TAPHONOMY OF THE EOCENE LONDON CLAY
BIOTA

by PETER A. ALLISON

ABSTRACT. The London Clay of Sheppey, Kent, is a grey plastic clay which was deposited in an offshore
marine environment. It contains a diverse assemblage of well-preserved plant and animal fossils in concretions
of cither pyrite, apatitc, or calcite. A diagenetic and geochemical study of the London Clay biota shows that
apatite was the first preservational mineral to form, followed by calcite and pyrite. Mineralogy is strongly
related to original biological composition. Only those organisms with an original skcletal phosphate content
(i.e. vertebrates and arthropods) have been phosphatized. Thus a geochemical bias accounts for the
preservation of the greatest detail in fossils of these groups. Early diagenetic mineralization is the only process
which can halt the information loss occurring during decay. For this reason organisims preserved during the
carlicst phases of mineralization retain the most detail.

THE organic precursors of fossils can be thought of as chemically exotic sedimentary particles
which achieve equilibrium with the surrounding sediment by decay and mineralization. Details of
the nature and mineralogy of preservation can therefore yield information on the diagenetic and
geochemical history of the enclosing strata. In addition, a fuller understanding of the processes
responsible for early diagenesis and exceptional preservation will pin-point possible locations for
new exceptionally preserved biotas.

Allison (1988a) has shown that anoxia is ineffective as a long-term preservational medium and
that only mineralization can halt decay-induced information loss in the fossil record. Further,
preservational mineralogy of a biota is strongly related to original organic composition. This
results in a geochemical taphonomic bias whereby those fossils associated with the earliest
phases of mineralization exhibit a higher level of preservation than those formed by later
events.

The London Clay biota presents a variety of exceptionally preserved plant and animal remains
and can be defined according to Seilacher (1970; see also Seilacher e al. 1985) as a Konservat or
conservation Lagerstdtten. This study examines the mineralogy and preservation of the London
Clay biota and discusses the palacoenvironment and diagenetic sequence of the host rock. The
London Clay flora represents one of the world’s most diverse fossil fruit and seed assemblages,
containing over 500 plant types including 300 named species (Collinson 1983). It is regarded as
one of the best preserved and most diverse assemblages of fossil plant material in Europe. For a
taxonomic review of the flora, see Chandler (1961, 1964) and Collinson (1983).

The animals of the London Clay biota are as well preserved as the plants. The hard parts of
mammals, birds, reptiles, fish, arthropods, and molluscs almost always occur in three dimensions
within pyrite or calcium phosphate concretions. Soft-part preservation is very scarce, but includes
a pyritized maggot (Rundle and Cooper 1970) and the pedicle of a terebratulid brachiopod (Rowell
and Rundle 1967). The diversity of the fauna has attracted considerable scientific attention from
invertebrate and vertebrate specialists alike, e.g. Murray and Wright (1974) on the Foraminifera,
King and King (1976) on the brachiopods, Davis and Elliott (1957) and Curry (1965) on the
molluscs, Keen (1978) on the ostracodes, Quayle and Collins (1981) on the crabs and lobsters,
Casier (1966) and Ward (1979) on some of the fish, and Hooker ef al. (1980) on some of the
mammals and reptiles.
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TEXT-FIG. 1. Map showing palacogeography of
LANDMASS southern Britain during Eocene times. Principal
¥ 2 o SEA occurrences of London Clay are arrowed.
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GEOLOGICAL SETTING

Outcrop of the London Clay in the British Isles 1s limited to the London and Hampshire basins (text-fig. 1).
By far the best and most complete sections occur along the coast, although brick pits and motorway cuttings
have created additional exposure (see Collinson 1983 for details). Although these basins are currently
separated by the Chalk ridges of the Downs, they were originally deposited in a single trough along the
northern flank of the Anglo-Paris Basin (Curry 1965; Davis and Elliot 1957; Wills 1951). Repeated subsidence
and sedimentation has resulted in a cyclic sequence of marine, brackish, and estuarine deposits. The clay
mineral suite occurring in Tertiary sediments from the western part of the Hampshire Basin is dominated by
a kaolin-illite assemblage derived from the West Country granites (Gilkes 1967). However, the sediments
occurring in the east are rich in montmorillonite and may be derived from either locally eroded Chalk (Gilkes
1967) or the decomposition of pyroclastic ash deposits (Knox and Harland 1979). During marine transgressions
of the basin, such as that responsible for the deposition of the London Clay, the illite/montmorillonite suite
extended from the eastern province to include both the London and Hampshire basins. The shore line during
London Clay times is thought to have run south-west roughly from the Wash to a few miles west of the Isle
of Wight (text-fig. 1; Wills 1951). Sand and silt horizons occurring near what was the Eocene shoreline thin
eastwards (King 1981) into the stiff blue-grey muds which are so characteristic of the London Clay.

The London Clay within the London Basin attains its maximum thickness of 165 m on the Isle of Sheppey
where it crops out as a series of monotonous stiff blue-grey clays with numerous nodule bands (Davis 1936).
King (1981) proposed a lithostratigraphical classification of the London Clay and the associated beds, which
together he referred to as the Thames Group. In his classification this group is divided into the Oldhaven
and London Clay formations. The latter is further sub-divided into divisions A-E of which the upper two
(D and E) crop out along the Sheppey coast.

By far the best exposed section at Sheppey occurs at Warden Point where almost 50 m of sediment are
exposed. Much of the material upon which this study is based was collected from either the pyrite and nodule
concentrates on the foreshore or in situ from the cliff.

PRESERVATIONAL STYLE

Vertebrates. At Sheppey fish teeth and vertebrae are the most common vertebrates, although
mammalian (Hooker ez al. 1980) and avian remains have been recorded (Harrison and Walker
1977). The fossils are most commonly preserved in concretions of either phosphate or pyrite and
seldom occur in carbonate concretions. Phosphatic fossils show a greater degree of articulation
and in some cases may be completely intact. Preservation of some of the fish includes articulated
hard parts (skull, vertebrae, etc.) enclosed by a cylindrical bag of scales in what appears to be life
position. Soft parts (muscles and viscera, etc.) are absent from such fossils and the scales are
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TEXT-FIG. 2. A, phosphatic crab-bearing concretions, x 0-8. B, X-ray radiographic print of concretion showing

partially disarticulated crab; ¢ and d refer to areas of X-ray enlarged in text-fig. 2¢, b, x 0-8. ¢, D, photographic

enlargements of B. ¢ shows crab pincer with apodcmes (a), x 7. D, crab leg with spine (s) and possible skirt

of sensory hair (h), x 10. X-ray photographs were taken with a pHiLLIPS MG 161-160 kV constant potential

X-ray unit. The X-ray tube had a focus of 0-4x0-4 mm and a film focus distance of 600 mm. Inherent
filtration of the X-ray tube was equivalent to 1 mm of beryllium.

separated from the skeleton by phosphatized sediment. Thus it is clear that decay had destroyed
soft tissues prior to phosphatization. Decay of soft parts commonly leads to tissue collapse and
flattening of carcasses (Zangerl and Richardson 1963; Zangerl 1971; Conway Morris 1979; Briggs
and Williams 1981). The preservation of scales in an uncompacted life position therefore implies
that sediment infill of the body cavity occurred during the decay of soft parts. Such a mode of
preservation could only be achieved with extremely rapid rates of sedimentation.

Vertebrate hard parts within these concretions are preserved in brown-black calcium phosphate
in contrast to the buff colour of the enclosing concretion. :

Arthropods. The arthropod fauna is dominated by crabs and lobsters although barnacles and
insects also occur. Insects are pyritized and three-dimensional, and include both adult and larval
forms (Venables and Taylor 1963). Rundle and Cooper (1970) suggested that the insects at Sheppey
were wood-boring forms which may have been transported in floating timber.

Eumalacostracans are always preserved in dark {rancolite within buff-coloured concretions of
calcium phosphate (text-fig. 2a). They are invariably fragmented and disarticulated but are rarely
flattened and show fine morphological detail including cuticle lamination and pore canals (text-
fig. 61). In some specimens it is possible to differentiate between endo- and exocuticle (text-fig. 61).
X-ray radiographic methods have demonstrated the preservation of delicate structures such as
spines, sensory hairs (text-fig. 28, D), the antennae of a crab (text-fig. 3A, B), and even the apodemes
or muscle attachment sites on the inside of a crab pincer (text-fig. 2¢).

X-ray methods have usually been used in the past to detect pyritized structures. The phosphate
in which the London Clay arthropods are preserved is chemically similar to that of the enclosing
nodule. However, the phosphate of the crustacean cuticle is more densely crystalline than the
enclosing phosphatized sediment. Thus, the fossils are only rendered visible to X-rays by a slight
difference in density/porosity between the calcium phosphate of the concretion and that of the
arthropod cuticle. Flattened concretions are more amenable to X-rays than rounded forms. This
is because variations in thickness in the concretion affect the absorbance of X-rays and thereby
control the exposure of the radiograph. Thus flattened concretions with an even thickness have a
uniform exposure (text-fig. 3A). Rounded concretions present a technical problem in that very few
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TEXT-FIG. 3. A, X-ray radiographic print of crab in phosphate concretion, x 1-6. B, drawing of X-rayed
specimen, L = appendages, S = carapace, A = antennae, C = pincers.

X-rays pass through the thicker centre of the concretion compared with the thinner periphery.
Prints taken from such radiographs of the periphery of the concretion require considerable
photographic ‘dodging’. In the case of the print showing the crab chelae (text-fig. 2¢) the upper
margin of the print received 360 times as much light as the lower margin of the print.

Shelly fossils. Molluscs and brachiopods are commonly found as isolated elements amongst pyrite
concentrates on the beach at Sheppey. They are commonly infilled with pyritized sediment and/or
euhedral pyrite. Pyrite often replaces original shell, although even where this is the case, it is
possible to pick out original laminar skeletal structure. In some cases it is possible to identify
vertical rods of pyrite normal to the shell surface which appear to be pseudomorphing original
skeletal fabric (text-fig. 6D). Calcareous relics of the original shell are rare within these pyritized
remains but occasionally the more heavily calcified parts, such as the spire of gastropods survive
(text-fig. 6, G). Original shell material of both gastropods and bivalves is found in concretions of
calcium carbonate (text-fig. 4) and calcium phosphate. In this instance even delicate shells are
uncracked and show no indication of sediment compaction. Concretion formation was therefore
pre-compactional.

Borings of the bivalve Teredina squamosa are common in calcified (text-fig. 4) and pyritized
(text-fig. 9) wood within concretions. Modern representatives of Teredina have a reduced shell
which is rocked back and forth by the animal as it bores its way into the wood. Since most of the
soft parts lie outside the shell, the animal secretes a thin layer of calcite to line the boring. Within
calcified wood from Sheppey this lining calcite is ubiquitous, and the articulated shells are found
in the boring. Tangential sectioning of mineralized borings reveals a series of semi-vertical striations
running along the edge (text-fig. 5p) which were made by the rocking motion of the shell. Some
of the borings contain irregular spherical bodies of dark brown calcite up to 6 mm in diameter
(text-fig. 5a). These may be the calcified gastric contents left in their original location following
decomposition of the soft parts.

Plants. The plants demonstrate a greater preservational diversity than the animals (see Table 1).

Coalified plant matter. The cuticles of pyritized fruits and seeds may be preserved as coalified
remnants. In addition, isolated woody fragments occur throughout the clay which are part
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TEXT-FIG. 4. Transverse section of wood-bearing concretion, x (-8. Note extensive boring by bivalve Teredina:
s = gastropod shell, m = pyrite meniscus, |1 = shell lag, t = burrow, g = geopetal infill with pellets/sediment,
z = polyzonal-calcite lining Teredina boring.

TABLE 1. Summary of mineralogical facies associated with fossilization in the London Clay.

Pyrite
Framboids a, Isolated
b, Conjoined
Fossils a, Plants: fruits and wood
b, Shelly material
¢, Vertebrates
Internal a, Vessel infills in calcified
moulds wood
b, Vesicle infills in bone
¢, Cavity infills in gastro-
pods and Teredina bor-
ings. Includes: pyritized
sediment, euhedral pore
lining pyrite, and pyrite
stalactites
Overgrowths a, Burrow infills
b, Bi-pyramidal  forming:
light “dustings’ and cauli-
form growths
¢, Radiating cauliform
growths
Concretions @, Sub-spherical to flat and
cauliform
Septarian a, In phosphatic nodules
infills b, In pyritic nodules

Calcium carbonate

Calcium phosphate

a, Original skeletal material
b, Permineralized wood

a, Cavily infills with pore
lining habit in Teredina
borings

a, Sub-spherical to ovate
concretions

a, In calcareous nodules

a, Arthropods and verte-
brates

b, Permineralized seed cases

a, Mineralized sediment in-

fill of cavities in seeds

a, Sub-sphcrical to ovatc

nodules
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TEXT-FIG. 5. A, dark-brown calcareous concretions, supposed to be gastric contents of Teredina, deposited

in situ through decay of animal, x4. B, gcopetal pelletal infill of boring, x 5. ¢, bore-lining polyzonal

calcite, x 5. D, tangential longitudinal section of boring showing striations upon wood surface made during
excavation, x 3.

pyritized and part coalified (text-fig. 6a). Unmineralized coalified material is always compacted
and cellular detail is usually obscured.

Pyritization. Pyrite has preserved fine morphological details such as winged seeds inside a fruit
(Collinson 1983) and cellular structure such as the cast and moulds of starch grains within
mangrove hypocotyls (Wilkinson 1983). Robust structures such as twigs and seeds have not been
crushed by sediment overburden but some of the fruits have been compacted. Thus the seed case
of the large palm fruit Nipa burtini is compacted and slightly flattened (P1. 94, figs. 1, 3, 5). Pyrite
1s most common as an infilling of cellular cavities but also occurs as a replacement of original
plant material.

The development of pyrite is controlled by the anatomy of the original organic material.
Mineralization preferentially selects the spring or early wood leaving the late or summer wood as
a coalified layer (text-fig. 6A) with infillings of pyrite. Pyrite forms as a response to the activity
of sulphate-reducing bacteria (see section on pyrite paragenesis). It is possible that the large, thin-
walled cells of the spring wood were more susceptible to decay (by sulphate-reducing bacteria)
than the small, thick-walled lignified cells of the late wood. Thus in the case of the wood figured
in text-fig. 6, the action of microbial sulphate reducers led to the decay of spring wood prior to
the precipitation of pyrite. However, the late wood being more decay resistant, was preserved as
a coalified residue which includes cellular detail. Individual cells in this instance are commonly
infilled with pyrite. Similarly the tough outer cuticle of fruits such as Nipa is carbonaceous whilst
the internal structures are pyritized. It is likely that this too is due to increased decay resistance
within the cuticle.

Kenrick and Edwards (1988) have described a similar distribution of pyritized and coalified
portions of plant anatomy from the Lower Devonian of Wales.

Calcification. Calcification of plant material occurs as a permineralization (as opposed to a
replacement) and is restricted to larger woody fragments which have in some cases formed the
nuclei of large carbonate concretions. Calcification led to the preservation of fluid-bearing vessels
and individual cells (text-fig. 68, C).

Phosphatization. Phosphatized plant material is rare and restricted to a few isolated specimens of
N. burtini. The phosphate has impregnated the carbonaceous outer cuticle of the fruit and also
occurs as a mineralized sediment infill within the fruit cavity (Pl. 94, figs. 2, 4, 6). Nipa from
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TEXT-FIG. 6. A, pyritized wood cut perpendicular to grain and viewed n reflected light, note preservation of
late wood (a) as coalified residue and early wood (b) as pyrite, x 5. B, SEM of calcified wood, x 20. ¢, thin-
section of calcified wood showing cellular structure and fluid-bearing vesscls (v), notc geopetal infill of latter
with framboidal pyrite, x 30. D, pyritized gastropod shcll (s) coated i overpyrite (o) with internal cavity
filled with pyritized sediment (1), note vertical rods (r) of pynte thought to represent original shell structure,
viewed in reflected hght, x 20. E; SEM of calcarcous spire of otherwise pyritized gastropod, x 1200. F, close-
up of E showing fine detail of lamellac structure of shell, x2000. G, SEM of pyritized gastropod shell (s)
showing shell laminae (1), and pyritized sediment infill (i), x 30. H, thin-section of phosphatized bone (b) with
pyrite infill (p) of vesicles, x 40. 1, thin-scction of phosphatized crab cuticle including preservation of exo-
cuticle (x) and endo-cuticle (n) x 35.
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A Overpyrite B

Cuticle

Pyritized
cuticle

Phosphatized
sediment infill of
seed cavity

Seed cavity Phosphate

TEXT-FIG. 7. Diagram of polished sections of Nipa burtini. A, pyritized crushed specimen (Pl. 94, fig. 5). B,
phosphatized/pyritized specimen (Pl. 94, fig. 6).

Sheppey displays considerable biological variation. Some forms are sterile and without fruit, others
have been fertilized and have aborted and still others are fertile fruit-bearing forms (M. E.
Collinson, pers. comm.). It is therefore important to identify the nature of each specimen and
compare like with like before interpreting the effects and timing of compaction. The Nipa depicted
in Plate 94, figs. 1, 3, and S is pyritized and is slightly flattened with compaction cracks (text-fig.
8) whereas the specimen depicted in Plate 94, figs. 2, 4, and 6 is part phosphatized/part pyritized
and is three-dimensional (text-fig. 7). Phosphatization prevented flattening of the fruits and is
therefore pre-compactional whereas pyritization occurred later after sediment overburden had
crushed the fruits. It is possible that the pyrite occurring with phosphate in the uncompacted fruits
is a replacement of original phosphate.

PRESERVATIONAL MINERALOGY

Most of the early diagenetic authigenic minerals are precipitated as a result of the biodegradation
of organic matter. This is due to changes in Eh, pH, and in the concentration of various anionic
and cationic species within pore waters brought about by bacterial respiration. Bacterial degradation
proceeds through a number of chemical steps of which the best known is aerobic decay. However,
following the depletion of oxygen, bacteria utilize a number of alternative oxidizing agents to
continue active biodegradation and respiration. These reactions are stratified within sediment (text-
fig. 8). Species liberating the greatest free energy yield occur highest in the sequence and only when
these have been exhausted do less energetic reactions (lower in the column) occur (Redfield 1958).

Not all oxidants are present within any given sediment. Sulphate reduction and methanogenesis
dominate in marine environments whilst methanogenesis alone dominates in a freshwater system.

EXPLANATION OF PLATE 94

Figs. 1-6. Nipa burtini. 1, 3 and 5, apex of crushed pyritized specimen. 1, outline view. 3, lateral view. S,
polished section. 2, 4 and 6, apex of uncrushed phosphatized/pyritized specimen. 2, outline view. 4, lateral
view. 6, polished section, all x 2-6.



PLATE 94

ALLISON, Nipa burtini



1088 PALAEONTOLOGY, VOLUME 31

Aerobic Zone

Manganese reduction

Nitrate reduction

Iron reduction

Anaerobic Zone

Sulphate reduction

Carbonate reduction
(Methane generation)

TEXT-F1G. 8. Occurrence of bacterial reduction zones in sediment (after Redfield 1958). Note sulphate
reduction dominates in a marine system and methanogenesis and nitrate reduction dominates in a
freshwater system (from Allison 1988a).

The sequence of decomposition events will have a radical effect upon pore-water chemistry and
can therefore be used as a model for the paragenesis of several authigenic sedimentary minerals
(text-fig. 8; see Berner 1981 for a review).

Rationale. Concretionary calcite and phosphate precipitate within the pore spaces of the unconsoli-
dated clay. Crystallization of these minerals did not force the detrital minerals apart since delicate
structures such as burrows and faecal pellets are still intact and undeformed. Thus the volume of
nodule-forming mineral is approximately equal to original porosity of the sediment at the time of
mineral precipitation (Raiswell 1971). Sediment compaction in mud rocks is proportional to depth
of burial (Greensmith 1978), hence an assessment of original porosity within early cemented mud
rocks is also an indication of diagenetic timing. Therefore original porosity of the sediment is
approximately equivalent to the acid soluble fraction of the concretions (Raiswell 1971). This
approach is invalid for pyrite and phosphate concretions since the acids capable of digesting these
minerals will also dissolve detrital minerals such as some clays. For this reason calcium and
phosphate levels in the apatite concretions was determined analytically and volume of nodule-
forming mineral estimated. Even this method would be invalid for pyrite concretions since pyrite
may replace detrital grains.

Minor and trace element chemistry of diagenetic minerals is strongly dependent upon pore-
water chemistry at the time of crystal growth. Pore-water chemistry is in turn controlled by
bacterial degradation of organic carbon and burial. Therefore the relative abundances of certain
elements (particularly manganese) within the concretion can be analysed to provide an indication
of diagenetic trends.







































