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Abstract 

The Lower Cretaceous sediments of the Weald, southeastern England, were 
deposited under predominantly fluvio-lacustrine conditions. The environment is 

interpreted as a low-lying plain with many rivers and areas of standing water with 

occasional marine influence. 

Vertebrate material has been known from the Weald since the last century. A 

variety of taxa have been identified, including sharks, bony fish, crocodiles, turtles, 
pterosaurs, dinosaurs and mammals. This material is preserved in a range of sedimentary 
contexts and taphonomic states, from isolated scraps of bone to associated and articulated 
partial skeletons. Several bone accumulations are documented here. The dominant 

sedimentary associations are fluvial sands and gravels, including the bone-beds at Clock 
House Rock Store and Smokejacks Brickworks. Bones are also preserved in fine- 

grained overbank deposits which occasionally show evidence of pedogenic processes, 
for example at the Keymer Tileworks. Bones preserved in coarse-grained arenaceous 
sediments are heavily abraded. In contrast, those preserved in overbank deposits are 
slightly abraded and show evidence of in situ weathering. 

Experimental taphonomy focused on the relationships between rate of bone 

abrasion, bedload grain size and the pre-transport history of the vertebrate material. The 

experiments used a circulating flume tank rather than the more usual tumbling barrel. The 

results suggest that abrasion of fresh, slightly weathered and reworked bone is a slow 
process. 500 hours in the flume tank produced only slight modification of the overall 
shape of the bone, although loss of surface tissue may be relatively fast. A significant 
factor in the rate of abrasion appears to be the burial history of the vertebrate material. A 
horse (Equus cabalus) vertebra that had been buried for approximately 150 years 
displayed significant loss of tissue, drastically altering the overall shape. For bones to 
become highly abraded (i. e. sub-spherical, well-rounded bone pebbles) they must have 

been through several cycles of deposition and reworking. The chemical changes 

affecting bones during burial would appear to reduce the ability of a bone to resist 

mechanical damage. 
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Chapter One 
Introduction 

As I sit and chew on daffodils, 
And struggle to answer 'Why? ' 

'Script for a Jester's Tear' Marillion 

1.1 Introduction 
Vertebrate taphonomy has for many years been a neglected aspect of 

palaeontology. Consequently, much of the material held in research collections can 

provide information relevant only to the more traditional disciplines of taxonomy, 

palaeobiology and stratigraphy. Taphonomy covers a range of biological, physical and 

chemical processes that affect an animal or plant between death and eventual discovery as 

a fossil (Lyman, 1994), and is divided into subdisciplines, for example decay, 

biostratinomy and diagenesis. Vertebrate taphonomy can give important insights into the 

cause of an animal's death and the processes that affect carcasses after death. When 

described in context (i. e. with full analysis of the associated sediments)the physical 

processes leading to deposition and burial may be clarified. Biostratinomy includes those 

processes responsible for any modifications of a carcass occurring between death and 
final burial. Diagenetic taphonomy describes the changes that take place during 
fossilisation, and generally relates to chemical alteration (Lawrence, 1979). Modification 

does not stop after diagenesis, since further taphonomic filters come into operation during 

re-exposure, collection, preparation and curation. A detailed taphonomic description of a 
fossil accumulation or single skeleton can give an insight into the processes operating in 

the geological (and archaeological) past (Shipman. 1984, Allison and Briggs, 1991, 

Lyman, 1994). 

Terrestrial environments present a great variety of potential sites of vertebrate 

preservation, including lakes, marshes, rivers, soils and even ice. An example of the 
latter is the discovery of a Prehistoric man preserved in an Alpine glacier (Spindler, 

1994). Each of these scenarios has its own particular set of taphonomic filters removing 

or distorting information from the fossil record. Soil pH (Gordon and Buikstra, 1981), 

for example, the water chemistry of certain areas of marsh or bog, will promote the 

preservation of soft tissue but not bone (Glob, 1969). 



Many of the established taphonomic examples from the literature have 

concentrated on well-preserved, associated and articulated macrovertebrate material. It is 

probable that these scenarios were chosen because they are impressive, for example the 

recent book devoted to one skeleton of Seisrnosaurus (Gillette, 1993), and because 

vertebrate palaeontology has traditionally concentrated on taxonomy, which requires 

well-preserved bones. The result is that the taphonomic record has become heavily 

biased by these trends, with microvertebrate accumulations (i. e. disarticulated material) 
being poorly represented. The nature of the vertebrate fossil record of the Wealden 

sequence of southern England exemplifies this. Since the last century the Wealden of the 
Weald has been an important source of fossil vertebrate material, and is especially well 
known for associated and articulated dinosaur remains. However, these finds are rare 

compared to the large numbers of bone fragments and isolated teeth recovered= This bias 

towards study of, and interest in, spectacular accumulations needs to be corrected. The 

information that can be obtained from microvertebrate accumulations has equal scientific 
importance. 

1.2 The Global Lower Cretaceous 
The early Cretaceous was a significant phase in the history of life on Earth. For 

example the first angiosperms are known from English Hauterivian sediments (Hughes 

and McDougall, 1987). By the Late Cretaceous angiosperms formed the dominant 

component of the global flora (Crane, 1989). 
Changes were also taking place in the composition of the terrestrial vertebrate 

faunas. In the northern hemisphere sauropods, the dominant herbivores during the 
Jurassic, declined in relative abundance and species diversity (Weichampel and Norman, 
1989). However, in the southern hemisphere sauropods retained their dominance 
(Bonaparte, 1987). The Early Cretaceous saw the first appearance of the Ceratopsida 
(Psittacosauridae) and the Pachycephalosauria, for example Yaverlandia bitholus from the 
Wealden of the Isle of Wight (Osborn, 1923, Gallon, 1971, Maryanska and Osmolska, 

1974). Ornithopod dinosaurs underwent rapid radiation during the Cretaceous to become 

the dominant herbivore group (Wing and Sues, 1992). 
Certain Lower Cretaceous sites have proved to be especially rich in vertebrate 

remains. European localities are relatively common. However, terrestrial vertebrates of 
this age from North America are rare (Galton and Jensen, 1978). Recent exploration of 
Lower Cretaceous sequences from Australia has brought to light several terrestrial 

vertebrate accumulations (Rich et al., 1989). 
The fauna from Galve, Spain (Barremian to Aptian), is noted for microvertebrate 

remains. Taxa present include hybodont sharks, bony fish, salamanders, a frog, lizards, 

crocodiles and dinosaurs. The animals are thought to have inhabited an area of 
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freshwater rivers and streams, possibly marginal to a marine environment (Estes and 
Sanchiz, 1982, Sanz, 1982). 

The vertebrate-bearing sediments of Bernissart, Belgium were deposited in a 
lacustrine or wetland environment. After deposition these sediments collapsed to infill 

fissures and caves in the underlying limestones. As well as the articulated remains of 
Iguanodon the site has yielded fish, crocodiles, turtles and a salamander (Norman, 1980, 

1986,1987a). A similar geological setting, a cavern infill of Aptian age, has been 

described from Nehden, Germany. Here, Iguanodon atherfieldensis remains dominate 

the vertebrate assemblage. Other taxa include crocodiles, turtles and rare fish (Norman, 

1987b). The sedimentary environment in both of these examples is similar to that of the 
Wealden of the Weald (Chapter 5). 

An interesting new European vertebrate site has been recently described from 

Oradea, northwest Romania. Here, a horizon of earliest Cretaceous (Berriasian and 
Valanginian) bauxite paleosol is sandwiched between marine limestones. The paleosol 

rests on a well-developed karstic surface, and fills topographic hollows, caves and 
fissures (Grigorescu, 1993). Taxa recovered so far include Hypsilophodon, Iguanodon, 

Valdosaurus, a possible theropod, and a possible ankylosaur (Jurcsak and Kessler, 

1991). Three genera of pterosaur (including Gallodactylus) and three bird genera, for 

example Archaeopteryx and Palaeocursornis, are known from the site (Kessler and 
Jurcsak, 1986). However, Benton (pers. comm., 1995) considers the presence of bird 

remains at this site unlikely. 
Although Lower Cretaceous vertebrate accumulations are rare in North America, 

several important sites exist, including the Trinity Group of Texas and Oklahoma, the 
'Lakota' Group of South Dakota, the Arundel Formation of Maryland, and the Cloverly 
Formation of Montana (Ostrom, 1970). 

The vertebrate faunas of the southern hemisphere are not as well documented as 
those of Europe and, to lesser extent, North America. This is because of the shorter 

collecting histories of Australia, Antarctica and South America. Taxa recovered from 

Lower Cretaceous sediments in Australia include a' turtle (Warren, 1969), a lizard 

(Molnar, 1980), bird feathers (Talent et al., 1966), bony fish (Waldman, 1971) an 

allosaurid theropod (Molnar et al., 1981,1985), hypsilophodonts, pterosaurs and 

plesiosaurs (Rich et al., 1989). Terrestrial vertebrates from Antarctica are extremely rare. 
It has been suggested that taxa found in Australia and other Gondwanan landmasses will 

probably be found in Antarctic sediments (Molnar, 1989). 

The Santana Formation, (? Upper Aptian) of Brazil is famous for the 
exceptionally well preserved fish and pterosaur fossils. Other vertebrate taxa include 

turtles, crocodiles and a possible dinosaur (Mat-till, 1988). The interbedded limestones 
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and shales, sandstones and evaporites were deposited in a large landlocked lagoon 
(Unwin, 1988). 

With the exceptions of the paleosol at Oradea and the Santana Formation all of the 
bone accumulations briefly described here were deposited under fluvial conditions. This 

reflects the good preservation potential of fluvial systems. However, rivers are also able 
to bias the fossil record, for example hydrodynamic sorting will remove certain skeletal 
elements (Voorhies, 1969) and the process of transportation may damage or destroy a 
bone or bone fragment. 

1.3 Aims and Methodology 

In this study I attempt to redress the balance of academic interest between well 

preserved macrovertebrate bone associations and the less impressive, often poorly 

preserved, microvertebrate accumulations using material collected from the'classic' 
Wealden field area. For each site the palaeoecological and taphonomic characteristics 

were recorded. 
A selection of bone-beds, representing a range of sedimentary and taphonomic 

contexts, were sampled and studied. Although Wealden vertebrate remains have been 

described for many years, the emphasis, with few exceptions, has been placed on 

macrovertebrate taxonomy (Patterson, 1966; Clemens and Lees, 1971). Most of the 
bone-beds have only been given brief mention in the scientific literature (Allen, 1949). 

This is exemplified by the Cliff End Bone Bed, which is one of the better-known British 

bone-bed facies. This site has been documented as a source of mammal and shark 
fossils, but the preservation state of the material has not been systematically described 

(Kermack, Lees and Mussett, 1965, Patterson, 1966). 
This study has three aims: 

" Documentation of the taphonomy and sedimentology of various Lower Cretaceous 

vertebrate accumulations from the Wealden of the Weald. Sites were chosen for 

accessibility, sampling potential and stratigraphic position. 

" Comparison of bone preservation scenarios with the accepted palaeoenvironmental 
interpretation of the Wealden sedimentary record. The taphonomic and sedimentary data 

analysed during this study will increase our understanding of the small-scale 

palaeoenvironmental features of the Lower Cretaceous rock record from southeastern 
England. 

" Tests of the accepted methods of taphonomic description of vertebrate material using 
the Wealden bone accumulations. 
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Fig. 1.1 Field localities. 1: Smokejacks Brickworks, 2: Clock House 
Rock Store, 3: Keymer Tileworks, 4: Cliff End. 



This work has two components, field-based case studies and laboratory-based 

experimental work. 

The case studies were constructed using primary data collected from the selected 
sites (Fig. 1.1), supplemented with information from the literature and material held in 

the Booth Museum of Natural History, Brighton (BMB)., 

The Wealden accumulations studied here have been classified according to their 
taphonomic characteristics, based on our current knowledge and understanding of 
taphonomic processes and patterns. These are the first detailed biostratinomic 
descriptions of Wealden bone accumulations, although taphonomic data have often been 
included in descriptions of dinosaurs, (e. g. Charig and Milner (1986) and Radley and 
Hutt (1993)), and reports of the better-known bone accumulations. 

For each site the species diversity was analysed. The taphonomic characteristics 
of the material were described according to the methods outlined in Fiorillo (1988a). 
These data were combined to produce a taphonomic history of each accumulation. 

1.3 .2 Experimental Studies 
Most experimental vertebrate taphonomy has concentrated on the determination of 

settling velocities of bones and the calculation of their quartz grain-size equivalents. A 
few key papers have been published describing abrasion experiments, based on the use 

of tumbling barrels. In a series of experiments in the 1950s Kuenen (1956) proved that 
barrels do not provide an accurate representation of the processes operating in rivers, and 
results gained by this method should be treated with considerable caution. The apparatus 

used here is based on Kuenen's design. 
Four experimental runs were completed. The number of variables that potentially 

affect the rate of abrasion of bone in rivers is large. Water chemistry, temperature, 

velocity, the nature of the river bed, and the taphonomic history of the bones are 

particularly important. From this list, two variables, the importance of the river bed load 

and the pre-transport history of the bones, were investigated. Two sediment grades were 
used, gravel (mean diameter of 6.0 mm) and medium to coarse-grained sand. The bones 

came from a freshly killed fallow deer (Dama dama), a skeleton of a fallow deer that had 
been exposed to sub-aerial processes for approximately 10 years, and a domestic horse 
(Equus cabalus) that had been buried in a railway embankment for 150 years. Bones 
from each of the Voorhies groups, which reflect the ease of bone transport (Voorhies, 
1969). 
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1.4 Case Studies 
The Wealden of the Weald has a well-documented and diverse vertebrate fauna 

preserved in a range of sedimentary facies. This fact, combined with extensive museum 
collections and good rock exposure, and a detailed understanding of the early Cretaceous 

sedimentology and palaeoenvironments (Allen, 1975,1981), make the Weald an ideal 

area for study. 
The palaeoenvironment of the Wealden of the Weald has been interpreted as a 

low-lying river-dominated plain with many lakes and lagoons supporting a wetland flora. 

The vertebrate fauna was diverse, and included many species of dinosaurs, crocodiles, 
sharks, bony fish and mammals. 

The sites sampled (Fig. 1.1) cover a range of geological time (Fig. 1.2) and 
represent several environments of deposition. In all cases accessibility played an 
important role in site selection. The bone accumulations from Clock House have been 
interpreted as being deposited by high-energy rivers, often infilling small-scale scours. 
The Cliff End Bone Bed represents river lag deposits that were reworked by a shoreline 
transgression (Allen, 1975). The red and purple clays seen at the Keymer Tile Works are 
paleosols, and the material recovered here does not show the high levels of abrasion 
characteristic of the Clock House or Cliff End samples. Smokejacks Brick Works, the 
largest site studied, contains many different bone preservation styles, ranging from high- 

energy river sediments to low-energy lacustrine or lagoonal deposits (Ross and Cook, 
1995). 

1.5 Thesis Layout 
The structure of this thesis is as follows. 
Chapter 2 reviews the current state of vertebrate taphonomic knowledge, with the 

emphasis on the processes of disarticulation, bone surface modification and predator-prey 
interactions. This work concentrates on terrestrial bone accumulations with relatively 
little attention being paid to taphonomy in marine environments. 

Chapter 3 describes the processes resulting in the preservation of vertebrate 
accumulations in fluvial sediments, and introduces some of the concepts that direct 

experimental vertebrate taphonomy. The background to the experimental fluvial 

taphonomy experiments is discussed, and the methods, results and conclusions 

presented. 
Chapter 4 summarises current views of Wealden stratigraphy focusing on the 

sedimentary sequence of the Wealden of the Weald. 
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Chapter 5 summarises the large body of literature concerned with the 
palaeogeography, palaeoclimatology, palaeoecology and palaeoenvironments of the 
Weald. 

Chapter 6 reviews the literature describing certain historically significant bone- 
beds. It was not possible to sample any of these sites. 

Chapter 7 summarises published information on the Cliff End Bone Bed, and 
describes the sampling methods employed. A taphonomic interpretation for this 

vertebrate accumulation is included. 

Chapter 8 describes a new Wealden vertebrate-producing site (Keymer Tile 
Works) representing a microvertebrate accumulation preserved in a paleosol horizon. 

Chapter 9 includes the sedimentary and taphonomic characteristics of several 
types of bone-bed from the Clock House Rock Store, famous for large numbers of well 
preserved insect fossils. 

Chapter 10 reviews the record of vertebrate finds from the Smokejacks Brick 
Works, notable for the discovery in the 1980s of the strange new theropod dinosaur 
Baryonyx walkeri (Charig and Milner, 1986). A variety of bone preservation styles is 
described. 

Chapter 11 all of the taphonomic and sedimentological information detailed in the 
site descriptions is summarised and drawn together to produce a descriptive classification 
of the Wealden bone-beds. Literature concerned with bone-bed classification is reviewed 
and evaluated. A new scheme of vertebrate accumulation is outlined. The merits of the 

conventional taphonomic description schemes are discussed. 
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Chapter Two 
Terrestrial Vertebrate Taphonomy 

The worms crawl in and the worms crawl out. 
The ones that crawl in are lean and thin, 
The ones that crawl out are fat and stout. 
Your eyes fall in and your teeth fall out. 
Be merry my friends, be merry. 

'Worms' The Pogues 

2.1 Introduction 

Taphonomy can be defined as the processes affecting an organism from death 

through preservation to curation (Efremov, 1940; Lawrence, 1979). Within this broad 
definition a number of sub-disciplines are identified, for example diagenetic taphonomy, 

which involves the chemical changes responsible for the preservation of soft and hard 

tissue (Allison, 1986; Briggs et al., 1993; Wilby and Whyte, 1995; Clarke and Barker 
1993); collecting biases, preparation and curation techniques. However it is beyond the 

scope of this study to consider all aspects of vertebrate taphonomy, so the emphasis has 
been placed on biostratinomy, defined as the modifications affecting a carcass between 
death and final burial (Lawrence, 1968). 

At each point in the taphonomic history of an organism or assemblage the 

potential exists for information loss (Lawrence, 1968). In the early stages of a 
taphonomic pathway information is lost or distorted through non-preservation, brought 

about by consumption by predators or destruction by physical processes such as 

weathering and transport. After final burial the nature of the diagenetic processes act as 
the next taphonomic filter. Here, changes in the porewater chemistry can selectively 

remove different biological materials. Under acidic conditions some soft tissues are 

preserved and bones are not, for example human bodies preserved in peat bogs (Glob, 

1969). In alkaline environments it is the bone that is preserved, whereas soft tissues are 
destroyed. The final stage of information loss occurs after the fossils are re-exposed. 
For example bone may be destroyed or damaged by in situ weathering, the faunal 

association may be biased during collection, and bone surface features can be removed by 

careless preparation techniques. 
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It is important to note that the taphonomic processes outlined below are based 
mainly upon experiments on, and field observations of, mammalian remains. This limits 

their relevance to much of the fossil record. Although papers concerning reptilian, and 

especially dinosaur, taphonomy are becoming more common, they are generally 
descriptive or anecdotal. Little effort has been made to validate the application of 

mammalian taphonomic principles to non-mammalian accumulations. 
The analysis of fish accumulations has received slightly more attention in the 

literature, owing in part to the importance of fish material at archaeological sites. Even 

so, the processes of decay, disarticulation and preservation are poorly understood. 
In any taphonomic study the geological context of the vertebrate debris is as 

important as the preservation state of the fossils. The sedimentological context of the 
bone can do much to explain the circumstances of death and deposition. This information 

comes from analysis of the aerial and vertical distribution of the bones, and their 

relationships with any sedimentary structures. Examination of the bones themselves can 
demonstrate sub-aerial exposure, relative transport distances, and predator-prey 
interactions. 

2.2 Bone surface modification 
A wide range of processes can alter the surface of bones and teeth. These 

processes are categorised according to the dominant alteration method into physical 
processes (such as in situ weathering and fluvial abrasion) and biological processes (for 

example trampling, gnawing and digestion). These processes may overlap or act 
together, such that relative timing of events may obscure or modify the results of 
previous processes, and according to the principle of equifinality, different taphonomic 
pathways may produce very similar modification patterns. 

Weathering, defined as the in situ breakdown of vertebrate material, is essentially 
the same as geomorphological weathering. The primary controls on the rate of 
weathering are the dominant climatic conditions, soil chemistry. and animal size. 
Fluctuations in temperature, relative humidity, and soil chemistry cause differential 

expansion and contraction of the layers of bone or tooth tissue, leading to the peeling 

away of bone material, and ultimately to the destruction of the specimen. Behrensmeyer 
(1978) described the sequence of weathering stages affecting medium to large mammal 
carcasses (with a body weight greater than 5 kg) on the central African plains: 

Stage 0 The bones show no signs of cracking or flaking. The 
bone is still greasy, the marrow cavity contains tissue, 

11 



and skin, muscle and ligaments are still attached to the 
bone surface (0-1 years). 

Stage 1 The outer layers of bone tissue have developed cracks, 
which tend to run parallel to the bone fibres. Fat, skin 

and hide may be present. Articulating surfaces 
become covered with a mosaic of cracked bone and 
tissue (0-3 years). 

Stage 2 The outer layers display flaking associated with cracks. 
This is followed by deeper flaking which serves to 

remove most of the outermost bone layers. It is possible 
that skin, hide and ligaments will still be attached at this 
stage (2-6 years). 

Stage 3 All of the concentrically layered bone has been removed 
by the weathering process. Edges of cracks generally 
have become rounded. Soft tissue is rarely present (4- 

15 years). I 
Stage 4 The bone surface has become roughened. Bone 

splinters may occur, some of which may detach from the 
bone mass. Weathering of the inner cavities takes 

place (6-15 years). 
Stage 5 The bone starts to fall apart in situ, and often the original 

shape is hard to determine. ' The inner cancellous bone 
is usually exposed, and may outlast the compact bone 

tissue (6-15 years). 
In recording the weathering status of a carcass it is the flat surfaces of the bones that are 
described, as edges will often show a greater degree of physical damage. 

There is a broad similarity between the patterns of weathering damage affecting 
large and small mammalian carcasses. Andrews (1990) outlined a classification scheme 
based on both the tooth and bone material: 

Stage 0 No modification (0-2 years). 
Stage 1 Some evidence of longitudinal splitting of bone tissue 

parallel to the fibres. Teeth show splitting and chipping 
(1-5 years). 

Stage 2 Cracking is more widespread, although there is little 
flaking. Tooth damage is increased and parts of 
the crown may be lost (3-5+ years). 

Stage 3 Bones and teeth show extensive cracking, and flaking is 

apparent on bones (4-5+ years). 
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These types of classification schemes have been utilised many times in the 
description of vertebrate accumulations, especially those of Caenozoic age. 

Certain modifications to Behrensmeyer's scheme have to be made to increase its 

relevance to the fossil record. Fiorillo (1988a) adapted the classification system: 
Stage 0 The bone surface shows no sign of cracking or flaking (Fig. 2.1). 

Stage 1 Parallel cracks develop in the outermost layers of the 
bone. 

Stage 2 The bone surface shows cracking and flaking of the 
outer surface. Cracks may penetrate the bone 

cavities. 
Stage 3 The outer layers have been removed, cracks in the inner 

bone are well developed. 
Changes in the relative importance of the controlling variables result in deviations 

from the patterns described above. This is especially relevant if considerations of the rate 

of weathering are central to the study. Different taxa may weather at different rates, and 

analogous bones from animals of similar body sizes experience varying rates of 

weathering, due to differences in the construction of the bones (Gifford, 1981). The rate 

of weathering is also dependent on skeletal element. This is because of differences in the 
density of the bones within a skeleton (Behrensmeyer, 1978), although the rates at which 
individual skeletal elements weather are not known (Lyman, 1994). 

The environment of death also controls the rate of weathering. Factors such as 

vegetation cover, temperature and relative humidity are significant (Lyman, 1994). It is 

possible that such environmental variables will be significant at small scales, producing a 
range of observable weathering stages within a skeleton. For example, a hippo skeleton 
was seen to show the characteristics of several weathering stages. This was attributed to 
the location of some of the bones on a damper patch of soil than the rest of the skeleton 
(Shipman, 1993). 

Disparities in the comparative rates of weathering of carcasses or assemblages 
result from burial, which tends to reduce the rate of weathering. Bones from different 

taxa, and different bones within a skeleton, will weather at differing rates 
(Behrensmeyer, 1978). Although Behrensmeyer included time in her classification 

system, it has been suggested that the numbered weathering stages do not reflect the 
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passage of time in a simple manner (Lyman and Fox, 1989). For this reason it is better 

not to over-interpret a data set by stating a period of time for which the bones had been 

subaerially exposed. 
In many cases it is difficult to distinguish between the effects of in situ weathering 

and mechanical abrasion. Although weathering will generally produce sharp flakes and 
splinters of bone, it can also produce rounded pieces of bone, which closely resemble 
heavily abraded bone pebbles. For example, a Cetiosaurus skeleton excavated at the 
Hornsleasow Quarry, Gloucestershire, showed a range of weathering features, including 

extreme rounding. The rounding could only have been caused by weathering as the 

sedimentology of the site indicates that fluvial transport was unlikely (Metcalf, 1993). 
The rounding of bone, produced by in situ weathering, is very similar to 'onion skin 
weathering' where layers of rock are exfoiliated from boulders. 

2.2.2 Abrasion 

The abrasion of vertebrate material follows the same patterns as sedimentary 

particles. In sedimentology it is assumed that abrasion is produced by transport, 
therefore the more transport any given particle undergoes, the more rounded it will 
become. However, in vertebrate taphonomy this simple picture is more complicated. 
Although transport is undoubtedly the cause of much rounding of bones, other processes 

produce similar modification patterns. The generalised relationship between particle 

roundness and distance transported is not as clear-cut as is often assumed. 
The identification of the degree of abrasion to which a fossil bone has been 

subjected is often hard to determine, so the classification scheme often used is relatively 
simplistic. Fiorillo (1988a) defined four abrasion states which will be used throughout 
this study. 

Stage 0 The bone is essentially unabraded, processes and 

edges are sharp and easily identified. This stage 
equates with the sedimentary terminology of very 
angular to angular (Fig. 2.1). 

Stage 1 Slight abrasion (rounding) and polish is seen on the 

processes and edges. The bone may be described as 
being subangular. 

Stage 2 The bone shows moderate abrasion: subrounded. 
Processes are recognisable as protrusions on the bone 

surface, although they are not readily identifiable. 
Stage 3 The bone is well rounded, processes are not present or 

are remnant. 
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During the analysis of the Wealden bone-bearing sediments it was found necessary to 
define an additional stage: 

Stage 4 Extreme rounding of the bone material, often associated 
with high sphericity. 

The descriptive methodology outlined by Fiorillo (1988a) suffers from certain 
drawbacks. For example, there is the assumption that the highest abrasion value present 
on a bone is the one that should be recorded. As mentioned above variations in 

microenvironmental conditions can alter the rate of weathering, potentially distorting the 
taphonomic interpretation of a skeleton or assemblage. Similarly. fluvially induced 

abrasion should theoretically produce the same degree of rounding all over a specimen. 
However, it is feasible to imagine a bone becoming wedged in the river bed, which 
would protect a part of the bone from damage, while the exposed portion would continue 
to be abraded. In interpretation of a case like this, it would have to be assumed that the 
bone had undergone a greater amount of transport and reworking than was actually the 
case. 

Further ambiguity exists because different processes produce similar results. It 

has been suggested that interaction with sediment caused by trampling also produces 
rounding of bone material (Brain, 1967). However, Lyman (1994) doubted the validity 
of the interpretation of these observations, on the basis that the full taphonomic history of 
the material was not known. Damage caused to a skeleton during life may express itself 

as a taphonomic modification. For example, if a broken bone fails to heal correctly, 
rounding of the break surfaces is produced when the edges of the bones are ground 
together during use of the limb (Haynes, 1993). 

2.2.3 Tram leg 

The bone surface modification patterns caused by trampling generally consist of a 
series of sub-parallel shallow linear scratches (Fiorillo, 1984). These are produced by 
the movement of the bone fragment over the surface of the sediment, or by the interaction, 

of an animal's foot and the sediment adhering to it with the bone debris (Haynes, 1988). 
During the time period a carcass spends lying on the land surface it is susceptible 

to the effects of trampling by the local animal population. The process of trampling has 
four results: to fracture or break individual bones, to damage the bone surface, to cause 
the burial of individual bones, and to disarticulate the skeleton. The degree of damage is 

generally dependent on the geographical position of the carcass with respect to game trails 

and waterholes. Therefore an isolated carcass visited only by carnivores will probably 
undergo less trampling than one situated at a frequently-used waterhole. 

Fiorillo (1984) documented an example of trample marks from a Miocene site at 
Hazard Homestead Quarry, Nebraska. Here 38 per cent of the sample collected showed 
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shallow, sub-parallel scratches on the bones, which were interpreted as trample marks. 
Similar features have also been recorded from the Judith River Formation, of Upper 
Cretaceous age, where 31 per cent of the bones sampled showed trample marks (Fiorillo, 
1987). 

Under certain circumstances it may be difficult to be certain which agent was 
responsible for the creation of shallow, linear scratches. This is especially true of sites 

which could yield traces of hominid activity. ' The confusion arises from the similarity 
between butchering traces and trample marks. The results of experiments show that cut 

marks typically have striations in the base of the groove. Trample marks have a more 
irregular outline but may also show striations (Behrensmeyer et al., 1986). The validity 

of this work has been questioned by Haynes (1993), whose main criticism was that the 

results were biased by the numbers of scratches examined, and that during carcass 
butchering the bones are rarely cut. 

2.2.4 Gnawing 
Bone may be utilised by carnivores, omnivores and herbivores using a variety of 

processes which are broadly categorised as gnawing or chewing. Different taxa use 
bones for dissimilar purposes, although they are generally related to feeding. The range 
of uses, coupled with the variation in tooth morphology and jaw mechanics found among 
vertebrate taxä, produce many bone modification types which are taxon-specific (Haynes, 
1980a). Although most of the geological examples of carnivore damage to bones are 
from the Tertiary and Quaternary Periods, a few are known from older deposits. 

The most obvious form of biologically induced bone modification is that caused 
by the action of predators and scavengers. Much study has taken place to determine 

generalised patterns of carcass use by modern carnivores. These studies have 

concentrated on the feeding habits of wolves, bears, hyaenas and big cats, using both 

wild populations and animals in captivity. ` 
Carnivore damage creates a few 'classic' bone surface modification patterns. For 

example, canine teeth may produce paired puncture holes. The holes are often associated 
with patterns of radial cracks. Paired and single grooves are also common, produced by 

canine or cheek teeth. In some cases, areas of a bone (for example articular faces of 
limbs) may be completely removed by chewing. However, in many instances, the 

pattern of bite or gnawing marks will not be identifiable. Bones are also reduced to 

unrecognisable splinters by gnawing (Miller, 1969; Haynes, 1980,1993). 

Field work in the northern states of the USA (Haynes, 1982) has provided a 
detailed account of the feeding behaviour of timber wolves (Canis lupus). For example, 
the degree of carcass utilisation varies according to the ease of hunting. Thus, when 
hunting is difficult, carcasses will be more fully consumed than at other times (Haynes, 
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1982). It is probable that extinct carnivores, including dinosaurs, utilised carcasses in a 

similar way. In contrast with the pattern produced by wolves, the spotted hyaena 

(Crocuta crocuta) is more commonly associated with crushing and splintering bone, 

although juveniles will gnaw bones (Sutcliffe, 1970). 

Herbivores will also gnaw and chew at bony material, a condition known as 
'osteophagia'. This behaviour is thought to be a result of mineral deficiencies in an 

animal's diet. A range of modification patterns may be created, including zig-zag bone 

margins produced by deer (Sutcliffe, 1973). Bone damage caused by rodents is 

characterised by very closely paired flattened scrapes often concentrated along the bone 

margins, producing a crenulated texture. Rodents will generally gnaw the same grooves 
deeper, rather than modify a large area of bone (Fiorillo, 1988a, 1991). Some mammals, 
for example porcupines, can produce large accumulations of bones (Brain, 1980). 

Carnivore damage and preferential carcass utilisation has been identified in the 
fossil record. For example, the Middle Miocene site at Fort Ternan, Kenya, has yielded a 
large number of vertebrate remains. Of these, 13 per cent show some degree of carnivore 
damage, most commonly scratches and punctures. The preferred prey of the carnivores 

appears to have been certain giraffids and bovids, which show especially heavy damage 

(Shipman et al., 1981). Vertebrate material from the Hazard Homestead Quarry, 

Nebraska, also of Middle Miocene age, shows carnivore or scavenger bone damage, 

including punctures, deep grooves perpendicular to the long axis of the bone, and 

scalloped bone edges (Fiorillo, 1988b). 
Although such studies of modem analogues are of great use to, the palaeontologist 

working on mammalian sites, their relevance to reptilian sites is clearly limited. Studies 

of Mesozoic ecosystems indicate that similar patterns of bone utilisation by dinosaurs 

were uncommon. It has been suggested that contact between dinosaur teeth and prey 
bone was likely to have removed the tooth from the jaw. Theropods may have utilised 
carcasses in a manner more akin to crocodiles, and swallowed animals and bones whole 
(Fiorillo, 1991). 

In the majority of cases, evidence of carcass utilisation from the Mesozoic is of a 
circumstantial nature. For example, Buffetaut and Suteethorne (1989) recorded shed 
carnosaur teeth found in association with a partial sauropod skeleton from the Sao Khua 
Formation, from the Late Jurassic of Thailand. The taphonomic interpretation of this site 

suggests that the sauropod skeleton was utilised by carnosaurs, and that the presence of 
isolated teeth would indicate that the sauropod carcass had not undergone any 
transportation. 
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In many cases, borings are limited to the outer layers of a bone or tooth. A 

variety of organisms may be responsible for their production, including fungi and 

animals. The specific form of any traces produced will be dependent on the organism 

causing them. The most common borings are those produced by the hyphae of fungi and 
bacteria. Martill (1989) described endolithic borings (Mycelites enameloides) from the 
Lower Oxford Clay of Peterborough, which have an elongate and meandering form and 

are concentrated on the crown enameloid of neoselachian shark teeth. 
A similar trace (Fig. 2.2) has been recorded on Lissodus teeth from a bone 

accumulation of Early Cretaceous age, outcropping at Atherfield Point on the Isle of 
Wight. The bone-bed contains marine, brackish and freshwater taxa, and is interpreted 

as being deposited under high-energy conditions, during a storm event. 
Borings are also produced by insects, modifying both the surface and internal 

bone tissue. Termites are known to utilise bone, producing patterns of pits over bone 

surfaces (Haynes, 1993). 
Suspected insect borings have also been recorded from terrestrial bones of Upper 

Cretaceous age. These are characterised by single, parallel-sided holes. The 

sedimentological context and comparison with borings in modern bones suggest that 

these traces were produced by the larvae of carrion beetles (Rogers, 1992). 

2.3 Fracturing 

The majority of bones found in vertebrate accumulations show evidence of 
breakage. The characteristic morphology of these fractures means that the relative timing 

of the breakage can be determined as taking place either before or after fossilisation. The 

causes of bone fracture are diverse, including injury (Martill, 1990; Haynes, 1993)), 

predator and scavenger damage, trampling and weathering. 

2.3.1 Pre-mineralisation fractures 
Bone breakage that occurs before mineralisation may be assigned to one of two 

categories. The first, indicative of modification by weathering processes (section 2.2.1), 
is characterised by cracks running parallel to the bone fibres. These have been termed 
`longitudinal fractures'. The second group, 'spiral fractures', occur at an angle other 
than 90° to the bone fibres (Fiorillo, 1988a) and may be caused by gnawing and 
trampling. 

2.3.2 Post-mineralisation fractures 

Any breakage that takes place after diagenesis and mineralisation of the bone 
forms very clean, straight fracture surfaces at right angles to the bone fibres. These are 
termed ̀ transverse fractures' (Fiorillo, 1988a). Such features may he created during 

19 



9 

b 
T 

*. 

fr 
't 

.. 

1R 

3, 

F 

ý,. 

... .: ä;; ýf 

of 

ir. + 'R t 

4.0 

IF' 

.- 

Fig. 2.2 Endolithic borings in the ena, neloid ?I Lissodus. from AtherTield 
Point (Isle of'Wig12t), Lower Cretaceous . 

Scale in a=0.5 mm, b= 40 µºn. 



diagenesis and sediment compaction, cracking in septarian nodules (Martill, 1990), when 
the fossilised bone is weathering out of the host matrix, or during fossil collection and 
preparation. 

2.4 Disarticulation and transport 
Under most circumstances a carcass will undergo some form of disarticulation. 

The processes responsible for disarticulation are varied and depend on the environment of 

mortality. Thus, an animal which dies in, or near to water will follow a different 

sequence of carcass disintegration to one dying on land. The process of carcass breakup 

results from a combination of biological and physical forces, and generally includes an 

element of transport. Biological processes include the activities of predators and 

scavengers, insects, and bacteria. Bioturbation, caused by trampling, and fluctuations in 

temperature and relative humidity is also significant (Hill and Behrensmeyer, 1984). 

Physical processes include fluvial transport and gravity (Lyman, 1994). 

In terrestrial systems the first modification of a carcass is often caused by 

predators and scavengers (Hill and Behrensmeyer, 1984). Cadavers are dismembered 
during feeding (unless they are swallowed whole), resulting in a relatively localised 

scatter of bones (Galdikas, 1978). Transport also occurs when predators remove 
sections of a corpse from the kill site to dens for more leisurely consumption, to feed 
juveniles, or to storage sites. 

Disarticulation is also achieved by trampling. Bones are kicked, either by 

accident during locomotion, or by design. For example, elephants will deliberately 

manipulate bones, usually of their relatives, with their feet (Haynes, 1993). This can 
produce a random scatter around a death site, or distribution along game trails. For 
instance, the scattered remains of a fallow deer (Dania dama) stag found in an area of 
woodland in south Warwickshire were concentrated along a trail used by various animals 
including deer and foxes (Fig. 2.3). The degree of dispersal of a carcass depends on the 

amount of time elapsed between death and burial and other taphonomic processes. Thus 

a carcass which is being used as a food source (especially if sections of the kill are 
removed) will tend to become dispersed more rapidly, and over a wider area than one 

subject only to trampling or to geomorphological processes. 
During and after disarticulation the skeletal elements of a carcass may be subject 

to downslope movements controlled by gravity and geomorphological slope processes. 
In many cases subaerially exposed vertebrate material will become buried and re-exposed 
many times. Field-based experiments were conducted by Frostick and Reid (1983) to 
determine the relationship between skeletal element and ease of downslope transport. 
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The field area chosen was the Koobi Fora escarpment, Kenya; a region with two clearly 
defined rainy seasons, sparse vegetation cover and high rates of slope erosion. The 

materials used, mammalian and reptilian remains and artefacts, were marked, measured 
(long, intermediate and short axes) and re-introduced to the slope. After two and three 

years, that is, after two and four rainy seasons, the new positions of the vertebrate debris 

were noted. The results of the experiment show that the majority of the material recorded 
did not move beyond 2m of their original locations, even after two years. These low 

rates of transport are attributed to non-uniform runoff on slopes: water flow is 

concentrated into rills and channels. The shape of the fossil/ bone is partly responsible 
for determining the ease of movement: fragments which are spherical or rod-shaped 
(classified after Zingg, 1936) are more mobile than blades or discs. Other factors 

affecting movement are fragment mass and slope angle (Frostick and Reid, 1983). 

A generalised sequence of disarticulation has been outlined by observation of 

recent large mammalian remains. The bones that become isolated first are those which 

are least prone to transport by current activity. The last to separate are those which would 
be the most easily moved by water. The skull and limb bones are removed first. This is 

followed by the separation of the ribs and breakup of the limbs. Finally, the vertebral 
column begins to disarticulate (Hill, 1979; Toots, 1965). 

2.4.2 Fluvio-lacustrine (and marine) environments 
An animal that dies in, or finds its way into water soon after death will undergo a 

characteristic sequence of post-mortem changes. As decomposition begins the gases 

produced will often inflate the corpse, enabling it to float, and transport over considerable 
distances may be achieved. 

Continued decay removes the soft tissues holding the carcass together, and the 
bones fall away. This results in a scatter of bones rather than an articulated or associated 

skeleton. While carcasses are floating in the water column they are very susceptible to 

scavenger activity, which speeds up the disarticulation process (Hogler, 1994). 

Scavenging may also take place after deposition, again resulting in disarticulation and 

scattering. 
Certain features commonly seen on bones deposited under subaerial conditions 

are naturally absent from carcasses found in aquatic or marine environments. Smaller 

bones are generally better preserved than large bones, as they become buried more 

rapidly. Bones often exhibit rounding as a result of chemical attack (Allison et a/., 
1991). Colonisation and feeding by marine organisms is also common, known both 

from Recent studies and from the geological record. For example, Twitchett (1994) 

described evidence of scavenging by vertebrates, encrusting invertebrates and 
Gnathichnus traces from an Ophthalmosaurus of uppermost Oxfordian (Upper Jurassic) 
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age. Under certain circumstances the sediments preserve an outline of the soft tissues, 
for example various skeletons from the Lower Lias of Lyme Regis and the Lias of 
Holzmaden. It has been suggested that this taphonomic state is a result of preservation in 

very soft or soupy sediments (Martill, 1993). 
If deposition takes place before the carcass has disarticulated, the skeleton will be 

preserved in a characteristic pose: the Wasserleiche or `water corpse' (Weigelt, 1927). 
The vertebral column and limbs are straight, and fore limbs tend to point backwards. 
Skeletons displaying such characteristics have been described from the Lower Permian 
Geraldine Bonebed from Archer County, Texas (Sander, 1987). Here a forest fire is 

thought to have forced animals into areas of standing water, where they drowned. The 

gas-filled cadavers were blown against the shoreline, where they became covered with 
sediment. 

2.5 Bone accumulations 
Vertebrate accumulations are formed by either biological or physical processes. 

Biological processes involve concentration of bones by predators and accumulation by 

coprocoenosis. Physical processes relate particularly to bone accumulations in fluvial 

environments. Fluvially produced assemblages are characterised by relatively high levels 

of abrasion, whereas predator accumulations show a greater importance of fracturing and 
selective preservation of skeletal elements (Korth, 1979). 

Mellet (1974) claimed that the majority of microvertebrate assemblages are a result 
of predator activity, where the bones accumulate as faecal matter deposited in or around 
streams and lakes. Mellet claimed that the taphonomic characteristics normally attributed 
to mechanical abrasion and fracturing are, in fact, a product of digestive processes. 
Although substantial bone deposits are formed in this manner, it is probable that Mellet 

exaggerated the relative importance of predators. Also, if faecal material is deposited in 

or near an aquatic system, the modification caused by digestion may be overprinted by 

physical processes. 

Assemblages produced by carnivores (mammalian, avian and reptilian) contain a 
high percentage of bones of their respective prey animals (Korth, 1979). The bones will 
show different patterns of fragmentation, disarticulation and corrosion according to the 
digestive tract that they passed through. For example, bone material digested by 

crocodiles tends to be disarticulated and fragmented (Fisher, 1981). Small carnivorous 
mammals, such as mongooses, foxes, and weasels, fragment prey bones, although 
smaller bones undergo less breakage. Vertebrate material is often corroded by stomach 
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acids. Certain skeletal elements, for example the mandible, humerus and femur, are often 
found complete (Andrews and Nesbit Evans, 1983). 

The effects of avian predators on bone is also taxon-dependent. Owls do not 
digest bone, so pellets are composed primarily of bone and fur. The bones are generally 

complete, with the exception of the skull which is broken up before the prey is 

swallowed. Diurnal predators dismember carcasses before eating, and digest bone, so 

any bone remaining in pellets will show evidence of corrosion (Mayhew, 1977). 

Under certain circumstances large quantities of skeletal debris can build up. For 

example the Blue Pool Cave at Taungs, South Africa, contained a layer of bone some 
twelve centimetres thick, attributed to owl pellets (Davis, 1959). 

The small mammal faunal assemblage from Olduvai (FLK Ni) shows evidence 
that it is the result of predator activity, more specifically of mongoose predation on small 
rodents (Andrews and Nesbit Evans, 1983). 

Although a variety of Mesozoic microvertebrate accumulations have been 

documented, they are attributed to mechanical formation processes. However, examples 

exist of material which shows evidence of having passed through a digestive tract. For 

example etched Lepidotes scales are known from the Weald Clay (Lower Cretaceous) of 

the Weald, southern England (Fig. 2.4). The outer layers of enamel have been stripped 
from the scales, revealing the growth halt structures within. 

2.5.2 Physical accumulations 
The vertebrate material found in fluvial assemblages is characterised by high 

levels of abrasion and fragmentation. Where the bones and sediment have been 

transported together some evidence of hydrodynamic sorting should be apparent: the size 
of the vertebrate particles will be hydraulically equivalent to the grains in the sediment 
(Korth, 1979). Hydrodynamic sorting may also produce concentrations of single skeletal 
elements. Martill (1990) recorded several bone accumulations from the Dokum Group 

(Permian) of northern Texas. Here, different bone-beds were dominated by single 

skeletal elements. One bone-bed contained acanthodian spines, another contained 

acanthodian denticles. However, not all bone accumulations dominated by a single 
skeletal element are a product of physical sorting. For example, a shell bed in the Oxford 
Clay (Middle Jurassic) is dominated by otoliths. The otoliths were concentrated during 
digestion by fish and marine reptiles (Martill, 1985). 

2.6 Natural fluvial systems 
In terrestrial environments the dominant physical processes responsible for the 

transport, modification and preservation of vertebrate material are provided by fluvial 

systems. These incorporate a variety of regions, for example channels, floodplains, ox- 
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Fig. 2.4 Lepidotes scale etched by stomach acids. Scale bar= 1.0 mm 



bow lakes and levees. In each environment different taphonomic processes 
dominate. Abrasion will be of greater importance in the channels, whereas weathering 
dominates areas of subaerial exposure. 

Sediment transport in fluvial systems is achieved by a variety of mechanisms 
dependent on factors such as channel bed roughness, water velocity and sediment grain 

size. The sediment carried by a river is divided into two categories according to its 

position relative to the stationary river bed and its movement characteristics. Bedload 

clasts are coarse-grained and are limited to a thin zone immediately above the stationary 
channel bed. Sediment transport in this region is accomplished by sliding, rolling and 
low-level saltation Q. R. L. Allen, 1992). Where movement is accomplished by sliding 

or rolling the sedimentary particles remain in continuous contact with the channel bed. 

During saltation each particle experiences momentary contact with the sediment surface, 
followed by a steeply angled jump' to a height of a few grain diameters, then a shallow- 

angled fall back to the sediment. Generally, such behaviour is limited to the boundary 

layer characterised by laminar fluid flow (Leeder, 1992; Reid and Frostick, 1994). These 

three sediment transport modes follow in sequence from sliding to rolling and finally 

saltation, with increasing current velocity Q. R. L. Allen, 1992). 
In situations where skeletal elements are acting as sedimentary particles the 

processes of transport are very similar. Factors such as the length of time a bone has 

been in contact with water, and the skeletal element being transported, will affect the 

mode and rate of transport. Fresh bone that either contains a large proportion of fat, or is 

very porous, will float until it becomes waterlogged, a process that may take many 
months. A bone that has either positive or neutral buoyancy will be more easily 
transported than one that sinks. 

Experimental analysis of the hydrodynamic properties of bones undertaken by 

Voorhies (1969) indicated that they can be classified with respect to their ease of 
transport. This scheme is based on their densities and surface area to volume ratios 
(Behrensmeyer, 1976). Bones that have been described as being easily transported (low 
density, high surface area to volume ratio) are expected to move by saltation and rolling. 
Bones that are not as mobile move by sliding and rolling. 

2.6.2 Burial and reworking 
Any bone entering a fluvial system can be destroyed, carried out of the system or 

buried. Destruction occurs as a result of extreme fragmentation and abrasion, or by 
biological processes. Burial may be either the end point of the taphonomic pathway for a 
bone or skeleton, or may represent a period of temporary storage. A variety of potential 
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preservation situations exists within the majority of fluvial environments. On the 

floodplain, burial is achieved by sediment deposition during floods, avulsion and by the 
infilling of abandoned channels and ox-bow lakes. It is assumed that vertebrate carcasses 
buried on river floodplains are to some extent protected to some degree from weathering 

processes. Despite this, bone surface modification can still occur. Fragmentation, plastic 
deformation and chemical attack result from pedogenic processes. Biological activity 

such as degradation by soil bacteria, plant roots and humic acids is also significant. 
In active channels vertebrate debris is buried by the mobile sediments, becoming 

incorporated in bedforms, for example longitudinal and transverse bars, point bars, 

ripples and dunes. Often the denser skeletal elements, such as teeth, become 

concentrated as the sediment is winnowed away, producing a lag deposit. It has been 

suggested that bone accumulations containing a significant proportion of abraded and 

worn teeth and bones were subjected to some degree of chemical change prior to 

concentration (Reif, 1976), and that density sorting (producing winnowed lag deposits) 

is unlikely unless the pore spaces in the bones have been infilled (Martill 1990). 

Buried bones are reworked from overbank deposits during channel migration. 
This is especially significant in rivers which have a strongly meandering course. 
Vertebrate material held in temporary storage is assumed to be protected from the effects 

of mechanical abrasion, but taphonomic modification does not necessarily cease. If 

burial occurred within the channel sediments the bone will be situated below the water 

table, and is therefore subject to chemical alteration caused by contact with the river 

waters. 

2.6.3 Fluvial systems as preservers of bones 
The nature of a fossil assemblage will be partially controlled by the physical 

conditions responsible for deposition. This accounts for the taphonomic differences 

observed between environments with broadly similar sedimentological and 

geomorphological characteristics. 
Within active channels, bones accumulate as winnowed lags, or as part of the 

channel fill. In lag deposits the vertebrate material is usually highly abraded and broken. 

These deposits are especially common in fluvial systems with active meander belts and 

substantial floodplain reworking. Channel infill deposits (for example point bars) display 

similar taphonomic characteristics, although fresh material is more common. Abandoned 

channels, with lower energy conditions, are often associated with partial or complete 

skeletons (Behrensmeyer, 1976; 1988). 
The literature contains a wealth of examples of vertebrate accumulations preserved 

in fluvial sediments, mostly documenting mammalian sites. Badgley (1986) described 
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the sedimentological and taphonomic contexts of the Miocene assemblages from the 
Siwalik Hills of northern Pakistan. Here four environments of preservation were 
identified: 

I Large-scale channel bodies from meander belts. 
II Coarse-grained overbank sediments deposited as 

crevasse splays. 
III Levees and swales on channel margins. 
IV Floodplains. 

Categories I and II were produced by physical processes. Vertebrate preservation in 

channel margins and on floodplains relies more on biological methods, such as carnivore 
and scavenger activity. 

The Lower Cretaceous Judith River Formation of Alberta, Canada contains 
complete skeletons and the range of preservation states through to bone fragments. This 

material is associated with cross-bedded sandstone units, representing accumulation in 
deeper sections of palaeochannels (Wood et al., 1988). 

2.7 Summary 
The inter-relationships between physical and biological taphonomic influences are 

outlined in Figure 2.5. The degree of interaction between these two categories is 

complex, such that most taphonomic pathways include combinations of physical and 
biological processes. 

The complexity of taphonomic systems means that interpretation of a bone 

assemblage may tend towards subjective rather than objective description. There are 
several reasons for this. First, early effects are often overprinted by later processes. For 

example, a bone may be utilised by carnivores at a kill site, resulting in bite marks on the 
bone surface. This surface may then be removed by weathering and/or abrasion. It 

would then be virtually impossible to say that the bone had been chewed by carnivores. 
The second complication concerns the production of essentially the same end- 

point modification (equifinality) by different taphonomic pathways. It appears that bone 
'abrasion' and trampling/butchering are the most susceptible to this. 

Finally, analysis and description of vertebrate assemblages is subjective. In many 
cases it is difficult to assign a bone or tooth to a particular abrasion or weathering stage. 

However these problems are a function of the nature of the sample material, and 
little can be done to remove the biases. It is important to be aware of and to understand 
the complications, and to be more circumspect when describing and interpreting bone 
accumulations. 

L-'L 
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Chapter Three 
Experimental Fluvial Taphonomy 

Hamlet How long will a man lie i'th'earth ere he rot? 
Clown Faith, if a'be not rotten before a' die, as we have many pocky corpses 

now-a-days that will scarce hold the laying in, a' will last you some eight 
year, or nine year. A tanner will last you nine year. 

William Shakespeare 

3.1 Introduction 
Over recent decades a substantial body of research has been undertaken to recreate 

and analyse fluvial processes under laboratory and natural conditions. This has included 

various aspects of fluid dynamics, bedform processes and the effects of fluvial transport 

on sedimentary particles. Experimental taphonomy has followed three paths: field-based 

observations, determination of hydraulic equivalences of bones and other biotic debris, 

and the simulation of fluvially induced fragmentation and abrasion. 
As the emphasis of this study is on biostratinomic processes and patterns, the 

experimental methods described here are concerned with bone modification rather than 

transport dynamics. A variety of methods, briefly reviewed here, have been used to 

study post-mortem modifications of carcasses and individual bones. Fluvial-transport- 
induced disarticulation processes have been studied both in the field and under laboratory 

conditions. 
Although the experimental work undertaken in this study to some degree overlaps 

previous work, it is hoped that the methods and apparatus will provide new and more 
reliable information on the patterns of bone abrasion. Fluvial taphonomy experiments 
have concentrated on the use of tumbling barrels, abrading a variety of recent and fossil 

bones and teeth. The experimental work described here differs from the 'classic' fluvial 

taphonomy experiments in the use of a rotating flume tank, rather than tumbling barrels. 
Experimental sedimentology suggests that tumbling barrels do not adequately represent 
natural fluvial processes (Kuenen, 1956). 

3.2 Previous Work, 

Experimental vertebrate taphonomy has included both field and laboratory-based 

studies. Field studies are less common than laboratory experiments (for example Meyer, 
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1991), because of the problems encountered in relocating and resampling vertebrate 
material in the field. Laboratory analysis has concentrated on the determination of settling 
velocities and patterns of transport-induced disarticulation and abrasion. 

3.2.1 Settling Velocities and Bone Transportation 
An understanding of the relationships between skeletal element and settling 

velocity can be used to elucidate the transport history of an assemblage. In such studies 
the settling velocities are often expressed as 'quartz equivalents', that is the quartz grain 
size with the same terminal settling velocity as any given skeletal element (Badgley, 
1986). 

The determination of these data is achieved by timing the fall of bones through a 
fluid-filled column over a known distance. The bones should be soaked first, to remove 
air from the pore spaces, released below the water surface and allowed to reach a 

preferred settling orientation before their fall is timed (Behrensmeyer, 1975; Korth, 

1979). The hydraulically equivalent quartz grain size is calculated using the following 

equation (Behrensmeyer, 1975): 

dq = 2-(vs)2 
4/3"g"(rq-1) 

where dq = quartz grain diameter 

vs = bone settling velocity 
g= 980 cm/sec 
rq = quartz density = 2.65 

Some general patterns become clear from this work. It is assumed that skeletal 
elements with a small equivalent quartz grain size will be more readily transported than 
those which are hydraulically equivalent to larger grains. Thus bones with a low density, 

such as vertebral centra, or those exhibiting a high surface area to volume ratio, like 

crocodile scutes, will be more prone to transport than heavier skeletal elements 
(Behrensmeyer, 1975). This supports the work of Voorhies (1969) who outlined a 
classification scheme based on the ease of transport of mammal bones. 

The experimental apparatus used by Voorhies (1969) consisted of a 15.0 m by 

1.3 m inclined stream table. Water and sediment were introduced via a gate and 

recirculated through the system using a pump. The sediment used was a mixed load of 
fine to medium sand with some silt and clay. The bones came from disarticulated sheep 
and coyote skeletons. The results of these experiments provided a scheme for classifying 
the bones of vertebrate skeletons according to their ease of dispersal (Fig. 3.1). Group I 
bones are transported by saltation and floating, and are easily removed from the point of 
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carcass deposition. The skeletal elements found in Group II accumulations are less 

mobile, and move by traction. Group III bones are commonly found in winnowed lag 

deposits. 

Data presented by Korth (1979) allow modification of the 'Voorhies Groups' 

(Behrensmeyer, 1975). Settling velocity experiments were conducted on various taxa 

with a range of body sizes from small (mouse) to large mammals (horse). The results 
(Fig. 3.2) compare well with those obtained by Voorhies. 

In relating these results to the geological record it is assumed that, in situations 

where mineralogical and biological particles are hydraulically equivalent, they 

experienced similar transport histories (Badgley, 1986). However, discrepancies exist 
between experimental predictions and values recorded from natural systems. This is 

caused by the difference in the physical properties of biological and sedimentological 

materials (Hanson, 1980). Sedimentary clasts are texturally more homogeneous than 
bones. 

3.2.2 Experimental Abrasion 
Bone abrasion experiments have concentrated on the patterns of modification 

produced by tumbling barrels. However, sedimentological research during the 1950s 

and 1960s by Kuenen (1956) indicated that such apparatus may not provide an adequate 
representation of the processes operating in natural fluvial systems. In accordance with 
these studies the experimental equipment used here is based on Kuenen's design. 

Tumbling barrel experiments have been undertaken using fresh and fossil bones 

and teeth. Korth (1979) used rubber-lined barrels with a diameter of 120 mm. and ran 
the experiments for a total of eighty hours. The barrels were half filled with coarse- 

grained quartz, and then topped up with water. The barrels rotated with an estimated 
linear velocity of 240 mm/sec. The bones of two microvertebrate taxa were used: an 
articulated Peromyscus skeleton and disarticulated Microtus bones recovered from an 

owl pellet. The bones were redescribed every ten hours. 
Korth discovered that disarticulation was the first result of tumbling. Abrasion 

began once the cranial bones became separated, and was concentrated along the edges 

and on the thinner central areas of these fragile bones. Eventually holes appeared in the 

central areas of the skull elements. Limb bones displayed rounding of the ends, ridges 

and crests. Korth did not consider the velocities used were strong enough to produce any 

significant degree of fragmentation. 

Tumbling barrels were used by Argast et al. (1987) to prove that reworking was 

responsible for the presence of dinosaur teeth in the Tertiary Hell Creek Formation of 
Montana. The experimental apparatus consisted of a 165 mm diameter stainless steel 
drum containing 6 kg of coarse-grained, moderately well-sorted quartz sand and 2.5 1 of 

water. Four tyrannosaurid teeth and one crocodile tooth were left in the barrel for 
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Fig. 3.2 Dispersal of skeletal elements classified according 
Voorhies (1969). Data from Korth (1969) and Dodson (1973). 



approximately six hundred hours, which equates to between 360 and 480 km of linear 

transport. After this time the teeth showed little evidence of abrasion, limited to minor 

weight loss, a few scratches in the tooth enamel and slight enlargement of the areas 

between adjacent serrations. The conclusions drawn were that teeth are abraded very 

slowly during fluvial transport, and that transport alone will cause no rapid or extensive 

damage to tooth enamel. 
Shipman and Rose (1983) concluded that tumbling barrels produce more 

sediment-bone impacts than would be expected under natural conditions, and that 

tumbling barrels have a more constant velocity than rivers. 
Further experimental analysis, also using tumbling barrels, highlighted the most 

significant controls on the rate of abrasion. These were identified as sediment grain size, 

the lithological composition of the sediment load, the presence or absence of soft tissue 

on the bones, the condition of the bone (fresh/weathered, broken/whole, 

mineralised/unmineralised), and the duration and distance of transport (Shipman and 

Rose, 1988). The experimentally produced abrasion tended to produce little gross 

morphological change for at least 35 hours into the analysis. Any shape changes noted 

were not well defined in the early phases of the work. Smaller grain sizes and an angular 

sediment load will increase the rate of bone abrasion. Bone edges and convex surfaces 

will abrade faster than concave surfaces (Shipman and Rose, 1988). 

During the 1950s and 1960s Kuenen completed a series of experiments designed 

to investigate the abrasion rates of various rock types under a range of sedimentological 

regimes. Included in this study was a reappraisal of the experimental simulation of 
fluvial transport and abrasion. Kuenen (1956) claimed that tumbling barrels provide a 

poor representation of river processes for the following reasons: 
i) In tumbling barrels the water serves as a brake to pebble motion rather than acting 

as the agent of movement, as in natural systems. 
ii) Sedimentary materials move by falling down a'bedload' slope followed by a 

period of rest before falling again (Fig. 3.1), rather than moving continuously over a 
horizontal surface. 
iii) In natural systems sedimentary particles tend to move with little interference from 

other clasts. In tumbling barrels the clasts move together as a single unit, a process more 

akin to movement caused by surf action. 
To overcome these problems Kuenen designed a circular tank (Fig. 3.2) where 

water and sediment movement is in a horizontal plane. Water movement is produced by 

two rotating paddles driven by an electric motor. The turbulent motion of the water, 
found in fluvial environments, is provided by the action of the paddles (A. Hamer pers. 

comm., 1993). 
The final example of experimental bone abrasion considered here relates more to 

the nature of the bone tissue than to the agent of abrasion. Geniesse (1982) abraded 
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compact bone from a bovine skeleton. Two methods of bone removal were employed. 
These involved weighing the amount of tissue removed by 300 strokes and the amount 

removed by a 30 second period of abrasion. The results suggest that the direction, with 

respect to the orientation of the bone fibres, of the abrasive force applied is significant. 
Thus it is more likely that large pieces of tissue will be removed if abrasion goes against 
the grain of the bone. Abrasion forces operating parallel to the bone fibres will generally 
remove smaller fragments. 

3.3 Experimental Aims 

The first aim is to produce a rate constraint for fluvially-induced abrasion and 
rounding affecting bones. Second, observations of the transport mechanisms and the 
relationships of the bones with the sediment will shed light on the sedimentological and 
taphonomic characteristics of the Wealden bone-bearing horizons. 

3.4 Experimental Methods 

The experimental apparatus is based on the circulating flume tank described by 
Kuenen (1956). The equipment consists of a circular tank with two rotating paddles 
driven by an electric motor (Fig. 3.2). 

The experiment was divided into two sections, each utilising a different sediment 

grain size and water velocity. The speed of the 'current' was sufficient to mobilise the 

sediment and the bones. It was not possible to use a flow-meter to estimate velocity, 
because of interference from the paddles and the mobile sediment. Therefore water 

velocity was determined using a coloured float of neutral buoyancy. The time taken for 

the float to complete ten circuits of the tank was recorded, and the mean time for one 

circuit calculated. 
Given that the average circumference of the tank is 1.20 in, water velocity was 

calculated by multiplying this figure by the time taken for the float to complete one circuit, 
giving units of metres per second. From this, distance travelled per hour is easily 
obtained. This figure, multiplied by the number of hours the experiment has run, gives 
the distance the water has travelled. As bones will not travel at the same velocity as the 
water, distances are best expressed as maximum potential transport distances. 

For the first run the bedload consisted of poorly sorted builders' quartz sand. 
During the second run the sediment load was changed to quartz and flint gravel. In both 

cases the water depth was 180.0 mm. 
The bones used were taken from an immature fallow deer (Dana dama) carcass 

discovered in mid-November 1992 in an area of woodland in South Warwickshire. It is 

assumed that the individual died of natural causes as the left humerus showed a distinct 
fracture. There was some evidence of predator or scavenger activity in the form of 
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splintered bone ends and tooth marks on the ribs. The entire carcass was removed from 

the woods in April 1993. The bones were stored in a large paper sack and kept in a fume 

cupboard until needed. For the final run of the experiments a vertebra (donated by C. 

Trueman) taken from a 150 year old horse (Equus cabalus) skeleton was used. 
The selection of skeletal elements for the experiments was guided by the 

hydrodynamic classes of bones described by Voorhies (1969). In Run Ia vertebra and 

rib were taken to represent bones which are easily transported. Although no group II 

bones were used, a group III bone: the left mandible, was included. In Run II two 

vertebrae and a rib (group I), a tibia (group II), and a right mandible were used. Run III 

used a weathered fallow deer vertebra. Run IV used a reworked 150 year old horse 

(Equus cabalus) vertebra. 
Detailed descriptions of the bones, including camera lucida drawings, were 

produced. After being described, the bones were soaked in water for at least 24 hours. 

This waterlogged the bone, a necessary step, since fresh or dry bone will often float on 
initial contact with water. 

After soaking, the bones were added to the fluvial simulator. Each experiment 

was allowed to run for a total of 500 hours. The bones were sampled every 25 hours up 
to 150 hours, at 200 hours and then every 100 hours. After the allotted time periods had 

elapsed, the bones were removed, dried and re-described. 

3.5 Analysis of Results 
In all cases the articulating faces of the bones showed the most obvious bone- 

surface-modification. Camera lucida drawings were made of these surfaces, highlighting 

the areas showing no abrasion, slight abrasion and heavy abrasion. 
To analyse the rates of abrasion a 2.0 mm grid was photocopied on to a sheet of 

acetate. When used as an overlay on the camera lucida drawings, the areas of abrasion 
could be accurately estimated. Percentages of the total area of the articulating faces 
displaying each abrasion state were calculated (Appendix VI) and plotted against time. 

The most objective method of quantifying the amount of abrasion would be to 

weigh the bones. However, it would be difficult to know if water absorbed during the 

experiment has been removed with drying. 

3.5 .1 
Sand Bedload. Run I 
Direct observation of the movement of the bones was difficult. The turbulent 

water flow kept enough of the silt and sand in suspension to prevent a clear view of the 

contents of the tank. Despite this, enough was seen of the bones to enable their 

movement patterns to be described. The mandible moved by sliding and rolling, in 

approximately life position, supported by the side of the tank. The rib, Voorhies Group 

I, moved by rolling, the vertebra by saltation. 
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During the course of the experiment the bones frequently became buried in the 

sediment. This will, to some extent, have affected the rates of abrasion. The mandible, 

representing Voorhies Group III, frequently became incorporated in the ripple bedforms 

(Fig. 3.5). This is to be expected as the sand was more mobile than the bone. Of the 

skeletal elements used the vertebra was the most mobile, only rarely becoming buried. 

The damage described here is concerned primarily with the change in the abrasion 

state and outline shape of the articular face of the vertebra, and also with the patterns of 
bone surface modification of the rib and mandible. 

The articulating surface of the vertebra started the experiments showing no sign of 

abrasion, although a substantial chip had been removed from the left edge of the centrum, 

exposing cancellous tissue. 
If the outline of the centrum drawn after approximately 25 hours of abrasion is 

compared with that produced by 500 hours of transport (Fig. 3.6) several points are 

noted. The small 'snag' of bone projecting from the upper left corner of the centrum has 

been lost. Throughout the course of the experiments the outline of the bone becomes 

increasingly smooth as irregularities in the edge of the centrum are worn away. Finally, 

the lateral projections are reduced in width, producing a more pointed outline. 
Abrasion is seen initially on the lateral projections of the centrum. These areas are 

assumed to have spent more time in contact with the sediment, as the vertebra rolled on 
its side, thus increasing their likelihood of being damaged. Light abrasion (Fig. 3.6) 

slowly works inwards across the centrum face, first affecting the higher-relief areas of 
the bone. The earliest stages of light abrasion is seen as a speckled pattern of paler 

coloured bone. As abrasion continues, the speckles increase in size, merge and extend 
into the troughs and other areas of lower relief, eventually covering the entire face of the 

centrum. 
Heavy abrasion, defined as the exposure of cancellous tissue, also starts at the 

edges of the centrum and extends inwards. Heavy abrasion occurs first along the left 

ventral edge, an area which corresponds to the damaged surface. On the undamaged 
section (right ventral edge) heavy abrasion starts on the lateral projection and along the 
dorsal edge, before affecting the ventral edges and centrum face. Obviously, the 
damaged bone, exposing cancellous tissue, will be more prone to mechanical damage. 

The effects of abrasion were less severe on the other bones, and on the remaining 

surfaces of the vertebra. Prior to being used in the experiments the end of the neural 
spine was splintered, probably by scavengers. The neural spine and the pre- and 
postzygapophyses began to show the effects of abrasion early in the experiments. After 

approximately 25 hours the splintered surface was beginning to show evidence of 
rounding. The flat surfaces of the neural spine rapidly became polished and slightly 
scratched. After approximately 75 hours in the flume tank the zygapophyses showed 
heavy abrasion, exposing cancellous tissue. The ribs showed similar patterns: rounding 
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of the splintered (distal) end and polish on the flat surfaces. Slight rounding was noted 

on the edges of the rib. Finally, abrasion of the mandible was limited to the angle of the 
jaw, articulating processes, edges of the tooth sockets and the premaxilla. The teeth 
(molars) in the jaw suffered little abrasion. There was no obvious rounding of the edges 

of the wear facets. The only noticeable result of abrasion was the removal of the layer of 
dark brown material coating the sides of the teeth. As with the vertebral centrum, areas 
of damaged bone were more susceptible to abrasion than the undamaged tissue. 

The rate of abrasion (Fig. 3.7), described by the total area of unabraded bone, 

shows an exponential relationship with time. During the early stages of the experiment, 
the increase in the percentage area of abraded bone is rapid. As the experiments 
progressed, the rate of abrasion tails off. If this general trend is separated into the effects 
of light and heavy abrasion several points emerge. Initially, light abrasion is the most 
important result of the abrasion process. The rate increased rapidly, declined, and peaked 
at approximately 56 percent of the area of the articulating face of the centrum. This was 
followed by a rapid fall in the area of light abrasion due to the increasing significance of 
heavy abrasion. It is after approximately 225 hours that heavy abrasion becomes the 
dominant effect of the abrasion process. After this point, the area of bone characterised 
by heavy abrasion increases at the expense of the lightly abraded tissue. 

3.5.2 Gravel bedload. unweathered bones. Run II 
For the second section of the fluvial abrasion experiments the sand bedload of 

Run I was replaced by well rounded flint and quartz gravel (mean grain size of 6.0 mm). 
The water velocity was sufficient to keep the gravel moving. The high number of 
revolutions made by the paddles resulted in a very turbulent water flow. An attempt was 
made to determine the water velocity using a small float of neutral buoyancy, but the 
water turbulence made an accurate determination impossible. 

As the gravel bed-load did not become suspended in the water observations of the 
patterns of movement of the bones was easy. The vertebrae moved by saltation, 
flotation, and some traction. The rib, mandible and limb bone moved by sliding and 
rolling. 

During the course of the experiments, the bones occasionally became incorporated 
into the bed-load. Over a five hour time period the vertebrae and mandible remained on 
the surface of the gravel (Fig. 3.5). This is because the hydrodynamic properties of the 
vertebrae keep them afloat. The mandible was generally observed to be either leaning 

against the outside of the tank, or lying in close proximity to it on the exposed metal of 
the base between the gravel bedfonm. The dunes form adjacent to the pillar supporting 
the paddles and slope down to the outside margin of the tank. The rib was buried for two 
out of a possible five hours. The limb bone spent approximately half an hour 
incorporated in the sediment. Like the mandible, the limb bone was often observed 
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following the outside margin of the tank. 

As in Run I (section 3.5.1), the bone surface modification patterns catalogued 
here relate to the changes in outline shape of the articulating surfaces of two fallow deer 

vertebrae, and the patterns of abrasion damage affecting the other skeletal elements used. 
Initially, the large vertebra showed no damage to the articulating surfaces, 

although the end of the neural spine was splintered. The margin of the small vertebra 

showed extensive damage, exposing the inner cancellous tissue. The articulation areas of 

the rib were fresh, the distal end showed splintering and puncture marks produced by the 

teeth of a carnivore. The limb bone and mandible showed no damage. 

After 25 hours in the flume tank the connective tissue still adhering to the limb 

bone and rib showed poorly developed scratches. Slight abrasion of the articulating 

surfaces and processes of all of the bones was noted early on in the course of the 

experiments. 
After 50 hours the muscle holding the incisors in their sockets had become 

sufficiently softened for the teeth to fall out. The isolated teeth were not returned to the 

tank as it would have proved extremely difficult to separate them from the gravel. 
The abrasion of the vertebral centra followed the same general pattern as in Run I. 

Light abrasion (Fig. 3.8 and Fig. 3.9) first appears on the areas of higher relief and 

around the edges of the centra. These areas increase in size and eventually coalesce. The 

same sequence is seen for the heavy abrasion. 
The other bones also show marked abrasion of the articulating surfaces. 

Splintered ends of bones, for example the rib and neural spines on the vertebrae, show 

rounding, but none of the splinters was broken away by interaction with the sediment. 
The tooth marks on the rib were not obliterated by the abrasive action of the gravel, 

although the fractures around the punctures became smoothed. Flat bone surfaces, for 

example along the lengths of the rib, limb bone, mandible and neural processes, rapidly 
displayed evidence of polishing and some scratching. As in Run I, the teeth in the 

mandible did not show any rounding, although the dark brown coating on the enamel 

was stripped away. 
The overall rates of abrasion are illustrated by the percentage unabraded bone 

surface curves (Fig 3.10). The curve of the small vertebra shows an initially slow rate of 

abrasion, which increases rapidly, followed by a steady decline. Light abrasion is the 

most significant bone surface modification pattern for the early part of the experiment, 

increasing to a maximum of 38 percent of the bone surface area after approximately 100 

hours. As the relative importance of heavy abrasion increases (after 100 hours), the 

amount of light abrasion declines, due to the overprinting of light abrasion by heavy 

abrasion. The data points marked at 75 and 500 hours do not conform to this pattern, 

probably due to experimental error during the process of drawing the specimen. 

46 



a 

oJ 

.4 h 
n 

,O h 

a 
-iz 0 
0 
rz 

0 

I 

ýei o 

ý 
-ä 

s t12 

c2 ö 

ö "D 
u 

ne Q -Z 
il 
ao 

IZL- 42 

ao 

L. v 

UNIVERSITY 
OF BRISTOL 

UIRAFW 

WILLS M. L 



N 

U') 
N 



N 
L 

- 

4. 

ä 
.ý 

ä 

aa 
9: -zr z 

ä it 

eV 

ct t13 

CS fi. p 

L 

. 
ößä 

Qv 



a 
100 

80 

c $ 60 

40 
c0 c 

20 

o" 
0 

b 
120-- 

100- 

(D 
ö 80 
JD 

-°0 60 
co 

40 

20 

0 
0 

--C3- unabraded bone 

" lightly abraded bone 

l heavily abraded bone 

o abraded bone 

" lightly abraded bone 

ý,, heavily abraded bone 

Fig. 3.10 Run 11: abrasion against time, a: small vertebra, b: 
large vertebra. Unweathered bone, gravel bedload. 

100 200 300 400 500 600 

Time (hours) 

100 200 300 400 500 600 

Time (hours) 



The rate of abrasion experienced by the larger vertebra appears to have been a 

more gradual process than that affecting the small vertebra. Light abrasion is the 
dominant result for the first 300 hours of the experiment, after which heavy abrasion 

rapidly increases in importance. 

3.5.3 Gravel bedload. weathered bone. Run III 
The same gravel bedload was used for this experimental run, which was 

conducted with a vertebra recovered from a fallow deer (Dama dania) skeleton that had 

been exposed to subaerial processes for at least 10 years. 
During this run the deer vertebra became partially buried in the gravel (Fig. 3.5) 

for approximately 30 minutes of a5 hour total. 
The most obvious modification of the vertebra is a change in the outline shape of 

the centrum. The outline becomes progressively smoother and more rounded throughout 

the course of the experiment (Fig. 3.11). 

As in runs I and II abrasion begins on the areas of higher relief and around the 

edges of the centrum. From here, modification of the bone surface slowly expands onto 

the areas of lower relief. The amount of bone showing the effects of slight abrasion 
increases rapidly, and peaks after 125 hours. This is followed by a decline in the area of 
lightly abraded bone (Fig. 3.12). 

Heavy abrasion, which exposes the inner cancellous bone tissue, essentially 
follows the same pattern as slight abrasion, working in from the centrum edges to cover 

the surface of the bone (Fig. 3.11). Heavy abrasion is not a significant surface 

modification feature for the first 75 hours because the bone has not undergone enough 

abrasion to remove the outer layer of lamellar tissue (Fig. 3.14). After 75 hours, with the 

removal of the outer layer of lamellar tissue, the importance of heavy abrasion increases 

rapidly. After 200 hours the rate of increase in area of heavy abrasion declines. 

3.5.4 Gravel bedload. reworked bone. Run IV 

The horse (Equus cabalus) vertebra had been buried in a railway embankment 
approximately 150 years ago. On excavation, it was found that the bone tissue had 
become brittle. The bone surface was mineralised in places with vivianite (C. Trueman 

pers. comm., 1995). The bone was washed to remove any traces of clay before it was 
placed in the flume tank. 

During the course of the experiment the vertebra was buried by the sediment (Fig. 

3.5d) for 1.5 hours out of a5 hours total. 
The unweathered and weathered vertebrae were rarely buried. This distinction 

probably reflects the chemical and physical differences between the bones. 
Within 25 hours the outer layers of lamellar bone coveting the articulating face of 
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the centrum begins to crack. The surface of the neural spine becomes splintered, rather 

than polished, as seen on the bones used in runs I, II, III. Bone loss on processes is 

more pronounced than in the earlier experiments, for example, after 400 hours lateral 

processes are almost totally removed. As before abrasion began in the middle of the 

centrum (Fig. 3.13). Heavy abrasion begins on the ventral edge of the vertebra and 

rapidly destroys the lamellar tissue covering the articulating face of the centrum. Once the 

cancellous tissue is exposed it is removed rapidly. A section of bone broke off the 

vertebra during the experiment. This was the only occurrence of fracturing recorded 
during the experiments. 

The amount of the bone surface affected by light abrasion increases slowly during 

the early stages of the experiment (Fig. 3.14). After 150 hours the amount of slightly 

abraded bone increases rapidly, to peak at 300 hours. The decline in area of slightly 

abraded bone after 300 hours reflects the loss of much of the centrum because of 

extremely high abrasion. 
The area of bone showing the characteristics of heavy abrasion (exposed 

cancellous tissue) rapidly increases with time (Fig. 3.14). After 175 hours the amount of 
heavily abraded bone declines because of the area of bone which was heavily abraded had 

been completely eroded away leaving only the lightly abraded remnant of the centrum 
face. 

3.6 Summary 
Within the limits of these experiments, the nature and extent of bone surface 

modification appears to be dependent on skeletal element and bone tissue type. The more 

mobile bones abrade more rapidly, because mobile bones experience more violent 
impacts with the sediment, and spend less time buried. 

Lamellar bone is more prone to polishing and scratching than cancellous tissue. 
Consequently bone tissue loss was more severe on articulating surfaces and areas of 
broken tissue. 

The rate of bone abrasion approximates an exponential curve. Initially, the rate of 
bone modification is high, declines and then tails off. 

Observations on the effect of reworking on the rate of abrasion indicate that bones 

that have been buried will abrade more rapidly than either fresh or weathered bone. The 

same is true for weathered and unweathered bone. Mat-till (1990) suggested that 

weathered bones will abrade more rapidly than unweatherd bones because the loss of 

organic material decreases resistance to mechanical damage. However, die comparative 

rates of abrasion plotted (Fig. 3.15) do not highlight these trends. Statistical analysis of 
these plots, using a Friedman Test, gave a P-Value of 0.0005. This proves that the trends 
described are different. It is tempting to over interpret the data and statistics and claim 
that the experiments show that the rate of abrasion is dependant on the bone tissue and 
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sediment bedload. However, the data set is small, and these experiments should be 

repeated using a wider range of bones with many different burial and weathering 
histories. These experiments continue to explore the problem of abrasion in fluvial 

environments. The use of a circulating flume tank has, hopefully, provided a more 

accurate representation of the rates of abrasion affecting bones in rivers. 
It would appear that fragmentation does not play a significant role in modifying 

bones in (experimental) fluvial regimes. 
The amount of abrasion produced by these experiments suggests that one phase of 

transport down a river's course is unlikely to produce the extemely high levels of 
rounding often seen in the fossil record. It is more probable that highly abraded bone 

pebbles are the product of several episodes of transport and associated reworking. All of 
the bones used here have undergone the equivalent of many hundreds of miles of fluvial 

transport, but they still only display abrasion stage 1 of Fiorillo's (1988a) classification 

scheme. 
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Chapter Four 
Lower Cretaceous Stratigraphy 

There is something fascinating about science. One gets such wholesale returns of 

conjecture out of such trifling investment of fact. 

Mark Twain 

4.1 Introduction 
The Lower Cretaceous of the Weald, which outcrops over much of Kent, Surrey 

and Sussex, Dorset and the Isle of Wight, encompasses the Berriasian, Valanginian, 

Hauterivian and Barremian stages. Correlation between the various Lower Cretaceous 

sites in northwestern Europe has proved difficult, because of the nature of the 

sedimentological and palaeontological records. Likewise, the correlation of the 

predominantly terrestrial sequence of the Wealden of the Weald is notoriously difficult to 

correlate with the Mesozoic standard ammonite zones, based on marine strata. 
None of the type sites of the Lower Cretaceous stages is located in Britain. The 

stratotype for the Barremian is near Bernas in the Ardeche, southern France. The type 

site of the Valanginian is in the Seyon Gorge, Valangin, near Neuchatel, Switzerland. 

The Hauterivian type site is located at Hauterive, also near Neuchatel (Harland et al., 
1989). 

A brief summary of Lower Cretaceous stratigraphy and correlation of southern 
England is included here. 

4.2 Lithostratigraphy 
Wealden sediments, of Berriasian to Barremian age, outcrop over a wide area of 

southeastern England. The sequence is divided into the Hastings Beds and the overlying 
Weald Clay. On the Isle of Wight sediments of comparable age are divided into the 

Vectis and Wessex Formations. The outcrop pattern is distinctive: an oval area of 
Hastings Beds bordered by the sea to the east, and a C-shaped outcrop of the Weald Clay 

(Fig 4.1). 

The Wealden lithologies occur stratigraphically between the Purbeck Beds 

(uppermost Jurassic/basal Cretaceous) and the Lower Greensand. Structurally, the 
Wealden Group forms a large anticline (Lake and Shepard-Thorn, 1987). 
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Many attempts (reviewed by Lake and Shepard-Thorn, 1987) have been made to 

divide up the Lower Cretaceous sediments of southern England. One of the 

earliestschemes was outlined by Conybeare and Phillips (1822), who divided the 

Wealden lithologies into the Weald Clay and the 'Iron Sands'. Subsequent workers, for 

example Martin (1828), continued the use of this terminology. The beginnings of the 

modern lithostratigraphical framework were proposed by Mantell (1833), who defined 

the Hastings Beds and the overlying Weald Clay. A succession of stratigraphers have 

further refined this classification. For example, Drew (1861) described the divisions of 

the Hastings Beds, and Topley (1875) subdivided the Weald Clay using the arenaceous 

and carbonate horizons. 

421 Hastings Beds . 
The Hastings Beds are dominated by arenaceous sedimentation, with some 

development of clays. The Fairlight Clay has a limited outcrop area, important only in 

the region around Hastings. These clays generally show well-developed mottling. The 

first insect fossils to be recorded from the Lower Cretaceous of the Weald were found in 

the Fairlight Clay (Binfield and Binfield, 1854). 

The overlying Ashdown Sands are predominantly arenaceous, and are exposed 
best in the coastal section east of Hastings. Body fossils are rare, although trace fossils 

are quite common. For example, the Lee Ness Sandstone, seen around Goldbury-Point, 

contains many dinosaur footprints which are generally attributed to Iguanodon or 

theropods (Woodhams and Hines, 1989). 
The Wadhurst Clay, which separates the Ashdown Sands from the Tunbridge 

Wells Sandstones, is a grey clay, composed primarily of kaolinite, illite and smectite- 

vermiculite. Smaller-scale developments of sandstone (for example the Tilgate Stone': a 

calc-arenite), pebble-beds and limestones are present (Lake and Shepard-Thorn, 1987). 
The Tunbridge Wells Sand is composed of arenaceous sediments with minor 

argillaceous beds. Over part of its outcrop area, the upper and lower divisions are 

separated by the Grinstead Clay (Lake and Shepard-Thorn, 1987). 

4 . 2.2 Weald Clay. 
The Weald Clay consists of a sequence of clays and silty clays with subordinate 

beds of sandstone, shelly limestone and clay-ironstones, which reaches a maximum 

depth of approximately 700 m. This facies thins to the east, probably due to the 

proximity of the London highlands, or as a result of erosion occurring before the 

deposition of the Lower Greensand. The clays themselves are often laminated and 
frequently show well-defined bioturbation. Chemically, they are a mixture of illite and 
kaolinite (Worssam, 1978). Generally, the Weald Clay, as seen in outcrop, has a 

58 



greenish-grey or medium grey colour, although in places orange and red clays occur. 
These red clays have been used as marker horizons in refining the stratigraphy of the 
Weald Clay (Reeves, 1958; 1969). 

Alternative schemes for subdividing the Weald Clay have concentrated on the use 

of the subordinate, non-argillaceous facies within the clay sequence. The first of these 

stratigraphies was constructed by Topley (1875), who used a series of seven distinctive 

lithologies: 
7 sand 
6 'Sussex Marble': large Paludina (Viviparus) limestone 

5 sand, sandstone and calcareous grit 
4 limestone: large Paludina 
3 limestone: small Paludina 
2 sand and sandstone 

Horsham Stone 

More recently, Thurrell and others (1968) used Topley's classification as the 
basis for the British Geological Survey scheme, where each sandstone or limestone bed 

in the Weald Clay was given a number. 
Weald Clay sandstones are generally fairly fine-grained, normally occuring in 

beds approximately 3.0 m thick, although they may reach 10.0 m in thickness. The 

limestones form lenticular bodies, and common fossils include Viviparus (= Paludina) 

and Filosina (= Cyrena). Ironstones, once important commercially, tend to take the form 

of sideritic mudstones (Worssam, 1978). 

4.3 Geochronology 

1 Isotopic Methods 

K-Ar dating (Fig. 4.2) uses hornblende, biotite and high-temperature feldspar 

crystals from lavas and pyroclastic rocks. Under certain circumstances, it may be 

possible to undertake whole-rock analysis of fine-grained crystalline rocks. These rocks 

range in composition from basalt to rhyolite. Hornblende, biotite and muscovite found in 

intrusive rocks are also suitable for K-Ar dating. In sedimentary rocks, detrital minerals, 
for example those belonging to the glauconite family, are used (Harland et al., 1989). 

Although glauconite is one of the most frequently used radiometric minerals, it may give 

unreliable results. Weathering, tectonic activity and increasing geological age of the 

lithologies sampled cause inaccuracies in the dates obtained (van Hinte, 1976; Kennedy 

and Odin, 1982). U-Pb dating is based on zircon, monzanite, sphene and apatite 

recovered from igneous and metamorphic rocks. 
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DATING PUBLISHED STANDARD 
METHOD MINERAL DATE DATE 

BARREMIAN K Ar GI 126.0 126.0 
K Ar GI 136.0 132.0 

K Ar WR 113.50 135.50 
K Ar GI 119.30 119.30 

HAUTERIVIAN K Ar GI 126.00 126.00 
K Ar Bi Hb 133.60 133.60 
U Pb Zr 136.00 136.00 

K Ar WR 124.00 126.81 

VALANGINIAN KAr GI 125.00 122.09 
KAr GI 128.00 125.02 
K Ar Bi 136.50 136.50 

K Ar Bi 134.00 130.88 
BERRIASIAN KAr WR 146.00 146.00 

KAr GI 131.00 133.95 

Bi biotite GI glauconite Hb hornblende 
WR whole rock Zr zircon 

Fig. 4.2 Geochronological data determined by isotopic 
methods (modified from Harland et al., 1989). 



4 
. 
3.2 Magnetic Anomaly Dating 

Magnetostratigraphy is based on the fact that rocks hold a record of the reversals 
in the polarity of the Earth's magnetic field which took place when the rocks were 
formed. As these changes occur globally, there is no distortion of the stratigraphical 

record from time transgression. Chemically altered rocks may give unreliable magnetic 

anomaly dates as the magnetic signature of a rock is produced at die time of alteration 
(Harland et al., 1989). 

The Lower Cretaceous magnetic anomaly dates (Fig. 4.3) were correlated with 
the marine biostratigraphical succession from the Umbrian Appenines, Italy, and with the 
terrestrial mammalian stages detailed from the southwestern United States (Harland et al., 
1989). Kent and Gradstein (1985) calculated dates for the stage boundaries throughout 

the Lower Cretaceous. These dates are constrained by establishing the Barremian/Aptian 

boundary at 118 Ma and the Oxfordian/Kimmeridgian boundary at 156 Ma., both based 

on radiometric dating of glauconite. 

4.4. ' Biostratigraphy 
As with most sedimentary sequences the preferred method of understanding the 

correlations and inter-relationships between the different units is the use of the fossil 

record. Throughout the Mesozoic this has been achieved using ammonites preserved in 

marine sediments. As the Wealden sequence records a dominantly terrestrial 

environment, it has been necessary to utilize alternative biostratigraphic indicators, such 

as ostracods, plant microfossils and dinocysts. 

4-4.1 Ammonites 

Ammonites have been used as the standard biostratigraphic tool for the Mesozoic 

since last century. Ammonite zones for the Lower Cretaceous sediments of England have 

been published, for example by Rawson and others (1978). An ammonite succession 

covering the Jurassic-Cretaceous boundary has been documented from an area extending 
from Norfolk to southern Lincolnshire. As the taxa recovered here are characteristic of 

the Boreal Realm, it has been suggested that the name Ryazanian should be adopted for 

the lowest stage of the Lower Cretaceous (Rawson et al., 1978). Despite this, the term 

Ryazanian is rarely used in the literature relating to the Wealden, preference being shown 
for the Berriasian stage name. As no record of in situ ammonite fossils exists for the 

Weald, the relevance of standard ammonite zones is questionable. 
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KENT & GRADSTIEN CHRONOGRAM REVISED 
(1985) MEAN VALUES AGES AGES 

APTIAN/ 118.35 125.50 124.50 
BARREMIAN 118.25 

BARREMIAN/ 127.51 131.00 131.60 
HAUTERIVIAN 127.36 , 

HAUTERIVIAN/ 130.40 135.50 135.00 
VALANGINIAN 131.45 

VALANG IN IAN/ 138.30 137 50 140.70 
BERRIASIAN 138.66 . 

BERRIASIAN/ 
TITHONIAN 144.57 148.00 145.60 

Fig. 4.3 Biostratigraphically dated magnetic anomaly data (modified 
from Harland et al., 1989) 



4.4.2 Ostracods 

One of the most commonly used biostratigraphic indicators of the English Lower 
Cretaceous succession are the various species of ostracod. Several ostracod 
biostratigraphies have been developed, for example Worssam (1978), Kilkenyi and Neale 
(1978) and Anderson (1972). The most recent, and probably the most reliable scheme, is 

that of Anderson (1985) (Fig. 4.4). 

The ostracod biostratigraphy devised by Anderson (1985) covers the complete 
Lower Cretaceous sequence of the Weald with a series of nine biozones. Each of these 

zones has a characteristic faunal assemblage, with one Cypridea species giving its name 
to the zone, which is then subdivided into faunicycles. The Cypridea brevirostrata zone 
is characterised by C. brevirostrata, C. setina and C. wicheri, and subspecies of these 
taxa. This zone extends from faunicycle 41 to 46. Zone 8 (faunicycles 47 to 53), is 

named after C. paulsgrovensis, with C. laevigata and C. tuberculata. The Cypridea 

aculeata biozone (9 and 10) is divided into two. The upper section contains C. aculeata 
and C. laevigata with subspecies. The upper section is species-poor, with most of the 
taxa seen below no longer present. Zone 11, which covers faunicycles 68 to 74 is 

characterised by C. dorspinata and several undescribed species of Cypridea. The 

overlying C. tuberculata zone (cycles 75 to 81) sees a return to more normal levels of 
species diversity, for example C. marina, C. puniila and C. valdensis. In the next three 

zones (13 to 15) the boundaries of the character assemblages do not coincide with the 

zone boundaries. Assemblage 13 is characterised by C. marina and C. purnila, with 
smaller numbers of C. hispida. This assemblage covers the entire C. marina zone the 

upper boundary lies approximately one third of the way up the C. clavata zone. 
Character assemblage 14 is dominated by C. clavata and its subspecies. It overlaps both 

the C. clavata and C. valdensis biozones. Finally, assemblage 15, which represents the 

upper half of the C. valdensis zone, is charäcterised by Theriosynoecum fittoni. 

Correlation between the Lower Cretaceous of the Weald and the Isle of Wight has 
been achieved. On the mainland, the Hurlands Farm, West Sussex, borehole has 

provided the basis for a stratigraphic framework which covers the Weald Clay (upper 
Barremian) and the Lower Greensand (Aptian). Seven informal dinocyst zones have 
been described (Lister and Batten, 1988) which include 17 palynomorph biozones. 
Further analysis of dinocysts has extended the scheme to include other sites on the 
mainland, for example at Beare Green Brickworks, Upper Weald Clay, and Philpots 
Quarry, Lower Tunbridge Wells Sand and Grinstead Clay (Batten and Lister, 1988b). 
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4 . 4.4. Flora 
Subdivision of the Lower Cretaceous sediments has been attempted using the 

palynological fossil record. However, this has proved difficult (Couper, 1958) due, in 

part, to the patchy distribution of plant remains. The most productive horizons are the 

Fairlight Clay and the Ashown Sands (Oldham, 1976). Hughes (1975) developed a 

scheme based on evidence from both the Weald and Wessex Basins (Fig. 4.4). The 

oldest Purbeck assemblage is of early Berriasian age and represents a depositional regime 

marginal to a marine environment. The overlying Fairlight Clay includes representatives 

of all the major plant taxa living in northwestern Europe during the Lower Cretaceous. 

This assemblage is succeeded by the Ashdown Flora, of Valanginian age, and is 

characterised by a rich microfloral assemblage. Also of Valanginian age is the Tilgate 

Flora, which includes part of the Wadhurst Clay and the Tunbridge Wells Sandstone. 

Overlying this assemblage is the Horsham Flora, of Hauterivian age, which is 

characteristic of the Lower Weald Clay. Finally, the Brook Flora of the Isle of Wight 

represents the Barremian of the Weald and Wessex Basins. 

44.5 Vertebrates 

Attempts have been made to use the relatively common dinosaur remains 

recovered from the Wealden facies as stratigraphic markers. Norman (1987) described 

separate species of Iguanodon from the Has Beds and the Weald Clay. Pereda- 

Suberbiola (1993) identified two distinct dinosaur assemblages from the Wealden of the 

Weald and the Isle of Wight, and suggested that elements of the faunal lists may be used 

as a rough guide to dating the sedimentary record. 

4.5 Correlation with the European 'Wealden Facies' 
Lower Cretaceous terrestrial sediments are found over much of mainland Europe, 

from Germany and the Netherlands to Romania and into the Middle East and north 

Africa. Although these sequences are often referred to as Wealden, in many cases they 

are not stratigraphically equivalent to the English Wealden. It has been suggested that the 

term Wealden should only be applied to non-marine sediments which were deposited 

between the Berriasian and Barremian. If these conditions are not met, the sediments 

should be described as'Wealden facies' (Allen, 1955). 

4.5.1 Northern Germany and the Netherlands 

Two basins have been identified in this area. The first covers much of the 

western Netherlands. , The sediments found here are interpreted as fluvial deposits, and 

are characterised by coloured clays with minor sandstones and lignite beds. The 
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sequence ranges in age from the Kimmeridgian and the earliest Valanginian, and are 
equivalent to the English Purbeck and the oldest parts (Hastings Beds) of the Wealden 
Group (Allen, 1955; Allen and Wimbledon, 1991). 

The second sedimentary basin covers northern Germany, and has been referred to 

as the'Lower Saxony Basin'. The sequence here is dominated by argillaceous sediments 
which pass up into carbonates and sandstones (Allen and Wimbledon, 1991). The 
'Wealden' lithologies of the Lower Saxony Basin have been subdivided into six units 
(Fig. 4.5) which have been correlated, using ostracods, with the English sequence 
(Allen, 1955; Anderson and Hughes, 1964). 

4 . 5.2 Belgium 
The'Wealden' facies of the Mons Basin, Belgium, overlies Carboniferous 

sediments and are probably Aptian. Small areas of Lower Cretaceous rocks are found on 
the higher ground surrounding the basin. These sediments commonly occur as karst, 
fissure and pothole infills, and are generally poorly dated (Allen and Wimbledon, 1991). 
Under certain circumstances, these sediments have provided conditions that favour bone 

preservation, for example at Bernissart, where the infill sediments (probably Hauterivian 
in age) contain large quantities of Iguanodon and other vertebrate material (Norman, 
1987a). 

4.5.3 France 
Lower Cretaceous rocks in France have a poor outcrop record, although they are 

known from cores. Despite the similarities between the English and French sequences, 

there is little evidence for connection between the two basins (Allen and Wimbledon, 

1991). The fossil record of dinosaur remains from the 'Wealden' of France is poor. 
Most of the material has been recovered from the shallow marine rocks outcropping in the 

eastern region of the Paris Basin (Buffetaut et al., 1991). 

Probably the best documented and most fossiliferous Lower Cretaceous sites in 

Spain are located at Galve (Teruel Province) and Una (Province of Cuenca). Galve 

yields a freshwater assemblage (sharks, bony fish and amphibians) which is probably of 
Barremian to Aptian age (Estes and Sanchiz, 1982). 

4.5.5 Romania 

The sedimentary context of the Lower Cretaceous sites of Romania (Western 
Carpathians) is, in many ways, reminiscent of the infill sites of Belgium. Here, karstic 

surfaces have been covered by substantial thicknesses of bauxite, interpreted as lateritic 
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England Germany 

Apt. Lower Greensand 

Barr. Weald Clay 

Haut. 

Upper T Wells Sands 

Grinstead Clay 

Lower TWells Sand 

Wadhurst Clay 
Valan Middle Valanginian 

Ashdown Sands 'Wealden' 6 
Fairlight Clay 'Wealden' 5 

Berr. 
Upper Purbeck 'Wealden' 4 

'Wealden' 3 

Tith. Middle Purbeck 
'Wealden' 2 
'Wealden' 1 
Serpulite 

Lower Purbeck Münder Mergel 

Fig. 4.5 Correlation between the Lower Cretaceous of 
England and Germany (after Anderson and Hughes, 1964). 



soil developments. The clays contain large quantities of vertebrate material, including 

iguanodontids, theropods, pterosaurs and primitive birds (Jurcsak and Kessler, 1991). 

Benton (pers. comm., 1995) is sceptical about the identifications of the bird fossils. 

These deposits have been dated as Upper Tithonian or lowest Berriasian to Lower 

Barremian, and are equivalent to the Purbeck and Wealden lithologies of England 

(Grigorescu, 1992). 

4.6 Summary 
Many attempts have been made to elucidate the stratigraphic relationships between 

the Lower Cretaceous sediments of southeastern England. Even so, the relative positions 

of, and correlations between, the various bed boundaries are poorly understood. 
Correlation between the English and European sedimentary basins is confused by the 
incorrect use of the term Wealden. Use of the term Wealden should be restricted to the 

Wealden of the Weald. 
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Chapter Five 
Lower Cretaceous Environments 

5.1 Introduction 

The Wealden sediments of southern England provide an important view of the 

palaeoecology and palaeoenvironments of the European Lower Cretaceous. Since the 

middle of last century a great variety of fossil taxa have been recovered, including 

mammals, dinosaurs, turtles, crocodiles, bony fish, sharks, plants and invertebrates. 

Over the years many attempts have been made to produce a broad-ranging 

environmental reconstruction of the Lower Cretaceous of the Weald. The current 

interpretation of the sedimentology and palaeoecology suggests a large area of swamps, 

rivers, lakes and lagoons supporting diverse floral and faunal assemblages. 

5.2 Palaeogeography and sedimentary environments 

Sedimentation during the Early Cretaceous was controlled by various structural 
features, creating a number of depositional basins, for example the Cleveland Basin, the 

Weald Basin and the Paris Basin (Fig. 5.1,5.2). Sediment accumulation in northeastern 
Britain was confined to the Cleveland Basin and the East Midland Shelf area, extending 

from Norfolk to East Yorkshire. In the north and northwest of Britain no Early 

Cretaceous sediments exist (Hallam and Sellwood, 1976; Rawson et al., 1978). 

Although it is probable that the Weald and Paris Basins were linked, a connection cannot 
be proved (Kaye, 1966). 

In southern England sedimentation occurred in the Weald and Wessex Basins, 

separated by the Portsdown Swell (Allen, 1959). The Weald Basin covered much of 

Kent, Surrey, Sussex and part of northern Hampshire. The Wessex Basin extended 

from Dorset (bounded by the South Dorset High) to southern Hampshire and the Isle of 

Wight (Kirkaldy, 1963; Morter, 1984). 

During the Late Berriasian sediment deposition in the basins of northern England 

produced predominantly argillaceous facies, such as the Speeton Clay of the Cleveland 

Basin, which outcrops on the Yorkshire coast. This facies merges laterally with the 

shallow marine sands and silty clays of the Spilsby Sandstone Formation. In the areas 

south of the Anglo-Brabant Landmass sedimentation was largely controlled by increasing 

tectonic activity and climatic factors, leading to high levels of runoff from the land areas 
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into the Anglo-Paris Basin. This also produced the Hastings Beds of the Weald Basin 
(Hancock and Rawson, 1992). 

Between the Late Berriasian and the mid Hauterivian northwestern Europe 

experienced several transgressivelregressive cycles. Despite this, there was little change 
in the overall distributions of land and sea, although shorelines gradually retreated 
(Hancock and Rawson, 1992). 

During the earliest Hauterivian a decline in regional tectonic activity affecting the 

landmasses surrounding the Weald Basin led to a decline in sedimentation and a change 
from arenaceous sediments to the argillaceous deposits of the Weald Clay and the Wessex 

Formation of the Isle of Wight. Clay deposition continued in the Cleveland Basin, and on 
the East Midlands Shelf predominantly arenaceous sedimentation was replaced by the 

clay facies of the Tealby Clay Member. At around this time there was probably a fairly 

major marine incursion into the Weald Basin from the East Midlands Shelf sea, 

responsible for Rawson's (1991) mid-Weald Clay quasi-marine band (Hancock and 
Rawson, 1992). Analysis of the detrital minerals and microfossils found in Wealden 

strata show that the Weald and Wessex Basins remained separate until late Wealden 

times, joining up during the deposition of the Weald Clay (Allen, 1972). 
The Lower Cretaceous sediments of the Wealden of the Weald and of the Isle of 

Wight were deposited under predominantly terrestrial conditions. Lithologies of the 

sedimentary basins of southern England are primarily of a non-marine nature, consisting 

of sandstones, silts and clays deposited by a "fluvio-deltaic-lake complex" (Hallam and 
Sellwood, 1976, p. 317). 

5.2 .1 
The Weald 

The sediments of the Weald Basin are divided on lithological grounds into (Fig. 

4.4) the Hastings Beds and the Weald Clay. The Hastings Beds are composed of 

arenaceous sediments, with some clay facies. The Weald Clay is primarily clay with 

subordinate sandstones, siltstones and limestones. It has been suggested that the 
Wealden sediments display large-scale cyclicity. Two well developed cyclothems are 
identified, the first incorporating the Ashdown Sands and the Wadhurst Clay, the second 
incorporating the Lower Tunbridge Wells Sand and the Grinstead Clay. A third less well 
developed cycle may be seen in the Upper Tunbridge Wells Sand and the Lower Weald 

Clay (Allen, 1959). 

There has been much debate over the environment of deposition responsible for 

the sediments of the Weald. Two scenarios dominate: deposition on a transgressive delta 
front, or sedimentation by a series of interconnecting rivers, lakes and lagoons. 

Allen (1959) interpreted the cyclical pattern of sedimentation characteristic of the 
Weald as a transgressive delta front and associated prodelta sediments. The rivers 
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responsible for deposition of the Hastings Beds had water of approximately the same 
density as that of the basin they flowed into, caused rapid mixing of the waters which 

resulted in high rates of sedimentation. By late Wealden times (Weald Clay) an increase 

in salinity of the basinal waters gave less opportunity for initial mixing of fluvial and 
basinal waters due to greater density differences. Sedimentation occurred more slowly 

and over a wider area. More recent theories accounting for the facies differences centre 

on tectonic and climatic controls. 
When interpreting the Wealden sediments as a deltaic sequence four environments 

of deposition are defined. The Fairlight and Wadhurst Clays exemplify the prodelta 

shelf, delta slope environments are represented by the Ashdown and Tunbridge Wells 

Sands, the delta front platform by the Upper Ashdown Sands, and on-delta environments 

are represented by the lenticular clays of the Top Ashdown Sands and Lower Tunbridge 

Wells Sands (Taylor, 1963). 

The alternative interpretation concerns deposition by fluvial-lacustrine processes. 
These ideas are not new. For example it was noted during the last century that a deltaic 

origin for the Wealden Group sediments was somewhat doubtful, and that deposition in a 

system of rivers was the more probable explanation (Meyer, 1872). 
In 1975 Allen re-interpreted the sedimentary record of the Weald Basin to one 

based on river braidplains, small alluvial fans, mudswamps and pools. Under such 

conditions the predominantly arenaceous lithofacies were deposited by alluvial fans. 

These facies follow a sequence from fine grained sediments, coarsening up through 

meander-floodplain deposits, into coarse-grained braidplain material (Allen, 1981). 

Meandering accounts for the wide lateral development of the facies (Stewart, 1983). The 
finer-grained sediments were deposited in swamps and bays, thought to connect with the 

sea via brackish lagoons. Some river sediments are also evident as localized arenaceous 
facies (Jarzembowski, 1991a). An example is the Wareham Sandstone, a discontinuous 

arenaceous bed showing a variety of sedimentary structures (such as groove casts and 
load structures). The bed is thought to have been deposited under conditions of 
decreasing current velocity (Prentice, 1962). 

The Lower Cretaceous sequence exposed on the south coast of the Isle of Wight 

is dominated by silts, muds and sandstones (Stewart, 1983). In contrast to the 

cyclothems of the Weald Basin, the Wessex Basin shows no development of cyclicity in 

sedimentation (Allen, 1959). Despite the absence of major cyclothems, small-scale 
cyclicity and fining-up sequences have been identified (Stewart, 1978; Stewart et at., 
1991). 
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The Wessex Formation (Fig. 5.3), previously known as the Weald Marls, is a 
sequence of interbedded sands and mud representing meandering river channel deposits 

and overbank sediments, termed a'red-bed sequence' by Insole and Hutt (1994). 
The Cowleaze Chine Member of the Vectis Formation is a sequence of grey 

mudstones interbedded with sandstones, which were deposited in a low-energy lagoonal 

environment. The overlying Barnes High Sandstone Member consists of a coarsening- 
up sequence of flaser and lenticular beds associated with cross-laminated muds, 
deposited at the distributary mouths of rivers entering a series of lagoons. Finally, the 
Shepherd's Chine Member demonstrates cyclicity in a coarsening-up sequence. Here 
deposition would have taken place under conditions similar to those of the Cowleaze 
Chine Member (Daley and Stewart, 1971; Stewart, 1981; Stewart et al., 1991). 

The Wessex Basin during early Cretaceous times is interpreted as a river 
floodplain supporting a savanna-like vegetation (Stewart, 1983), that is, conditions 
similar to those of the Weald. 

5.3 Palaeosalinities 

During the early Cretaceous the salinity of the sedimentary basins of southern 
England fluctuated. During the Purbeck and Wealden, salinities ranged from supersaline, 

represented by the Purbeck evaporites, to the brackish or freshwater conditions of the 
Wealden (Allen and Keith, 1965). The general trend was one of increasing salinity up the 

stratigraphic sequence. The dominantly arenaceous sediments of the Hastings Beds were 
deposited in a low salinity-environment, and the Weald Clay experienced several brackish 

marinelmarine incursions. 

The Ashdown Sands and Tunbridge Wells Sands (Hastings Beds) of the Weald 
Basin are fluvial in origin (Sladen and Batten, 1984).. These dominantly sandstone 

sequences are separated by the Wadhurst Clay. Analysis of Wadhurst Clay ostracods 
highlights a pattern of cyclical change between two ostracod assemblages. The C-phase 

is dominated by the genus Cypridea; the S-phase is characterized by a scarcity of 
Cypridea, but includes genera such as Paracypris, Damonella and Mantelliana. 

The cause of cyclicity between C-phase and S-phase assemblages is changing 
salinity. Conditions of lower salinity are represented by the C-phase, while the S-phase 
is characteristic of higher salinity levels (Anderson, Bazley and Shepard-Thorn, 1967). 

5.3.2 The Weald Clay 

A similar pattern of C-phase and S-phase cyclicity is also known from certain 
levels of the Weald Clay (Anderson, 1967). However, the presence of Viviparus (a 
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freshwater gastropod) throughout much of the Weald Clay (MacDougal and Prentice, 

1964) suggests that a marine influence was not a major control on sediment deposition. 

The occurrence of Ostrea and Neomiocardiunz (tolerant of a range of salinities) and 
Cassiope (indicative of brackish conditions) are limited to the highest beds and one 
horizon towards the base of the Weald Clay (MacDougal and Prentice, 1964; Kilenyi and 
Allen, 1968). 

53_3 The Isle of Wight 

The Wessex and Vectis Formations of the Isle of Wight (Wessex Basin) also 
show changing salinities. The Wessex Formation muds and sands were deposited under 
the relatively low salinity conditions of a river braidplain. The overlying Vectis 

Formation demonstrates an increase in salinity as lagoonal environments gained 
importance (Daley and Stewart, 1971; Stewart, 1981; Stewart et. al., 1991). This trend 
is not continuous, as the Barnes High Sandstone Member marks a return to fluvial 

sedimentation, associated with lower salinities (Ruffell, 1988). 

5.3.4_ Summary 

Changing salinity in the Wealden Formation was due to variations in 

precipitation, runoff levels, evaporation rates, and the influence of marine incursions 

(Sladen and Batten, 1984). The effectiveness of the naturally occurring coastal 

protection was important in controlling the occurrence of marine incursions from the 
Boreal Sea. During the deposition of predominantly sandstone facies there was little 

marine influence. Periods of argillaceous sedimentation experienced a greater degree of 

marine influence, when coastal `barriers' were breached by the sea (Allen, 1981). 
The central control for these changes was local tectonic activity. For example, 

changes in the relief of the Anglo-Brabant Massif resulted in increased precipitation, 
leading to increased runoff and a greater ability for rivers to erode and carry coarser 

grained sediments. Such conditions resulted in the deposition of arenaceous units under 
low-salinity conditions. 

Tectonic activity resulting in the lowering of the massif gave the opposite results: 
less precipitation, reduced runoff and the deposition of predominantly argillaceous 
sediments under conditions of low energy and higher salinity. 

To conclude, relative salinities through the Purbeck were high, decreasing with 
the onset of sedimentation of the Weald Formation. Both the Wessex and Weald Basins 

show a pattern of increasing salinity, from low-salinity arenaceous sediments to higher- 

salinity argillaceous sediments. 
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Although a range of evidence is available for identifying changing salinity, 
absolute values are not known (Anderson, Bazley and Shephard-Thom, 1965; Allen and 
Keith, 1965). 

5.4 Palaeoclimatology 
For many years the average global temperature during the Cretaceous was thought 

to have been somewhat warmer than the present. However, recent evidence indicates that 

this view may be incorrect, suggesting instead that the average equatorial temperatures 

were similar to those at present, and that polar temperatures were around 0° C (Seliwood 

et al., 1994). During the early Cretaceous southern England is thought to have been 

positioned between 30° and 35° north of the equator (Smith and Briden, 1977). The 

climate of the Weald during the Lower Cretaceous has been interpreted as falling in the 

warm temperate, mediterranean to sub-tropical range (Batten, 1974; Jarzembowski, 

1984). It has been suggested that the climate during the Barremian-Aptian was fairly and 

(Ruffell and Batten, 1990), as indicated by the presence of calcretes, the clay mineralogy, 

and sideritic clay-ironstones. 
Many of the plant species recovered from the Wealden sediments show 

adaptations for environmental stress, including small leaves, thickened leaf cuticles, 

sunken stomata and tightly packed sporangia (Batten, 1974; Alvin, 1974). In modern 

plants these features are indicative of conditions of high insolation and water stress, or of 

a halophytic mode of life. The presence of fungal remains indicates that the climate was 

at least periodically, or locally, humid (Alvin and Muir, 1970; Alvin et al., 1981). The 

remains of woody material show well developed growth-halt structures (tree rings), 
indicating some degree of seasonality (Alvin et al., 1981), or humid/arid climate cyclicity 
(Allen, 1981). 

Most of the plant macrofossils found in Wealden sediments are preserved as 
fusain, indicating that the vegetation was burnt prior to fossilisation. The large amount of 
fusainised wood found suggests that burning of the forested areas was common. Today 

large-scale forest fires generally take place during droughts, or in areas experiencing 
limited precipitation. From this it has been inferred that southern England experienced 

periods of drought during the early Cretaceous (Alvin, 1974; Batten, 1974; Alvin et at., 
1981). 

Certain insect species, for example the termite Valditermes brenanae, have been 

used to infer palaeotemperatures for the Lower Cretaceous environment of southern 
England. Modern termites tolerate a fairly narrow range of environmental conditions, 
from warm temperate to tropical climates. Termite species diversity is low, suggesting 
that they were living at the limits of their ecological range. This indicates that the climate 

of the Weald was warm temperate, rather than tropical (Jarzembowski, 1984,1991a). 
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5.5 Palaeoecology 

The Lower Cretaceous geological record of north-western Europe provides an 

important view of the palaeoecological relationships of the flora and fauna. Of special 

relevance are the rocks of southern England, Spain, and the ̀ Wealden' facies of 
Germany. These sites have certain common elements of the flora and fauna, for example 
Iguanodon bernissartensis is known from the Wealden of the Weald and from the Lower 

Cretaceous deposits from Germany. Remains of the crocodilian genus Bemissartia have 

been recovered from the Isle of Wight, Spain and Belgium (Buffetaut, 1975; Buffetaut 

and Ford, 1979; Estes and Sanchiz, 1982; Buscalioni, Buffetaut and Sanz, 1984). 

5-5-1 Vegetation 
The warm temperate to sub-tropical climate of the early Cretaceous of the Weald 

supported a diverse and lush vegetation in fluvial, swamp, lacustrine and fully terrestrial 

habitats. The Wealden plant record includes both macro- and microfossils of a variety of 

taxa, especially pteridophytes and gymnosperms (Batten, 1974). 
Most of the Wealden environment was dominated by aquatic systems, but the 

record of aquatic plants is rather poor (Batten, 1974). Green algae have been recorded 

from fluvial sediments of the Wessex Formation of the Isle of Wight (Batten and Lister, 

1988a), and spores of certain pteridophytes have been interpreted as those of aquatic 

plants (Hughes, 1975). 

The margins of rivers and areas of standing water were colonised by ferns, rush- 

like plants and horsetails. Ferns, bryophytes and horsetails are thought to have been the 

dominant cover on the low banks near the floodplain (Allen, 1989). In areas liable to 

flooding the rush-like semi-aquatic plant Lycopodites hannahensis was common (Harris, 

1981). Horsetails (Equisetites and Esquisetuni) were also common, colonising areas of 

shallow standing water, swamps and sandbars. It is possible that they were tolerant of 

brackish waters. The absence of large stands of horsetails suggests that they were 

probably pioneer species, sensitive to changes in water depth (Allen, 1975; Allen, 1989; 

Batten, 1973; Batten, 1974). 

On the floodplains and river bars the flora was dominated by species of water- 
tolerant ferns such as Weichselia and Lycopodites interspersed with frenelopsid conifers 
(Allen, 1989). With increasing elevation and distance from the floodplains the emphasis 

changed from a fern-dominated palaeoflora to one largely composed of conifers (Batten, 

1974). 
Open savanna-like forest grew on the areas of better drained land found on the 

interfluves and beyond the river floodplains. As in modern forests, the flora produced 

vertical stratification. The canopy layer included large coniferous trees such as 
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Pseudofrenelopsis paraceramosa and Cupressinocladus valdensis (Alvin et aL, 1981). 
Below this was a layer of smaller, shrub-like plants such as Brachyphyllum obesum and 
various cycads. The ground cover vegetation was probably composed of herbaceous 
ferns. Traces of fungal fruiting bodies and hyphae have been found on some of the plant 
macrofossils (Alvin and Muir, 1970). 

The early Cretaceous saw the first appearance of flowering plants. In the Weald 

angiosperm pollen is known from the mid-Barremian (Hughes et al., 1979; Hughes and 
McDougall, 1987). Angiosperm macrofossils are also known, and these 

characteristically have narrow branching stems with small terminal leaves. The remains 
of this unnamed herbaceous angiosperm have been recovered from many sites including 

the Keymer Tileworks, Burgess Hill, West Sussex, and Smokejacks Brickworks, 

Ockley, Surrey (Hill in press). 
It has been suggested that the nearest modern analogue for the Wealden 

environment is found in the Florida Everglades. Here, areas of gymnosperm-dominated 
vegetation have successfully colonised low-lying water-logged ground. The flora 
includes cypress swamps (Taxodium distictum, a species fully adapted to living in water) 
with abundant epiphytes, creepers and ferns. Areas with better drained soils support 
species which are less water-tolerant (Oldham, 1976). 

5.5.2 Invertebrates 
The most prolific invertebrate group from the Wealden beds are the insects. The 

fossils are found in siltstone facies of the Fairlight Clay, Wadhurst Clay, Weald Clay and 
from the Vectis Formation of the Isle of Wight (Jarzembowski, 1984; Twitchett, 1994). 
The most diverse and abundant insects are beetles and cockroaches. Other taxa include 
dragonflies, termites, bugs, snakeflies, lacewings, true flies, caddisflies and wasps 
(Binfield and Binfield, 1854; Jarzembowski, '1976,1984,1991,1994). 

Other invertebrate taxa include bivalves (Neomiodon), gastropods (Viviparus, 

Cassiope), ostracods (Cypridea) and conchostracans. Invertebrates have been used as 
indicators of palaeoenvironment; for example Viviparus is thought to be freshwater, 

while others, such as Filosina, Cassiope and Corbula indicate brackish-marine conditions 
(Kilenyi and Allen, 1968). 

Trace fossils occur at many sites, for example Cliff End, Smokejacks Brick 
Works and Keymer Tileworks. The most commonly recorded ichnogenus from the 
Wealden sediments is Ophiomorpha which has been reported from Keymer Tile Works 

and from the Lower Greensand of the Isle of Wight (Dike, 1972). 
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Vertebrate fossils from the Wealden beds are historically very important. Sir 
Richard Owen described his `Dinosauria' in 1842, based on Hylaeosaurus and 
Iguanodon, taxa from the Lower Cretaceous of southern England. Since then many 
dinosaurs have been described from the Wealden of the Weald and the Isle of Wight, 

including Hypsilophodonfoxi and Baryonyx walkeri. Other Wealden taxa include 

sharks, bony fish, amphibians, reptiles and mammals. A reasonably comprehensive 

review of the Wealden vertebrate fauna has been compiled (Appendix I) 

Vertebrate trace fossils, in the form of tridactyl footprints, have been recorded 
from southern England and the Isle of Wight. On the mainland they are found in the 

sandstone facies exposed in coastal sections between Bexhill and Cliff End. The majority 
of these tracks and trackways are thought to have been produced by ornithopod (probably 
Iguanodon) dinosaurs, and some theropods (Woodhams and Hines, 1989; Parkes, 
1993). On the Isle of Wight a similar pattern is recorded: ornithopod prints are common 
in arenaceous facies, for example at Hanover Point, theropod tracks are found in slabs of 
shelly limestone, probably from the Sheperd's Chine Member (Delair, 1983; Radley, 
1994).,,, - 

The record of sharks from the Wealden beds is both abundant and diverse 

(Patterson, 1966). Recent reviews of the Wealden sharks list five species, Hybodus 

basanus, Lissodus breve, Lissodus rhizion, Polyacrodus parvidens and Polyacrodus 

brevicostatus (Cappetta, 1987). The different shark genera inhabiting the Lower 

Cretaceous lakes and lagoons occupied a range of ecological niches. The sharp, pointed 
Hybodus teeth indicate an active hunting mode of life, whereas the lower crowned teeth 

of Lissodus and Polyacrodus are better suited to crushing. Bony fish included 

Lepidotes, Caturus, Coleodus and Coccolepis (Ostrom, 1970). 

Reptile remains are also very common, including turtles, crocodiles, pterosaurs 
and dinosaurs. Aquatic animals such as turtles wehe perfectly adapted to the wetland 
environment of the Wealden. Genera present include Plesiochelys and Pleurosternum 
(Lydekker and Boulenger, 1887). 

The crocodile fauna was diverse. Several species of Goniopholis have been 

identified, including G. sinus, G. crassidens, and G. carinatus (Woodward, 1885). 
Other taxa include Bernissartia (Buffetaut and Ford, 1979), Vectisuchus (Buffetaut and 
Hutt, 1980), Theriosuchus, Pholidosaurus (Buffetaut, 1983) and Hylaeochampsa 

(Lyddeker, 1887). 

Despite such a diverse vertebrate fossil record, the Wealden of the Weald is most 
famous for dinosaurs. To date over 20 species have been described and named, notably 
the strange theropod Baryonyx walkeri (Charig and Milner, 1986) and the earliest (? ) 

record of a pachycephalosaur Yaverlandia bitholus (Gallon, 1971). 
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The most common dinosaurs were the ornithopods, for example Iguanodon, 

Hypsilophodon, Valdosaurus and Vectisaurus (Hulke, 1887; Lydekker, 1889; Norman, 

1987b; Galton, 1976). Armoured dinosaurs were also present: Hylaeosaurus and 

Polacanthus (Swinton, 1936; Blows, 1987; Pereda-Suberbiola, 1993). Sauropods 

include Brachiosaurus, Titanosaurus and Pelerosaurus (Swinton, 1936; Lydekker, 

1889a). Finally, the theropods are represented by Calamospondylus, the 

`Megalosaurus' junk-bucket, Ornithodesmus cluniculus, and a probable allosaurid from 

the isle of Wight (Swinton, 1936; Lydekker, 1889b; Howse and Milner, 1993; Insole 

and Hutt, 1994). 

The dinosaur fauna of the Wealden of the Weald and the Isle of Wight is often 

represented as being homogenous. However, if the ranges of the taxa from both regions 

are plotted against time, (Fig. 5.4) a distinct pattern emerges. It would appear that the 

Lower Cretaceous sediments of southern England supported two distinct biozones, the 

first of Berriasian and Valanginian age, the second of Hauterivian to Barremian age. The 

Hauterivian has very few documented dinosaur occurrences. This may be due to 

taphonomic controls, although this is unlikely. It is more probable that the apparent lack 

of Hauterivian dinosaurs reflects a scarcity of exposures of this age. The Barremian 

dinosaur record is heavily biased by the complete or partial skeletons recovered from the 

Isle of Wight, due in part to the large numbers of collectors, and the high rates of erosion 

affecting the coastal section. On the mainland, Barremian (and Hauterivian) sediments 

are exposed only in clay pits, which provide a limited areal cover of the Upper Weald 

Clay. Access to these sites is often restricted, further reducing the chances of finding 

fossil material. 
Pterosaurs are known from fragmentary remains, resulting in taxonomic 

confusion. Recently the type ofOrnithodesmus cluniculus was reclassified as a theropod, 

and therefore the generic name of `Ornithodesinus' latidens need to be replaced (Howse 

and Milner, 1993). Other reptiles recorded include a plesiosaur found in the Weald Clay 

at Berwick, Sussex (Andrews, 1922). 

The Lower Cretaceous of the Weald has a rich record of early mammals, 
including Loxaulax valdensis, Melanodon goodrichi, Aegialodon dawsoni and 
Spalacotherium tricuspidens (Clemens, 1963; Kermack et al., 1965; Clemens and Lees, 

1971). 
One record of a bird is known from the Lower Cretaceous of southern England, 

Wyleyia, based on a humerus from the lower Weald Clay of Henfield, Sussex (Harrison 

and Walker, 1973). 
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Fig. 5.4 Stratigraphic distributions of British Lower Cretaceous 
dinosaurs. Data from Rivett, 1956; Galton, 1976; Norman, 1987; 
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5.6 Summary 
During the early Cretaceous the palaeogeography of southern England consisted 

of a low-lying plain with many rivers, lakes and lagoons, supporting a rich vegetation. 
The floodplains were covered by a dominantly herbaceous flora of ferns, lycopods and 

rushes. With increasing elevation the soil drainage improved, allowing conifers and tree 
ferns to grow. 

The lush Wealden flora supported a great variety of animals, both invertebrate and 

vertebrate. It is assumed that complex food webs existed, with plants as the primary 
producers. Herbivorous dinosaurs such as Iguanodon and Hypsilophodon probably ate 
lower-level vegetation, while sauropods could utilise plants occupying the canopy. 
Carnivores, such as'Megalosaurus' and the new (? ) allosaurid from the Isle of Wight, 

preyed upon the common iguanodonts, hypsilophodonts and valdosaurs. Other 

terrestrial carnivores, like Baryonyx, were either piscivores or scavengers (Reid, 1987; 

Kitchener, 1987). 

In the aquatic systems insect larvae and aquatic plants were at the base of the food 

chain, supporting various fish, turtles and crocodiles. Many of the fish (Lepidotes and 
Lissodus) crushed invertebrates such as Unio, Viviparus and Filosina. Others, like 
Hybodus, with sharply pointed teeth, were adapted to catch fast moving prey, and were 
probably active hunters. The tooth morphology of the different crocodilian genera 
suggests differing modes of life. For example, the small button-like teeth of Bernissartia 
have been interpreted as being adapted for crushing prey, possibly invertebrates or small 
vertebrates (Buffetaut and Ford, 1979). The conical teeth of Goniopholis are suited to a 
more generalised diet, including hunting. 
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Chapter Six 
Historical Review of Wealden Bone-bed Sites. 

6.1 Introduction 
Throughout the history of vertebrate excavation and description in south-eastern 

England several sites (Fig. 6.1) have proved to be especially fossiliferous. 

Unfortunately, as is so often the case when dealing with historical records, many of these 
locations can no longer be accurately placed, or are now inaccessible. The historically 

significant sites are surveyed here, based on detailed surveys of the literature, which have 

identified several vertebrate-rich horizons or bone-beds. In most cases, the lithologies 

have been sufficiently well described to enable their sedimentological and taphonomic 

characteristics to be compared with those of sampled bone-beds. 

6.2 Brede Bone Bed 

The Brede Bone Bed has been recorded as outcropping at several locations in East 

Sussex (Allen, 1949), including Hastings Quarry at St. Leonards-on-Sea, west of 
Hastings, and a scatter of sites around Brede (Fig. 6.1). The bone-bearing sediments are 

placed stratigraphically within the lowest 1.0 m of the Wadhurst Clay, and are of 
Valanginian age (Fig. 6.2). These sediments were deposited during the transition from 

the Ashdown Sands to the Wadhurst Clay (Lake and Shepard-Thorn, 1987). During the 

course of fieldwork undertaken in the early stages of this study an effort was made to 

relocate these sites. However, only the type locality at Hare Farm Lane (TQ 833 185), 

near Brede, was accessible. Here, the bone-bearing sediments could be seen in a narrow 

cutting, but unfortunately no bone-bed could be identified. 

The bone bed was recorded by Topley (1875) east of Brede village in a roadside 

cutting approximately 800 m east of the church (TQ 8314 1848). This site is probably 
located fairly close to Allen's (1947) number 44 site at Stubb Lane (TQ 8217 1853), 

noted for the Brede E. lyelli Soil Bed and bone-bearing sediments (Lake and Shepard- 

Thorn, 1987). 
At Hare Farm Lane the bone-bed, as described by Allen (1949), comprises thin 

lenses of sandstone approximately 0.6 m long by 0.3 m wide, and no more than 3.0 cm 
thick. The lenses often show cross-cutting relations with the surrounding silts and 
shales. (Lake and Shepard-Thorn, 1987). 
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Petrologically, the bone-bed is a poorly sorted, somewhat argillaceous buff- 

coloured sandstone containing few pebbles. In addition to vertebrate debris, the lenses 

always contains casts of the bivalve Neorniodon medius, and occasional casts of the 

gastropod Viviparus (Allen, 1949). 

Although the vertebrate material is preserved as highly abraded fragments ranging 
in size from fine powder to pieces 50.0 mm in length several taxa have been identified 

(Fig. 6.3). These include indeterminate actinopterygian fish, sharks, turtles and 

crocodiles (Allen, 1949). 

6.3 Telham Bone Bed 

Several small-scale exposures of the Telham bone bed have been recorded from 

the Telham and Brede areas of East Sussex (Fig. 6.1). At Blackhorse Hill (TQ 769 142) 

an exposure containing the Telham Bone Bed was described during the later part of the 
last century. Here, a sequence of shales and clays overlying the 'Tilgate Stone' were 

exposed (Dawkins, in Topley, 1875; Lake and Shepard-Thorn, 1987). Rackwell Wood, 

near Crowhurst (TQ 764 124) displayed a section cutting through shales and the ̀ Tilgate 

Stone' (Sweeting, 1924). In a minor exposure at Reyson's Farm (TQ 832 192) the 
Telham Bone Bed is 150.0 mm thick and rests on a calcareous sandstone horizon (Lake 

and Shepard-Thorn, 1987). 
The bone-bearing sediments are found within the Wadhurst Clay overlying the 

main body of the ̀ Tilgate Stone' some 6.0 to 10.0 m above the Top Ashdown Pebble 

Bed (Fig. 6.2), and are of Valanginian age. It is probable that the Telham and Cliff End 

bone beds were deposited during the same transgressive event, despite the fact that the 

underlying sandstone units are not the same (Patterson, 1966; Lake and Shepard-Thorn, 
1987) 

The bone-bed is generally fairly coarse-grained quartz, coprolites and vertebrate 
debris with an iron-rich calcareous cement. Glauconite may be present. The layer rarely 
exceeds 150.0 mm in thickness, and is more commonly only 50.0 mm thick (Sweeting, 
1924; Allen, 1949; Clemens and Lees 1971). 

The vertebrate material is abraded and highly fragmented, and ranges in size from 
fine powder to bone scraps 40.0 or 50.0 mm in diameter (Sweeting, 1924; Allen, 1949; 

Patterson, 1966). 
Vertebrate taxa recorded (Fig. 6.3) include bony fish (Lepidotes), sharks 

(Hybodus and Lissodus) (Patterson, 1966), turtles, crocodiles (Goniopholis), dinosaurs, 

a possible plesiosaur (Allen, 1949), and mammals (Clemens and Lees, 1971). 

6.4 Mountfield Bone Bed 
This lithology is known only from bore-hole data collected during the 
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construction of a temporary reservoir shaft near Castle Farm (TQ 728 205). The bone- 
bed occurs approximately 25.0 m below the Wadhurst Clay - Tunbridge Wells Sandstone 
boundary, and therefore is of Valanginian age (Fig. 6.1,6.2). 

Petrologically the 30.0 to 50.0 mm thick bone-bed is composed of pellets of 
green shale and clay in a green silty-clay matrix, and is associated with mottled red and 
green argillaceous sediments (Allen, 1949). 

Vertebrate fossils are heavily abraded and fragmented. The number of taxa 
represented here is rather limited when compared to other sites (Fig. 6.3), although this 

may be a sampling bias caused by the limited sample size. 

6.5 Paddockhurst Park Bone Bed 
The site of the Paddockhurst Park bone-bed (TQ 32 34) is located near Turner's 

Hill in West Sussex (Fig. 6.1). Stratigraphically, it is situated in the Grinstead Clay, and 
is of Valanginian age (Fig. 6.2). During the course of sampling for mammalian and 
shark remains, the sediments containing vertebrate material were completely removed 
from the site for laboratory preparation. Unlike the majority of Lower Cretaceous bone- 
beds from southern England, the supporting sediment matrix is composed of a shelly 
limestone (Taylor, 1963). 

Vertebrate material displays a moderate degree of fragmentation and abrasion 
(Patterson, 1966). Taxa present (Fig. 6.3) include sharks, bony fish, reptiles and 
mammals (Clemens, 1963; Patterson, 1966; Clemens and Lees, 1971). 

6.6 Henfield Brick Pit 
The Henfield Brick Pit, West Sussex (TQ 218 143) is no longer working and has 

been infilled and revegetated. While it was open, the pit exposed a section of the Upper 

Barremian Weald Clay (Fig. 6.2), including the Large Paludina Limestone (A. J. Ross, 

pers. comm., 1994). 

The site has produced many vertebrate fossils (Fig. 6.3), for example, sharks, 
bony fish (such as Lepidotes), dinosaur and bird remains (Patterson, 1966; Harrison and 
Walker, 1973). Unfortunately, no taphonomic information concerning this material has 

been recorded. 

6.7 Taphonomic Interpretations 

Although the sites described here are no longer easily accessible for field work 
and sampling, the information contained in the literature is sufficiently detailed to allow 
tentative taphonomic interpretations to be made. 
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These bone-bearing horizons were all deposited under predominantly terrestrial 

conditions with varying degrees of fluvio-lacustrine influence. The sedimentology of the 

Brede and Telham Bone-Beds suggests deposition as reworked fluvial lag deposits. This 

would account for the high levels of abrasion and fragmentation displayed by the 

vertebrate material. 
The Mountfield Bone-Bed also suggests a relatively high-energy sedimentary 

regime, suggested by the presence of intraformational mud-flakes. Again bone debris 

indicates that transport was a significant agent of bone modification. 
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Chapter Seven 
Cliff End Bone Bed 

7.1 Introduction 
Since the last century, the Cliff End Bone Bed, East Sussex, has been a rich 

source of vertebrate material. Taxa present include sharks (Patterson, 1966), mammals 
(Clemens and Lees, 1971), fish and reptiles. The bone-bearing horizon contains a 
heavily reworked fossil assemblage which was probably derived from a fairly wide 
geographical area. All of the material shows evidence of extensive transport, reworking 
and winnowing (Allen, 1975; Patterson, 1966), processes which modify and bias the 
fossil record. 

7.2 Site Location 

The Cliff End Bone Bed outcrops (Fig 7.1) in the sea cliffs some 7 km east of 
Hastings (grid reference TQ 886 127), between Fairlight Cove and Pett Level. The cliffs 

are approximately 30 m high. The bone-bearing facies is rarely seen in situ at Cliff End, 
but it has been recorded from a road cutting (TQ 888 137) through the Wadhurst Clay in 

the village of Cliff End, and near Guestling, Rye and Baldstow (Lake and Shepard- 
Thorn, 1987). 

7.3 Stratigraphy 

The coastal section at Cliff End exposes part of the Ashdown Sands and the 
overlying Wadhurst Clay (Fig. 7.2). For many years the stratigraphic position of the 
Cliff End Bone Bed was uncertain (e. g., Kermack, Lees and Musset, 1965; Patterson, 

1966). Detailed fieldwork at the type locality has shown that the horizon occurs in the 
Wadhurst Clay, between 2 and 5m above the Cliff End Sandstone (Allen, 1967; Lake 

and Shepard-Thorn, 1987). It is probably Valanginian in age (Allen and Wimbledon, 

1991 (Fig. 7.3)). 

7.4 Sedimentology 
The Ashdown Sands (Fig. 7.4) consist of fine- to medium-grained sandstones, 

often showing well developed cross-bedding in the lower parts of the section, especially 
near Cliff End Point. Small-scale features including cross laminations, planar bedding, 

silt/mud drapes, slump structures and penecontemporaneous folds and faults (Lake and 
Shepard-Thorn, 1987; Stewart, 1981; Allen, 1962) are common. The boundary 
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between the Ashdown Beds and the overlying Wadhurst Clay is marked by the Top 

Ashdown Pebble Bed: a pebbly, rippled sandstone with an irregular upper surface (Lake 

and Shepard-Thorn, 1987). The lowest units of the Wadhurst Clay are very similar to 

the Ashdown Beds: they are composed of fine- to medium-grained, cross-bedded 

sandstones with thin mudstone or siltstone horizons (Stewart, 1981). These pass up into 

thicker clay units with subordinate arenaceous facies, including the Cliff End Bone Bed. 

The sediments representing the Ashdown Beds have been interpreted in several 

ways: as a delta front, as a fluvial braidplain (Allen, 1959; 1975), and as estuarine sand 

deposits cut by meandering channels (Stewart, 1981). The Ashdown Beds were 

probably deposited by a fan-delta complex prograding out into a poorly drained outwash 

plain (Stewart, 1981; Allen, 1981). The Wadhurst Clay facies represents sediment 
deposition in lagoons with rare developments of floodplain conditions (Stewart, 1981). 

7.4 .1 
Field Relations 
The bone bed occurs as small gutter or runnel casts, cutting erosively into the 

Wadhurst Clay. In some cases they join together, forming sheets (Allen, 1975; Lake and 
Shepard-Thorn, 1987). Occasionally, blocks collected on the shore show the bone- 

bearing conglomerate interdigitating with a-grey cross-laminated sandstone (Fig. 7.4). 

7.4.2 Petrology 
The Cliff End bone-bed is a pale to medium grey grit. The clasts range in size 

from 0.2 mm to 3.0 mm in diameter (Fig. 7.5a), with an average diameter of 2.0 mm. 

The matrix is taken to be any material with a grain size of less than 0.2 mm. 

The clasts are predominantly quartz, lithics, fragments of fossilised wood and 

vertebrate debris (Fig. 7.5b). The matrix is composed of silt-sized quartz and clay, with 

a calcium carbonate cement. After acid preparation the resulting disaggregated sediment 

was sorted into vertebrate debris and sediment, and the amount of fine-grained material 

(with a grain size less than 250 mm diameter) and carbonate cement was calculated. Most 

of the bone bed is composed of inorganic clasts, with approximately one quarter fines 

and cement. Vertebrate debris makes up 1.5 percent of the sample. 
In thin section the bone bed (Fig. 7.6) is seen to be composed of predominantly 

(over 90 percent) quartz grains with some lithics and vertebrate fragments. The quartz 

grains are present as both mono- and polycrystalline quartz. Lithics include mudstone or 

claystone clasts, characterised by a brown colouration and low birefringence. Sandstone 

is also present, identified by a mosaic texture of small quartz grains and a pale brown 

colour. Texturally the clasts are generally rounded to well-rounded. The matrix is 

comprised of very small quartz grains and clay. The bone bed cannot be adequately 

classified as having either a matrix or grain-supported texture; both are present. The 

93 



a 50 

40 
0 

v 30 
C 
N 

Q' 

"1 20 
Ll. 

10 

0 
< 0.25 0.5 1.0 2.0 4.0 

Sediment grain size (mm) 

  vertebrate debris 
® fines (less than 250µm) and CaCo3 

sediment 

Fig. 7.5 Analysis of acid-treated sediment residue, a: grain 
size, b: clast types. 



matrix sandstone 

clay ironstone 0OD 
quartz 

lithics 004 
, ºýk( vertebrate debris 

wood fragments 

Fig. 7.7 Schematic block diagram of the Cliff End Bone Bed. 
Smaller cast sizes have been increased slightly. 

Fig. 7.6 Thin section (xpl) of the Clifj`'End Bone Bed. x 40. 
ca = calcite cement and fine-grained quartz, qz = quartz. 



sediment is cemented by calcium carbonate. Calcite overgrowths are not present. The 
distribution of the cement is not even. The vertebrate debris has a brown-gold 

colouration when viewed in thin section. This analysis confirms the petrological 
descriptions of Allen (1962,1967). 

In hand specimen the mineral clasts are seen to be subrounded to well-rounded. 
Taken as a whole the conglomerate is poorly sorted (Fig. 7.7). All of the hand 

specimens collected so far have shown very few sedimentary structures. There is no 

evidence for graded bedding, cross bedding or parallel laminations. In some cases the 
bone bed is found associated with cross-laminated sandstone. Many of the blocks have 

large (5.0 cm diameter) clay-ironstone clasts covering one surface. As the material was 

not found in situ it is not possible to be certain if these clasts are on the upper or lower 

surface of the bed. It is probable that they form the basal layer of the bone-bed, 

representing rip-up clasts. 

7.6 Palaeontology 

Historically, the Cliff End Bone Bed has been important as a source of 
mammalian microfossils (teeth), one of a handful of sites in southern England where 

such fossils may be found. Although many mammal specimens have been recovered, 
their abundance relative to the other taxa present is low, requiring the processing of large 

quantities for recovery (Clemens 1963; Clemens and Lees, 1971; Kermack, Lees and 
Musset, 1965). No mammal teeth were found during this study. The literature also 

records six shark genera (Patterson 1966). Recent reviews of the systematics of 
Mesozoic sharks has reduced Patterson's list to two genera: Hybodus and Polyacrodus 

(Cappetta, 1987). 

It was impossible to identify approximately one third of the sample because of the 

small size and fragmentary nature of the material (Fig. 7.8a). Lepidotes teeth and scales 
dominate the identifiable material (Fig. 7.8b). Crocodile bones, teeth and scutes are less 

common. Sharks are represented predominantly by Hybodus sp. with some Polyacrodus 

sp. and indeterminate teeth (Fig. 7.9). 

7.6 .1 
Palaeoecology 

As the Cliff End Bone Bed represents a reworked bone accumulation 

palaeoecological reconstructions are not particularly useful, in that it is not possible to 
build up a picture of the fauna and flora from a given time and place. At best it is 

possible only to identify the ecological environments that served as the sources for the 
fossils. 

The predominance of fish and shark remains reflects the aquatic nature of the, 
deposits. The presence of crocodile remains, representing semi-aquatic taxa (Steel, 
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1989), and mammal teeth indicate a minor input from partially and fully terrestrial 

systems. 

7.7 Vertebrate Taphonomy 

The Cliff End Bone Bed is inaccessible, because of the height and unstable nature 

of the cliffs, and it was not possible to sample the bone-bed in situ. However, blocks of 
bone-bed were collected from the foreshore at the base of the cliffs (Fig. 7.10). 

The blocks were washed to remove all traces of clay and weighed. After 

weighing, the conglomerate was treated with 5 percent buffered acetic acid. When the 

reaction between the acid and the carbonate cement was complete (i. e., when carbon 
dioxide was no longer being liberated) the pieces of rock were removed and washed over 

a 250 µ. m sieve to remove loose sediment. Any sedimentary or vertebrate clasts liberated 

were washed thoroughly to remove all traces of acetic acid and dried. This process was 

repeated until the blocks of bone-bed were completely broken down. 

After washing, the residue was dried at room temperature, and sieved to 

determine the grain size distribution (Appendix III). Vertebrate material was separated 

from the clastic sediments by hand. Where possible, the vertebrate sample was identified 

and described according to the taphonomic criteria outlined by Fiorillo (1988) and Cook 

(1995). See also Appendix II. 

7.7.2 Fossil Size Analysis 

The long axis of each bone or tooth fragment was measured and the grain size 
distribution plotted (Fig 7.11). The range of grain sizes is large: from 0.5 to 15.5 mm 

long, although fragments larger than 5.9 mm are rare. Most of the material is between 

1.0 and 3.4 mm in length, thus producing a positively skewed distribution. This size 

bias suggests some form of taphonomic selection, probably fluvial winnowing. This 

view is supported by the skeletal element composition of the deposit. Most of the fossils 

recovered are teeth and scales, material that is commonly associated with winnowed lag 

deposits (Voorhies, 1969; Wood et al., 1988). 

7.7 .3 
Disarticulation and Fragmentation 

All of the material recovered from this site was disarticulated, and much of it 

heavily fragmented. Complete elements are represented by a few crocodile and shark 

teeth. Over 90 percent (Fig. 7.12) of the fragmented fossils were broken after 

mineralisation, probably by processes of modern weathering and erosion, or during 

collection and preparation. The remaining material shows evidence of both pre- and 

postmineralisation damage, or just premineralisation fracture. 
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7.7.4 Abrasion 
The abrasion stage (degree of roundness) of each piece of vertebrate fossil was 

noted during description and plotted as a histogram (Fig 7.13a). The graph shows a 

well-defined bias towards the more advanced states of abrasion, with most of the material 

plotting between stages 2 (moderate abrasion) and 4 (extreme abrasion). The total range 
is from stage 1 (slightly abraded) to stage 4. 

If this general pattern is broken down into bone, teeth and dermal components, 

the distribution of abrasion stage as related to skeletal element becomes clear (Fig. 7.14). 

The bone fragments recovered show the greatest approximation to a normal distribution 

curve, ranging from stage 0 to 1, to stage 4 (Fig. 7.14a). Most of the sample is 

characterised by moderate to high levels of abrasion (stages 2 to 3). The abrasion 

characteristics of the dermal material (fish scales and crocodile scutes) is biased towards 

the lower ends of the spectrum (Fig. 7.14b). The sample ranges from stage 1 to 2 

(slight abrasion) to stage 4 (extreme abrasion). The teeth sampled range from stage 1 to 

2, to stage 4. Over 40 percent of the sample is characterised by extreme abrasion (Fig. 

7.14c). 

Approximately 95 percent of the sample (Fig. 7.13b) shows no evidence of 

subaerial exposure or weathering. The remaining 5 percent shows longitudinal cracking 

of the outer layers of the tissue (stage 1), and minor representation of stage 2 to 3: deeper 

cracks in the outer layers, and some flaking. As with the abrasion data, a series of graphs 

were plotted by skeletal element (Fig. 7.15). In all cases the pattern seen in figure 7.13b 

was repeated: most of the sample is composed of unweathered material, with a small 

proportion showing weathering states indicative of more prolonged subaerial exposure 

prior to deposition. The only significant change to this trend is shown by bone fragments 

(Fig. 7.15a) where the range of weathering states extends to stage 2 to 3 (moderately 

weathered). 

77.6 Predator Scavenger Activity 

Although each fossil fragment recovered was examined for any evidence of 
predator activity, such as bite marks or scratches, none was found. This may be a 
function of the small sizes of the fossils recovered: small bones, teeth or scales are more 
likely to swallowed whole. In this case a significant proportion of the sample should 

show acid digestion effects, for example pitting or stripping of the enamel on teeth. 
However only three fish scales show possible acid etching. 
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7.7.7 Taphonomic Interpretation 

The skeletal composition of the vertebrate accumulation found at Cliff End is 

suggestive of deposition as a lag deposit. The generally high levels of abrasion support 
the view that fluvial transportation played a significant role in the formation of the Cliff 

End Bone Bed. It is unlikely that the rounding of the skeletal material documented here 

was a product of one transport episode. It is more probable that the material was 

reworked and concentrated through several cycles of erosion, transportation and 
deposition, as well as high-energy conditions, necessary to move the relatively large lithic 

clasts (Cook, 1995). 

Comparison with other Wealden bone accumulations indicates that the average 
abrasion state is generally higher for the less resistant bone component of any given 

sample. However, at Cliff End, it is the teeth that show the highest abrasion state. This 

is best explained by repeated reworking of the bone and teeth, progressively destroying 

the extremely abraded and less mechanically resistant bone, and damaging the teeth. 
The generally high degree of abrasion-induced rounding of the sample suggests 

that the vertebrate material has experienced a significant amount of transport. However, 

it is likely that transport was not accomplished in one phase (Allen, J. R. L., 1965). The 

material probably underwent multiple-phase reworking. The coarse-grained nature of the 

sediment suggests that the Cliff End Bone Bed was deposited under high-energy 

conditions. The low percentage of matrix indicates that the sediment was winnowed 

prior to, and during deposition. Sediments of this kind are commonly found in fluvial, 

littoral and aeolian contexts (Happ et al., 1940; Lattman, 1960; Leeder, 1992). 

This hypothesis supports the sedimentary context of the Cliff End Bone Bed. 
Allen (1975) explains the occurrence of the various pebble beds found in the Wadhurst 
Clay as reworked fluvial lags. The river sediments were redeposited as shoreline facies 

during phases of non-marine transgression, when bodies of standing water encroached 

upon the low-lying Wealden floodplain. Wave-worked conglomerates are commonly 

preserved in prograding and transgressive sequences, typically associated with 
tectonically active coastlines (Clifton, 1981; Bourgeois and Leithold, 1984) 

The weathering characteristics of the assemblage reflect short periods of subaerial 

exposure, with only a small percentage of the sample displaying any evidence of cracking 

or flaking. It is possible that the cracking was produced by changes in water chemistry 
(for example salinity) during deposition, or by diagenetic processes. 

The absence of predator or scavenger damage can be attributed to the small size of 
the material preserved. Alternatively, it is possible that the period of fluvial transportation 

occurring before deposition was enough to remove any surface features, such as bite 

marks or acid etching, from the vertebrate debris. Although the taphonomic evidence 

106 



reveals little evidence for predation, it is likely to have influenced the nature of the 

assemblage. 

7.8 Summary 
The vertebrate fossils recovered from the Cliff End Bone Bed display taphonomic 

characteristics consistent with deposition as a reworked attritional assemblage. Most of 
the material has been heavily abraded and fragmented, probably the result of several 

cycles of transport and erosion. The sedimentological interpretation of the site, in terms 

of the changing environmental conditions from the Ashdown Beds to the Wadhurst Clay, 

and the small scale, or local regime responsible for the deposition of the bone bed, 

support the idea of significant reworking. 
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Chapter Eight 
Keymer Tileworks 

This is a battlefield, isn't it? ' said the raven patiently. 'You've got to have ravens 

afterwards. ' Its freewheeling eyes swivelled in its head. 'Carrion regardless, as you 

might say. ' 

'You mean everyone gets eaten? ' 

'Part of the miracle of nature', said the raven. 

Terry Pratchett : Soul Music 

8.1 Introduction 

The Keymer Tileworks, West Sussex, exposes a section of the Lower Weald 

Clay. The site has been worked for many years (Lobley, 1882; Reeves, 1958), 

presumably producing a range of fossil materials during this time period. Fossils found 

at Keymer include vertebrates, plants and insects. Vertebrate fossils recovered here are 

mainly representative of animals occupying aquatic and semi-aquatic ecological niches, 

with a few terrestrial forms. The sample shows little bone-surface modification by either 

abrasion or weathering (Cook, 1995). 
The vertebrate sample was collected from a horizon of red clay located in the 

eastern corner of the pit. This bed is characterised by a mottled red-brown and purple 

colouration and by the presence of iron-rich glaebules (Cook, 1995). The sample was 

prepared and described according to the parameters outlined in Fiorillo (1988a). The 

palaeoenvironment of the site is interpreted as an area of predominantly overbank 

sedimentation deposited within close proximity to standing water and/or rivers. The red 

clay was probably subject to pedogenic processes, common in alluvial regimes (Kraus 

and Brown, 1986). 

The vertebrate collection described here is held at the Booth Museum of Natural 

History (BMB), Brighton, BN1 5AA, specimen numbers 018404 to 018423. 

8.2 Location and Stratigraphy 

Keymer Tileworks is situated in Burgess Hill (Fig 8.1), West Sussex (TQ 323 

193). The pit exposes a section of grey, green, purple and red clays with subordinate 
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sand and siltstones. The site is probably Upper Hauterivian in age (A. J. Ross pers. 

comm. 1994 (Fig. 8.2). 

8.3 Sedimentology 

The site exposes a variety of coloured clays, silts and sandstones. Three 

sedimentary logs (Fig. 8.2) covering the majority of the site have been compiled using 
field observations which were checked against borehole data made available by the site 

managers. Lateral variation across the pit is quite marked, as is common in many of the 

clay pits exploiting the Weald Clay (A. J. Ross pers. comm., 1993). 

8.3.1 Log I 
This section, covering the lower part of the Keymer succession, is exposed in a 

narrow, fairly deep gully in the central area of the site (Fig. 8.4). Here, sandstone facies 

are more common than elsewhere in the pit (Fig. 8.4). The lower part of the section is 

dominated by blue-grey silty clay with fine sandstone layers, which range in thickness 

from 3.0 to 17.0 cm. The sandstones show cross bedding and parallel laminations. In 

all cases the sandstones are quite friable and micaceous. 

Overlying the clay-dominated bed is a sequence of finely interbedded fine-grained 

sandstones and blue-grey silty clays. The sandstones typically are friable, flaggy and 

micaceous, and show ripple cross-laminations. The uppermost sandstone is iron-rich 

and well cemented. It is also cross-bedded with burrows and dessication cracks on the 

lower surface. The burrows are approximately 5.0 mm in diameter and are either infilled 

with or lined with pellets, and probably belong to the ichnogenus Ophiomorpha. 

Ophiornorpha traces have been recorded from the micaceous sandstones which occur in 

the lower parts of the Keymer succession (Kennedy and MacDougal, 1969). 

8 . 
3.2 Log 2 

The sequence on the north-east facing (Fig. 8.3) side of the pit, located beneath 

the railway line, is dominated by clays and silty clays. Stratigraphically, it follows 

directly after the ripple-bedded and burrowed sandstone found at the top of the gully 

section (Fig. 8.4, log 1). 
The lowest bed (Fig. 8.4, log 2) is a dark greyish-brown clay with a blocky 

texture. This bed contains fragments of plant material, including conifer twigs, 

Weichselia leaves, and rare insect fossils. This is overlain by a light grey-brown, 
laminated sandstone which weathers to a medium brown colour. The siltstone is 

followed by a medium grey shaley clay which weathers brown in places. The next bed 

up is discontinuous, and is composed of brown sideritic mudstone lenses which contain 

rare insect and plant fossils. The lenses have a maximum thickness of 100.0 mm. The 

112 



PAGINATION AS IN ORIGINAL 



sideritic lenses are overlain by a sequence of unfossiliferous brown clays with minor silty 

clays. The next bed is lenticular in form, composed of silt-grade sediment. These lenses 

contain conchostracans, insects and the remains of an undescribed primitive herbaceous 

angiosperm. This bed is overlain by light grey silty-clays, some showing laminations. 

The top of the section is marked by a yellowish, soft, fine-grained sandstone, probably 

BGS Bed 3a (A. J. Ross pers. comm., 1994). 

8.3.3 Log 3 
The sedimentary sequence in the northern corner of the clay pit (Fig. 8.3) is 

dominated by coloured clays, with some silty-clay horizons (Fig. 8.4). The lowest unit, 

a finely mottled grey-green silt, which weathers to a pale grey-green is overlain by a red- 

brown clay and a light blue-green-grey silt. All of these horizons are devoid of vertebrate 

fossils. 

Above this lies a reddish-brown clay with extensive purple mottling. Bone 

material and iron-rich glaebules are found scattered throughout this layer. This bed 

grades up into a purple clay with greenish mottles, also rich in vertebrate material and 

coprolites. The iron-rich glaebules are concentrated towards the top of this horizon, 

especially at the boundary with the overlying purple-green mottled silty clay. The 

uppermost bed seen in this section is a light grey-green clay with yellow-orange mottling. 

8.3 .4 
Sedimentology of the vertebrate-bearing horizon 

Tetrapod fossils are found in the red mottled clays exposed in the northern section 

of the clay pit. Other vertebrate remains, including Lepidotes teeth and scales, are found 

weathering out of the grey and brown clays beneath the sandstone bed at the top of the pit 

(Fig. 8.4, log 2). 

The most obvious feature of the bone-rich horizon (Fig. 8.5) is the colour: red- 

brown and purple mottling. These mottles are distinct, medium to coarse sized and 

common, comprising between 2 and 20 percent of the bed (classified according to the 

USA Soil Survey, Appendix IV). 

The red colouration of the bed is attributed to the presence of ferric iron (Fe3+), 

probably in the form of haematite (McBride, 1974; Kraus and Brown, 1986; Retallack, 

1990 ). As the majority of modem rivers do not carry red sediment (McBride, 1974), it 

may be assumed that the red coloration is due to post-depositional, pedogenic or 
diagenetic chemical alteration. Purple colouration of clay or mud sediments has been 

explained by many factors, for example the relative sizes of the haematite grains present 

(McBride, 1974), or the fact that purple sediments contain less free iron than red 

sediments (Brown and Kraus, 1981). 

114 



d 

e 

1-ý 

a 

b 

": c: 

,c d 

Fig. 8.5 The vertebrate-bearing clays at Keviner Tilewurk. s. 'J. ligirr grcv 
clays with yellow-brown mottles, b: purple and green clay with yellow 
brown mottles, c: concentrations of iron-rich glaebules which have weathered 
out of the overlying beds, d: red-brown clay with purple mottles, e: purple 
clay with some green mottles. 



Elzone analysis of this bed (Appendix III) gave grain sizes ranging from 3.058 

mm at the top of the layer, to 6.929 mm in the middle, and 3.087 mm at the base of the 
bed. 

Larger-scale analysis of the horizon revealed a lack of primary sedimentary 

structures such as laminations or cross bedding. However, small (maximum diameter 

10.0 mm) features, interpreted as iron-rich glaebules, are common throughout the 

vertebrate-bearing horizon. Glaebules are naturally segregated lumps of (soil) material, 

and occur as nodules or concretions (Retallack, 1990). The glaebules present at this site 

show fairly well developed concentric layering, and are therefore classified as 

concretions. Although glaebules are often found in paleosol horizons, their presence 

should not be considered diagnostic (Retallack, 1990). 

Other features common to paleosols, such as root tubules or traces, and well- 
developed soil horizons, are not seen at Keymer. The lack of bedding structures 

suggests that the horizon was either intensely bioturbated, obliterating any primary 

sedimentary features, or that the horizon may have been deposited during a single flood 

event, or under low-energy conditions. 

8.4 Sedimentological Interpretation 

The stratigraphic relationships among the three sequences described here have 

been determined using borehole data made available by the pit managers, and by detailed 

field analysis. 
The lowest section of the sedimentary sequence is seen in the northern area of the 

site (Fig 8.4). The clays have a predominantly reddish-brown or purple colour, 

representing deposition under oxidising conditions. The silts characteristically are grey 

or greenish-grey with yellow or brown mottling. Such colours are taken to indicate less 

oxic or reducing environments (Glennie, 1970). Deposition took place under 

predominantly low-energy conditions, as evidenced by the fine-grained nature of the 

sediments. The red and purple clays were deposited under a low-energy 

sedimentological regime. The fine-grained sediments were then subjected to pedogenic 

alteration, producing the glaebules and mottling. The palaeoclimate of the Weald during 

the Early Cretaceous is thought to have been warm and humid with drier seasons (Batten, 

1974; Alvin et al., 1981; Jarzembowski, 1984). Such seasonality could account for the 

concentric internal structure of the glaebules (Retallack, 1990). Similar features have 

been described from the Middle Siwalik sequence, northern Pakistan, and were 
interpreted as a product of precipitation of metal oxides in the B horizon of a soil profile 

(Brewer, 1964; Behrensmeyer and Tauxe, 1982). The red colouration of the clays 

116 



suggests some oxidation, implying that the soils probably were not continually 

waterlogged (Farrell, 1987; Cook, 1995). 

The sediments occurring between sections 1 and 3 were not identified in situ. 
According to the unpublished core data one bed separates the sections, represented by a 
brown banded clay with some mottling, measured at approximately 1.0 m thick. 

Section 1, seen in the gully, is characterised by alternating silty clay and 

sandstone beds. All of the sandy units display ripple lamination, indicating deposition by 

unidirectional currents. This facies association is interpreted as a background, low- 

energy sedimentary regime, probably with anoxic or poorly oxidised condition, indicated 

by the blue-grey colour. Periodically, pulses of arenaceous sediments were deposited by 

rivers, probably during floods, or as small-scale crevasse splays produced by avulsion. 
The uppermost iron-rich sandstone bed displays a variety of palaeoenvironmental 

evidence. The lower surface shows desiccation cracks. Therefore, the underlying silt 
bed was subaerially exposed, allowing it to dry out and contract. Fluvial deposition of 
the micaceous arenite followed, probably with a decline in the rate of sedimentation, 

allowing burrowing organisms (such as the Ophiomorpha animal) to colonize the 

unconsolidated sediment. 
The overlying sediments represent a return to dominantly low-energy 

sedimentation, with minor phases of current deposition resulting in the laminated 

siltstones and lenticular sediments. The massive, fine-grained sandstone (BGS Bed 3a) 

seen at the top of the pit was deposited by higher energy fluvial processes. 

8.5. Palaeoecology 
The site has produced a variety of fossils, including plants, insects, and 

vertebrates. Most of this material, especially the insects and bones, are well preserved. 

8.5.1 Flora 
Plant macrofossils are relatively common at Keymer. Taxa represented include 

the fern Weichsella, gymnosperm twigs (for example 'Brachyphyllum') and an 
undescribed herbaceous angiosperm. Most of this material is rather fragmented. The 
fossils are found primarily in the sideritic lenses found in the southern area of the pit, 

although plant remains also occur in the clay facies (A. J. Ross pers. comm., 1993). 

8.5.2 Invertebrates 

Bivalves, gastropods, conchostracans, isopods, ostracods and insect remains are 
known from the Keymer Tileworks.. The insects have the most diverse record. The most 
common insect taxa are, in decreasing abundance, Coleoptera (beetles), Blattodea 

(cockroaches), Hemiptera (bugs), Odonata (dragonflies), Orthoptera (crickets and 
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grasshoppers) and Diptera (flies). Rarer elements of the insect fauna include 

Hymenoptera (wasps), Mecoptera (scorpion flies), Neuroptera (lacewings) and 
Trichoptera (caddisflies) (A. J. Ross pers. comm., 1995). 

8.5.3 Vertebrates 

A major drawback to identification of the vertebrate remains recovered from the 
Keymer Tileworks is the high degree of fragmentation and disarticulation. In all cases it 

has not been possible to classify the material beyond generic level. Over half of the 

fossils (Fig. 8.6a) can only be described as indeterminate bone or osteodermal material. 

This is due to lack of diagnostic features resulting from poor preservation or small 

specimen size. Identifiable material (Fig. 8.6b) includes crocodile, turtle and dinosaur 

remains, all from the red clay in the northern section of the pit, and fish from the grey and 

brown clays exposed on the northeastern side of the pit. 

The most common taxa in the vertebrate assemblage are crocodiles, known from 

teeth, scutes and some identifiable bone fragments. The small, crushing teeth (Fig. 8.7a) 

have been identified as Bernissartia (A. C. Milner, pers. comm., 1993). The broadly 

conical teeth (Fig. 8.7b) are thought to belong to one of the many species of Wealden 

goniopholid crocodiles. 
The next most abundant component of the fauna are the turtles. As with the 

crocodiles, the material recovered was not readily identifiable. At least one taxon, 

Plesiochelys, is present, (Fig. 8.8c and d).. 

The remainder of the sample is composed of dinosaurs: ornithopod and rarer 

theropod bones. Ornithopods are known from teeth, some in perfect condition (Fig 

8.8b), others with well developed wear facets. Two theropod teeth have been recovered 

from the site. These are both very small (5.0 mm long) with serrations running along the 

anterior and posterior edges of the teeth (Fig. 8.7c and d). One piece of bone (phalange) 

attributable to an unknown theropod is known from the site (Fig. 8.8a). 

8.6 Vertebrate Taphonomy 

The material collected from the fossiliferous horizon was described according to 

several taphonomic parameters, including size distribution, abrasion induced rounding, 

weathering and predator activity. 

8 . 
6.1 Sampling 

The quantity and areal distribution of the vertebrate remains did not make an 

archaeological-style excavation of the site worthwhile. Instead, the entire exposed 

surface of the clay horizon was carefully examined. In order to minimise sampling bias, 
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all vertebrate fossils seen weathering out of the sediment were collected. An attempt was 

made to trace the bones upslope to determine the exact position of the vertebrate material 

in the horizon. As this was not successful, it is assumed that vertebrate fossils occur 

disseminated throughout the red clay. 
Although the majority of the finds were scattered randomly across the clay 

surface, in a few places the fossils appeared to be concentrated. At such localities trial 

bulk samples of the clay weighing approximately 5.0 kg were removed for washing in 

the automated sieving machine (Ward, 1984). Unfortunately these samples did not 

contain any vertebrate fossils. 

The maximum length of each fossil fragment was measured. The results of this 

analysis are represented graphically (Fig. 8.9). The range of grain sizes is large, from 

0.5 mm to 73.0 mm. Within this broad range, a more limited size distribution from 0.5 

mm to 24.0 mm is identified. The majority of the fossil fragments measured are between 

5.0 and 9.0 mm long. 

The factors controlling bone preservation appear to favour smaller sizes, possibly 

due to hydrodynamic sorting. However, the sedimentary context of the fossils makes 

this improbable. It is likely that in many cases the small size of the fossils is a result of 

post mineralisation fracturing, probably occurring during recent erosion and re-exposure. 

8-6.3 Disarticulation and Fragmentation 
As yet, no articulated or associated vertebrate remains are known from the 

Keymer Tileworks. This would suggest that taphonomic processes such as transport and 

trampling were important. There is no direct evidence for trampling, for example 

footprints or'dinoturbation', but this does not refute the possibility that trampling had 

occurred. It is unlikely that the vertebrate material was washed in and deposited with the 

clay as these skeletal elements are not easily transported, belonging to Voorhies Group 

III. This group of elements is most often found in winnowed lag deposits. 

All of the vertebrate fossils from the Keymer Tileworks have been broken at some 

point during their taphonomic history. Approximately 75 percent (Fig. 10) of the 

material recovered shows evidence of post-mineralisation fracture. Such breakage 

surfaces are typically straight and orientated at right angles to the direction of the bone 

fibres (Fiorillo, 1988a). However, a more reliable indication of post-mineralisation 

fracturing is the smooth, almost vitreous surface resulting from breakage across 

mineralised hard tissue. Potential causes of post-mineralisation fracturing include 

damage sustained during sediment compaction, breakage occurring during modem 

erosion and re- 
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exposure, and damage resulting from preparation and curation. The Keymer sample is 

thought to have been modified primarily by modern erosion processes and by some post- 
mineralisation crushing. 

Pre-mineralisation fracture, caused by scavenging, transport or trampling 
(reviewed in section 2.3.1), is responsible for around 5 percent (Fig. 8.10) of specimen 
breakage. Damage occurring before mineralisation is typically parallel to, or obliquely 
transverse to the bone or tooth fibres (Fiorillo, 1988a). The broken surfaces are often 
irregular. 

Approximately 23 percent of the sample shows evidence of both pre- and post- 

mineralisation fracturing. 

8 . 6.4 Abrasion 
During taphonomic description each sample was given an abrasion value 

following the scheme outlined by Fiorillo (1988a) adapted in section 2.2.2. Following 

the recommendations in Fiorillo (1988a), the value recorded is the maximum abrasion 

state seen on any given bone or tooth fragment. As abrasion is not a discontinuous 

process, values for intermediate stages were included in the analysis. 
The material collected shows the complete spectrum of possible abrasion stages 

(Fig. 8.1 la), ranging from fresh bones or teeth (stage 0) to heavily abraded, extremely 

well-rounded bone pebbles (stage 4). Fresh bone (stages 0 and 0-1) is rare at this site; 

the majority of the material shows low to moderate levels of abrasion (stages 1 to 2). 

Higher levels of abrasion (stages 2-3 to 4) are also present. 
The total data set was subdivided into three categories to show the relative 

importance of the abrasion of bones, teeth and dermal material. The bone fragments 

display (Fig. 8.12a) a wide range of abrasion states, from essentially fresh to very highly 

abraded bone pebbles. The majority of specimens sampled are characteristic of slight to 

moderate abrasion. The dermal material, crocodile scutes and turtle carapace, shows 
(Fig. 8.12b) a much more irregular pattern of abrasion. The range is from fresh (stage 0) 

to well-rounded (stage 3). Most of the specimens display low to moderate abrasion. 
There are no specimens showing extreme levels of abrasion. Teeth (Fig. 8.12c) are 

generally moderately abraded. 
Tooth and dermal material is composed of compact, dense tissue, and is better 

able to resist mechanical damage. Bone, especially if it has been broken to expose the 

inner cancellous tissue, is less compact and more easily abraded. 

8-6.5 Weathering 
Skeletal element modification caused by in situ weathering was described using 

the scheme of Fiorillo (1988a). Overall the assemblage shows relatively little weathering 
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damage, with approximately 85 percent of the sample being unweathered (Fig. 8.11 b), 

the remainder of the sample extends the range up to stage 2-3, characterised by cracks 

extending into the inner layers of the bone tissue and flaking away of the outer layers of 

the bone. The intermediate stage between 0 (no cracking) and 1 (surface cracking) is 

under-represented, as the classification scheme at this point is discontinuous. 

As for abrasion, the weathering data were divided into three categories: bone, 

teeth and dermal material. Bone fragments (Fig. 8.13a) show a similar trend to the total 

data set. Osteoderms (Fig. 8.13b) are characterised by a narrower range (0 to 1), as with 

the bone debris the majority of the specimens are unweathered. However, the majority of 

the teeth (Fig. 8.13c) are weathered to stage 1 (cracks in the outer layers of the bone), the 

remainder of the sample shows significantly more evidence of weathering than either the 

bones or osteoderms. 

8 . 
6.6 Predator/Scavenger Activity 

Although all specimens were examined for signs of predator or scavenger 

activity, such as bite marks, no traces were found. However, the small size range of the 

fossils recovered may account for this, as in most of the published records of predator- 

prey interactions, the traces preserved are found on large bones. 

The presence of isolated shed crowns (characterised by rounding of the base of 

the crown) from carnivorous reptiles has been reported in the literature as indicating 

scavenger or predator utilisation of a carcass (Buffetaut and Sueethorne, 1989). 

However, in such cases the shed teeth were found in association with semi-articulated or 

at least associated bone accumulations thought to represent single carcasses. At Keymer 

the shed crowns were found scattered over the surface of the clay horizon, and not in 

association with any other material. Therefore, it is not possible to use their presence to 

infer scavenging activity. 
No evidence of acid etching, indicative of digestion, was found on any of the 

skeletal fragments. 

$, 
66.7 

Bone preservation in Paleosols 

The preservation of vertebrate material in paleosols is rarely recorded in the 

literature, certainly in pre-Tertiary sediments. Pedogenic processes such as leaching and 

the presence of oxidising porewaters are often responsible for creating bias in the fossil 

record. For example, acidic groundwaters in peat bogs will lead to the preservation of 

soft tissues and the destruction of bones, as in the many cases of Iron Age 'bog bodies' 

(e. g. 'Pete Marsh'). Under predominantly alkaline conditions skeletal material is 

preserved in preference to soft tissue (Glob, 1969). 
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For bones to be preserved in any sediment a series of geochemical conditions 

must be met. The original pH and Eh of the sediments are of greater importance in 

controlling the preservation of vertebrate material in paleosols than for other 

sedimentological conditions. This is because of the wider range of geochemical 

conditions found in soils and the extended time period over which these changes are 

effective (Retallack, 1984). With this in mind, predictions have been made concerning 
the chemical conditions necessary to preserve vertebrate material, especially with 

reference to soil types (Fig. 8.14). This model suggests that bones and teeth will be 

preserved in soils characterised by a positive oxidising potential (Eh), high pH, and a 
fairly high CaCO3 content. These conditions are generally met in sub-mature paleosols, 

such as entisols and inceptisols (Fig. 8.15), which support an early successional 

vegetation (Retallack, 1984). 

Many kinds of paleosols have been described from the Wealden of the Weald. 
Generally the Wealden paleosols are non-calcareous, preserving little vertebrate material 
(Retallack, 1990). The paleosols include those deposited in freshwater environments, 

characterised by in situ Equisetites fossils. Brackish mangrove soils, `laterites' with 
iron-rich concretions, `latentes' with cornstones, leached podsols and silcretes have also 
been recorded. An example of silcrete, preserved as a pale grey or white sandstone, 

outcrops at the top of the Cliff End Member, Cliff End (Allen, 1989). 

The sediments at Keymer represent some form of fossil soil development. If the 
model outlined above is correct, then the Keymer paleosol records an early stage of 

pedogenesis and probably should be classified as an entisol. Entisols are characterised 
by little alteration of the parent material, poorly developed soil horizons, and are found in 

geomorphologically immature areas such as floodplains (Retallack, 1990; Kraus and 
Brown, 1993). The lack of well-defined soil horizons supports this view, although it is 

possible that the homogenous nature of the profile is due to extreme bioturbation. The 

mottled red coloration, caused by pedogenic alteration of well-drained sediments 
(Krinitzsky and Smith, 1969; Kraus and Brown, 1986; Farrell, 1987) and uniform 

profile suggests, superficially at least, that the sediments represent an oxisol horizon. 

However these soils are mature, foaming over hundreds of years. 
A similar preservational scenario is evident in the Willwood Formation (Lower 

Eocene) of north-western Wyoming. Here, a vertebrate assemblage, dominated by 

mammals and some turtles, lacertilians and birds, is preserved in a paleosol deposit. The 

sediments are characterised by a lack of primary bedding, but presence of haematitic 

glaebules and mottling, reminiscent of the Keymer sediments. The vertebrate debris, 

mostly teeth, jaw fragments and more compact skeletal elements, is generally 

unweathered and unabraded. 
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There is some evidence of predator activity, for example gnawed bones and etched teeth 
(Brown and Kraus, 1981). 

The abrasion characteristics of the Keymer Tileworks vertebrate assemblage 
indicates that the material was not transported over any great distance. This is supported 
by the sedimentology of the site: the clays were deposited under low energy conditions. 
A predominantly high energy regime would have winnowed away the fine grained 

sediment, leaving the skeletal debris as a lag deposit. However, this should not discount 

the possibility of limited fluvial transport. The range of abrasion stages represented is 

indicative of an attritional rather than a catastrophic assemblage. 
The majority of material is unweathered, although some 15 percent shows 

evidence of subaerial exposure. This would suggest that the bulk of the skeletal material 

was buried fairly soon after deposition. 

To conclude, the sediments at Keymer represent a submature soil profile, which 
developed under oxidising conditions. The presence of well defined mottles suggests at 
least periodic waterlogging. The proportions of aquatic (turtles), semi-aquatic 
(crocodiles) and terrestrial (dinosaurs) elements of the vertebrate fauna (Fig. 8.6) 

confirms the hypothesis that the red clay was deposited in a wetland environment. 

8.7 Summary 
The Keymer Tileworks represents a sequence of sedimentary environments 

dominated by low-energy, argillaceous sediment deposition. The red and purple mottled 

clay horizons were probably deposited on a low-lying interfluve. The resulting 

sediments were subject to soil-forming processes, indicated by the absence of bedding or 
lamination features, and by the presence of glaebules and mottles. This phase of 
deposition was followed by pulses of higher energy fluvial sedimentation and limited 

subaerial exposure of the sediments. Conditions then returned to predominantly low- 

energy clay deposition. 
The taphonomic history of the site involves deposition on the red clay horizon, 

with a limited period of subaerial exposure. Burial was probably fairly rapid, preventing 

extreme weathering of the vertebrate debris. 
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Chapter Nine 
Clock House Rock Store 

9.1 Introduction 

The Clock House rock store preserves many slabs of bone-bearing sediment 
recovered from the Old Pit, which is now flooded. The site is significant as it contains 
nine (described so far) different sedimentary contexts for bone preservation. The 

vertebrate material in the bone-beds is often heavily abraded and fragmented. Taxa 

represented include hybodont sharks, bony fish (for example Lepidotes and teleost 

remains) and goniopholid crocodiles. 
The Clock House Rock Store is a collection of siltstone and sandstone slabs 

recovered from the clay pits before they were flooded at the end of clay production. The 

slabs are kept in a fenced area of waste land close to the clay pits. 

9.2 Location and Stratigraphy 

The Clock House Brick Works (Fig. 9.1), near Capel, Surrey (TQ 173 385) 

exposes a sequence of clays with lenses and scour fills of silt and sandstones. 
Approximately 35 m of sediments were exposed here which belong to the Lower Weald 

Clay (Fig. 9.2), and are of upper Hauterivian age (Jarzembowski, 1991b; A. J. Ross 

pers. comm., 1994). 

9.3 Sedimentology 
The section exposed in the flooded Old Pit consists of clay and shale with some 

siltstone and sandstone beds. The most recent description of the sedimentary sequence 

was compiled by Worssam (1978). Several older accounts of the site exist, for example 
Kirkaldy and Bull (1948). The sedimentary logs described here (Fig. 9.3) are drawn up 

using the data given in Worssam (1978). 

The strata are placed stratigraphically below BGS. Beds 3a and 3. The beds dip 

slightly (1.5 degrees) to the north (Jarzembowski, 1991b). 
Although most of the sediments exposed at Clock House were probably deposited 

under low-energy freshwater conditions, some of the beds, located towards the base of 
the section, were deposited in a brackish-marine environment (Kilenyi and Allen, 1968; 

Jarzembowski, 1991b). The coarser-grained facies represent (? ) short-lived episodes of 
fluvial deposition. The presence of basin casts, ripples and laminated sediments suggests 

132 



*Tunbridge Wells 

"Horsham 

10 km 

Fig. 9.1 Location of the Clock House Rock Store. 

S5 Upper Weald Clay 
E 
aý c1 
CES co 

V 
-o 
ca 

cu 
Lower Weald Clay 

cfj 

Upper Tunbridge Wells 
C Sandstone 

t, Grinstead Clay 

co CO Lower T' Wells Sand. 
> Wadhurst Clay 

cu 
c = 

N Ashdown Beds 
. cz 

aý co 

Fig. 9.2 Stratigraphic 
position of the Clock 
House Clay Pit. 



ýÜ 

C 

O 

E 
ýc 

ý 

Eý> 

e 9 

£7 
A 

ss 
L 

ý' 
Q4 

t9a 

6q, 

ýA 

!I 
ýIIý 

II 

II t Z, fit' 

u IGýI'illýllllllllllllllllllllllllllllllllllllllllllllllllllllllllllll! ýIýIIIIIIIIIIIIIII IIIIIIIýIIýýIIIIIIINý'1ý 
d 

EE°mö 

" eyý F S 
IsIää ää ` al 

am 

m444 

00 

E 
0 

ts o) IS 

0 

4> 
re) 

M 
ON 

ýL 

Eo 
0 

°$S 

m2 t! E 

s 
et 9. 



that these channelised flows were sufficiently fast flowing to erode the clays, and that the 

current velocity decreased significantly prior to deposition 

9.4 Palaeoecology 
A wide variety of taxa are known from the Clock House clay pits, including 

various invertebrates, plants, vertebrates and trace fossils. 

Insect remains are especially abundant and include cockroaches, beetles, flies, 

damselflies and termites. The insect fossils are commonly found in fine-grained siltstone 

scour-fills (Jarzembowski, 1991b; A. J. Ross pers. comm., 1993). 
Other invertebrate taxa include isopods, crustaceans, molluscs (for example 

gastropods, Unio and Filosina), ostracods and foraminiferans. Plant fossils found at 

Clock House include fragments of wood, Weichselia fronds and pinnules, and the 

horsetail Equisetum (Jarzembowski, 199lb). 

Vertebrate material is preserved in consolidated beds of silty sandstone and in the 

clay. The most commonly occurring vertebrate fossil are fish bones, scales and teeth. 

Taxa represented include Lepidotes, Hybodus, Lissodus and rare goniopholid crocodile 

teeth. A few fossils found have been found weathering out of the clay, including 

Hybodus teeth and spines, Lepidotes teeth and scales, crocodile, pterosaur, turtle and the 

ornithopod dinosaur Iguanodon (Jarzembowski, 199 la/b). 

9.5 Vertebrate Taphonomy 

As access to the sedimentary section was not possible, the bone-bed slabs were 

not seen in situ. All of the material was sampled from the rock store. It was not possible 

to match the bone-bearing lithologies with the sediments described in Worssam's (1978) 

section. Therefore the vertical distribution of the bone beds is not known. 
Where possible the slabs were treated with acetic acid to free the vertebrate debris 

from the matrix. Data from the non-calcareous sediments were collected from the surface 

of the slabs. 

9-5.1 Clock House Type IBone Bed 

All of the vertebrate material preserved in this sedimentary context is heavily 

fragmented and abraded and cannot be identified. The hand specimens show three 

sediment types, silty-clay, silty-sandstone and fine to medium-grained sandstone (Fig. 

9.4). The sandstone is composed primarily of quartz, with some opaques (probably iron 

minerals) concentrated along lamination planes (Fig. 9.5). The sediment is generally 

poorly sorted. The silty-clay and sandstone do not contain any sedimentary structures. 

The silty-sandstone shows well developed fine-scale laminations. 
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9.5 .2 Clock House Type II Bone Bed 

9.5.2.1 Sedimentology 

In hand specimen this facies contains a wide range of sediment grades and 

sedimentary structures. The lower surface of the slabs show tool marks, the upper 

surfaces are rippled. The vertebrate material is found in the coarse-grained, structureless 

conglomerate and in the associated sandstones (Fig. 9.6). The sandstones show well- 
developed cross-laminations. 

9.5.2.2 Taxic Diversity 

The vertebrate assemblage recovered from the Clock House Type II Bone Bed is 

composed entirely of fish remains. Recognisable taxa include Lepidotes and Hybodus 
(Fig. 9.7). Most of the sample is not identifiable to generic level, and consists of the 

remains of bony fish, for example scales, vertebrae and skull bones and indeterminate 

bones and fish teeth. 

9.5.2.3 Fossil Size Analysis 
During the sorting and measuring of the sample any fragments with a maximum 

length less than 1.0 mm were not collected. The range of sizes is from 1.0 mm to 13.4 

mm, although most fall into the 1.0 mm to 6.4 mm range (Fig. 9.8). 

9.5.2.4 Disarticulation and Fragmentation 
All of the material studied was disarticulated and incomplete. The breakage 

surfaces examined showed the characteristics of post-mineralisation fracture. 

9.5.2.5 Abrasion 
Where possible the abrasion state of each piece of vertebrate debris was 

determined and recorded. The overall profile (Fig. 9.9) shows a range from stage 1 to 2 
(slight to moderate rounding) to stage 4 (extremely well rounded). Most of the sample 
falls between stages 2 and 3, that is moderately to well rounded. 

When the different skeletal components, bones, teeth, and dermal materials, are 
plotted separately the relative importance of each becomes clear. The range of abrasion 

stages for bones is from stage 1 to 2 to stage 4 (Fig. 9.10a), most of the fossil sample is 

moderately to well rounded (stages 2 to 3). Dermal material, for example fish scales, has 

a more limited range (Fig. 9.10b) dominated by stage 2 (moderate abrasion). Finally, the 

teeth (Fig. 9.10c) range from stage 1 to 2 (slight rounding) to stage 3. Most of the teeth 

examined show moderate rounding. 
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9.5.2.6 Weathering 

Most of the material recovered shows no evidence of in situ weathering. 0.4 per 

cent of the sample has surface modification features characteristic of weathering stage 1, 

i. e. parallel cracks developed in the outer layers of the tissue. 

9.5.2.7 Scavenger/ Predator Activity 
Although all of the bones were examined for signs of predator or scavenger 

activity, for example acid etching or bite marks, no evidence was found to confirm 

predator-prey interactions. However, this may reflect the small grain size, taxa present 

and environment of deposition. Small bones are more likely to be swallowed whole 

which limits the possibility of them being marked by teeth. Transport in rivers is likely to 

remove any surface modification features resulting from digestion. 

9.5.2.8 Taphonomic Interpretation 

The sedimentary structures and taphonomic profile of this facies suggest 

deposition by high-energy currents. The small amount of matrix in the conglomerate 

suggests some degree of fluvial winnowing (Lattman, 1960) It is probable that the 

vertebrate material has been reworked, producing the generally high levels of abrasion. 
The few occurrences of in situ weathering is consistent with death and deposition in 

water. 

9.5 .3 
Clock House Type III Bone Bed 

9.5.3.1 Sedimentology 

Weathered surfaces of the sediment are grey speckled with orange and black. 

Unweathered surfaces are grey with little iron-staining. Sediment grain size ranges from 

medium sand (0.5 mm diameter) to clasts up to 5.0 mm in diameter. The sediment is 

very poorly sorted. Clasts are sub-rounded to rounded. In thin section the clasts are 
identified as quartz with small quantities of opaques (probably iron minerals), vertebrate 

material (pale brown with a fibrous texture) and lithics. Most of the grains are matrix 

supported, and are cemented by calcium carbonate (Fig. 9.11). The distribution of calcite 

cement is not even. In certain areas there is less cement, associated with finer-grain 

sizes, more grain to grain contacts and less vertebrate debris. 

The bed shows poorly developed graded bedding. The upper and lower surfaces 
are irregular. The lower surface represents scour infill. The upper surface is rippled 
(Fig. 9.12). 
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Fig. 9.11 Thin section of the Clock House Type VI Bone Bed, 
a: ppl, b: xpl. x40. b= bone, ca = calcite infill, qz = quartz. 



vD 

matrix 
ýnß 

quartz clasts 
V 

q` lithics : vertebrate debris 

Fig. 9.12 Schematic block diagram of the Clock 
House Type III Bone Bed. Sizes of the clasts have 
been exaggerated slightly. 



Ganoid fish 
Hybodus 
Lissodus 
Bony fish 
Indet. bone 
Indet. teeth 

n=3758 

Fig. 9.13 Relative abundance of vertebrate material in 
the Clock House Type III Bone Bed. 

30 

20 

T 
U 
C 
Q) 

CD 10 
LL 

0 
o ö , 

Grain size (mm) 

Fig. 9.14 Grain size distribution of vertebrate material 
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9.5.3.2 Taxic Diversity 

The poor preservation state of the vertebrate material accounts for the high 

proportion of indeterminate bone and teeth (Fig. 9.13). The identifiable taxa are 
dominated by the sharks Hybodus and Lissodus, with smaller numbers of Lepidotes 

remains. 

9.5.3.3 Fossil Grain Size 
The range of grain sizes measured for the vertebrate material is from 1.0 mm 

(maximum length) to 9.9 mm. Most of the bone fragments are between 1.0 mm and 3.9 

mm long (Fig. 9.14). 

9 . 5.3.4 Disarticulation and Fragmentation 
Most of the material extracted from this facies is incomplete (Fig. 9.15). The 

most common bone breakage form is characteristic of post-mineralisation fracture. Pre- 

mineralisation damage, characterised by uneven fracture surfaces, is less common. 

9.5.3.5 Abrasion 
The range of abrasion states for all material (Fig. 9.16) is from stage 1 (slightly 

rounded) to stage 4 (extremely well rounded). Bone fragments are generally more 
heavily abraded than the teeth or scales. The range of abrasion states is from 1 to 2 

(slight to moderate abrasion) to stage 4 (Fig. 9.17a). Most of the bone sample is 

moderately to heavily abraded (stages 2 to 4). Dermal material (Fig. 9.17b) ranges from 

abrasion stage 1 to 2, to stage 4. The most commonly occurring states are 2 and 2 to 3, 

characteristic of moderate levels of abrasion. Teeth range from stage 1 (slight rounding) 
to stage 3 to 4 (well rounded). Most of the teeth fall into categories 2 to 3 and 3, typical 

of moderate levels of abrasion. 

9.5.3.6 Weathering 
Most of the sample displays no evidence of weathering (Fig. 9.18). 

Approximately 12 percent shows the characteristic features (cracking of the outer layers 

of tissue) of stage 1 weathering modification. 

9.5.3 7 Scavenger/Predator Activity 

No evidence of predator or scavenger activity, for example etching of the outer 
layers of tissue by stomach acids, was found on any of the material examined. 
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9.5.3.9 Taphoiwinic Interpretation 

The sedimentary context of the vertebrate material suggests a high-energy regime able to 

erode scours and create ripples. The generally coarse-grained nature of the sediment 

supports this conclusion. The presence of matrix indicates that the sediment was not 
heavily winnowed. The high degree of rounding characteristic of much of the vertebrate 

sample is caused by transportation in a high-energy environment and reworking. 
The absence of semi-aquatic and terrestrial taxa suggests that the fossil 

assemblage was derived from fluvial-lacustrine environments. 

9.5 .4 Clock House Type IV Bone Bed 

9.5.4.1 Sedimentology 
This bone-bearing facies is pale grey in colour, the vertebrate debris visible as 

black specks. The quartz grains are poorly sorted, ranging from medium to coarse sand. 
This sediment supports larger fragments of vertebrate fossils, ranging in size from sand- 

sized to pieces 16 mm long, although most are approximately 2.0 mm long. 

9.54.2 Taxic Diversity 
Most of the vertebrate material analysed was too heavily fragmented and abraded 

to be easily identified (Fig. 9.19). The recognisable skeletal material is attributed to 

Hybodus, Lepidotes and indeterminate fish. 

9.5.4.3 Fossil Size Analysis 
The size range is from 1.0 mm to 18.4 mm (Fig. 9.20). Fossils over 5.4 mm 

long are rare. 

9.54.4 Disarticulation and Fragmentation 

All of the skeletal remains were found fully disarticulated. It was not possible 
(because of poor preservation) to quantify the relative abundance of pre- and post- 
mineralisation fractures, although all of the material is incomplete. 

9.5.4.5 Abrasion 
The abrasion profile (Fig. 9.21) for this preservational style displays a range from 

stages 1 to 2 (slight abrasion) to stage 4 (extreme abrasion). Most of the material is 

characteristic of moderate to high levels of abrasion (stages 2 to 3 to stage 4). The bone 

fragments present have the same general profile as the complete data set. Teeth are less 
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heavily abraded and fall into categories 1 to 2,2,2 to 3, and 3. Only one piece of dermal 

material was found. It showed moderate rounding (stage 2 to 3). 

9.5.4.6 Weathering 

Only 4 percent of the sample display any characteristics of in situ weathering. 
The remaining 96 percent is unweathered (Fig. 9.22). 

9.5.4.7 Predator/ Scavenger Activity 
No sign of tooth marks or acid etching were seen on any of the specimens 

examined. However, this should not refute the possibility of predator or scavenger 

activity. 

9.5.4.8 Taphonoanic Interpretation 

The coarse grain size of the sediment indicates transport and deposition under 
high-energy conditions. The poor degree of sorting suggests rapid deposition, with little 

opportunity for winnowing. The abrasion profile of the vertebrate material is 

characteristic of an assemblage that has been subjected to fluvial transportation and 

reworking. The low incidence of in situ weathering is to be expected for an aquatic 

assemblage. 

9.5 .5 
Clock House Type V Bone Bed 

9.5.5.1 Sedimentology 
This facies association consists of a series of laminated and massive sandstones 

(Fig. 9.23). The lower surfaces of the slabs are marked by sub-parallel ridges 

approximately 30 mm long, which are interpreted as tool marks. 
Petrologically, the sandstones are composed of quartz with a few pieces of 

vertebrate debris. Generally the sediments are poorly sorted and include both matrix and 

grain supported fabrics. 

The vertebrate material is concentrated in the medium- to coarse-grained 

sandstone. Smaller fragments of bone highlight the cross lamination surfaces in the 
finer-grained sandstones. 

9.5.5.2 Species Diversity 

All of the identifiable material from this facies is attributed to fish, although most 

of the fossils are classified as indeterminate bone fragments. Hybodus dominates the 

identifiable remains. Smaller numbers of Lepidotes and Lissodus fossils are present 

(Fig. 9.24). 
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9.5.5.3 Fossil Grain Size Analysis 

The vertebrate debris ranges in size from 1.0 mm to 11.4 mm long (Fig. 9.25). 

Most of the material falls into the 1.0 mm to 4.4 mm category. 

9.5.5.4 Disarticulation and Fragmentation 

All of the material seen in the Clock House Type V Bone Bed slabs is fully 

disarticulated. None of the fossils is complete. It was not possible to work out the 

relative timing of all of the breaks seen on the bones. All of the fracture surfaces 

identified showed the characteristic smooth texture of post-mineralisation breakage. 

9.5.5.5 Abrasion 
The abrasion profile of the sample shows a range from stage 1 (slight abrasion) to 

stage 4 (extreme abrasion), although material with an abrasion stage of less than 2 is rare. 

None of the sample is unabraded (Fig. 9.26a). The bone debris shows the full range of 

abrasion states (1 to 4) characteristic of the total sample. Higher levels of rounding are 

more important (Fig. 9.26b). Teeth (Fig. 9.26c) are less heavily abraded, and range from 

stage 1 to 2 to stage 3 (slight to moderate rounding). Five scales were found in this 

sample, all showing the characteristics of abrasion stage 2. 

9.5.5.6 Weathering 
Most of the sample (96 percent) shows no evidence of subaerial weathering. The 

remaining 4 percent has well developed parallel cracks in the outer layers of bone and 

tooth tissue, characteristic of weathering stage 1 (Fig. 9.27). 

9.5.5.7 Predator/ Scavenger Activity. 

None of the sample shows any sign of predator or scavenger activity. There are 

no punctures, grooves or acid etching on the teeth, scales or bones. 

9.5.5.8 Taphonomic Interpretation 

The sediments were deposited by high-energy fluvial activity. The tool marks 

and cross laminations are indicative of current activity. The generally poorly sorted 

nature of the sediment suggests that deposition was rapid, with little or no winnowing. 
The abrasion profile of the vertebrate material, dominated by moderate to extreme 

levels of rounding, is characteristic of an assemblage that has undergone a significant 

amount of transport and reworking. The low incidence of in situ weathering is to be 

expected for an aquatic faunal assemblage preserved in fluvial sediments. 
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Fig. 9.29 Thin section of the Clock House Type VI Bone Bed, 
a: ppl, b: xpl. x40. b= bone, ca' = calcite cement and fine-grained 
quartz, qz = quartz. 
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9.5.6 Clock House Type VI 

On weathered surfaces the bone-bed has a pale yellowish-grey colour; fresh 

surfaces are pale grey. The grain size of the matrix ranges from silt to medium-sand. 
The matrix supports clasts which range in size from 0.75 mm to 6.0 mm in diameter, and 
an average diameter of 3.0 mm. Bioclastic material is generally larger, with a maximum 
length of 17.0 mm. Overall the rock is poorly sorted, although the matrix is well sorted. 
The clasts are sub-rounded to well-rounded quartz grains, with some vertebrate debris 

and phosphatic nodules. 
The hand specimens examined showed no evidence of planar or cross-bedding, 

although there is some indication of graded bedding. The bedding planes are marked by 

scattered sole structures (Fig. 9.28), which probably represent tool marks or 
bioturbation. 

The vertebrate debris does not show any preferred orientation on the bedding 

planes. Most of the fossil material is concentrated on the bedding planes. 
In thin section this lithology appears to be generally fine-grained, with some 

scattered larger clasts (Fig. 9.29). The dominant clast type is quartz, with minor 
vertebrate debris and some opaques. The cement is calcium carbonate. 

9.5.6.2 Taxic Diversity 
The vertebrate fossils preserved in the Type VI Bone Bed includes teeth, scales, 

vertebrae, elongate bones (probably ribs and fin spines) and many indeterminate skeletal 
fragments. 

All of the identifiable vertebrate material is attributed to bony fish or sharks (Fig. 
9.30). Taxa represented include Lepidotes (teeth and scales), Hybodus (teeth) and 
indeterminate bony fish fragments. The bony fish remains form the bulk of the sample. 

9.5.6.3 Fossil Size Analysis 
All the fossil material with a maximum length in excess of 1.0. mm was 

measured. The range of grain sizes (Fig. 9.31) is from 1.0 mm to 18.0 mm. Most of the 

material ranges from 1.0 to 2.4 mm long. 

9.5.6.4 Disarticulation and Fragmentation 

None of the material described from the slabs of Clock House Type VI Bone Bed 
is complete. In most cases the fossils were broken after mineralisation, although pre- 
mineralisation fracture is common (Fig. 9.32). It is likely that most of the damage to the 
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Fig. 9.35 Thin section of the Clock House Type VI Bone Bed, 
a: ppl, b: xpl. x40. b= bone, ca = calcite inf ll, ca' = calcite cement 
and fine-grained quartz, qz = quartz. 
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fossils occurred during re-exposure, during formation of the rock store, or during 

preparation. 

9.5.6.5 Abrasion 
The abrasion profile of the bone-bed was plotted (Fig. 9.33). The material ranges 

from stage 1-2 (slight abrasion) to stage 4 (extremely well rounded). If the data are 
separated into skeletal components and replotted the general profile seen in Figure 9.33 is 

changed. The bones recovered show the widest range of abrasion stages, from 1-2 to 4 

(Fig. 9.34a). Dermal material ranges from 1-2 to 3 (moderately abraded). Teeth range 
from 1-2 to 2-3, and are all moderately abraded. The differences in these profiles is 

accounted for by the nature of the tissue. Teeth and osteoderms are more resistant to 

abrasion than bone because of the more compact nature of their tissue. 

9.5.6.6 Weathering 
Most of the vertebrate material examined (95.9 per cent) showed no evidence of 

in situ weathering. The remaining 4.1 per cent showed surface modification features 

consistent with weathering stage 1, for example parallel cracks in the surface tissue. 

9.5.6.7 Predator /Scavenger activity 
None of the material examined showed any evidence of interactions with 

carnivores. 

9.6.6.8 Taphonomic Interpretation 

The sedimentary structures characteristic of this bone-bed suggest deposition 

under high-energy conditions. The wide range of abrasion states characteristic of the bed 

indicates that the vertebrate assemblage is attritional in origin. 

ýý 7 Clock House Type VII Bone Bed 

9.5.7.1 Sedimentology 
Fresh surfaces of this lithology are mid-grey in colour and weather slightly darker 

grey with some iron staining. The sediment is a poorly sorted silty sandstone supporting 

a few sand-sized grains and vertebrate debris. Petrologically this facies is dominated by 

angular to subangular quartz clasts with some larger white nodules, and vertebrate debris. 

The rock is well cemented by calcite (Fig. 9.35). 

The bedding surfaces are planar and sub-parallel. In cross section there is no 
evidence of sedimentary structures. The vertebrate fossils appear to be concentrated on 
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and oriented parallel to the bedding planes (Fig. 9.36). Vertebrate material is scattered 
throughout the sediment, becoming more common towards the bedding surfaces. 

9.5.7.2 Taxic Diversity 

Most of the material described from the Type VII bone bed is too poorly 
preserved to be identified. The identifiable remains include indeterminate bony fish 

debris, Lepidotes, Hybodus and rare crocodile teeth (Fig. 9.37). The unidentified 

material consists of bone fragments and teeth. 

9.5.7.3 Fossil Size Analysis 

A wide range of fossil sizes is characteristic of this assemblage (Fig. 9.38). Grain 

sizes range from 1.0 mm to 16.4 mm maximum length. Fragments with a long axis 
measurement greater than 6.4 mm are rare. 

9.5.7.4 Disarticulation and Fragmentation 
All of the material is disarticulated and broken. Poor preservation made it 

impossible to describe with any degree of certainty the relative timing of the 
fragmentation of the bones. 

9.5.7.5 Abrasion 

This assemblage shows a wide range of abrasion states, from stage 1 to 2 (slight 

abrasion) to stage 4 (extreme abrasion). Most of the material is characteristic of stages 2, 

3 and 4 (Fig. 9.39). If this generalised profile is divided into skeletal components the 
influence of skeletal part (bone, teeth, scales) on the degree of rounding becomes 

apparent. Bones (Fig. 9.40a) show the same range of abrasion as the total sample. The 

most commonly occurring states are 2,2 to 3,3 and 4 (i. e. ranging from slightly to 

extremely abraded). Dermal material (Fig. 9.40b) is less heavily abraded than bones, 

typically showing the characteristics of slight to moderately high levels of rounding 
(stages 1 to 2 to stage 3). Most of the dermal material is indicative of abrasion stage 2. 
Teeth (Fig. 9.40c) show a similar profile to scales. Abrasion states present include 1 to 2, 
2,2 to 3 and 3. Most of the material is characteristic of stage 2 (slight to moderate 

rounding). 

9.5.7.6 Weathering 
Only 1.7 percent of the sample analysed showed any signs of being exposed to in 

situ weathering processes. These bones and teeth display parallel cracks in the outer 
layers of tissue attributed to weathering stage 1. 
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9.5.7.7 Predator/Scavenger Activity 

All of the material was examined for any evidence of predator or scavenger 
activity, for example punctures and grooves produced by teeth, or pitting produced by 

stomach acids. However, none of the sample showed any of these characteristics. 

9.5.7.8 Taphonomic Interpretation 

The sediments were deposited by a moderately high-energy environment. There 

are no cross beds or cross laminations to suggest a high-energy regime. The poor sorting 
indicates little winnowing. 

The abrasion profile of the vertebrate material is characteristic of a fluvially 

transported and reworked assemblage. The weathering state of the vertebrate debris is 

typical for a dominantly aquatic assemblage. 

9.5 .8 
Clock House Type VIII Bone Bed 

9.5.8.1 Sedimentology 

This facies consists of a sequence of layers of sandstone (Fig. 9.41). Although 

vertebrate debris is found scattered throughout the fine- to medium-grained sandstones, it 

is concentrated in small lenses of coarse-grained clastics. The finer-grained sediments are 

moderately well sorted. The vertebrate material is supported by the clastic sediment. The 

sandstones are composed of quartz and are cemented by calcite. 

The lower surfaces of the blocks are marked by straight, sub-parallel crests, 
interpreted as tool marks. 

9.5.8.2. Taxic Diversity 

Most of the sample is made up of indeterminate bone fragments and teeth. A 

substantial proportion of the material (Fig. 9.42) is identifiable only as bony fish 

fragments. The two identifiable taxa are Hybodus and Lepidotes. 

9.5.8.3 Fossil Grain Size Analysis 

The size range of the long axes of this sample is from 1.0 mm to 9.4 mm (Fig. 

9.43). Most of the material is between 1.0 mm and 2.4 mm long. 

9.5.8.4 Disarticulation and Fragmentation 

All of the material is disarticulated and broken. Due to the poor preservation of 

the fossils it was not possible to determine the nature of any of the fractures. 
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9.5.8.5 Abrasion 

All of the material described from this facies is bone which shows moderate to 
high levels of abrasion (Fig. 9.44). The range of abrasion states is from stage 2 to 3 to 
stage 4. Most of the vertebrate debris is characteristic of stages 2 to 3 and 3. 

9.5.8.6 Weathering 

Most of the sample (91.7 percent) is unweathered. The remaining 8.3 percent is 
typical of weathering stage 1 and shows parallel cracks in the outer layers of tissue. 

9.5.8.7 Predator/S cavengerActivity 
No signs of tooth punctures, grooves or acid etching were found on any of the 

specimens. 

9.5.8.8 Taphonanic Interpretation 

The sediments record a sequence of fluvial deposition events. The preservation 
of the vertebrate debris is characteristic of material transported and deposited in high- 

energy environments. The high level of disarticulation, fragmentation, weathering and 

rounding are typical of fluvial assemblages. 

9 . 
5.9 Clock House Type IX Bone Bed 

This facies consists of a fine-grained sandstone sandwiched between two layers 

of finely laminated siltstone (Fig. 9.45). In thin section the sandstone appears to be 

composed primarily of quartz with vertebrate material (brown with a fibrous texture). 

Small cubic crystals of an opaque mineral, probably iron pyrites, are present in the bone- 

bearing sediment. From their shape it is assumed that they grew in situ., suggesting 

some degree of marine influence during deposition of this bed (R. Allen, pers. comm., 
1995; Canfield and Raiswell, 1991) The vertebrate material occurs as floating grains in 

the sandstone matrix. The bioclastic debris does not have any preferred orientation and is 

concentrated towards the base of the bed. 

Most of the sample (62 percent) is composed of indeterminate bone fragments. 

The rest of the sample is fish bone and scale debris. 
The nature of the sediment and the poor preservation of the vertebrate material 

made it impossible to plot weathering and abrasion profiles for this bone-bed. The 

vertebrate material preserved in this facies is highly fragmented and abraded. 
This style of preservation is indicative of deposition in a fluvial environment, 

although the presence of iron pyrites suggests some degree of marine-brackish influence. 
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9.6 Palaeoenvironmental Interpretation 

The sediments exposed at Clock House represent deposition under predominantly 
low-energy, freshwater conditions, with a slight brackish-marine influence. The Lower 

Weald Clay facies is thought to represent an area of wetland deposition, composed of 

many interconnecting lakes. lagoons and rivers supporting a diverse and rich flora and 
fauna. The fossils found at Clock House, predominantly shark and bony fish remains 
(Fig. 9.46) support this view. 

9.7 Summary 

The taphonomic characteristics (high fragmentation, heavy abrasion and little 

evidence of weathering) of the Clock House Bone Beds are all typical of assemblages 
deposited by rivers. The sedimentary context of the bone accumulations includes 

winnowed lag deposits, characterised by coarse-grained clasts and little matrix (Allen, 

1965) and scatters of vertebrate material supported in finer-grained sands and silts. 
These sediments probably were not winnowed. Although the taphonomic characteristics 

of the bone-beds are similar, the sedimentary contexts are sufficiently different to justify 

describing them separately. 
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Chapter Ten 
Smokejacks Brickworks 

... the remains of Wealden dinosaurs have been found as isolated bones, this may be 

accounted for under the supposition that as their huge bodies were borne down on the 

stream they became disarticulated and dropped by detached piecemeals to the river-bed. 

J. C. Mansel-Pleydell, 1896 

10.1 Introduction 
Over recent years the Smokejacks Brickworks (Upper Weald Clay) has yielded a 

wide range of fossil material, including plants, insects and vertebrates. Perhaps the most 

notable of these finds was the discovery in the early 1980s of a new theropod dinosaur 

Baryonyx walkeri (Charig and Milner, 1986 & 1990). Other vertebrate taxa include bony 

fish, sharks, crocodiles, pterosaurs, sauropods and ornithopod dinosaurs. 
The vertebrate fossils recovered represent a range of preservational contexts and 

taphonomic histories, including scattered, isolated bone fragments, associated skeletal 

material and accumulations of vertebrate debris concentrated in sideritic concretions. 

The microvertebrate remains are held at the University of Bristol. The Iguanodon 

material belongs to D. J. Cooper of Worthing, parts of which are currently held at Oxford 

University Museum of Geology. Baryonyx walkeri is held at the Natural History 

Museum, London. Specimen numbers R. 9951. 

10.2 Location and Stratigraphy 

Smokejacks Brickworks (TQ 113 373) is situated approximately 10 km northwest 

of Horsham, in Surrey (Fig 10.1). 

The sediments exposed here consist of a thick sequence of silty clays with some 

quite substantial sandstone units, and minor sideritic mudstone lenses. Stratigraphically 

the sequence is placed within the Upper Weald Clay Formation (Fig. 10.2), just below 

the BGS marker sandstone No. 5c, and is of Barremian age (Ross and Cook, 1995). 

10.3 Sedimentology 

Smokejacks Brickworks exposes a section of silty clay some 23 m thick. The 

sections (Fig. 10.3) described here (published in Ross and Cook, 1995) are a product of 
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fieldwork between 1991 and 1994; sections 1,3 and 4 were measured in 1994; and 

section 2 was logged in 1991. It was not possible to produce a sedimentary log for all of 

the northwestern face of the pit as it was too heavily weathered, although a small section 

revealed during the Iguanodon excavation has been described (section 10.5.4.1). In this 

part of the pit the clay beds appear to be thicker than elsewhere. 
The well developed lateral variation seen across the site made correlation difficult, 

despite the presence of two marker horizons. The first of these is a brown/olive clay 

sandwiched between two pale grey, mottled, silty clay beds (exposed in sections 1 and 2, 

Fig. 10.4). The second is a mottled orange and grey clay with ironstones (sections 2 and 
3, Fig. 10.4). The impermeable ironstones cause the overlying sediments to retain water, 

and they are easily colonised by plants and shrubs. 

10 . 
3.1 Log 1: Southeast Face 

The lower part of the sequence is dominated by dark grey or brown shaley clays 

overlain by more silty facies. Notable features of this section include insect-bearing 

sideritic nodules and an olive-grey silty clay layer with large sideritic nodules which 

contained the remains of Baryonyx walkeri. A single sandstone bed is exposed towards 

the top of the section. In total this section measures 13.0 m thick. 

_1 
0.3.2 Log 2: Northwest Face 

This 18.5 m section is comprised of silty clays and clay with some shale, 
ironstone and sandstone. Fossil material is common and is generally preserved in 

nodules of sideritic mudstone or siltstone. 

10 Log 3" Southern Corner 

The 8.85 m thick sedimentary sequence exposed in the southern comer of the site 
is dominated by three sandstone beds. The thickest of these, outcropping at the top of the 

sequence, is thought to be the regional marker Bed 5c of the British Geological Survey 

(Ross and Cook, 1995). 

L 4" Ditrzh 
This section is exposed in a deep ditch which runs along the boundary of the 

woods to the northwest of the clay pit. The sequence is dominated by silty clay and 
includes BGS Bed 5c. 

10.4 Palaeoecology 

A comprehensive faunal and floral list for the Smokejacks Brickworks as 

published in Ross and Cook (1995) is reproduced here (Fig 10.5). 
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Invertebrates Arthropoda 
Insects 

Odonata 
Blattodea 
Isoptera 
Orthoptera 
Hemiptera 
Coleoptera 
Diptera 
Hymenoptera 
Mecoptera 
Neuroptera 

Crustacea 
Conchostraca 
Isopoda 
Ostracoda 

Mollusca 
Bivalvia 

Vertebrates Reptilia 
Dinosauria 

Ornithopoda 
Iguanodon sp. 
I. bemissariensis 

Sauropoda 
Theropoda 

Baryonyx walker! 
Pterosauria 
Crocodylia 

Goniopholis sp. 
Chondrichthyes 

Elasmobranchii 
Hybodus basanus 

Osteichthyes 
Actinopterygii 

Lepidotes mantel/! 
Teleostei 

Plants 
Pteridophyta 

Lycopsida 
Isotaceae 

Isoetites sp 
Equisetopsida 

Equisetaceae 
Equisetum sp. 

Filicopsida 
Dickinsoniaceae 

Onychiopsis psilotoides 
Matoniaceae 

Phleopteris dunked 
Weichselia reticulata 

Osmundaceae 
Cladophlebis sp. 

Gymnospermophyta 
Pinopsida 

Cheirolepidiaceae 
Pseudofrenelopsis sp. 
? Classostrobus sp. 
'Brachyphyllum' sp. 
'Elatocladus' sp. 

Anthophyta 

Fig. 10.5 Fauna and flora of Smokejacks Brickworks (modified from Ross and 
Cook, 1995). 
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scattered vertebrate material is not marked on Fig. 10.4, as the deep weathering of the 

clays on north side of the pit made sedimentary logging impossible. 

10.5 .1 
Fish Debris Beds 
The only example of a consolidated bone-bed discovered so far at Smokejacks 

consists entirely of (? ) bony fish remains supported by a non-calcareous silty-sandstone 

matrix (Fig. 10.4, log 2). 

The sediment of these bone-rich lenses is pale grey in colour, weathering to a dark 

rusty-brown. The quartz clasts are very well sorted silt to very fine sandstone, although 

the presence of bioclastic material gives an appearance of poor sorting. In some of the 

hand specimens, poorly developed cross-laminations are seen. Bivalve and gastropod 

moulds, and fusainised plant debris are present on exposed bedding surfaces of the slabs. 
In thin section the bone-bed shows poorly developed laminations of alternating 

coarse and finer grained sediment. The mineral clasts are predominantly quartz, although 

there are a few opaques present, probably (? ) minerals. The vertebrate material has a 
distinctive golden colour, and generally displays a fibrous texture. 

10.5.1.1 Sampling 

The sideritic lenses were found weathering out on the northeastern side of the pit. 
The lenses occur in a dark grey shale (Fig. 10.4 log 2). 

During fieldwork, several blocks of the sideritic silty-sandstone were removed 
from the site for further analysis in the laboratory. It was not possible to free the bone 

fragments from the matrix by acid techniques since the matrix was non-calcareous. The 

small size, fragile nature and large number of the fossils made physical removal (for 

example using dissecting pins or air-abrasive) impractical. Therefore, all data were 

collected from the surfaces of the slabs. 

10.5.1.2 Fossil Grain Size Analysis 

The maximum length of all larger fragments of vertebrate material (i. e. those with 

a maximum length greater than 1.0 mm) on the surface of the slabs were recorded, and 

plotted as a frequency histogram (Fig. 10.8). Grain size ranges from 1.0 mm to 10.0 

mm, with most of the fragments falling in the 1.0 to 4.4 mm range (mean 2.37 mm). 
The difference between the grain size of the matrix and bioclasts is marked, 

suggesting that the bone accumulation has not been winnowed. Winnowed sediments are 

well sorted, with little difference between the grain size of the matrix and clasts. 

However, a more accurate indicator of winnowing would be a comparison between the 

hydraulic equivalences of the bone debris and the host sediment. This has not been 

investigated. 
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10.5.1.3 Bioclast Orientation 

The heavily fragmented, disarticulated fish debris is scattered across the outer 
(bedding) surfaces of the lenses. This material does not show any current alignment, 

although plate-like skeletal elements such as scales and skull bones are orientated flat 

against the bedding surfaces. 
A small number of fish fragments is found within the lenses. This material is 

randomly scattered through the matrix. 
Where fusainised plant remains (for example Weichselia pinnules) are present, 

they are orientated parallel to bedding, and occasionally small fragments are found 

scattered through the sediment. 

10.5.1.4 Abrasion 

The abrasion profile of the fish fragments found on the surfaces of the silty 

sandstone is shown in Fig. 10.9. The degree of rounding ranges from abrasion stage 1 

to 2, to stage 4. Most of the material described is moderately to well rounded. There are 

no records of unabraded or slightly abraded material. This profile indicates that the fish 

bones preserved here underwent significant levels of transport and reworking. 

10.5.1.5 Weathering . 
All of the material with a determinable weathering state is characterised by an 

absence of parallel or longitudinal cracks (stage 0), suggesting that the fish remains were 

not exposed to subaerial weathering. 

10.5.1.6 Predator/Scavenger Activity 

The fish debris was examined for any signs of predator or scavenger activity, 

such as pitting or acid etching, but none was seen. 

10.5.1.7 Taphonomic Interpretation 

The sedimentary context of the lenticular fish debris beds suggests current 
deposition. The highly fragmented and disarticulated fish remains underwent transport 

and/or reworking, producing the characteristic degree of rounding. The disparity 

between the sediment grain size and fossils indicates that the deposit was not winnowed 
(Sly, 1994). Deposition of the vertebrate accumulation was probably during the falling 

stage of a flood or floods. 
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10.5.2 Barvonvx walkers 
The skeleton of Baryonyx walkeri was found partially encased in sideritic 

concretions approximately 7.0 m below the sandstone (BGS BED 5c) which outcrops at 

the top of the pit. Charig and Milner (1986) described the skeleton as being scattered and 
fairly well disarticulated, although the skeletal elements had not been moved far from their 

natural anatomical positions. Some of the bones are reported to have been broken before 

fossilisation. The material is not described as being either heavily abraded or weathered, 

and the figures support this. 

Associated with the partial skeleton were some fish scales and a small Iguanodon 
humerus. The presence of the fish material has been given as evidence to support the 

theory of a piscivorous lifestyle (Milner et al., 1987). It is equally possible that the fish 

scales, like the Iguanodon humerus, could have been washed into the theropod carcass 
before final burial. 

10.5.3 Scattered Bone Fragments. 

Small fragments of bone and isolated teeth may be found weathering out of the 

clays over most of the site. Many taxa are represented, including pterosaur, crocodile, 
Iguanodon and Lepidotes (Jarzembowski, 1991b). The material described here was 

collected from the north face of the clay pit, approximately 5.0 m below the top sandstone 
bed. 

10.5.3.1 Sampling 

As collecting from all faces of the brickpit would have been too time-consuming, 

only the northern face below the level of the Iguanodon excavation (section 10.5.4) was 

sampled. All vertebrate debris, irrespective of size or preservation quality, was removed 
for further study. 

The resultant sample was washed to remove any sediment, identified and 
described taphonomically. 

As this material was not collected in situ, any conclusions drawn from the 

analysis are, at best, speculative. 

10.5.3.2 Species Diversity 
Most of the fossil material found weathering out of the clay is attributable to the 

actinopterygian fish Lepidotes (Fig. 10.10). The crocodile teeth are represented by 

fragments, and complete shed crowns, of a probable goniopholid crocodile. 
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10.5.3.3 Fossil Size Analysis 

The wide range of sizes of the vertebrate debris, from a maximum length of 3.5 

mm to 33.9 mm. The most frequently represented grain size category is 11.5 to 11.9 mm 

maximum length. Most of the vertebrate fragments range in size from 3.5 mm to 13.4 

mm (Fig. 10.11) which is to be expected for material representing a variety of 

accumulations. Under these circumstances, even if size sorting had taken place, the 

subsequent mixing would remove any evidence of it. 

10.5.3.4 Disarticulation and Fragmentation 
The only complete fossils found were seven shed goniopholid crowns. The rest 

of the sample showed some form of breakage (Fig. 10.12). Postmineralisation 

modification is the most common, and is probably a result of recent weathering and 

erosion. It is unlikely that post-diagenetic stresses from within the clay would play a 

significant role in fracturing the vertebrate material, as the bone fragments are small 

enough to move rather than break. 

10.5.3.5 Abrasion 

All of the fossil fragments are abraded. The overall abrasion profile for the 

sample (Fig. 10.13a) ranges from stage 1 to stage 4, with most of the material displaying 

the characteristics of moderate rounding. If the total sample is split into dermal material, 
bone and teeth, the relative importance of these three classifications is seen (Fig. 10.13b, 

c, d). Bone is generally more heavily abraded than either teeth or dermal material, due to 
the lower resistance of bone fibres to damage. Teeth are the least abraded component of 
the sample. 

10.5.3.6 Weathering 
The vertebrate material (Fig. 10.14) is dominated by fossil fragments which show 

no evidence of prolonged subaerial exposure. The exceptions to this are three teeth and 

one fragment of bone which display cracks in the outer layers of tissue which run parallel 
to the bone (or tooth) fibres. These are characteristic of Fiorillo's (1988) weathering 

stage 1. 

10.5.3.7 Predator/Scavenger Activity 
Although the fossils do not show any evidence of punctures or grooves, two of 

the Lepidotes scales have been etched by stomach acids and show the characteristic loss 

of the outer layers of scale tissue, revealing the internal growth lines. The outer layer of 

191 



enamel on teeth and scales contains little organic material, and is completely removed by 

stomach acids (Fisher, 1981). 

10.5.3.8 Taphonontic Interpretation 

As the data given for this sample were not taken from in situ material, any 
interpretations will be tentative. The material found weathering out of the clays exposed 

on the north face of the pit is an inadequate basis for a detailed case study. However, as 

an additional source of palaeoenvironmental and taphonomic information, it is useful. 
The fossil taxa described here are consistent with the palaeoenvironmental 

interpretation of a predominantly wetland environment, with abundant water bodies and 

rivers. The preservational characteristics of the material suggest that in situ weathering 

was not an important part of the taphonomic history of the bones. From this, it is 

possible to infer rapid burial, due to high rates of overbank sedimentation. The abrasion 

state of the fossil debris is consistent with an attritional assemblage, although this 

conclusion should be treated with caution as the exact source of the material is not 
known. The generally high levels of abrasion suggest fluvial transport and reworking, 

which is to be expected in a fluvially active wetland. 

30., 4 Iguanodon Excavation 
In 1986 the remains of an Iguanodon bernissartensis was discovered weathering 

out of the clays on the northern face of the clay pit, approximately 10.0 m above the level 

of Baryonyx walkeri. The excavation was started by D. J. Cooper, a local collector, and 

continued by members of Bristol University, assisted by various local geologists during 

the summer of 1992. 

10.5.4.1 Sedimentary Context 

The excavation was located just below the level of the access track (Fig. 10.3) on 

the northeastern face of the clay pit. The sequence here consists of a homogeneous grey 

clay overlain by a blue clay, which is in turn overlain by an orange, mottled clay with in 

situ Equiseturn fossils. These clays are superseded by interbedded silty sands and clays. 
The 20.0 to 50.0 mm thick sandstones show well developed parallel laminations covered 
by Weichselia pinnules. The top of the section is marked by a purplish-grey clay with 

orange mottles. 
The vertebrate debris was located either in the blue clay or in the overlying orange 

clay, although the humerus and scapula dipped down into the grey clay (D. J. Cooper, 

pers. comm., 1991). 
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Fig. 10.15 Distribution of Iguanodon bones from the excavation site at 
Smokejacks Brickworks (data made available by D. Cooper). 1= vertebrae, 
2= right femur, 3a = left scapula, 3b = right scapula, 4= left ischium, 
5= illium, 6= ribs, 7= right ulna. 



10.5.4.2 Sampling 

A JCB (kindly provided by the Ockley Brick Company) was used to remove 
between 1 and 2m of overburden. Excavation of the site was undertaken by hand, using 

various pickaxes, spades, trowels, chisels and knives. Each find was plotted on to a 

large-scale map of the site (Fig. 10.15). In order to protect the material from damage 

during transportation, each large bone was encased in cloths soaked in plaster of Paris, 

with a clay or tissue-paper separator. Smaller bones were simply wrapped in clay. 

Paraloid B72 (an acrylic polymer) diluted in acetone was sprayed on to the surface of the 

bone to protect the surface from disintegration. 

Material removed to Bristol was prepared using soft brushes and, where 

necessary, the air-abrasive housed in Bristol City Museum. In some cases the fragile and 

crumbly surface of the bone was stabilised using a very dilute solution of Paraloid in 

acetone. It is not known what mechanical preparation techniques D. J. Cooper used on 

the bones. The surfaces of all of the bones he prepared have been coated in a glossy, and 

often thick, layer of varnish (? water soluble wood glue), thus rendering analysis difficult 

and photography impossible. 

10.5.4.3 Fossil Size Analysis 
The Iguanodon bones recovered range in size from 2.5 to 193.0 cm long. Most 

of the bones range in size from 1 to 50.0 cm long (Fig. 10.16). This profile results from 

the high degree of fragmentation of the bones. 

10.5.4.4 Disarticulation and Fragmentation 

None of the skeletal elements recovered is duplicated (Norman pers. comm., 
1992), which suggests that they represent a single individual. The bones shown are not 

articulated. 
From the plan it can be seen that the bones form a random scatter. A rose diagram 

plotted using these data (Appendix V, Fig. 10.17a) does not highlight any well-defined 

preferred orientation of the long axes of the bones, although there are weak trends 

running north-south and east-west. If the elongate bones, i. e. those with a length in 

excess of twice their width, are used (Fig. 10.17b) these patterns become slightly clearer. 
All of the material shows some form of fragmentation or bone breakage, and in 

many instances individual bones reflect more than one phase or style of modification. 
Pre-mineralisation breakage surfaces characteristically show rough surfaces and are 

generally orientated parallel or sub-parallel to the bone fibres. Post-mineralisation. 

breakage, resulting from changes in the loading of the clay, or from damage incurred 
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during excavation or preparation, show smooth, regular surfaces which often cut across 

the direction of the bone's fibres. Many of the flat bone surfaces display a network of 
irregular cracks which gives the bone a mosaic texture. It is thought that this results from 

compaction of the bone, probably during diagenesis. 

In many cases the general poor standard of preservation of the material made any 
determination of the nature of the bone breakages difficult or impossible. 

10.5.4.5 Abrasion 
The abrasion profile of the Iguanodon skeleton (Fig. 10.18) shows a wide range 

of stages, from stage 0 to 1 (very slight rounding), to stage 3 (well rounded). Most of 

the bone fragments exhibit a moderate degree of rounding. 
Superficially this indicates that that all the bones underwent some degree of 

transportation. It has been suggested (Behrensmeyer, 1982) that any assemblage 

characterised by a range of abrasion states is an attritional accumulation. However, other 

evidence from the site challenges both of these assumptions. 
The Iguanodon material from Smokejacks represents one individual. It is unlikely 

that transport of the carcass would produce the range of rounding seen in the material, as 

cadavers are generally transported as units held together by soft tissue. Under these 

circumstances, bone surface modification resulting from the abrasive action of fluvial 

sediments would be limited by the presence of skin, muscle and connective tissue. 

As described in section 4.2.2 and 4.2.3 bones may become rounded ('abraded') 

by processes other than transport. In situ weathering and trampling can produce similar 

features. 

10.5.4.6 Weathering 
The poor preservation state of the material and the conservation techniques 

employed meant that little taphonomic information could be gleaned. In many cases it 

was not possible to determine with any confidence the presence or nature of weathering 
features. Despite this, a weathering profile for the skeleton has been produced (Fig. 

10.19). All of the bones showing definite signs of in situ weathering have features 

diagnostic of stage 1: cracks developed parallel to the direction of the bone fibres. From 

this, it is assumed that the skeleton was exposed to subaerial processes for a limited 

period, but not for long enough to produces extreme levels of tissue exfoliation. The 

rounding of the bones was probably caused by the trampling activity of local animals. 

10.5.4.7 Predator/Scavenger Activity 

All of the material recovered was examined for any evidence of predator or 

scavenger activity. The absence of punctures or grooves on the bone surfaces does not 
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preclude carcass utilisation by theropods or crocodiles. It is probable that Mesozoic 

carnivores did not routinely damage the surface of bones (Fiorillo, 1991). Processes 

operating further down the taphonomic pathway of a bone, or preparation techniques 

employed after collection may be responsible for the removal of this, and other forms of 

taphonomic information. 

During the course of D. J. Cooper's work at the site a (? ) shed theropod tooth 
was recovered from the vicinity of the Iguanodon skeleton (Cooper, pers. comm. 1991). 

Although this might be taken as evidence of predator interaction with the carcass, it is not 

conclusive. 
It is possible that the disarticulation,. loss of skeletal elements and scattering of the 

bones is a result of scavenger activity. 

10.5.4.8 Taphononiic Interpretation 

The Iguanodon skeleton excavated from the blue and orange clay layers exposed 

on the northern face of the pit provides limited taphonomic data. From the information 

collected, a taphonomic pathway for the Iguanodon has been constructed. 
After death, from either natural causes such as old age or starvation, or by 

predation, it is possible that the cadaver underwent some transportation, either in a river 

or an area of standing water, to become stranded on the floodplain. This may be 

responsible for the loss of skeletal elements, for example the head. The sedimentology of 

the bone-bearing clays does not include evidence of current activity (for example cross- 
lamination or cross-bedding), although there are thin sandstone layers above the orange 

clay, indicating that the area was not free of phases of higher-energy deposition. If 

transport did not occur, the loss of skeletal elements could have been achieved by 

scavenging. This would also result in disarticulation of the carcass, and possibly 

rounding of the bones as they were moved around the site by feet. The poorly developed 

trends in the orientation of bones may suggest some alignment by current activity. 
Prior to final burial, the remaining skeletal elements were exposed to changes in 

temperature and relative humidity, which produced the surface cracking of the bone. In 

modem African savannas bones showing these characteristics have been exposed to 

weathering agents for between 0 and 3 years (Behrensmeyer 1978). However, applying 

this modem field evidence to Lower Cretaceous examples is not scientifically rigourous. 

The recent field observations are based on mammalian carcasses in a clearly defined 

climatic zone, and, as has been discussed elsewhere (for example by Gifford, 1981; 

Lyman and Fox, 1989; Shipman, 1993; Lyman, 1994) temporal constraints on 

weathering data are often dubious. The. rate of bone weathering in a tropical rain forest 

environment is slower than in savannas, probably because the more humid conditions 

prevent the bones from drying out and cracking (Tappen, 1994). During the early 
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Cretaceous, southeastern England lay within the subtropical to Mediterranean climatic 

zone, and probably experienced alternating (? seasonal) humid and arid conditions. The 

rate of bone weathering should probably be estimated as occurring somewhere between 

those of savanna and tropical rain forest. 

During burial compaction and post-mineralisation bone fragmentation took place. 
The effects of diagenetic alteration and mineralisation have not been explored as the 

research is limited to biostratinomy. 

10 55 The Rivett Collection 

During the 1940s a collection of bone fragments was recovered from the 

sandstones (? Topley's Bed 5c Sandstone) at the top of the pit. After preparation the 

bones were reassembled to reveal the femur, humerus, tibia and fibula of a Titanosaurus- 

like sauropod (Rivett, 1953,1956). No taphonomic information relating to these fossils 

was included in either of Rivett's papers. 

Rivets (1956; page 37) described an accumulation of Iguanodon bones partially 

embedded in a sand layer outcropping near the top of the pit. The accumulation contained 

in excess of 100 bones, including humeri of many sizes. Some of the bones were 

reported as being 'broken and water worn'. From this description, it is assumed that the 

bones formed an attritional accumulation, representing the deposition and probable 

reworking of several Iguanodon skeletons (Rivett, 1953,1956). 

10.6 Palaeoenvironmental Interpretation 

The sediments described from Smokejacks Brickworks are predominantly fine- 

grained, which suggests a low-energy environment of deposition. The presence of thick 

sandstone beds (Fig 10.4 Log 3 and 4) in the top 10 m of the section suggest a higher- 

energy depositional regime. 
The lowest 10 to 15 m of the section is characterised by dark grey-brown, 

occasionally mottled silty clays which contain fish, aquatic plant, conchostracan, isopod 

and ostracod remains (Jarzembowski, 1991b; Ross and Cook, 1995). The aquatic plants 

and conchostracan fossils indicate that these sediments were deposited under 

predominantly freshwater conditions. However, the presence of isopods suggests a 

degree of brackish influence. This part of the sequence represents a phase of 

predominantly aquatic or lagoonal sedimentation, which may have experienced fluctuating 

salinities, as evidenced by the presence of isopods which are found today in brackish or 

marine environments (Ross and Cook, 1995). 

The overlying sediments, with their sandstone beds and orange mottled clays and 

silty-clays represents a change to a more terrestrial sedimentation regime. Orange or red 

coloration of sediments is generally interpreted as an indicator of deposition above the 
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Type of Taxa Sedimentary Taphonomic Interpretation 
accumulation context description 

Scattered bone pterosaur, 
crocodile 

isolated material fragmented, attritional 
accumulation fragments , Iguanodon, scattered through unweathered, deposited in water (section 10.6.1) Lepidotes 

the clay abraded or on land 

poorly sorted, fragmented, 
Fish Debris bony fish occassionally unweathered 

transported and/or 

Bed 
(gastropod, cross-laminated moderately reworked material 

(section 10.6.2) bivalve and sideritic silty- abraded remains 
deposited in 

plant) sandstone lenses 
scattered across scours in the clay 

occuring in a bedding surfaces dark grey shale 

Macrovertebrate 
bones partially 
embedded in fragmented and 

reworking and 
deposition of 

accumulations Iguanodon 
sandstone at the abraded several carcasses (section 10.6.3) top of the pit by fluvial activity 

Titanosaurus-like sandstones at the no data deposition by 

sauropod top of the pit fluvial activity 

Associated Baryonyx partially encased scattered, death and 
macrovertebrate walken 

in sideritic disarticulated scattering on land 

remains nodules partial skeleton surface, rapid 
(section 10.6.4) burial 

scattered, possible transport, 
Iguanodon blue and orange disarticulated, disarticulation 

bemissartensis clays fragmented and weathering 
and weathered on floodplain, 
partial skeleton rapid burial 

Fig. 10.20 Summary of the vertebrate preservation styles recorded from the 
Smokejacks Brickworks. 



water table, although it may also represent diagenetic chemical change (McBride, 1974). 

The sandstone beds were probably deposited by pulses of high-energy water, for 

example by rivers on shoals (Allen, 1981). The clays and silty-clays were deposited on 

interfluves with a varying degree of aquatic or fluvial influence, as evidenced by the 

presence of (? ) in situ horsetail fossils and desiccation cracks. It is from these 

dominantly terrestrial sediments that the majority of the dinosaur fossils have been 

recovered. 

10.7 Summary 

The range of sedimentological contexts of the vertebrate fossils found at 
Smokejacks is explained by the variability of sediment types and the inferred 

palaeoenvironment (Fig. 10.20). Wetlands contain many microenvironments, including 

areas of land sufficiently well drained for soil profiles to form, marshes, standing water 

and channels; each is characterised by a different preservation conditions. 
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Chapter Eleven 
Conclusions 

I have learned, and been happy. 

The Sword in the Stone' T. H. White 

11.1 Introduction 

This study has examined a selection of vertebrate accumulations from the Lower 

Cretaceous sediments of the Weald. These bone-beds are from a wide span of geological 

time, with examples from the Valanginian, Hauterivian and Barremian (some 20 million 

years). All of the facies studied were deposited under predominantly non-marine 

conditions. 
Wealden bone-beds have been described with respect to their vertebrate 

taphonomy and sedimentology. The bone-beds generally reflect deposition by rivers 
(Clock House Bone Bed, chapter 9), which may have undergone subsequent reworking 
during a transgression event, for example the Cliff End Bone Bed (Allen, 1975; Cook, 

1995). Other bone accumulations, including Keymer Tileworks and the Iguanodon 

excavated at Smokejacks Brickworks, were deposited on interfluves (Cook, 1995; Cook 

and Ross, 1995). 
Many attempts have been made to classify bone accumulations. These schemes 

have used descriptive methods and an understanding of the origins of the bone-beds. In 

most cases these classification schemes state that vertebrate material needs to be present, 

but a qualitative definition is rarely given. This study has described and classified several 

bone accumulations from the Wealden of the Weald using primary field data and archive 

reports. As no suitable classification scheme for bone-beds could be found, an existing 
descriptive framework (Antia, 1979) was modified to include the Wealden preservation 

scenarios. 

11.2 Experimental Work 

The experimental work described in this study helps to account for the high levels 

of bone abrasion characteristic of most of the Wealden bone accumulations described 

here. 
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The small amounts of rounding produced in the experiments is equal to abrasion 

stage 0 or 0-1 (Fiorillo, 1988a; Cook, 1995). This low level of abrasion was produced 

after 500 hours of experimental time, which equates to over 1,500 km of maximum 

potential transport distance. This suggests that transport alone was not sufficient to 

produce the extreme levels of rounding common to vertebrate material preserved in the 

bone-beds of the Weald. It is probable that multiphase reworking played an important 

role in the formation of the bone accumulations described in this study. Reworking 

would allow vertebrate material to go through several cycles of erosion and burial, 

providing many opportunities for abrasion, weathering, chemical change (mineralisation 

and corrosion) and bioerosion to take place. 

11.3 Classification of Bone Accumulations 

Reif (1969,1971) classified certain Triassic bone-beds according to the diagenetic 

history of the bone material. Prefossilised assemblages contained vertebrate material 

which had been diagenetically altered and redeposited. Assemblages which had no 
history of prefossilisation were also described. These categories were further divided 

according to the nature of the matrix: calcareous, marly, sandy-clayey and sandy. 

However, there is no consideration of the relative importance of vertebrate debris and 

clasts (Antia, 1979). 

An alternative philosophy bases the classification of bone-beds on their method of 
formation. Sykes (1977) defined four types of bone-bed. Primary bone-beds typically 

contain unabraded fossils which are randomly orientated. Secondary bone-beds are 

characterised by well-developed bedding surfaces, abraded and aligned vertebrate clasts. 

Scatter bone-beds are mudstones which contain disseminated vertebrate material. Trace 

bone-beds are generally thin, often only a single layer of grains thick. Antia (1979) 

pointed out that the usefulness of this classification scheme is limited because the 

environment of deposition can modify the taphonomic characteristics of the vertebrate 

material. For example, sediments deposited under low-energy conditions, classified as a 

secondary bone-bed, could show the same characteristics as a primary bone-bed. 

Similarly, a high-energy regime may superimpose secondary characteristics on primary 
bone-beds. 

In a more recent study Antia (1979) outlines a scheme for describing bone 

accumulations based on the phosphate content of the sediments. Three categories are 

defined: lithobone-bed, biobone-bed and pelbone-bed. This method also involves 

defining bone-beds according to the nature of the matrix. Bone-beds are described as 
being carbonate, either micritic or sparitic, or non-carbonate, which includes clay, 
limonite, haematite or carbon. 
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Although these schemes all have their advantages, in many cases they do not 

adequately describe vertebrate accumulation. Certain aspects of vertebrate taphonomy are 

ignored, especially if the definitions of bone-beds (reviewed by Antia [1979]) are used. 

For example Antia (1979) defines a bone-bed as 

' .. a single layer or lens of a vertebrate rich deposit 
(containing < 4.5 % phosphatic material of which < 30 % is 
fragmented and / or disarticulated vertebrate material). ' 

A major problem with this definition is that Antia (1979) specified fragmented and 

disarticulated bone debris. Under certain circumstances, complete, articulated vertebrate 

accumulations are known, for example the monospecific accumulation of partially 

articulated and associated titanothere skeletons from the Washakie Formation (Late 

Eocene) of southern Wyoming (Turnbull and Mai-till, 1988). These assemblages are 

undeniably bone-beds, but they do not easily fit into Antic's classification system. 

Bone. accumulations of this kind are best described as catestrophic bone-beds. 

11.4 Classification of Wealden bone accumulations 
Two classification schemes are used here to document the Wealden bone 

accumulation, involving both descriptive and genetic data. For the purposes of this study 
bone-beds are classified as any sedimentary horizon or lens containing a significant 

proportion (i. e. more than 1.0 percent by volume or weight) of vertebrate material, 

regardless of the taphonomic characteristics of the bones. 

>>4 Descriptive Classification 

i) Sedimentary texture - divided into consolidated and unconsolidated 
sediments. Consolidated sediments are further divided according to the 

sediment grain size and the presence and nature of the cement. 
Unconsolidated sediments are categorised according to the sediment grain 

size. 
ii) Petrology - the percentage of vertebrate material, and the relative 

importance of mineral clasts, lithics and phosphatic nodules. 
iii) Macro- or microvertebrate remains - macrovertebrate remains are defined 

as any bone fragments with a maximum length greater than 50 mm. 
iv) Sedimentary context of the bones - orientation of the vertebrate material 

and distribution of the bone debris through the sediment. 
In order to classify bone-beds the composition of the sediment supporting the 

vertebrate material must be analysed. The relative proportions of lithic and mineral clasts, 
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shell debris, and phosphatic nodules and coprolites are calculated and plotted on a ternary 

diagram (Fig. 11.1). The proportions may be determined by point counts of slab 

surfaces, by weight or by volume, and are applicable to consolidated and unconsolidated 

sediments. 
This method provides six potential categories in which to place a bone-bed. The 

classes defined are: 

a: lithic-bone-bed, containing at least 80 percent lithic or mineral clasts. 
b: shell-bone-bed, composed of more than 80 percent shell debris. 

c: phosphatic-bone-bed, containing at least 80 percent phosphatic nodules or 
coprolites. 

The three remaining categories are intermediate between the three end groups. 

1j 42 Genetic Classification 

These schemes utilize the sedimentary and taphonomic history of bone 

accumulations, and produce many different classifications. For example preservation in 

reworked fluvial deposits (for example Cliff End Bone Bed) or in soils (for example 
Keymer Brick Works). The taphonomic and depositional histories of the Wealden bone- 

beds analysed are summarised in Fig. 11.2. 

11.5 Bone-beds from the Wealden of the Weald 

Although bone accumulations from the Weald have been sampled as a source of 

vertebrate material for many years (for example Allen, 1949; Patterson, 1966), the 

sedimentary characteristics of most of the bone-beds have not been studied in any detail. 

The bone accumulations described here have been classified following the method 

outlined in section 11.3.1. All of the bone-beds are classified as lithic-bone-beds. The 

sediments supporting the vertebrate debris are composed primarily of mineral or lithic 

material. Some of the bone-beds contain phosphatic nodules and coprolites, but these 

never make up more than 20 percent of the sample by number or weight. The 

Paddockhurst Park Bone Bed preserves vertebrate material in a dominantly calcareous 

matrix (Taylor, 1963), and is classified as a shell-bone-bed. 

11 51 Wealden Environments and Bone Beds 

The Wealden bone accumulations were deposited under a variety of environmental 

and sedimentological conditions. Most of the accumulations described here document 

bone preservation in fluvial sediments, for example the Clock House Bone Beds (Fig. 

11.3). Significant amounts of vertebrate materials are found in overbank sediments, 

some showing evidence of pedogenic alteration. 
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1: overbank / floodplain (Baryonyx walked, Iguanodon excavation) 
2: fluvial lag deposits reworked by non-marine transgression (Cliff End Bone Bed) 
3: fluvial channel infill containing microvertebrate remains (Smokejacks fish beds) 
4: fluvial channel infill containing microvertebrate remains associated with scour infills and 

parallel bedding (Clock House) 
5: fluvial channel infill containing macrovertebrate remains (Rivett's Iguanodon material) 
6: overbank / floodplain sediments modified by pedogenic processes (Keymer) 

Fig. 11.3 Preservational contexts of selected Wealden bone accumulations. 



PAGINATION AS IN ORIGINAL 



The improved understanding of the sedimentary context of bone-beds described 

here supports the current interpretation of the Lower Cretaceous sediments of 

southeastern England. Briefly, during the Berriasian and Valanginian the regional 

environment of deposition was dominated by fluvial activity resulting in the largely 

arenaceous Hastings Beds. During the Hauterivian and Barremian the relative importance 

of low-energy sedimentation increased (Allen, 1981). Under these conditions, it would 
be expected for bones to be preserved in channel lags, point bar sequences and channel 
fill sediments. Analysis of Wealden bone-bearing sediments has provided a more detailed 

insight into the small-scale depositional characteristics of the Lower Cretaceous 

environment. 

11.6 Vertebrate Taphonomy: a review 

During the course of this study the accepted descriptive methods of vertebrate 

taphonomy, based on Fiorillo (1988a), were tested against the Wealden bone 

accumulations. The most commonly used sections of this scheme related to abrasion, 

weathering and fragmentation. 

1161 Abrasion 
Fiorillo's 1988a scheme (Appendix II) for describing the taphonomic 

characteristics of fossil vertebrate material has been widely referred to in the literature. 

The scheme describes bone surface features indicative of abrasion, weathering and 

fracturing. In the case of bone weathering, Behrensmeyer's (1975) classification has 

been modified enabling it to be applied to the fossil record. 
A major criticism of Fiorillo's work stems from the interpretation of the 

descriptive stages. The method is extremely subjective, with different people placing the 

same specimen in different abrasion categories. 

The classes are to some extent ambiguous, making it difficult to decide on the 

correct category. This problem was overcome by creating intermediate classes. 
However, another problem remains: how to divide a continuous process into stages. 

The experimental analysis of bone abrasion highlighted several important facts. 

The rate of bone abrasion is controlled predominantly by the sediment grain size. Coarser 

sediments appear to produce more abrasion than finer grades. The pre-transport history 

of a bone is also significant. Fresh bones abrade more slowly than those exposed to a 

substantial period of subaerial weathering. Bone which had been buried experienced the 

most tissue loss. 

The key point to draw from this is that the simple relationship between bone 

abrasion and distance transported is more complicated than is often assumed. Sediment 
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grade, in situ weathering and bone reworking significantly affect the amount of rounding 

exhibited by a specimen. 
This work has implications for material preserved at archaeological sites. The 

technique described here could be used to analyse the affect of transport induced abrasion 

on archaeological artefacts, for example pottery and worked flints (S. G. Lewis pers. 

comm., 1993). 

162 Weathering 
Fiorillo's (1988a) scheme is a simplification of the method outlined by 

Behrensmeyer (1978), and describes the progressive damage to a bone or tooth. The 

sequence starts with an undamaged bone, then the surface layers of the bone become 

cracked, flake away, and eventually only heavily cracked inner tissue remains. The major 

problem with this method of description reflects the fact that non-weathering processes 

can produce essentially the same weathering surface modification features. Many of the 

shark teeth recovered from the sites, including Cliff End and Clock House, display well- 

developed parallel cracks in their surface enameloid. It is unlikely, but not impossible, 

that these cracks were produced by in situ weathering. A more likely scenario is cracking 

produced by mineral growth during diagenesis (C. N. Trueman pers. comm., 1995). 

11 _f _3 
Fractures 
In many cases it was difficult to classify the type of bone or tooth fracture 

displayed by any given specimen, generally because of problems relating to the 

descriptions of the bones and the poor quality of the fossil material. 

11.7 Future Work 

The time and financial constraints imposed on this study limited the amount of 

field sampling undertaken. Consequently there are sites which have not been sampled, 

for example Freshfield Lane, Laybrook Brickworks and Rudgewick Brickworks. It 

would be beneficial to compare the Wealden bone accumulations with those on the Isle of 
Wight, where most of the highly fragmented and abraded bone material is found in plant 
debris beds (Freeman, 1975; Radley, 1994). 

Many of the Wealden clay pits are only sampled by collecting bone material as it 

erodes out of the clay. Although this is often productive, and without it important 

discoveries like Baryonyx walkeri might never have been made, a more rigorous and 

scientific sampling methodology should be employed. Systematic bulk sampling of the 

vertebrate-bearing horizons of all the Wealden exposures would give an improved 

understanding of faunal change over time, refine our knowledge of the early Cretaceous 

palaeoecology of southeastern England, and highlight environmental biases in 
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preservation. Mammalian remains have been described from several localities in the 
Weald (for example Clemens and Lees, 1971), but never from the unconsolidated clay 
horizons. An extensive bulk sampling programme might find further evidence of Lower 

Cretaceous mammals. The bone-beds described here are representative of lithic-bone- 

beds and shell-bone-beds. Further analysis of other bone-beds, from the Weald, and 

especially the Isle of Wight, or from other areas, will provide examples of the other bone- 

bed types outlined in figure 11.1. 

Although the experimental fluvial taphonomy has explored the abrasion of fresh, 

weathered and reworked recent bone in some depth, it would be useful to run similar 

experiments using fossilised bones and teeth as this would provide a more complete 

understanding of the significance of prefossilisation and reworking to fluvial abrasion. 
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Appendix I 
British Wealden Vertebrates 

The list included in this data base covers the majority of the fossil vertebrate finds from 
the Wealden of the Weald and of the Isle of Wight. Although an extensive literature 
survey was undertaken, the list obtained does not include every record. 

Abbreviations used: 

AM amphibian 
AN ankylosaur 
AV ayes 
CH chondrichthyes (sharks) 

CR crocodile 
IC icnofossil 
MA mammal 
OR ornithopod 
OS osteichthyes (bony fish) 
PA pachycephalosaur 
PL plesiosaur 
PT pterosaur 
SA sauropod 
AC scelidosaur 
ST stegosaur 
TH theropod 
TU turtle 
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Appendix II 
Taphonomic Description of Vertebrate Material 

Taphonomic description of the vertebrate fossils began in the field. The spatial 

context of the fossils was recorded, either by plans representing the scatter and 

orientation of large bones, or by logs recording the relationships of smaller bone-bearing 

horizons to the overall sedimentary sequence of the site. 
The distributions of the vertebrate material in the bone-bearing horizons, relative 

to sedimentary structures and changes in sediment type were recorded. 

After collection and initial preparation, acid treatment or washing, the vertebrate 
sample was described according to the following parameters. 

i Identification 
Where possible identify to species level. Failing that, identify to class, family or 

generic level. 

ii Grain size 
The long axis (dimension a Fig. 11.1) of each specimen recorded. The smallest, 

isolated vertebrate fragments were measured under the microscope using a piece of 1.0 

mm graph paper. A control sample of fossil material was also measured using callipers. 
The graph paper method was shown to be relatively accurate, with the advantage of being 

much faster than the callipers. Vertebrate fossils in the size range of approximately 50.0 

mm maximum length were measured using callipers; for those with a maximum length of 

more than 200.0 mm a steel tape measure was used. The fossil material held in 

consolidated sediments were measured using a ruler or callipers. 

Ja ,ý zb 

c 

Fig. 11.1 Grain dimensions, where a>b>c. 
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iii Completeness 

In all cases, the completeness of the material was noted. No semi-quantitative 

scale was devised for this, so the fossils were described as being either complete or 

incomplete. In the case of teeth (shark, bony fish or reptile) the presence of any root was 

recorded. The teeth were carefully analysed to determine if the absence of root material 

was due to breakage or reabsorbtion of the tissue prior to tooth replacement. 

iv Articulation 
The occurrence of any articulated material was noted, and the articulated bones 

identified. 

v Fracturing 
The presence and nature of any fractures was recorded. The classification scheme 

included no fractures, pre-mineralisation fractures (characterised by rough surfaces, 

generally orientated parallel or oblique to the bone fibres), post-mineralisation fractures 

(showing smooth surfaces, normally at right angles to the bone fibres), and a category 

for bones showing both pre- and postmineralisation damage. 

vi Abrasion 
The degree of rounding of the fossil bone was described according to Fiorillo 

(1988a). 
Stage 0 Bone unabraded, processes and edges sharp and easily identified. 

Very angular to angular. 
Stage 1 Slight abrasion and polish on processes and edges. Subangular. 

Stage 2 Processes recognisable but not easily identifiable. Moderate 

rounding. 
Stage 3 Processes remnant or absent. Well rounded. 

An additional stage was defined to account for the high levels of abrasion characteristic of 
the Wealden bone-beds 

Stage 4 Extreme rounding, often a high degree of sphericity. 
In many cases, it was difficult to determine the abrasion status of a bone, either because 

of the presence of intermediate stages (0-1), or due to poor preservation. 

vii Weathering 

The weathering characteristics of a bone or tooth were described following the 

classification schemes of Behrensmeyer (1978) and Fiorillo (1988a). 
Stage 0 No sign of cracking or flaking. 
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Stage 1 Parallel cracks in outer layers of bone or tooth. 
Stage 2 Cracking of outer layer of the bone. Cracks may penetrate bone 

cavities. 
Stage 3 Outer layers removed. Cracks in inner tissue well developed. 

Under certain circumstances it was difficult to categorise the vertebrate material, so 
intermediate stages were recorded. 

viii Other Surface Features 

Other features were noted, such as grooves, scratches, puncture marks and acid 
etching of tissue indicate predator or scavenger activity. Sub-parallel, linear, fine 

scratches may represent trampling. 
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Appendix III 
Sediment Grain Size Analysis 

The sediments sampled during the course of this study can be placed into two 

broadly defined categories: consolidated arenaceous sediments, and unconsolidated 

argillaceous deposits. The nature of the sediments determined the method of grain size 

analysis used. 

Arenaceous Sediments 

i) Treatment in buffered 10 percent acetic acid to remove the calcium carbonate 

cement. 
ii) Wash over a 250 mm sieve to remove any acid residues. Unfortunately, this 

process also removes any fine-grained materials. 
iii) Dry the residue at room temperature. 
iv) Pass the sediment through a nest of sieves, stacked with the coarsest screen at 

the top, grading down through successively finer mesh sizes to a collecting tray at the 

base. The nest of sieves is shaken on a shaking machine for at least 10 mins 

(Lindholm, 1987). After shaking, the sieves are separated, and the sediment from each 

sieve is removed and weighed. 

For this method to be reliable, several sources of error have to be avoided (Lindholm, 

1987): 
D The addition of too much sediment to the sieves can limit their movement down 

through the nest, and too little sediment will not give precise weights. 
ii) Failure to leave the sieves on the shaker for long enough may result in 

incomplete separation of the various size fractions. 

iii) The sieves themselves need to be clean and free of trapped sediment. 

iv) The sediment supply should ideally be free of aggregated grains or clay. 

Grain size of the consolidated sediments was estimated using an ATG grain size 

comparator. 

Unconsolidated clays 
The size distribution of the unconsolidated clays was measured using an 

Elzone, a computerised sediment analysis system. This method involves adding a 
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small quantity of sediment to an electrolyte solution, which, along with an electric 

current, passes through a small orifice in a non-conducting tube. As each particle goes 
through the aperture, it creates an electrical pulse. The amplitude of these pulses is 

directly proportional to the volume of the particle (Kaiahn and Berg, 1984), and 

therefore reflects the grain size distribution of the sediment analysed. 
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Appendix IV 
Soil Survey Description of Mottles 

The description of mottles present in the paleosol horizons was based on the USA 

Soil Survey Staff (1975) publication. 

Category Class Features 

Contrast Faint Indistinct mottles or 
glabules visible only on 
close examination - both 
mottles and matrix have 
closely related hues and 
Chromas. 

Distinct Mottles are readily seen - 
with hue, value and chroma 
different from that of the 
surrounding matrix. 

Prominent Mottles are obvious and 
form on e of the 
outstanding features of the 
horizon - their hue, value 
and chroma differing from 
that of the matrix by as 
many as several Munsell 
colour units. 

Abundance Few Mottles occupy less than 
2% of the exposed surface. 

Common Mottles occupy about 2- 
20% of the exposed surface. 

Many Mottles occupy more than 
20% of the exposed surface. 

Size Fine Mottles less than 5.0 mm 
in diameter in greatest 
visible dimension. 

Medium Mottles between 5.0 and 
15.0 mm in diameter in 
greatest visible dimension. 

Coarse Mottles greater than 15.0 

nun in greatest diameter. 
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Appendix V 
Taphonomic Data 
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Cliff End Bone Bed 

Abrasion 
Stage Bone Dermal Material Teeth Total 

0 0 0 0 0 
O to 1 1 0 0 1 

1 3 0 0 3 
1 to 2 33 11 1 45 

2 96 136 40 272 
2 to 3 124 110 61 235 

3 102 81 75 258 
3 to 4 21 28 48 150 

4 2 2 162 166 
n=1130 

Weathering 

Stage Bone Dermal Material Teeth Total 
0 296 373 374 1043 

O to 1 2 0 0 2 
1 33 7 15 55 

1 to 2 0 0 0 0 
2 0 0 0 0 

2to3 1 0 0 1 
3 0 0 0 0 

3to4 0 0 0 0 
4 0 0 0 0 

n=1101 



Cliff End Bone Bed 

Grain size (mm) 
1.0-1.4 303 
1.5-1.9 256 
2.0-24 251 
2.5-2.9 107 
3.0-3.4 108 
3.5-3.9 31 
4.0-4.4 17 
4.5-4.9 7 
5.0-5.4 7 
5.5-5.9 4 
6.0-6.4 3 
6.5-6.9 2 
7.0-7.4 1 
7.5-7.9 0 
8.0-8.4 1 
8.5-8.9 0 
9.0-9.4 0 
9.5-9.9 0 
10.0-10.4 0 
10.5-10.9 0 
11.0-11.4 0 
11.5-11.9 0 
12.0-12.4 0 
12.5-12.9 0 
13.0-13.4 0 
13.5-13.9 0 
14.0-14.4 0 
14.5-14.9 0 
15.0-15.4 0 
15.5-15.9 2 

Fracture 

pre min 8 
post min 858 
both 26 

Species diversity 

shark indet 12 
Hybodussp 60 
Polyacrodus sp 5 
Indet fish 405 
Lepidotes 345 
crocodile 14 
indet bone 17 
indet teeth 368 



Keymer Tile Works 

Grain size (mm) 

0.0-4.0 34 
5.0-9.0 317 
10.0-14.0 155 
15.0-19.0 43 
20.0-24.0 12 
25.0-29.0 4 
30.0-34.0 4 
35.0-39.0 1 
40.0-44.0 3 
45.0-49.0 3 
50.0-54.0 0 
55.0-59.0 0 
60.0-64.0 1 
65.0-69.0 0 
70.0-74.0 1 

Abrasion 

Species diversity 
indet croc 106 
Goniopholus 32 
Bernissartia 5 
Turtle 104 
Omithopod 17 
Theropod 3 
indet bone 254 
indet dermal 60 

Fragmentation 
pre min 4 
post min 416 
both 118 

Stage Bone Dermal Material Teeth Total 
0 0 4 0 4 

0 to 1 5 24 4 33 
1 79 73 23 175 

1 to 2 66 45 16 127 
2 51 50 12 113 

2 to 3 32 18 0 50 
3 21 3 3 27 

3 to 4 11 0 0 11 
4 2 0 0 2 

n=542 

Weathering 
Stage Bone Dermal Material Teeth Total 

0 230 223 12 465 
O to 1 0 1 0 1 

1 31 12 35 78 
1to2 7 0 2 9 

2 5 0 6 11 
2to3 1 0 4 5 

3 0 0 0 0 
3to4 0 0 0 0 

4 0 0 0 0 
n=569 



Clock House Bone Beds 

Grain size (mm) CH- 2 CH- 4 CH- 7 CH- 8 CH- 6 CH- 5 CH- 3 
0.0-0.4 0 0 0 0 0 0 0 
0.5-0.9 0 0 0 0 0 0 0 
1.0-1.4 43 17 19 8 73 24 898 
1.5-1.9 16 17 44 7 87 18 822 
2.0-2.4 74 21 64 18 68 37 775 
2.5-2.9 14 8 34 3 26 10 321 
3.0-3.4 35 17 36 1 29 20 337 
3.5-3.9 7 3 18 1 18 5 88 
4.0-4.4 36 4 28 3 20 14 76 
4.5-4.9 1 0 6 0 9 3 26 
5.0-5.4 16 8 17 0 12 5 28 
5.5-5.9 2 0 5 0 3 1 15 
6.0-6.4 13 1 10 0 7 3 12 
6.5-6.9 1 0 1 1 3 1 9 
7.0-7.4 1 0 1 0 4 0 7 
7.5-7.9 1 0 0 0 0 0 0 
8.0-8.4 3 0 0 0 1 1 2 
8.5-8.9 0 1 0 0 0 0 1 
9.0-9.4 1 0 1 2 0 1 2 
9.5-9.9 1 0 1 0 0 0 1 
10.0-10.4 4 0 1 0 0 0 0 
10.5-10.9 0 0 0 0 1 0 0 
11.0-11.4 1 0 0 0 0 1 0 
11.5-11.9 0 0 0 0 0 0 0 
12.0-12.4 0 0 0 0 0 0 0 
12.5-12.9 0 0 0 0 0 0 0 
13.0-13.4 1 0 0 0 0 0 0 
13.5-13.9 0 0 0 0 0 0 0 
14.0-14.4 0 0 1 0 0 0 0 
14.5-14.9 0 0 0 0 0 0 0 
15.0-15.4 0 1 0 0 0 0 0 
15.5-15.9 0 0 0 0 0 0 0 
16.0-16.4 0 0 1 0 0 0 0 
16.5-16.9 0 0 0 0 0 0 0 
17.0-17.4 0 0 0 0 0 0 0 
17.5-17.9 0 0 0 0 0 0 0 
18.0-18.4 0 1 0 0 1 0 0 
18.5-18.9 0 0 0 0 0 0 0 
19.0-19.4 0 0 0 0 0 0 0 
19.5-19.9 0 0 0 0 0 0 0 
20.0-20.4 0 0 0 0 0 0 0 
20.5-20.9 0 0 0 0 0 0 0 



Clock House Bone Beds 

Species diversity 
CH- 2 CH- 4 CH- 9 CH- 7 CH- 8 CH- 6 CH- 5 CH- 3 

Lepidotes teeth 0 5 0 0 0 1 1 60 
Lepidotes scales 12 6 0 8 1 7 0 0 
Hybodusteeth 14 17 0 20 1 7 8 576 
Lissodus teeth 0 0 0 0 0 0 1 14 
Fish bone 161 18 27 63 27 121 66 2143 
Fish scales 23 5 4 101 1 0 21 105 
Croc. scute 0 0 0 1 0 0 o o 
Croc. teeth 0 0 0 0 0 1 0 3 
Turtle 0 0 0 0 0 0 0 1 
Indet bone 125 90 51 70 40 19 137 788 
Indet teeth 4 0 0 2 1 0 0 68 
Indet material 7 0 0 25 0 0 8 0 

Weathering data 

CH-2 CH-4 CH-6 CH-3 CH-7 CH-8 CH-5 
0 271 96 141 2220 283 44 69 

0.5 0 0 0 0 0 0 0 
1 1 4 6 281 5 4 1 

1.5 0 0 0 0 0 0 0 
2 0 0 0 0 0 0 0 

2.5 0 0 0 0 0 0 0 
3 0 0 0 0 0 0 0 

3.5 0 0 0 0 0 0 0 
4 0 0 0 0 0 0 0 

Fragmentation data 
CH- 2 CH- 4 CH- 6 CH- 3 CH- 7 CH- 8 CH- 5 

pre min. 0 35 123 0 
post min. 36 72 2055 16 

both 0 4 76 0 
complete 0 0 11 0 



Clock House Bone Beds 

Clock House 6 abrasion data 

Stage Bone Dermal Material Teeth Total 
0 0 0 0 0 

O to 1 0 0 0 0 
1 0 0 0 0 

1to2 4 3 1 8 
2 8 1 4 13 

2 to 3 33 3 3 39 
3 26 2 0 28 

3to4 5 0 0 5 
4 8 0 0 8 

n=101 

Clock House 3 abrasion data 
Stage Bone Dermal Material Teeth Total 

0 0 0 0 0 
O to 1 0 0 0 0 

1 1 0 4 5 
1 to 2 38 31 40 109 

2 255 96 131 482 
2 to 3 398 66 281 745 

3 268 25 241 534 
3 to 4 205 22 31 285 

4 164 1 0 165 
n=2298 



Clock House Bone Beds 

Clock House 2 abrasion data 
Stage Bone Dermal Material Teeth Total 

0 0 0 0 0 
0to1 0 0 0 0 

1 0 0 0 0 
1to2 2 0 1 3 

2 26 6 7 39 
2 to 3 28 1 6 35 

3 36 3 1 40 
3to4 12 0 0 12 

4 7 0 0 9 
n=138 

Clock House 4 abrasion data 
Stage Bone Dermal Material Teeth Total 

0 0 0 00 
O to 1 0 0 00 

1 0 0 00 
1to2 1 0 12 

2 2 0 57 
2to3 7 1 3 11 

3 9 0 1 10 
3 to 4 22 0 0 22 

4 20 0 0 20 
n=72 



Clock House Bone Beds 

Clock House 7 abrasion data 
Stage Bone Dermal Material Teeth Total 

0 0 0 0 0 
O to 1 0 0 0 0 

1 0 0 0 0 
1to2 3 5 6 14 

2 16 14 11 41 
2 to 3 22 7 2 31 

3 16 5 1 22 
3to4 9 0 0 9 

4 23 0 0 23 

n=140 

Clock House 8 abrasion data. 
Stage Bone Dermal Material Teeth Total 

0 0 0 0 0 
O to 1 0 0 0 0 

1 0 0 0 0 
1to2 0 0 0 0 

2 0 0 0 0 
2to3 9 0 0 9 

3 8 0 0 8 
3to4 3 0 0 3 

4 5 0 0 5 
n=25 

Clock House 5 abrasion data. 

Stage Bone Dermal Material Teeth Total 
0 0 0 00 

Oto1 0 0 00 
1 1 0 01 

1 to 2 2 0 24 
2 19 5 2 26 

2to3 7 0 3 10 

3 12 0 2 15 
3to4 9 0 09 

4 4 0 04 
n=b9 



Smokejacks scattered bone fragments 

Abrasion 
Stage Bone Dermal Material Teeth Total 

0 0 0 0 0 
O to 1 0 0 0 0 

1 1 0 2 3 
1to2 0 2 3 5 

2 6 8 1 15 
2to3 7 7 1 15 

3 5 0 1 6 
3to4 3 0 0 3 

4 3 0 0 3 
n=5u 

Weathering 
Stage Bone Dermal Material Teeth Total 

0 25 20 9 55 
O to 1 0 0 0 0 

1 1 0 3 4 
1to2 0 0 0 0 

2 0 0 0 0 
2to3 0 0 0 0 

3 0 0 0 0 
3to4 0 0 0 0 

4 0 0 0 0 
n=59 



Smokejacks scattered bone fragments 

Species diversity 

croc 7 
Lepidotes 24 
indet fish 9 
indet reptile 15 
indet 5 

Fragmentation 

pre min 10 
post min 30 
both 14 
complete 7 

Grain size (mm) 
3.0-3.4 0 
3.5-3.9 1 
4.0-4.4 3 
4.5-4.9 2 
5.0-5.4 3 
5.5-5.9 2 
6.0-6.4 3 
6.5-6.9 0 
7.0-7.4 1 
7.5-7.9 1 
8.0-8.4 2 
8.5-8.9 2 
9.0-9.4 3 
9.5-9.9 4 
10.0-10.4 2 
10.5-10.9 2 
11.0-11.4 4 
11.5-11.9 6 
12.0-12.4 2 
12.5-12.9 2 
13.0-13.4 3 
13.5-13.9 0 
14.0-14.4 1 
14.5-14.9 0 
15.0-15.4 0 
15.5-15.9 0 
16.0-16.4 2 
16.5-16.9 1 
17.0-17.4 0 
17.5-17.9 1 
18.0-18.4 0 
18.5-18.9 0 

19.0-19.4 1 
19.5-19.9 0 
20.0-20.4 1 
20.5-20.9 0 
21.0-21.4 0 
21.5-21.9 1 
22.0-22.4 1 
22.5-22.9 0 
23.0-23.4 0 
23.5-23.9 0 
24.0-24.4 0 
24.5-24.9 0 
25.0-25.4 0 
25.5-25.9 0 
26.0-26.4 0 
26.5-26.9 0 
27.0-27.4 0 
27.5-27.9 1 
28.0-28.4 0 
28.5-28.9 0 
29.0-29.4 0 
29.5-29.9 0 
30.0-30.4 0 
30.5-30.9 0 
31.0-31.4 0 
31.5-31.9 0 
32.0-32.4 1 
32.5-32.9 0 
33.0-33.4 0 
33.5-33.9 1 
34.0-34.4 0 
34.5-34.9 0 



Smokejacks fish bed 

Abrasion 

1.0-1.4 44 
1.5-1.9 37 
2.0-24 35 
2.5-2.9 12 
3.0-3.4 17 
3.5-3.9 12 
4.0-4.4 10 
4.5-4.9 1 
5.0-5.4 3 
5.5-5.9 1 
6.0-6.4 3 
6.5-6.9 0 
7.0-7.4 1 
7.5-7.9 1 
8.0-8.4 3 
8.5-8.9 0 
9.0-9.4 0 
9.5-9.9 0 
10.0-10.4 1 

Grain size (mm) 

Stage Bone Dermal Material Teeth Total 
0 0 0 0 0 

O to 1 0 0 0 0 
1 0 0 0 0 

1 to 2 4 0 0 6 
2 46 1 1 47 

2 to 3 39 0 0 39 
3 35 0 0 35 

3to4 15 0 0 15 
4 6 0 0 6 

n=143 

Weathering 
Stage Bone Dermal Material Teeth Total 

0 150 0 0 0 
O to 1 0 0 0 0 

1 0 0 0 0 
1 to 2 0 0 0 0 

2 0 0 0 0 
2 to 3 0 0 0 0 

3 0 0 0 0 
3to4 0 0 0 0 

4 0 0 0 0 
n=ihu 



Smokejacks Iguanodon 

Grain size (cm) 
0.0-0.9 25 

10.0-19.9 42 
20.0-29.9 25 
30.0-39.9 14 
40.0-49.9 6 
50.0-59.9 1 
60.0-69.9 3 
70.0-79.9 0 
80.0-89.9 0 
90.0-99.9 2 
100.0-109.9 0 
110.0-119.9 0 
120.0-129.9 0 
130.0-139.9 0 
140.0-149.9 0 
150.0-159.9 0 
160.0-169.9 0 
170.0-179.9 0 
180.0-189.9 1 
190.0-199.9 1 

Fragmentation 

pre min 34 
post min 56 
compaction 38 

Stage Abrasion Weathering 
0 0 0 

O to 1 2 0 
1 10 33 

1to2 13 0 
2 12 0 

2to3 3 0 
3 2 0 

3to4 0 0 
4 0 0 

Orientation of bones. Specimens marked by asterisk have a length: width ratio 
greater than 2.0. 

spec. no. orientation spec. no. orientation spec. no. orientation spec. no. orientation 
1 178 21 170* 41 164 61 023 
2 145 22 167* 42 156 62 043* 
3 015' 23 021* 43 095 63 007* 
4 035 24 021* 44 023* 64 019.5* 
5 000' 25 067* 45 145.5 65 090 
6 091 * 26 117 46 108.5 66 026 
7 166' 27 023 47 074* 67 160 
8 033* 28 069* 48 260* 68 090 
9 005* 29 050* 49 100* 69 106 
10 109* 30 017 50 031.5* 70 030 
11 068* 31 065* 51 021* 71 155* 
12 033* 32 053* 52 153* 72 040 
13 045* 33 095.5* 53 159 73 140* 
14 150' 34 000 54 011* 74 077 
15 087* 35 092 55 024* 75 077* 
16 150 36 000* 56 156* 76 057* 
17 000 37 082* 57 086* 77 000* 
18 177* 38 094.5* 58 158* 78 094* 
19 040* 39 165.5* 59 021 79 070* 
20 063' 40 137 60 101 80 000 



Appendix VI 
Experimental Fluvial Taphonomy Data 

Run I: Unweathered deer vertebra. 

Time 
(hrs) 

Total area no 
abrasion 

% no 
abrasion 

slight 
abrasion 

% slight 
abrasion 

heavy 
abrasion 

% heavy 
abrasion 

25 111.36 99.6 89.4 4.48 4.02 7.28 6.5 
50 107.72 54.36 50.46 34.76 32.27 18.6 17.27 
75 108.44 41.96 38.69 47.68 43.96 18.8 17.33 
100 105.44 35.20 33.38 49.52 46.96 20.72 19.65 
150 102.72 28.8 28.03 50.4 49.07 23.52 22.89 
200 99.88 9.36 9.37 56.24 56.31 34.28 34.32 
300 87.28 2.52 2.89 21.48 24.61 63.28 72.50 
400 93.96 2.00 2.13 8.56 9.05 83.40 88.76 
500 87.40 0.00 0.00 9.32 10.66 78.077 J89.34 

Run II: Unweathered small deer vertebra 

Time 
(hrs) 

Total area no 
abrasion 

% no 
abrasion 

slight 
abrasion 

% slight 
abrasion 

heavy 
abrasion 

% heavy 
abrasion 

25 130.24 72.6 55.74 0.00 0.00 57.44 44.26 
50 135.04 71.24 52.75 0.00 0.00 63.80 47.25 
75 105.36 44.48 42.22 14.2 13.40 46.76 44.38 
100 109.66 12.12 11.10 38.36 35.14 58.68 53.76 
125 113.84 4.84 4.25 17.80 15.64 91.20 80.11 
150 105.32 1.12 1.06 4.80 4.56 99.40 94.38 
200 100.4 1.2 1.2 1.70 1.69 97.50 97.11 
300 
400 

704.4 
105.8 

1.16 
1.12 

1.1 
1.06 

1.52 
1.28 

1.45 
1.21 

101.72 
103.40 

97.40 
97.70 

500 113.4 0.00 0.00 2.52 1.89 110.88 83.12 

Run II: Unweathered large deer vertebra. 

Time 
(hrs) 

Total area no 
abrasion 

% no 
abrasion 

slight 
abrasion 

% slight 
abrasion 

heavy 
abrasion 

% heavy 
abrasion 

25 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
75 0.00 0.00 100.00 0.00 0.00 0.00 0.00 
100 124.84 82.28 65.91 42.56 34.09 0.00 0.00 
125 125.80 70.16 55.77 55.64 44.23 0.00 0.00 
150 121.28 59.20 48.81 62.08 51.19 0.00 0.00 
200 115.32 17.72 15.36 95.5 82.80 2.40 2.08 
300 120.32 9.52 7.91 118.20 98.24 2.12 1.76 
400 96.28 3.68 2.82 81.40 84.50 11.2 11.6 
500 105.32 2.48 2.35 0.00 0.00 102.28 97.10 
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Run III: Weathered (10 years of subaerial exposure) deer bone. 

Time 
(hrs) 

Total area no 
abrasion 

% no 
abrasion 

slight 
abrasion 

% slight 
abrasion 

heavy 
abrasion 

% heavy 
abrasion 

25 263.08 229.76 87.33 31.72 12.06 1.6 0.61 
50 248.28 128.4 51.7 112.32 45.23 7.56 3.44 
75 235.84 159.04 67.44 68.0 28.8 8.8 3.73 
100 142.68 42.72 29.9 75.96 53.23 24.0 16.82 
125 225.64 32.0 14.18 128.48 56.94 65.16 28.88 
150 211.76 21.36 10.08 104.2 49.21 86.2 40.71 
200 217.2 20.76 9.56 25.24 11.62 171.2 78.82 
300 204.8 10.8 5.27 15.76 7.69 178.24 87.03 
400 196.84 7.2 3.66 10.24 5.20 179.4 91.14 
500 179.08 3.24 1.80 2.08 1.16 173.76 97.03 

Run IV: Buried (150 years) horse bone. 

Time 
(hrs) 

Total area no 
abrasion 

% no 
abrasion 

slight 
abrasion 

% slight 
abrasion 

heavy 
abrasion 

% heavy 
abrasion 

25 371.2 359.4 96.8 11.8 3.18 0 0 
50 226.64 178.04 78.56 48.36 21.34 0 0 
75 401.28 292.8 72.97 70.84 17.65 37.64 9.38 
100 241.08 122.2 50.69 66.0 27.38 52.88 21.93 
125 304.12 185.56 61.02 66.24 21.78 52.32 17.20 
150 302.68 151.2 -50.19 74.16 24.5 76.6 25.31 
200 
300 

16 
8.32 

28.2 
- 

19.42 
- 

116.96 
66.84 

80.57 
97.83 

- 
1.48 

- 
2.17 

400 49.12 - - 43 8 17 89 5.32 10.83 
500 - - - 

. 
- 

. 
- - - 
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