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ABSTRACT

E
xamination of the plant taphonomic character and sedimentological pro-
cesses responsible for preservation of an in situ, erect forest above the Penn-
sylvanian Blue Creek coal of the Mary Lee coal cycle, Alabama, provides

evidence for rapid generation of accommodation space by coseismic subsidence.
Standing vegetation is preserved at least to 4.5 m (15 ft) in height above the coal
and includes lycopsids, regenerative calamites, tree ferns, and seed ferns (pteri-
dospermous gymnosperms); the forest-floor litter is preserved as an adpression as-
semblage directly above the coal. Sediments entombing the standing trees, burying
both the peat mire and forest-floor litter, and casting the erect vegetation consist
of rhythmically bedded tidalites. Neap-spring-neap tidalite patterns indicate that
entombment occurred on the order of a few decades, whereas burial of the mire
and forest-floor litter happened on the order of weeks, if not days. Comparison with
documented Holocene rates of eustatic and tectonic base-level changes indicates
that eustatic processes alone cannot account for the generation of the accommo-
dation required to provide a basis for the sedimentologic and taphonomic charac-
teristics of the assemblage. Instead, coseismic subsidence of very high magnitude
is determined to be the mechanism responsible for preservation. Hence, erect
forests buried by estuarine tidal deposits provide evidence for rapid coseismic
basinal subsidence. These criteria can be used to identify similar coseismic
subsidence events beginning in the middle Paleozoic and provide constraints on
the magnitude of event-driven base-level change in various basinal regimes.
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INTRODUCTION

Various models and mechanisms have been pro-

posed to account for cyclicity in the sedimentary char-

acter of marine and continental rocks in the Upper

Carboniferous of Euramerica, and the rubric of these

controversies is reviewed elsewhere (see Pashin, 2004;

Cecil, 1990; Klein and Kupperman, 1992; Klein, 1994).

There is a general agreement that the generation of

accommodation space to allow for cyclothem depo-

sition is eustatic-driven (Dewey and Pitman, 1998),

and timescales under which such fluctuations in sea

level are compatible with those that are orbitally

mediated (e.g., Dickinson et al., 1994). However, it

has been argued that both allocyclic and autocyclic

processes can operate in cyclothems (Klein and

Willard, 1989; Klein and Kupperman, 1992), and the

sedimentary signatures encapsulated therein can

provide clues to decipher which process is respon-

sible for a particular part of that stratigraphic inter-

val (Demko and Gastaldo, 1996). New data from the

Blue Creek coal in the Mary Lee coal zone, Black

Warrior Basin, Alabama, are now available that pro-

vide a basis on which tectonic versus eustatic changes

in base level can be evaluated and identified in a

single cyclothem. Hence, these data can be used not

only for constraining the magnitude of tectonic base-

level change, but also for providing criteria that can

be used to identify similar coseismic coastal sub-

sidence in other parts of the stratigraphic record.

Because of the discontinuous nature of the strati-

graphic record, basinal subsidence rates have been

calculated on several gross time intervals. These rates

generally are presented as modeled subsidence curves

plotting change-in-depth vs. stratal age (e.g., Stephen-

son et al., 1992) or as calculations to reflect meters of

displacement per million years or centimeters per mil-

lennium (e.g., Fortuin and de Smet, 1991). Although

several authors (e.g., Thommeret et al., 1981; Bloom

and Yonekura, 1985) have suggested that localized ba-

sin subsidence and uplift occur in a spasmodic man-

ner, and published data support this assertion (e.g.,

Plafker and Rubin, 1967; Plafker and Savage, 1970),

little evidence has been provided, to date, allowing

for identification and demonstration of these pro-

cesses in the rock record. The purpose of this con-

tribution is to provide such data and the rationale for

identifying earthquake-induced base-level changes

of at least 4.5 m (15 ft) in a foreland basin setting.

MARY LEE COAL ZONE

The Mary Lee coal zone is one of nine basinwide

economic coal-bearing cycles identified in the Potts-

ville Formation (Langsettian = Westphalian A; early

Pennsylvanian) of the Black Warrior Basin, a triangu-

lar foreland basin located between the Appalachian

and Ouachita orogenic belts (Thomas, 1988) (Figure 1).

Pashin (2004) has characterized the basin as a fault-

ed homocline dipping southwestward toward the

Figure 1. (A) Regional tectonic setting of the Black Warrior Basin (after Thomas, 1988) and (B) generalized strati-
graphic column of the upper part of the Carboniferous section in the Black Warrior Basin. The Mary Lee coal cycle is
expanded, illustrating the stacking pattern of siliciclastic deposits and coal, with interpreted environments of deposition
(EOD) indicated (after Gastaldo et al., 1990).

220 / Gastaldo et al.



Ouachita orogen, with the frontal folds and faults of

the Appalachian system superimposed on the south-

eastern margin. Thirteen cycles in this sequence (Pas-

hin, 1994a, b) are bounded by ravinement surfaces

formed during the maximum rate of sea level rise

(Liu and Gastaldo, 1992a), which can be identified

not only in outcrop and core (Demko and Gastaldo,

1996), but also in geophysical well logs (Pashin, 1994a).

Hence, these have been considered by Gastaldo et al.

(1993) and Pashin (1994a, 2004) coincident with the

genetic sequence boundaries of Galloway (1989) and

the transgressive maximum flooding surfaces of Van

Wagoner et al. (1990).

Gastaldo et al. (1991, 1993) defined the Mary Lee

coal zone as consisting of the Jagger, Blue Creek, Mary

Lee, and Newcastle coal seams (the latter a coal-seam

split restricted to northwest Walker County, Alabama)

underlain by a thick fine- to medium-grained sub-

litharenite informally called the ‘‘Jagger bedrock’’

sandstone. The coal zone crops out more than at least

a 1000 km2 (386 mi2) area as surface mine highwalls

(now mostly reclaimed), road cuts, and natural ex-

posures. Mine highwalls extended laterally for sev-

eral kilometers, having allowed for the development

of a three-dimensional perspective of facies archi-

tecture (Demko, 1990a). Demko and Gastaldo (1996)

described the vertical succession of facies in the fol-

lowing sequence of environments (Figure 1):

1) Tide-influenced shelf to lower shoreface as re-

corded in the Jagger bedrock sublitharenite. This

sandstone is characterized by large-scale trough

cross-stratification organized in large dune and

sand-wave megaforms organized as shore-parallel

bars, the tops of which have undergone incipient

pedogenesis.

2) Discontinuous coastal peat mires, clastic swamps

(Gastaldo, 1987), and tidal mud flats represented

by the Jagger coal and overlying clastic facies. The

Jagger coal occurs as isolated, lenticular bodies that

may be as thick as 2.3 m (8 ft) (in troughs of the

underlying Jagger bedrock sandstone) or less than

0.1 m (0.3 ft) (overlying megaform crests) across a

distance less than 1 km (0.6 mi). A persistent carbo-

naceous shale parting splits the Jagger coal, which

is low in sulfur (0.9–1.0%) and moderate in ash

(10–15%; Barnett, 1986), and erect lycopsid trees

are preserved in situ. The overlying interval is char-

acterized by a pinstripe laminated, fine-grained

sandstone-and-siltstone sequence as much as 9 m

(30 ft) thick in which neap-spring tidal cyclicity

has been recognized (Demko et al., 1991).

3) The Blue Creek coal is the most extensive coal bed

in the basin, known in the subsurface close to the

Appalachian structural front and westward into

Mississippi and in outcrop exposure in north-

west Walker County. This coal marks the posi-

tion of lowstand in the coal zone and is overlain

by aggrading clastic swamps (Demko and Gastal-

do, 1992). The overlying sedimentary sequence

is variable, including heterolithic pinstripe lam-

inated siltstones; entisols with in situ stigmarian

axes and rootlets, overlain by erect lycopsids, cal-

amites, pteridosperms, and pteridophytes; and

fine-grained sandstones in channel-form geom-

etries, the tops of which also are rooted and on

which the Mary Lee mire formed.

4) The peat mire deposits of the Mary Lee coal are

overlain by tidal-influenced fluvial and deltaic

deposits. The Mary Lee coal is split in the north-

western part of Walker County into a rider seam,

the Newcastle coal, with an intervening sequence

of channel-form sandstone bodies and mudstone

lithologies that show sedimentary structures char-

acteristic of tidal-influenced regimes (Gastaldo

et al., 1990). Overlying the coals are shallow, wide-

sheet, and channel-form bodies of fine sandstone

and siltstone displaying rhythmic bedding cycles.

These occur in accretionary bars wherein pinstripe

and flaser-bedding structures have been identified

(Liu and Gastaldo, 1992a, b). This interval was

interpreted by Liu (1990) to represent primarily

fluvial environments that experienced some tidal

influence.

5) The Newcastle coal and/or the channel-form fine

sandstones and siltstones are truncated by a pla-

nar erosional surface that can be traced in out-

crop and the subsurface for greater than 1800 km2

(695 mi2). Liu and Gastaldo (1992a) described the

sedimentological and paleontological variability

of the thin overlying lithologies, interpreting these

rocks as a condensed section, the result of ravine-

ment processes. The overlying marine sediments

are part of the Gillespy cycle.

Hence, this sequence reflects terrigenous sedimenta-

tion along a low-gradient coastal plain in one fourth-

or fifth-order cycle (Pashin, 2004), at frequencies asso-

ciated with classical Pennsylvanian cyclothems.

Blue Creek Mire

The thin (0.3–0.5 m [1–1.6 ft]), continuous Blue

Creek coal is a very low-sulfur (0.6–0.7%) and ash

(13–14%; Barnett, 1986) bright-banded coal with a
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small fusain component con-

sidered to be degradofusi-

nite (C. Eble, 1991, personal

communication). Winston

(1990a) determined that the

coal was composed of 49%

lycophyte trunks, 36% root-

lets, 9% pteridosperm, 5%

fern, and 1% degraded bio-

mass in samples taken from

the Cedrum mine in Town-

ley, Alabama. Preserved at

the coal-clastic contact is an autochthonous assem-

blage consisting of (1) erect lycophyte (Gastaldo, 1990),

calamite (Gastaldo, 1992), pteridosperm, and pterido-

phyte axes; and (2) an exceptionally well-preserved

adpression fossil-plant assemblage, with elements

lying parallel or slightly inclined to bedding. Fluvial

overbank processes were implicated to account for

the burial of this autochthonous assemblage (Gas-

taldo, 1990). The plant fossils are surrounded and

cast by the heterolithic siltstone-sandstone lithology

in which neap-spring tidalite deposition has been

recognized (Gastaldo, 1992).

Materials and Methods

The data presented herein are based on concur-

rent studies in the Drummond Brothers Company’s

Cedrum mine in Townley, Alabama (Townley, 7.5-ft

quadrangle, Sec. 7, T14S, R8W, and Sec. 18, T14S, R8W;

Stevanoviç-Walls, 2001;Ware,2001) (Figure2).Observa-

tions were made, and samples were collected primarily

during 1999–2000 in a 1.36-km (0.8-mi)-long surface

mine (western margin, N 33E490 86800, W 87E25038400;

eastern margin, N 33E49038000, W 87E24094200), al-

though reported specimens and observations also

originate from other mining operations in the area

(e.g., Gastaldo et al., 1990; Gastaldo, 1992). A photo-

montage of the highwall was compiled, allowing for

recognition of large-scale features above the Blue

Creek coal. In addition, thin sections were made of

the 4–5-cm-thick layer of the forest-floor litter in

what was field identified as mudstone, 0–10 cm (0–4

in.) directly above the coal seam. Oriented thin sec-

tions are perpendicular to bedding and were exam-

ined using standard petrographic techniques to eval-

uate the sediment character between litter-created

bedding planes, the presence of primary sedimentary

structures, and other features that may reflect dep-

ositional processes responsible for the preservation of

the forest.

Siderite concretions identified in ground thin sec-

tions were analyzed for carbon and oxygen isotopes

to characterize the sedimentological regime under

which they formed. Billets were subsampled with a

fine drill at approximately 5-mm (0.2-in.) intervals

along six siderite nodules, with each microsample

label indicating coal, collection site, and sample num-

ber, and subsample in the transect (e.g., sample BC VI

1Aa indicates the Blue Creek coal [BC], sample site VI,

the first sample from the site [1], first part of sample 1

[A], and the consecutive microsamples [a–h]). Pow-

dered samples were reacted with five drops of 100%

phosphoric acid at 808C in a Finnigan Kiel II auto-

mated reaction system for approximately 30 min.

The CO2 produced was analyzed on a Finnigan MAT

251 isotope-ratio mass spectrometer in the Depart-

ment of Geology and Geophysics at Texas A&M Uni-

versity. For calibration to the Peedee belemnite (PDB)

standard, the carbonate standard NBS-19 (d13C =

1.95%, d18O = �2.20%) was used (i.e., Vienna PDB).

Figure 2. Index map of Ala-
bama on which Walker County
is indicated (black), and loca-
tion of the Drummond Broth-
ers, Cedrum mine in which the
present study was conducted
(SW 1/4, T14S, R8W, Sec. 18,
U.S. Geological Survey, Town-
ley, Alabama, 7.50 quadrangle).
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Plant Taphonomy of the Blue Creek Forest

Adpression and Prostrate Cast Assemblage

A concentrated accumulation (sensu Krasilov,

1975) of exclusively aerial plant parts is preserved

directly above the Blue Creek coal in the first 5–10

cm (2–4 in.) of siliciclastics (this bed may be as thin as

3 cm (1.2 in.) and as thick as 15 cm (6 in.), depending

on the locality). The thickness of the plant-fossil as-

semblage at any particular site is controlled spatially by

the underlying topography of the Jagger sandstone

(Demko, 1990a, b). The plant debris consists of ran-

domly oriented trunks, stems, and branches of can-

opy and subcanopy elements (lycophytes and ca-

lamiteans); juvenile and mature foliage of canopy

elements and their reproductive cones either ter-

minally attached to branches or disseminated (lyco-

phytes and calamiteans); mature foliage of subcanopy

taxa and occasional bare rachial elements (pterid-

ophytes and medullosan pteridosperms), as well as

reproductive structures (pollen organs, fruits, and

seeds); and ground cover/liana forms consisting of

small-diameter axes with attached leaves [sphenophyl-

laleans, lyginopterid pteridosperms, medullosan and

callistophytalean(?) pteridosperms, and pteridophytes;

Table 1]. The plant parts are preserved primarily as

adpressions, which Shute and Cleal (1987) have de-

fined as any plant fossil showing a mixture of com-

pression states (plant parts compressed by sediment

where some original or chemically altered tissue is

still preserved) and impression states (an imprint of

the fossil plant on sediment or rock surface).

Fossil-plant detritus collected from the coal-silici-

clastic interface is not preserved well and commonly

appears as an organic coalified film without morpho-

logical or cellular detail. When viewed in thin section

(Figure 3A), this material is similar in petrographic

character to the underlying and contiguous coal.

Leaves and small-diameter branches appear as indi-

vidual, isolated vitrinite laminae, whereas some evi-

dence exists for charcoalification (fusain) and cellular

preservation of larger-diameter (>1 cm [>0.4 in]) axial

debris near the uppermost interface of the coal (Fig-

ure 3A). Commonly, it is impossible to determine

the systematic affinity of the plant below the major

plant group.

Well-preserved plant fossils occur less than 1 cm

(0.4 in.) above the upper coal contact. Thick, robust

aerial stems are preserved mainly by coalification and

commonly exhibit some three-dimensional topogra-

phy in the rock. Prostrate lycophyte and calamitean

trunks as much as 1 m (3 ft) in compressed width

(equivalent to the original tree diameter; Rex and

Chaloner, 1983; Thomas, 1986) generally are preserved

slightly convex, unless they occur as casts, in which

case they may exhibit a variety of cross-sectional len-

ticular shapes dependent on the quantity of siliciclas-

tic fill (Gastaldo et al., 1989). Juvenile lycopsid trunks

(sensu Kosanke, 1979) have been found lying flat with

spirally attached leaves (Lepidophylloides sp.), each of

which may be as much as 1 m (3 ft) in length. Smaller-

diameter axes, such as medullosan trunks that are

as much as 15 cm (6 in.) in compressed width, also

may be preserved prostrate in three dimensions or may

crosscut the entombing lithology and, in a few in-

stances, extend into the overlying, plant-barren beds.

Leaves are found in a variety of stages of complete-

ness and preservation. Entire fronds (central bifurcate

Table 1. Taxonomic composition of canopy, subcanopy, and ground cover/liana plants preserved in
the Blue Creek mire.

Canopy Subcanopy Ground Cover/Liana

Lepidodendron aculeatum Pecopteris arborescens Alloiopteris sp.

Lepidodendron obovatum Cardiopteridium sp. Diplothmema sp.

Lepidophloios laricinus Eremopteris Rhodea type Lyginopteris hoeninghausii

Sigillaria elegans Eremopteris sp. Palmatopteris furcata

Sigillaria ichthyolepis Eusphenopteris lobata Sphenophyllum emarginatum

Sigillaria scutellata Sphenopteris brongniarti Sphenophyllum cuneifolium

Calamites cisti Alethopteris cf. valida Sphenopteris cf. schatzlarensis

Calamites suckowi Alethopteris lonchitica Sphenopteris herbacea

Artisia Neuralethopteris elrodi Sphenopteris pseudocristata

Neuralethopteris pocahontas

Neuralethopteris schlehani

Neuralethopteris smithsii

Neuropteridium sp.
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or nonbifurcate rachis with

attached lateral pinnae in-

cluding pinnules), as well as

frond fragments (entire pin-

nae or pinnae apices) and iso-

lated individual pinnules (i.e.,

medullosan pteridosperms), coexist at all stratigraphic

levels in the bed, preserving the assemblage. Irregard-

less of the completeness of the leaf (frond), pinnules

from thin and delicate taxa (e.g., Sphenopteris), large,

robust, and thick taxa (e.g., Neuralethopteris, Alethop-

teris), or small, robust, and thick taxa (i.e., Lyginop-

teris), all exhibit nondessicated features that include

well-defined outlines that may be in three dimen-

sions, distinct venation patterns, and in some cases,

cuticles and cellular details. Additionally, pinnae of

larger fronds commonly were found across successive

stratigraphic levels, defining the bedding planes in

those instances. In thin section, pinnules are encoun-

tered as coalified laminae that may be parallel or at

some angle to bedding (Figure 3B).

The taphonomic character of plant detritus changes

upsection into the more siliciclastic-rich interval over-

lying the coal, where there is a marked decrease in

plant-part concentration. Here, the fossil assemblage

is dispersed; there is a complete loss of all prostrate

canopy and subcanopy axes, as well as any evidence

of complete and partial leaves attributable to sub-

canopy taxa. Only occasionally are medullosan pin-

nules found preserved in rocks more than 10 cm (4 in.)

above the concentrated assemblage, wherein they ap-

pear as isolated coalified laminae in thin section (Fig-

ure 3C). A concentrated, coalified plant assemblage

may be encountered at the stratigraphic level that

defines the uppermost limit of the erect trees (Demko

and Gastaldo, 1996) (Figure 4).

Erect, In situ Trees

The standing forest is cast above the Blue Creek coal

and consists of erect lycopsids (Gastaldo, 1990), cala-

mites (Gastaldo, 1992), pteridophytes, and pterido-

sperms; no erect cordaitean axes have been encoun-

tered. Basal trunks of lycopsids, ranging from 0.20 to

0.95 m (0.7 to 3 ft) in diameter, are congruent with the

top of the coal, and with stigmarian axes extending

into the underlying mire. Subterranean axes and

‘‘rootlets’’ commonly are not cast by siliciclastics; in-

stead, these are coalified and can be traced in the

uppermost part of the coal bed when exposed prior to

exploitation. Lycopsid trunks are cast by the same

lithology responsible for entombing the trees (see

below), and the bark tissues (periderm) have been

coalified as a surrounding vitrain band. Individual

trees are preserved for various heights above the Blue

Creek coal, and the total height of any tree may be

dependent on the underlying topographic relief of

the Jagger bedrock sandstone (Demko and Gastaldo,

1996) or the exposure in the highwall. Individual

trees range from less than 0.5 to more than 4.5 m

(1.6 to >15 ft) in height (Figure 4), but the maximum

Figure 3. Thin sections across
the upper contact of the Blue
Creek coal and overlying sedi-
ments. (A) Thin section in which
the Blue Creek coal (BCC) and
overlying forest-floor litter can
be seen to be buried by thin
laminations of very fine sand-
stone/coarse siltstone and silt-
stone/mudstone. A fusainized
axis (FA) is near the top of the
coal. (B) Thin section of the
forest-floor litter wherein aerial
plant parts, including rachial
axes (R) and pinnules (P), de-
fine bedding planes. (C) Thin
section of tidalite sequence
overlying the forest-floor litter
horizon. Scale for all photomi-
crographs is in millimeters.
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height recorded in any particular part of the mine

represents the height to which all living vegetation

was entombed. In most instances, lycopsids are not

preserved perpendicular to the coal, but instead are

at some slight angle from vertical. Most are typified

by an exterior vertical fissuring, indicative of bark

sloughing during diameter increase, making assign-

ment to a specific taxon difficult. Average tree diam-

eter in the Cedrum mine was reported to be 42 cm

(17 in.) (Gastaldo, 1990).

Calamites are encountered as either isolated, erect

pith casts or in small clusters. Most specimens are ori-

ented at a slight angle from perpendicular to nearly

458 from vertical, and pith casts are surrounded by

coalified aerial tissues (wood and bark). Several ex-

amples exist where individual plants have undergone

regeneration following burial (Gastaldo, 1992), and

in these cases, helically arranged roots that originated

at buried nodes crosscut entombing primary bedding

structures (Figure 5A). Piths are cast by the same li-

thology surrounding the aerial axes, and axes gen-

erally remain constant in diameter from the base to

the top of the specimen, with a maximum observed

diameter of 0.28 m.

It is unusual that both isolated, sparse ferns (pte-

ridophytes) and seed ferns (pteridosperms) are en-

countered erect and cast above the coal. Several stems

of Psaronius cf. simplicaulis (DiMichele and Phillips,

1977), a distichously branched tree fern, have been

recovered that exhibit both external morphology and

internal anatomy (Figure 6A) (in the absence of inter-

nal anatomy, specimens with these features would be

assigned to Megaphyton; Pfefferkorn, 1976). Tree fern

stems are as much as 9 cm (4 in.) in diameter and were

at least greater than 2 m (6.6 ft) in height when exca-

vated from the highwall, although it was not possible

to recover an entire tree. Each specimen has U-shaped

leaf scars arranged in two vertical rows on opposite

sides of the stem along with adventituous roots di-

rected geopedally. In addition, each stem also exhib-

its internal vascular trace architecture, with coalified

conducting cells preserved in a siliciclastic matrix

(Figure 6B, C). Pteridosperm axes are much thinner

in diameter than all other erect vegetation, with

maximum diameters approaching less than 10 cm

(4 in.). They generally are found inclined at angles

as much as 458 originating from the upper surface

of the Blue Creek coal and may have adventituous

roots directed geopedally. The axes commonly are

compressed, with a minimum of sediment infill.

Sedimentology of the Blue Creek Forest

Based on field characterization, the forest litter is

preserved in a mudrock, ranging from 3 to 15 cm (1 to

6 in.) in thickness, that is distinguished by numerous

bedding planes created by the preferential orienta-

tion of the plant fossils. The lowermost 3–5 mm (0.1–

0.2 in.) of the interval encompasses the top of the

coal, is dark gray (N2) to black (N1), and consists of

concentrated degraded organic matter. The remain-

der of the mudstone is light to medium gray (N3), ap-

pears to show no primary sedimentary structures in

hand sample, and contains the bulk of identifiable

adpressions. Depending on the site sampled, sideritic

nodules with authigenically cemented plant material

may or may not be present. Where present, siderite

nodules are more concentrated directly above the coal

and decrease in size and frequency upsection.

Isotope analyses of siderite nodules indicate that

carbon ratios range from 6.04 to 9.96% and oxygen

ratios range from �4.16 to �3.02% (Figure 7). High

carbon isotopic values are diagnostic of formation in

the zone of methanogenesis (Gautier, 1982; Moore

Figure 4. Erect, unidentifiable lycopsid at the Drummond
Brothers mine, Townley, Alabama. (Sec. 24, T14S, R9W,
Townley 7.5-ft quadrangle) extending 4.5 m (15 ft) above
the Blue Creek coal. A siltstone-cast lycopsid axis (at arrow)
can be seen at the stratigraphic level where the standing
tree terminates, and lateral accretion beds onlap the tree
(at arrow).
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et al., 1992), which in freshwater systems is accom-

plished primarily by acetate fermentation (Whiticar

et al., 1986). The kinetic carbon-isotope fraction-

ation associated with methanogenesis can produce

d
13C values as high as 10%, which are within the range

of values obtained. The high values found in the sid-

erite nodules above the coal probably are caused by

the abundant plant debris in the roof shale and high

rates of methanogenesis associated with their preser-

vation. However, because C3 plant carbon is isotopi-

cally light (�26%), the d13C data reflect fractionation

overprinting by bacterial methanogenesis instead of

the original isotopic signature of the organic matter.

Similar values of sideritic d
13C have been reported in

freshwater Holocene marshes of the Mississippi delta

(Moore et al., 1992) and in a shale parting of the Foord

coal seam, Nova Scotia (Zodrow and Cleal, 1999). The

d
18O data reflect isotope values consistent with non-

marine pore waters (Mozley and Wersin, 1992), and

the small range in values is indicative of early dia-

genetic siderite precipitation. Additionally, depleted

d
18O values in sites II and V (Figure 7) correlate with

what is interpreted as a ‘‘wetter’’ setting based on the

ratio of Sigillaria to Lepidophloios debris. Gautier (1982)

and Moore et al. (1992) interpreted similar data as rep-

resentative of fresh pore-water environments. Hence,

the sediment-laden waters responsible for burial and

preservation of the forest were freshwater in origin.

Overlying the forest litter is a tidalite facies (Demko

and Gastaldo, 1996) distinguished on the presence of

pinstripe interlaminated, dark-gray to medium-gray

(N3–N4) mudstone and very fine-grained sandstone

(N7–N8). Laminations range from 0.1 to 3 mm (0.004–

0.12 in.) in thickness, and silt-sized muscovite and

sideritic mudstone clasts are minor constituents. Sand-

stone laminae thicker than 1 mm (0.04 in.) commonly

are draped with silt- to sand-sized, coalified, commi-

nuted plant detritus, which also may be found con-

centrated in the troughs of current ripple structures.

Mudstone and sandstone laminations range in thick-

ness throughout the interval in a pronounced cyclic-

ity (Demko, 1990b). Primary sedimentary structures

include (1) horizontal, parallel, bedding; (2) micro-

scale cross-lamination; (3) tool marks; (4) rill marks;

(5) rippled surfaces; (6) raindrop imprints; and (7)

soft-sediment deformational features. Paleocurrent

Figure 5. Erect, standing regenerated calamitean axis with secondary roots crosscutting tidalite sediments. (A) Standing
axis at Coal Systems, Inc., Lost Creek mine (T13S, R9W, Sec. 33/38, U.S. Geological Survey, Nauvoo, Alabama 7.5-ft
quadrangle; Demko and Gastaldo, 1992) with secondary rooting structures indicated at arrows, originating from the
nodes of the aerial axis. Scale is 10 cm (3.9 in.). (B) Longitudinal section of pith cast in which tidalite deposits are displayed
above and below zones of bioturbation. Dashed lines outline the longitudinally sectioned calamite axis (see Gastaldo,
1992). Rhythmites can be seen adjacent to axis in entombing sediments. Scale in millimeters.
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indicators (current ripples, oriented macrodetritus,

tool marks) record orientations to the southeast to

southwest. Time-series analysis of data from the Jagger

to Blue Creek interval using the maximum entropy

method of power-spectrum analysis reveals strong

periodic components that occur at 18 and 200 lami-

nations per cycle (Demko et al., 1991). Trace fossils

include horizontal burrows (Paleophycus, Treptichnus),

vertical dwelling (Rosselia)

and resting (Lingulichnus,

Lockiea) traces, feeding bur-

rows (Parahaentzschelinia,

Helminthopsis), surface trails

(e.g., Kouphichnium, Cincosau-

rus), and grazing traces (Hap-

plotichnus) (Rindsberg, 1990).

In thin section (Figure 3A),

the fossiliferous mudstone is

recognizable because of the

occurrence of bedded, three-

dimensionally distributed

plant detritus. Plant fossils

vary in their disposition rel-

ative to bedding and may be

found anywhere from hor-

izontal to greater than 458
from horizontal. The ma-

jority of preserved organic matter, representative of

leaves, is no greater than 0.2 mm (0.008 in.) thick,

whereas thicker organic layers, which represent com-

pressed plant axes, attain thicknesses of greater than

3 mm (0.12 in.) and are orientated horizontal to 208
from horizontal. A point count of the sediment clasts

indicates that the interval is dominated by quartz and

clay, with clasts ranging in size from 0.01 to 0.005 mm

Figure 6. Erect marattialean
fern assigned to Psaronius sim-
plicaulis. (A) Partial segment
of fern axis exhibiting leaf
scars and adventitious roots.
(B) Cross section of stem in
which the vascular architec-
ture (stele) has been preserved
in vertical orientation. (C) Line
illustration of stem cross sec-
tion illustrating the vascular
architecture of the tree. All
scales in centimeters.

Figure 7. Isotope analyses
of siderite carbonate nodules
recovered from within and
above the preserved Blue
Creek forest floor. (A) Plot of
D

13C/12C vs. D 18O/16O isotope
data. (B) Distribution of sam-
ples’ sites in the Cedrum mine.
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(0.0004 to 0.0002 in.) (fine- to very fine-grained silt).

The only primary sedimentary structures observable

consist of thin, discontinuous parallel laminae, which

are identical to the tidalite facies. Laminations are

found in and overlying the Blue Creek coal, as well as

in the forest-litter hollow voids in degraded plant

axes (Figure 3A).

In thin section (Figure 3C), the tidalite facies is

recognizable by the presence of uninterrupted lam-

ination of alternating very fine sandstone and silt-

stone and/or siltstone and mudstone. A near-total

absence of organic matter occurs in these rhyth-

mites but where present, consists of either isolated

pinnules, axes, or degraded and dispersed organic

clasts ranging in size from 0.001 to 0.005 mm (0.00004

to 0.0002 in.). Notably, however, the composition

and texture of the sediment is identical to that in

the forest-floor litter horizon below, the contact of

which is gradational (Figure 3).

Preservation of the Blue Creek Mire

The preserved forest-floor litter and standing for-

est indicate very rapid sedimentation, with burial of

the leaf litter on the order of days to weeks and burial

of erect trees probably on the decadenal scale. Based

on Holocene studies of plant decay in tropical clastic

swamps and mires (Burnham, 1993; Gastaldo and

Staub, 1999 and references therein), the pristine pres-

ervational state of aerial plant parts in the upper part

of the litter horizon indicates that these elements

were not exposed to decay processes for any extend-

ed period of time. This is in contrast with the debris

preserved at the contact between the coal and the

roof-shale flora (sensu Gastaldo et al., 1995b).

In Holocene tropical forest litters, decay rates and

leaf half-lives are highly variable and dependent on

the composition of the leaf (both cellular configura-

tion and biochemistry; table 2 of Gastaldo and Staub,

1999). In humid tropical forests, k-values (decay con-

stants) have been reported to range between 1 (k = 1

indicates that a leaf will be degraded completely in 1

yr) and 4 (degraded completely in 1.5 months, e.g.,

Cuevas and Medina, 1988). Although k-values of 7.5

have been reported for particular taxa (Bernhard-

Reversat, 1972), other reports indicate very low de-

composition rates on the order of k = 0.4–0.5 (e.g.,

Irmler and Furch, 1980). These latter rates probably

are the result of low nutritional value in the decom-

posing litter (Edwards, 1977; Klinge, 1978). In alluvial

and dipterocarp forests of equatorial southeast Asia,

half-lives have been reported to be as little as a few

weeks (e.g,. Lavelle et al., 1993) to more than half a

year (Anderson et al., 1983).

Leaf-litter fall in the tropics occurs throughout the

year (e.g., Burghouts et al., 1992), as leaves become

nonfunctional and are lost physiologically. Equato-

rial forests have been reported to produce total litter

fall (including branches) between 9.3 and 10.9 t ha�1

yr�1, whereas leaf-litter fall (sensu stricto) has been

reported to average 6.7 t ha�1 yr�1 (Bray and Gorham,

1964). Total fine-litter and leaf-litter productivity in

lowland dipterocarp forests of peninsular Malaysia

range from 7.5 and 5.4 (Gong and Ong, 1983) to 10.6

and 6.3 t ha�1 yr�1 (Ogawa, 1978), whereas Proctor

et al. (1983) reported values of 8.8 and 5.4 t ha�1 yr�1

for lowland dipterocarp forests in Sarawak. A pro-

nounced peak in litter fall may occur when either dry

(e.g., Gong and Ong, 1983), wet (Ogawa, 1978), or very

windy conditions prevail (Proctor et al., 1983). It can

be assumed that Carboniferous peat-mire forests pro-

duced similar quantities of biomass per year depend-

ing on the vegetational mosaic, and that both physio-

logical and traumatic (Gastaldo and Staub, 1999) litter

production was responsible for peat accumulation.

The residency time of leaves on tropical forest floors

is generally short (on the order of weeks) because

of bacterial, fungal, and saprophagous interactions,

as well as the adherence of, and degradation by, fine

roots of the underlying superficial root mat (Cuevas

and Medina, 1988). This combination results in rapid

cellular deterioration and destruction of internal anat-

omy, the interlocking of leaves via fungal growth,

and leaf skeletonization (the loss of soft tissues be-

tween the ‘‘veins;’’ Gastaldo, 1994). The superficial

root mat captures or extracts (via mycorrhizal asso-

ciations) nutrients from decomposing litter (Stark and

Jordan, 1978). The organic residuum is incorporated

into the peat matrix.

Tropical forests experience varied leaf-fall patterns

and generally do not go through one large pulse of

leaves entering the system (Stout, 1980), although leaf

flushing may correlate with either the wet or dry sea-

son (e.g., Leigh and Windsor, 1996). Because there is

no change in tropical temperatures throughout the

year that may alter the rate of microbial decay (Stout,

1980), the near-constant addition of canopy parts re-

plenishes the leaf-litter mat, maintaining a relatively

constant thickness over time. In addition, as decay

rates are also constant because of prevailing climate,

degraded organic matter continually is contributed

to the peat, accounting for the high accumulation

rates as observed in the literature (Anderson, 1983).

Therefore, the mechanism(s) responsible for the
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preservation of unaltered, nondecayed leaves (those

without signs of cellular catabolysis, skeletonization,

or fungal penetration) in the forest-floor litter of a

peat mire must provide for a bypass of the day-to-day

degradation processes operating therein. Hence, the

‘‘fresh’’ state of the Blue Creek roof ‘‘shale’’ flora (Gas-

taldo et al., 1995b), comprising both ‘‘delicate’’ and

‘‘robust’’ taxa (e.g., Sphenopteris cf. schatzlarensis and

Neuralethopteris schlehani, respectively), is indicative

of an extremely short residence time at the forest-

floor surface, probably on the order of several weeks

prior to burial and preservation. Based on a phys-

ical count of the tidal couplets found in the leaf lit-

ter (Figure 3A), a minimum of 1 month must have

transpired before the leaf-litter horizon was buried

completely.

Continued rapid burial for some extended time is

further supported by the presence of the in situ trunks

of all major systematic groups, except Cordaites (Artisia

pith casts have been identified in the forest litter, but

aerial stems have not been encountered; Stevanoviç-

Walls, 2001; Ware, 2001). Erect lycopsid trunks are

cast by the same pinstripe lithology found in the en-

tombing tidalite sequence (Gastaldo, 1992). These

trees, composed of more bark (periderm) than either

wood or soft (parenchyma) tissues, were buried to

heights of at least 4.5 m (15 ft) prior to death, re-

sulting in the presence of a second canopy litter ho-

rizon at this level (Demko and Gastaldo, 1996) and in

decay. Once the structural integrity of the trunk was

compromised by rot, the stem and canopy above the

level of burial would have fallen over, exposing the

hollowed entombed axis. Sediment transported into

the system then filled each void (Gastaldo, 1986a, b),

resulting in the tree cast (Figure 4). Because of the

differential rates of decay for the variety of plant tis-

sues found in a lycopsid trunk (Gastaldo, 1986b), it is

not possible to place any constraint on the amount

of time from burial to casting.

Similarly, Calamites stems are cast by tidalite sedi-

mentation (Figure 5B) (Gastaldo, 1992). However, un-

like the lycopsids that were determinate in growth

strategy, calamiteans had regenerative capabilities

(Gastaldo, 1992). Buds, which would have been ca-

pable of developing into aerial leaves and/or branches

with leaves at nodes, redifferentiated into rooting

structures that grew downward following burial across

primary sedimentary structures (Figure 5A). Addition-

ally, new aerial stems grew from buried nodes upward

out of the sediment (Gastaldo, 1992) (Figure 2), re-

sulting in another stand of calamiteans at a higher

stratigraphic level. These, too, ultimately were pre-

served by burial and casting in tidalite sediments

(Gastaldo, 1992, Figure 6). The central piths of these

plants are hollowed by cellular breakdown during

growth, and this central void is not the result of tis-

sue decay following plant death. Therefore, it is not

possible to place a constraint on timing between

burial and casting of these forest constituents.

The most instructive erect elements are the Mara-

tiallean tree ferns. Living marattialeans possess very

few thick-walled structural cells (sclerenchymatous

tissue) in their stems; instead, the principal structural

cell is the main-stem, water-conducting system (cau-

line vasculature of primary xylem) that ‘‘floats’’ in

soft spongy tissue (cortical tissue of undifferentiated

parenchyma). These ferns also produce a sheath of

secondary (adventituous) roots surrounding the trunk,

adding support for these small trees. Such features

also are found in Carboniferous representatives (Stew-

art and Rothwell, 1993). The life habit of these tree

ferns is such that the trunk can be essentially dead as

much as 1 m (3.3 ft) or so from the apex, and the plant

continues to produce photosynthetic leaves. The stem

is commonly dead and rotted away near the base of

large plants; hence, the inner adventitious roots are

contributing to the support of the plant, but prob-

ably do not play any additional role. In essence, the

entire tree is really a short plant on top of a platform

made up of formally living stem and roots (G. Roth-

well, 2002, personal communication).

Erect Blue Creek tree ferns retain their vascular

architecture (Figure 6B) in the siliciclastic internal

cast. This feature indicates that following burial,

sufficient time passed for the soft, fleshy parenchyma

tissues of the upper ‘‘living’’ tree to have decayed, but

the more resistant conducting cells remained essen-

tially erect prior to sediment infill. Parenchymal tis-

sue decay correlates generally with a decay half-life

(Gastaldo and Staub, 1999), which can be as short as

a few weeks in the wet tropics. Hence, these standing

tree ferns allow for a constraint on how quickly in-

ternal decay of erect vegetation occurred following

(or coincident with) burial and the timing of sub-

sequent infill, which would have been on the order of

a few months.

Demko (1990b) evaluated a continuous 5-m (16-ft)

drill core of tidalite sediments recovered from between

the Jagger and Blue Creek coals at the Hope Galloway

mine, Walker County, Alabama. Ninety neap-spring-

neap tidal cycles were identified in the first 1340 sand-

stone laminae (1.75 m [6 ft] in thickness), from which

a semidiurnal system in some neap-spring-neap cy-

cles and diurnal tides recorded during other cycles

Erect Forests Are Evidence for Coseismic Base-level Changes in Cyclothems / 229



was interpreted (Demko et al., 1991). Present neap-

spring-neap tidal cycles are 14.77 days, with Carbon-

iferous neap-spring-neap cycles estimated to have been

15 days (A. Archer, 2002, personal communication).

Using this estimate, it would have taken approxi-

mately 20 yr to bury the tallest lycopsid encountered

(not considering the decompacted mud portion of

each cycle; if the mudstone is decompacted, burial

may have been on the order of a decade). Therefore,

the sedimentation event responsible for burial of the

forest-floor litter, removing it from decay processes

operating at the surface of the peat mire, and the en-

tombment of the standing forest, which thereafter

underwent decay and casting, can be constrained to

the order of a decade or less.

DISCUSSION

The burial of the peat forest by tidal sedimentation

was the result of a rapid transgression that generated

sufficient accommodation space to preserve standing

trees to at least a height of 4.5 m (15 ft). In addition,

accommodation was generated to overcome the thick-

ness of the Blue Creek peat body, interpreted as a pla-

nar, immature, raised mire (Demko and Gastaldo,

1992). Decompaction of the Blue Creek coal based on

the relative plant-part composition of the peat (Win-

ston, 1990a) results in an original peat-body thick-

ness ranging between 3 and 6 m (10 and 20 ft) over an

outcrop area of at least 1100 km2 (425 mi2) (Demko

and Gastaldo, 1992). The paleogeographic position

of the Cedrum mine has been placed some 60–100

km (37–62 mi) from the shoreline at the time of Blue

Creek mire accumulation ( J. Pashin, 2002, personal

communication). Hence, when the thickness of the

peat body in Walker County is added to the docu-

mented maximum lycopsid-trunk height, a minimum

of 11 m (36 ft) of accommodation is required for pres-

ervation of this assemblage.

Demko and Gastaldo (1996) concluded that eustasy

was the dominant allocyclic mechanism responsible

for the emplacement of fully marine sediments above

ravinement indicators (Liu and Gastaldo, 1992b). Con-

versely, the emplacement of tidal facies between peat

mires was ascribed to autocyclic mechanisms as the

result of peat compaction following catastrophic

flooding of the mire (Gastaldo, 1990) and burial of

the forest (Demko and Gastaldo, 1996). Based on the

present analyses, this model requires reinterpretation,

and allocyclic processes are implicated.

Accommodation space can be generated by either

eustatic rise or tectonic subsidence, the magnitude of

which still is debated (e.g., Klein, 1994) and probably

cannot be generalized in cyclothems. This is because

the mechanism is dependent on basinal history (Klein

and Willard, 1989) and regional variation in tecton-

ically active areas (Fortuin and de Smet, 1991). What

must be taken into consideration in the Black War-

rior Basin is not only the rapidity at which the Blue

Creek peat mire was placed below base level but also

the depth below base level that allowed for preserva-

tion of the forest under an estuarine meso- to mac-

rotidal system, the regime in which tidal rhythmite

deposits are generated (Tessier et al., 1995). Given the

constraints of tropical plant decay, the final series of

events responsible for base-level change occurred on

the order of decades and possibly less.

Recent papers (e.g., Clark et al., 2002; Blanchon

et al., 2002) indicate that eustatic rise during the pres-

ent interstadial has been pulsed, with rapid deep-

ening occurring globally. The global meltwater pulse

IA (MWP-IA) at the beginning of the last deglacia-

tion about 14 ka is recorded in corals in Barbados

(Bard et al., 1990) and elsewhere, resulting in an aver-

age rise of 20 m (66 ft) in less than 1000 yr (Clark et al.,

2002). However, because of the proximity of any geo-

graphical site to melting of the ice cap, actual sea

level rise might be as little as about 75% or as much

as about 142% of the eustatic mean. With meltwater

contribution from Antarctica and data from Barba-

dos and the Sunda Shelf, Clark et al. (2002) demon-

strated an approximate 25-m (82-ft) rise in eustatic

sea level in the tropics over a period of only 700 yr.

If this rise was continuous, the rate would exceed

40 mm/yr (1.6 in./yr) (Clark et al., 2002). Other melt-

water pulses have been identified in the Holocene

record and interpreted on similar timescales.

Blanchon et al. (2002) have interpreted relic reefs

on Grand Cayman, Barbados, St. Croix, St. Thomas,

and northern Florida to have stopped accreting with-

in 160 yr of each other, whereas modern reefs be-

came established at depths 4–9 m (13–30 ft) higher

upslope within 100 yr of the former’s demise (if the

older radiocarbon dates, uncorrected for metabolic

fractionation, are accurate). The change in eleva-

tion of reef growth is explained by a rapid rise in

sea level of at least 6 m (20 ft); hence, evidence

exists for a circum-Caribbean backstepping response

on a century scale, with the rate of sea level rise on

the order of 60 mm/yr (2.4 in./yr). The modal age of

Holocene deltas around the globe also record ini-

tiation over a 400-yr-interval, backstepping upslope

(Stanley and Warne, 1994) that coincides with the

reef demise.
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An eustatic rise in sea level, similar to documented

backstepping, cannot account for the rapid genera-

tion of accommodation necessary for Blue Creek for-

est preservation even if the peat-mire surface, some

60–100 km (37–62 mi) inland, was within 1 m (3.3 ft)

or so of base level (hence, reducing required accom-

modation to �5 m (�16 ft); see below). Water level

would have had to rise at a rate between 500 and

1000 mm/yr (0.5–1.0 m/yr [1.6–3.3 ft/yr]) to gener-

ate accommodation, allowing for initiation of sedi-

mentation, burial of standing trees by diurnal tidal

deposits, and subsequent decay and infill of the ax-

ial voids. Holocene rates are an order of magnitude

lower than that required to bury and preserve the for-

est, and where coastal transgression presently is oc-

curring in the tropics, trees either are being felled and

transported oceanward or are covered with a thin ve-

neer of beach sediment (Figure 8). If eustatic rise oc-

curred at documented Holocene rates, the lycopsid

aerial canopy parts shed after death would be pre-

served in close proximity to the forest-floor litter.

Instead, these assemblages are preserved along with

mud-cast prostrate trees at the stratigraphic level,

where the standing trees terminate (Figure 4). Hence,

eustatic sea level rise alone would have been too slow

to generate water depths to account for both the ob-

served sedimentological sequence and the plant ta-

phonomic character of the assemblage.

The alternative allocyclic mechanism to account

for the requisite accommodation is tectonism. Phil-

lips et al. (1994) and Phillips and Bustin (1996) report-

ed the transgression of a Holocene coastal mangrove

peat as the result of earthquake-induced subsidence in

a Panamanian microtidal

system. The back-barrier

Changuinola peat deposit

(Cohen et al., 1989) covers

approximately 60 km2 (23

mi2) onshore and another

20 km2 (8 mi2) offshore be-

neath shallow-marine sedi-

ments of Almirante Bay. The
14C AMS age of the peat,

�8.10 m (�26.5 ft) beneath

the present mire surface, is

reported as 3.04 ± 0.08 ka,

with nearly 40% of the peat

body presently beneath sea

level (Phillips and Bustin,

1996). Cohen et al. (1985) re-

port an approximate age of

the basal peat body as be-

tween 4 and 5 ka, and Phillips and Bustin (1996)

concur; their basalmost age determination is approx-

imately 2 m (6.6 ft) above the contact with under-

lying sand. An earthquake of Ms = 7.5 on April 22,

1991, led to a minimum of 30 cm (12 in.) and a

maximum of 50–70 cm (20–28 in.) of coseismic sub-

sidence and flooding or drowning of the southeast-

ern margin of the mire. Phillips and Bustin (1996)

concluded that the rate of tectonically driven, punc-

tuated subsidence in the area is between 2.2 and 2.6

mm/yr (2.2–2.6 m/k.y.), and the disposition of mar-

ginal peat records this style of subsidence for at least

the past 2 k.y. and probably longer.

Earthquake-induced subsidence of 1 m (3.3 ft) or

more per event is documented along the Chilean (Pla-

kker and Savage, 1970), northwestern United States

(Atwater and Yamaguchi, 1991), and Alaskan (Plafker

and Rubin, 1967; Plafker, 1969) coasts. Central Chile

was devastated by an Ms = 7.5 (May 21, 1960) earth-

quake followed by two closely spaced Ms = 8.5 (May

22, 1960) earthquakes during which time both co-

seismic uplift and subsidence relative to sea level

occurred along the coast over an area of 200,000 km2

(77,220 mi2). Vertical displacements were deter-

mined by differences in the height of pre- and post-

quake positions of the lower vegetational growth

limit. Plafker and Savage (1970) reported that sub-

sidence occurred in an area that was 75–100 km (47–

62 mi) wide and at least 800 km (497 mi) in length.

Local maximum coseismic subsidence was as much as

�2.7 m (�8.8 ft) on unconsolidated sediments near

Valdivia, with this area experiencing an average

subsidence of�1.8 m (6 ft). Adjacent coastal farmland

Figure 8. Features of Holocene coastal-plain and deltaic transgression under eustatic
control in Kalimantan, Indonesia, and Sarawak, east Malaysia. (A) Transgression
of coastal-plain deposits south of the Tandjung Tambangotngot, Mahakam River
delta. Wave action has eroded organic-rich sediments from above a rooted inceptisol
and deposited shell- and organic-rich beach sediments. Photo taken October 1988.
(B) Oblique aerial photograph of coastal mangrove transgression in the Rajang River
delta, showing undercutting of rooting systems, felling of vegetation, and transport of
woody debris into the South China Sea. Photo taken by K. Bartram, July–August 1993.
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was submerged permanently by at least 2 m (7 ft),

whereas submergence at bedrock sites on Isla Chiloé

was as much as 2.4 m (8 ft). Similar coseismic displace-

ments (1 m [3.3 ft] average, 2.2 m [7.2 ft] maximum

subsidence) followed the 1964 Alaskan Earthquake

(Plafker, 1965; Plafker and Rubin, 1967), and sub-

merged forests along the coast of Washington state

are indicative of at least 1-m (3.3-ft) subsidence (At-

water and Yamaguchi, 1991). In some Chilean coastal

areas, post-earthquake subsidence of a few decime-

ters continued for several years.

Historical records provide data on earthquake fre-

quency along the Chilean coast (Lomnitz in Plafker

and Savage, 1970). Earthquakes in the Valdivia re-

gion with estimated Ms > 7.5 occurred in 1575, 1737,

and 1837; major earthquakes centered on Concepción

occurred in 1570, 1575, 1751, and 1835; and Arauco

Indian folklore notes at least two large earthquakes

were accompanied by submergence in the Lake Budi

area, north of Valdivia. Hence, the recurrence inter-

val for high-magnitude earthquakes along this part

of the Chilean coast is somewhat less than 100 yr

since the early part of the 16th century. If the average

coseismic subsidence associated with each of these

high-magnitude events is a conservative 1.5 m (5 ft),

then 6–7.5 m (20–25 ft) of cumulative subsidence

could have occurred in less than 450 yr. Hence, if

the cumulative effect of such short-term subsidence

events can lower the base of a peat body while the

mire is accumulating organic material, without con-

current siliciclastic contamination (Phillips and Bus-

tin, 1996), then siliciclastic sediments will be depos-

ited only when the peat-mire forest floor finally is

submerged below sea level.

Therefore, coseismic, tectonically induced sub-

sidence associated with high magnitude activity is

the most parsimonious explanation to account for

the preservation of the Blue Creek mire. This model

involves transgression of the coastal zone by back-

stepping generated by century- to millennial-scale

coseismic events, placing the top of the mire close

to base level. The actual coastline would have been

kilometers distant of the Cedrum mine, where co-

eval tidal sediments would have been deposited. Al-

though marine or estuarine waters would have been

in close proximity to the study site, peat continued

to accumulate under freshwater conditions because

of the hydraulic head inherent in planar and raised

mires (Winston, 1994). Subsequently, an anomalous

high-magnitude earthquake (or series of closely spaced

earthquakes) resulted in the displacement of the forest

floor to at least 5 m (16 ft) below sea level (accommo-

dation required to account for the maximum lycop-

sid height). Such vertical displacement would have

affected fluvial distribution patterns in the area and,

possibly, increased sediment loading from slope fail-

ure in the hinterland. Such sediment loading may ac-

count for the rapid deposition of very fine sand and

coarse silt in tidal rhythmites found within and above

the mire, with redistribution of sediment-water inter-

face clastics into the vertical voids produced when

entombed trees decayed. Sediment transported and

deposited occurred in a freshwater regime, as indi-

cated by isotopic data from siderite concretions. The

presence of tidal deposits in the upper reaches of es-

tuaries and in fluvial-dominated systems is common

where meso- to macrotidal ranges occur (e.g., Maha-

kam delta, Gastaldo et al., 1995a; Rajang delta, Staub

et al., 2000; Fly River Delta, Baker et al., 1995).

Confirmation of Tectonic Influence on
Black Warrior Sedimentation

Tectonic influence on sediment accumulation in

the greater Black Warrior Basin first was suggested by

Thomas (1968), and Weisenfluh and Ferm (1984) rec-

ognized this phenomenon as affecting peat distri-

bution during accumulation of the Pratt coal seam.

They recognized basement faulting contemporaneous

with peat accumulation as evidenced by the presence

of increasing sediment thicknesses on fault blocks

from the edge of the basin successively southward.

Such contemporaneous faulting influenced the peat

distribution across the basin, with thick merged coals

occurring on the upthrown sides of fault blocks and

thin coal splits on the downthrown sides (Weisenfluh

and Ferm, 1984, Figure 4). They tested this hypothesis

using data recovered from 200 core logs and under-

ground seam measurements in a small geographic

area. Although never stated directly as to whether the

observed displacement was restricted only to contem-

poraneous faulting, lithologies that intervene between

coal splits on the downthrown side of the fault block

may be 45–60 m (148–197 ft) in thickness. This would

imply that localized subsidence, contemporaneous

with peat accumulation, could account for the rapid

change in base level, drowning, and preservation of

forests in this basin. Penecontemporaneous faulting

associated with the development of the Mary Lee

cycle has been documented by Pashin (1994c).

Implications for Subsidence Rates

In an analysis of Cenozoic tectonism in the Banda

Sea, Indonesia, Fortuin and de Smet (1991, Figure 5)
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calculated the average subsidence and uplift rates

since the Miocene, but cautioned that the actual

subsidence rates may be higher because neither

compaction nor isostasy caused by sediment loading

were considered for the sake of simplicity. It is evident

from their data that the timing, rates, and magni-

tudes of vertical crustal movement vary from place

to place across the Banda Sea. For example, average

subsidence rates at Buru (early to middle Miocene)

are 30 cm/ka (12 in./ka), Buton (middle–late Mio-

cene) experienced rates of greater than 75 cm/ka

(30 in./ka), whereas Seram (late Miocene–late Plio-

cene) experienced a rate slightly less than 75 cm/ka

(30 in./ka). They argued, however, that local sub-

sidence is episodic near convergent margins over

very short temporal scales and concluded that pro-

cesses operating over several orders of magnitude of

time result in an intricate pattern of both uplift and

subsidence. Pashin (2004) has modeled subsidence

rates for the Mary Lee cycle ranging from a mini-

mum of 12 cm/ka (5 in./ka) to a maximum of 45

cm/ka (18 in./ka), with increasing rates higher in the

Pottsville Formation. These figures fall in the lower

range of values calculated by Fortuin and de Smet

(1991) and are slightly more than half of the fastest

subsidence rate. Composite sections used in Pashin’s

(2004) analysis originated from either Lamar or Tusca-

loosa Counties, approximately 65 and 100 km (40 and

62 mi) southwest and south of the Cedrum mine,

respectively. At the Cedrum mine, the Jagger, Blue

Creek, and Mary Lee coals are in closer stratigraphic

proximity to each other.

Pleistocene sediments in the Rajang River delta

consist of beach/terrace deposits, some 5–7 m (16–

23 ft) higher than mean sea level (MSL), adjacent

to upland areas which Staub and Gastaldo (2003)

interpret as the remains of the VIIa highstand sur-

face of 125 ka, some 6 m (20 ft) above present MSL

(Chappell and Shackleton, 1986). In the lower delta

plain, near Daro, subsurface peat recovered from a

depth of 78 m (256 ft) below MSL has a 14C age

date of 40,370 (+2944/�2150; Staub and Gastaldo,

2003). This peat is part of the IIIb highstand of 40 ka,

which occurred at 41 ± 4 m (135 ± 13 ft) below pres-

ent MSL (Bloom et al., 1974; Chappell and Shack-

leton, 1986). These relationships imply that approx-

imately 40 m (131 ft) of subsidence has occurred

since then, averaging nearly 1 m/ka (3.3 ft/ka). Hence,

it is not impossible to envision a major tectonic

event, such as the Alaskan (Plafker, 1969) or Chilean

(Plafker and Savage, 1970) earthquake, wherein the

extent of basinal subsidence would have been equal

to the cumulative average displacement for 10 ka or

more.

Calculated average subsidence rates impart an as-

sumption that base-level changes are gradual and ex-

tended over temporal durations of millennial scale.

Such paradigms are not substantiated fully by pro-

cesses operating in tectonically active areas, and there

is reason to believe that coseismic changes in base

level have had their effect on the stratigraphic record

of various basinal configurations. Although average

subsidence rates provide a means by which to eval-

uate overall long-term basinal history, the recogni-

tion and identification of in situ erect forests pre-

served in estuarine deposits are a key in understanding

not only the pulsed nature of basinal response, but

also provide a means to evaluate the magnitude of co-

seismic subsidence in the deep past. The height to

which these forests are preserved serves as a proxy for

localized, tectonically rapid subsidence.

CONCLUSIONS

The low-ash, low-sulfur (Winston, 1990b) Blue

Creek mire was deposited at the inflection point of

the sea level curve recorded in the Mary Lee cycle

(Gastaldo et al., 1993). Eustasy alone cannot explain

tidalite deposition within and above the Blue Creek

mire. Documented Holocene rates of sea level rise

(Bard et al., 1990; Blanchon et al., 2002; Clark et al.,

2002) when applied to the Carboniferous are too slow

to account for the burial and preservation of the

in situ lycopsids, calamiteans, and particularly, the tree

ferns. Such a mechanism could account for buried

forests in which tree trunks are less than 1 m (3.3 ft) in

height (e.g., Gastaldo, 1986a), but not for trees pre-

served to heights of several meters. Given the fact that

progressive burial of the margins of a peat body can

occur during backstepping (either eustatic or tectonic)

without affecting the mire’s sulfur and clastic con-

tent (the overlying clastics are either a roof shale or

coal parting depending on subsequent events; Gas-

taldo et al., 1995b; Phillips and Bustin, 1996), it is pos-

sible that some part of the westward and northwest-

ward extension of the Blue Creek mire may have been

submarine, effectively bringing the top of the peat

closer to base level, prior to the time when the stand-

ing forest was preserved in Walker County. Hence, it

is not necessary to invoke a single, short-term event

to account for 11 m (36 ft) of subsidence to bury the

peat body and the forest; instead, total subsidence

would be less than this requisite base-level change,
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but would still be on the order of 5 m (16 ft) to ac-

count for burial of the tallest in situ trees.

Rapid, coseismic subsidence, however, can signif-

icantly change base level on local (e.g., Weisenfluh

and Ferm, 1984; Staub and Gastaldo, 2003) or re-

gional scales (Plafker, 1965; Plafker and Savage, 1970;

Fortuin and de Smet, 1991). Although average long-

term subsidence rates are relied on to characterize

basinal history, neotectonic investigations have

demonstrated that long-term uplift and subsidence

rates tend to be considerably lower than those cal-

culated for shorter durations (e.g., Tjia, 1981; Bloom

and Yonekura, 1985). Depending on the magnitude

of any single tectonic event, subsidence may be less

than 1 m (3.3 ft) (e.g., Phillips and Bustin, 1996) or as

much as 4 m (13 ft) (Prince William Sound, Alaska;

Plafker, 1969) of vertical displacement. Evidence exists

in the Mary Lee cycle for tremor-induced liquifaction

of sand bodies (Demko, 1990a, b), indicating that ef-

fects of tectonic loading associated with the Appa-

lachians and Ouachitas (Thomas, 1988, 1995) are

recorded in this sedimentological record. Therefore,

it is most parsimonious that earthquake-induced

subsidence was responsible for the documented dra-

matic change in the elevation of the Blue Creek mire,

reducing it to several meters below base level, and

allowing for tidal processes operating in a freshwater

regime to bury and preserve this forest. The model

proposed by Gastaldo (1990) and discussed by Demko

and Gastaldo (1996) for the burial and preservation of

the Blue Creek forest via catastrophic high-magnitude

fluvial processes for leaf-litter burial and preservation

is untenable. Although autocyclic compaction (Demko

and Gastaldo, 1996) may have played some role in

positional change of base level, allocyclic coseismic

processes are implicated as the primary mechanism

for overriding and preserving the Blue Creek peat

mire.

The recognition that sedimentation following co-

seismic subsidence is the mechanism responsible for

entombment and burial of in situ erect forests above

coastal-plain mires allows for the use of such ter-

restrial plant-fossil assemblages as a proxy for under-

standing the magnitude of episodic base-level change

in the stratigraphic record. Hence, short-term tectonic

subsidence events can be identified in terrestrial/tran-

sitional regimes by close examination of the sedi-

mentological features associated with in situ forests,

irregardless of geologic age, and using such evidence,

a better understanding of the short-term spasmodic

changes in base level that are time averaged into long-

term subsidence rates can be ascertained.
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