hence, deepest water
conditions. Hence it is our contention that the Ream coal
is not part of the Mary Lee coal zone as delimited by
numerous workers over the past century (e.g. Butts, 1926;
Raymond et al., 1988). It marks the upper part of the
underlying GSS; the lower limits of the Ream coal zone
have not been identified to date.

The strata comprising the Mary Lee coal zone can be
positioned within an idealized GSS, following the delimi-
tation of the upper and lower bounding surfaces (Fig. 9).
The condensed section overlying the basal ravinement
surface is part of the onlap component, representing
reworked shore zone and shelf facies during shoreline
advancement landward (Liu and Gastaldo, 1992b). We
are unable to determine, due to limited data, if the onlap

Table 1. Location of ravinement surface above the Ream coal seam
in KRCRA cores. See Fig. 3 for location of cores in study area

KRCRA Depth of Description

Core ravinement

No. surface (m)

15 188.7 Siderite pebble conglomerate in
sandstone matrix

16 210.2 Bioturbated sandy mudstone with
fusian fragments

17 1204 Siderite pebble conglomerate

18 152.4 Eroded; base of Jagger Bedrock
sandstone

20 144.6 Eroded; base of Jagger Bedrock
sandstone

21 117.2 Eroded; base of Jagger Bedrock
sandstone

22 40.9 Siderite/shale chip conglomerate;
burrowed

* See Fig. 3 for core location
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Fig. 9. Mary Lee coal zone as interpreted within the constraints of
genetic stratigraphy

component may have been much thicker in our study
area. The unconformable base of the overlying ‘Jagger
bedrock’ sandstone, the first unequivocal offlap compo-
nent, marks an erosional diastem in the stratigraphic
record.

In addition to the ‘Jagger bedrock’ sandstone (repre-
sentative of a tidally-influenced sandy shore zone sub-
sequently stranded), other offlap components include the
Jagger coal—Blue Creek interval (Fig. 9). The Jagger
coal —Blue Creek interval represents an interplay be-
tween coastal plain aggradation and estuarine (bay/
lagoon) conditions. Short-term relative changes in sea
level reflected in the tidalite sequence are not considered
significant deviations from the long-term regressive phase.
The subsequent interval of alternating peat mires and
clastic swamps of the Blue Creek to Newcastle coals can
be considered to be interdeltaic (coastal plain) aggra-
dational facies formed on the progradational foundation
of the underlying strand plain deposits (‘Jagger bedrock’).
This foundation affects the distribution and thickness
of all coals in the western part of the study area where
the sandstone body exists (Demko and Gastaldo,
1992).



The reappearance of tidalites and tidally-influenced
channels within and above the Mary Lee coal (inclusive of
the Newcastle coal seam) mark transgressive influence in
the area. It is not possible to determine exactly what these
onlap features may represent. According to the hypothe-
sis, these would indicate the reworking of shore zone and
shelf facies into sites where greater accommodation space
was generated. An alternative explanation would favour
an increased longshore drift component in the depositio-
nal system transporting fluvially-derived scdiment to
these sites. This would result as shoreline processes moved
landwards. It is certain that the onlap component is fully
manifested in the development of the ravinement surface
that truncates the terrestrial and nearshore deposits.
A ravinement bed of variable lithological and palaeonto-
logical characteristics overlies the transgressive erosional
surface, and we interpret this as the equivalent of the
condensed section (Liu and Gastaldo, 1992h). The top
surface of this bed is considered to be the MaFS and,
therefore, the upper bounding surface of the GSS.

Galloway (1989) states that active sedimentation is
a common phenomenon during transgression. Such acti-
vity may result in thick marine deposits in response to
landward-stepping depositional events. Liu and Gastaldo
(1992b) have used this argument to explain the ravine-
ment bed and basal part of the overlying Morris shale. It
is also possible that the siderite nodule-bearing basal part
of the Morris shale represents the progradational facies of
the following offlap component. Several lines of evidence
may be used to support this latter interpretation. First,
the decrease in macrofaunal diversity, coupled with
a decrease in the abundance and size of individuals,
throughout the Morris shale interval points to an increcase
in environmentally stressful conditions under which
invertebrates had to live. The thick marine sequence itself
signals an increase in sediment load and, hence, turbidity.
The cyclical alternation of siderite-rich nodular horizons
may be indicative of increased pulses of freshwater
discharge into the shelf environs, rather than changes in
pore water anoxia. Geochemical data are not yet availa-
ble to settle the question about the causes responsible for
siderite genesis.

Sequence stratigraphy

According to proponents of sequence stratigraphy (for
a detailed elaboration in siliciclastic strata see Van
Wagoner et al., 1990), marine flooding surfaces (MFES)
and their correlative surfaces in coastal plain and basinal
settings mark parasequence boundaries. In the former,
this is where an abrupt increase in water depth was rapid
enough to overcome deposition. When the rate of deposi-
tion exceeds the rate of water depth increase, then a new
parasequence develops. Parasequence boundaries con-
strain genetically-related facies assemblages, and relative-
ly conformable successions of unconformity-bounded
genetically-related strata are grouped into sequences.
Sequences are subdivided into systems tracts that reflect
contemporaneous depositional systems.
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Fig. 10. Mary Lec coal zone as interpreted within the framework of
sequence stratigraphy. Parasequences (PS) are identified within
transgressive (TST), highstand (HST), or shelf margin systems (racts

The first parasequence set that we recognize includes
the rock above the top of the Ream coal to the identified
ravinement surface (Fig. 10, PS1). This erosional surface,
the equivalent of the MFS, separates younger strata from
older strata with an accompanying increase in water
depth. The ravinement surface is overlain by a transgres-
sive lag. This lag is interpreted as a condensed section.
Bioturbation at the top of this bed reflects an extended
interval of time that allowed for colonization. The
interval between the ravinement surface and the top of the
condensed section is interpreted as a second parasequence
(PS2).

It 1s difficult to apply the criteria established for
parasequence recognition in terrestrial coastal settings.
We believe that four parasequences can be delimited
above the condensed section. The first of these, pa-
rasequence 3 (P53). is composed of the upwards shoaling
of offshore and nearshore facies under progressively
shallower water. It is an upwards coarsening sequence
capped by the “Jagger bedrock’ sandstone. This sandstone
body overlies the marine mudstone lithology that is
preserved sporadically, due to an erosional diastem,
above the condensed section. A non-depositional diastem
occurs at the top of the ‘Jagger bedrock” and is evidenced
by its transformation to a weakly developed palacosol.
Following colonization in a sand substrate, histosols




Final remarks

Of the two models which have been proposed for
a shoreline path at the Pleistocene — Holocene boundary
the latter is more reliable as it is supported by more data.
Itis also the only one which can explain the changes in the
economy of the Mesolithic people and the occurrence of
freshwater fish in that period. The origin of the so-called
marine terraces detectable on the flysch subbottom has
not yet been clearly explained.

If the U-Th calibration (Bard et al., 1990) is reliable in
this area (and this must be proved) and we correct the
dates following it, whichever model we consider can work
correctly only if we infer very strong tectonic activity.
This is also suggested by hints of older tectonics that may
have lasted for a long time. Thus we can finally conclude
that the Karst region has undergone a rise in the
Quaternary era, probably in the second half; this conti-
nued in the Late Pleistocene, probably until its end.

This work must not be considered as a definitive
reconstruction of the Quaternary history of sea-level
changes and neotectonics in the northern Adriatic. The
principal aim has been to try to integrate all the available
data and infer some models from them. It is also evident
that more specific work must be carried out on this
subject.
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castle coals), the tidally-influenced interval beginning
above the Mary Lee coal, and the terrestrial Blue Creek to
Mary Lee coal interval. Offlap components include the
basal marine shale overlain by the nearshore ‘Jagger
bedrock’ sandstone, the tidally-influenced Jagger to Blue
Creek coal interval. There is a distinct asymmetry in the
distribution of onlap and offlap components within the
Mary Lee coal zone, with most of the strata representing
offlap components.

Transgressive, highstand and shelf margin systems
tracts have been identified within the sequence stratigra-
phy framework. The transgressive systems tract occurs
above the Ream coal, with a condensed section overlying
the marine flooding surface. A highstand systems tract is
comprised of two parasequences. The first includes the
marine offshore (shale above the condensed section) and
nearshore lithologies (‘Jagger bedrock’ sandstone),
whereas the second encompasses the Jagger to Blue Creek
coal interval. The Blue Creek coal, the most geographi-
cally extensive coal in the coal zone, is considered to be the
terrestrial equivalent of a marine condensed section. It is
considered to be a type 2 boundary. Our justification for
this boundary assignment is as follows. The concept of
a marine condensed section is generally thought of as the
site of maximum sediment starvation in the basin asso-
ciated with shoreline advancement landwards. When the
shoreline progrades into the basin, however, theoretically
there will be a point in the basin that is also sediment-
starved for a period of time. The position of the conden-
sed section shifts within the basin corresponding to the
shift in shoreline. With this in mind, at the same time as
the marine condensed section is developing, there is
a ‘condensation’ of time in the coastal plain setting. The
terrestrial equivalent of this ‘time-averaged’ section is
a soil. In this instance, we equate the Blue Creek coal, the
most widely distributed Aqueant in the terrestrial section,
with the marine condensed section, therefore a type 2
boundary.

The overlying shelf margin systems tract consists of the
stacked clastic swamps of the Blue Creek—Mary Lee
interval, the tidally-influenced Mary Lee/Newcastle coal,
and lithologies above the Newcastle coal. The shelf
margin systems tract is terminated by the presence of an
overlying ravinement surface. This ravinement surface is
the boundary between the shelf margin systems tract and
the condensed section that overlies the surface. The
Morris shale is placed in the next highstand systems tract
that ends somewhere in the base of the stratigraphically
successive Gillespie/Curry coal zone.

Recent investigations have shown that concurrent
extrinsic mechanisms controlled cyclicity in Carbonife-
rous strata. Tectonics, particularly in foreland basins such
as the Black Warrior basin, play a significant part in
short-term base-level changes. Sequence and genetic
stratigraphy are both applicable in these Carboniferous
strata. The Black Warrior basin is only now being
evaluated using basin analysis techniques. It is difficult
for us, at present, to predict which of the two techniques
may ultimately be most applicable in this foreland basin.

Identification of parasequences and marine flooding
surfaces, and the ease of identification and local correla-
tion, make these more pragmatically applicable to field
and core investigations. Because of these factors, we
favour the use of the sequence stratigraphy paradigm as
the basis for futher studies within this basin.
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