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[Plate 1]

Coal balls (exceptionally preserved calcareous permineralized peat), widely described
from tropical Carboniferous Euramerian coal seams, have yielded diverse data on the
biology, ontogeny and ecology of swamp plants and ecosystems. Probably over 759,
of the swamp taxa may have been preserved, in contrast to probably less then 109
in other contemporaneous environments, but the assemblages are species-poor and
represent an evolutionarily conservative assemblage. The in situ nature of coal ball
peats allows ecological changes to be identified from vertical profiles. Major changes
in plant communities both within individual seams and between seams appear to
reflect both local and widespread climatic changes, particularly in rainfall. The
preservation of cell contents, plant apices, gametophytes, etc., demonstrates the
contemporaneous or early diagenetic formation of coal balls. Their common associ-
ation with marine sediments has supported arguments for a marine source for the
carbonate. Stable oxygen and carbon isotope studies suggest a meteoric origin for
some carbonate. No current model for the formation of coal balls completely explains
their occurrence and rarity outside the Upper Carboniferous of Eurameria.

1. INTRODUCTION

Coal balls are limestone concretions encountered in coal seams which represent peat (sensu
Cohen & Spackman 1977, 1980) that was permineralized by calcium and magnesium
carbonates, before appreciable compaction or alteration took place, giving an exceptionally
preserved fossil plant assemblage (Stopes & Watson 1908; Mamay & Yochelson 1962 ; Schopf
1975) (figures 2-5, plate 1). Coal balls not only preserve fine anatomical and histological details
of the plants (figures 4, 5) but in some exceptional examples cell contents (Taylor 1977),
including starch grains (Baxter 1964), nuclei (Millay & Eggert 1974), germinating spores
(Scott 1904), gametophytes (Brack-Hanes 1978), pollen drops (Rothwell 1977), pollen tubes
(Rothwell 1972) and plant apices (Good & Taylor 1972) have been described.

Coal balls may be regarded as permineralized peat but the remaining cell walls have usually
reached the same rank as the surrounding coal (Hatcher et al. 1982). Peat may form under
a wide range of conditions and in a variety of environments (McCabe 1984) and the per-
mineralizing material may be carbonate, silica or pyrite (Schopf 1975). Many permineralized
peats may be of small geographical or stratigraphical extent (for example, the Devonian Rhynie
Chert, Scotland, the Devonian Hampshire Formation pyritized peats, West Virginia, the
Tertiary Clarno Chert, Oregon) and in diverse geological settings, including volcanic terrains
(for example, the Lower Carboniferous Pettycur Limestone, Scotland). In this paper we discuss
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the preservation of coal balls which represent calcareous permineralized peat found in extensive
coal seams. .

Since their discovery in 1855 (Hooker & Binney 1855) coal balls have been found in more
than 65 Upper Carboniferous coal seams at over 200 locations in nine countries (Phillips 1980),
and more than 130 genera and 350 species have been described (Phillips 1980) in over 1000
publications. The first coal balls were described from the Lancashire and Yorkshire coal fields
and were of Westphalian A age. In consequence much of the early work on the description of
the plants they contained was undertaken by British researchers (especially Binney, William-
son, D. H. Scott). These works were beautifully summarized in the text books of Seward
(1898-1919) and Scott (1920—23) and laid the foundations of research on coal ball floras. Coal
balls were subsequently discovered in several European countries (for example, Belgium
(Leclercq 1925), Holland (Koopmans 1934), and the U.S.S.R. (Snigirevskya 1972)) and even
now many plants from these deposits remain to be described (Holmes & Fairon-Demaret 1984).
The discovery of coal balls in North America (Noé 1923) led to numerous papers being
published in several phases. Workers such as Schopf, Stewart, Andrews, Mamay and Baxter
(Andrews & Mamay 1952) from the 1950s to 1960s demonstrated the wealth of data to be
obtained from younger coal balls (mainly Westphalian D and Stephanian). More recently
research has expanded rapidly and interest has centred on aspects of whole plant biology and
ecology (see, for example, Pigg & Rothwell 1983 ; Rothwell & Warner 1984; Phillips & Peppers
1984).

There has been a significant concentration of research into coal ball floras but it may well
be that these floras, which in fact contain a low diversity of taxa (Phillips & DiMichele 1981),
represent a stunted flora adapted to the coal swamp environment (Rothwell & Warner 1984)
and may therefore be giving a biased view on the evolution of past vegetations. Coal balls,
though, offer a unique opportunity to study the biology and ecology of those plants that
inhabitated the coal swamp environment.

2. STRATIGRAPHICAL AND GEOGRAPHICAL DISTRIBUTION OF COAL BALLS

During the late Carboniferous, Europe and North America lay adjacent on the equator
(Zeigler et al. 1981). This area belonged to the single biological province, Eurameria (Chaloner
& Lacey 1973 ; Chaloner & Meyen 1973), where extensive tropical forest peats were deposited.
It is in this region, mainly in the paralic basins (marine influenced) that coal balls are found
(Phillips & Peppers 1984).

A comprehensive account of the stratigraphical and geographical distribution of coal balls
has been provided by Phillips (1980) with additional data in Phillips & Peppers (1984). The
oldest known coal balls come from the late Namurian of Czechoslovakia and Germany.
Reported late Visean coal balls from Northumberland (Absolam 1929) are of early Namurian
age and may not be strictly coal balls. Most of the West European coal balls are of early
Westphalian age but coal balls are known from throughout the Westphalian in the Donetz
basin, U.S.S.R. (Snigirevskya 1972). In North America coal balls are more widespread, both
geographically (from the Appalachian coal region, Illinois coal basin and interior coal province
western region) and stratigraphically (mainly from the Desmoinesian and Missourian; late
Westphalian to Stephanian).

- From the distribution of coal balls it has not been possible as yet to identify for certain the
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numerous controls on their origin. Recent discoveries of coal balls in the late Carboniferous
of China promise an excellent comparison of swamp vegetation from another palaeobiological
province (Cathaysian) (Tian 1979).

3. PRESERVATION, DIAGENESIS AND TECHNIQUES OF INVESTIGATION

Coal balls generally occur as isolated masses of carbonate usually spherical in shape of varying
size, which may be distributed vertically or horizontally through a coal seam (figure 2).

While most coal balls were formed in situ within peats and remain in place, now occurring
within coals, rarely they may be found reworked. At Stubenville, Ohio, coal balls occur in the
Duquesne Coal (Rothwell 1976) in their original place of formation. In addition, channels cut
the seam in which coal balls occur. These coal balls contain a similar flora to those in situ in
the seam and have been reworked and rounded soon after their formation as the overlying
sediments have been deposited on top of both the coal and channel (R.H.Mapes and
G. Rothwell, personal communication).

Early work on coal balls relied on ground thin-sections. The development of the peel
technique (Walton 1928) enabled many more sections to be prepared from each specimen. The
introduction of the rapid peel technique in the mid 1950s ( Joy et al. 1956) considerably speeded
up palaeobotanical coal ball studies and has contributed to the increased output of research.
These techniques are well described by Stewart & Taylor (1965) and by Phillips ez al. (1976).

The vast majority of coal ball studies have been undertaken from coal balls collected from
coal tips (Andrews & Mamay 1952). Recent interest in palaeoecological aspects has encouraged
collection in situ within coals. This is especially useful when the coal balls dominate a coal seam
and enable plant community changes to be identified. The technique of identifying and
colour-coding coal ball zones has been developed by Phillips and his coworkers (Phillips et
al. 1977; Phillips & DiMichele 1981). In the laboratory, percentage volume of taxa have been
measured using a grid system on representative peels (Phillips et al. 1977).

For botanical investigations, slabbing and peeling of selected coal balls remains the standard
technique. Deep etching in 5-109%, (by volume) HCI and saturated EDTA has enabled the
liberation of in situ spores (Taylor & Millay 1969; Courvoisier & Phillips 1975). Deep etched
blocks can also be studied by s.e.m. (Chican et al. 1981). Ultrastructural studies of spores by
using the t.e.m. have also been done (Taylor & Millay 19777). The serial sectioning and peeling
through plant organs have revealed detailed anatomical structure and resulted in painstaking
reconstruction of fossil plants (Holmes 1977, 1981). Generally information on the overall
morphology of fossil plants comes from the study of fossils preserved as compressions. In some
cases the same genus or even species has been studied in both preservation states (Galtier &
Scott 1979). The development of microvibrotool techniques (Rothwell 1980) has allowed the
morphology of some organs (for example, pteridosperm leaves) to be studied in addition to their
anatomy (Mickle & Rothwell 1982; Beeler 1983). Other modern techniques such as bulk
geochemistry and stable isotopes are opening new avenues of research into the problem of coal
ball formation (Anderson et al. 1981).

(a) Previous preservation studies

Despite the vast literature on coal ball plants few papers have considered the nature and
mechanics of coal ball preservation. The formation of coal balls has really remained an unsolved



