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ABSTRACT 

Actualistic experiments have quantified rate of decay and associated 
mineralization around macro-organisms. Carcasses of the polychaete worm 
Vereis, the eumalacostracans Nephrops and Palaeaon, and the shredded 
leaves of Brassica olerica were sealed in airtight glass jars filled 
with sediment and water from marine, brackish and lacustrine environments. 
Over a period of 25 weeks the contents were examined to determine the 
state of decay and chemically analysed to -detect early diagenetic 
mineralization. Decay processes were active within the experimental 
conditions despite the anoxicity and had virtually destroyed the carcasses 
within 25 weeks. However, decay rate within the sulphate-reducing marine 
system was 2-3 times higher than in the methanogenic freshwater 
environments. 

Petrological and geochemical analyses of the organic remains identified 
discrete layers of authigenic iron monosulphide (a pyrite precursor) on 
the surface of the decaying Nephrops cuticle within weeks of initiating 
the experiment. Further, samples of flesh and sediment taken from the 
jars after 18 weeks showed calcium levels of 21% and 167. respectively. The 
results clearly show that anoxia is ineffective as a long term 
conservation medium in the preservation of, soft-bodied fossils. However, 
decay-induced mineralization can be very rapid so even a slight reduction 
in decay rate may lead to an improved level of fossil preservation. 

In addition, carcasses of the polchaete worm, Vereis, the Reptantid 
crustacean Palaeaon, and the heavily calcified crayfish Hephrops were 
subjected to prolonged periods of turbulence within a tumbling barrel 
containing water and corundum dust. The bodies were introduced to the 
barrel at progressively advanced stages of decay. The results highlighted 
the role of decay in turbulence-induced skeletal fragmentation. Freshly 
killed animals suffered very little damage whilst those which had been 
partially decayed fragmented readily. Clearly, the preservation of 
soft-bodied and lightly sclerotized fossils cannot be used , tö imply 
minimal tranport in a sedimentary regime. 

Traditionally, stagnation and rapid burial are considered to be the main 
pre-requisites for the preservation of soft-bodied fossils and the 
formation of Konservat-Lagerstatten. Clearly these factors are only 
important in that they promote early diagenetic mineralization. This is 
the only way to halt information loss through decay. 

The results of these experiments were applied in 3 taphonomic case 
studies of Konservat-Lagerstätten, the Upper Carboniferous Mazon Creek of 
Illinois, the Oxford Clay of Wiltshire, and the Eocene London Clay of 
Kent. These three biotas include the most common modes of occurrence of 
soft-bodied and lightly sclerotized fossils. The case studies include a 
description of the level of preservation in different taxa as well as a 
diagenetic study of the minerals involved in fossil preservation. Such 
studies have shown that level of preservation is dependent upon original 
biological composition and the mineralogy of the fossilization medium. 

Information obtained from actualistic experiments and diagenetic case 
studies is used to evaluate the role of taphonomic processes involved in 
the preservation of soft-bodied fossils. Clearly, the most important 
process in the preservation of soft-bodied organisms is early diagenetic 
mineralization. A new causitive classification, of Konservat-Lagerstätten 
is presented which relates level of preservation to preservational 
mineralogy and depositional environment. 
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CHAPTER ONE 

Introduction 



I. I. TAPHONOMY 

TAPHONOMY AND PRESERVATIONAL BIASES 

The study of the processes by which an organism becomes fossilized was 

termed taphonomy by Efremov (1940) and includes three broad areas of 

study: necrolysis, biostratinomy, and fossil-diagenesis. Necrolysis is 

the study of how death and decay affect the behaviour of an organism as a 

sedimentary particle. For instance, how does the organism disarticulate 

and fragment? Are certain components of a biota more susceptible to 

destruction by decay than others? More importantly, are these processes 

variable in different sedimentary environments? The term biostratinomy was 

first used by Weigelt (1919) to describe the post-mortem hydrodynamic 

behaviour of organisms during transport by wind and water. Biostratinomic 

studies seek to quantify the sorting potential of fossil biotas and 

attempt to relate spatial configurations of fossils at outcrop to the 

sedimentological regime in which they were deposited. Fossil-diagenesis is 

the study of how the organic and inorganic constituents of an organism are 

altered during the fossilization process. Diagenesis involves the 

dissolution or replacement' of chemically unstable components by more 

geologically stable ones. These taphonomic processes are responsible for 

considerable preservational bias within the fossil record, the most 

significant being the infrequent preservation of soft-bodied animals. 

Unfortunately for the palaeoecologist this portion of the fauna may 

account for up to two-thirds of the species in a marine community (Jones 

1969, Dories 1972, Driscoll and Swanson 1973, Schopf 1978, table 1). 

Taphonomic research has progressed by a combination of theoretical 

inference from geological case studies and observation from actualistic 
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TABLE 1. 

AUTHOR JONES (1969) DORFES (1972) DRISCOLL AND 
SWANSON (1973) 

LOCATION 
& DEPTH 

S. California, 
0-22 km offshore 
0-180 m depth. 

Georgia shelf 
benthos 
0-15 m depth. 

Living epifauna colonising 
bivalves. Buzzards Bay, 
Massachusetts 

No. species Total no. species & 7. of 
group that are preservable 

POLYCHAETES 523 sp. 76 s p. (56%) 57 s p. (4%) 
CRUSTACEANS 419 sp. 67 sp. (15%) 4 sp. (25%) 
MOLLUSCS 408 sp. 90 sp. (3.5%) 8 sp. (12%) 
ECHINODERMS 64 sp. ----------- 1sp. (0%) 
OTHERS 59 sp. ----------- 36 s p. (807. ) 
TOTAL 1473 sp. 268 sp. 106 sp. 
LIKELY % OF 
PRESERVABLE 
FAUNA 

<33% of total 
species 

217. 24 R 

Table 1. Estimates of preservation potential of marine taxa in different 
ecological settings. 

-------------------------------------------------------------------------- 
experimentation. Actualistic research into taphonomic processes has 

concentrated primarily on the description of' preservational biases 

comparing either the preservation potential of soft-parts with that of 

hard-parts (e. g. Jones 1969, Lawrence 1968, Dories 1972, Driscoll and 

Swanson 1973, Schopf 1978) or the preservation potential of different 

biogenic hard-parts feg. Warme 1969, Wilson 1969, Macdonald 1976, Antia 

1977, Carthew and Bosence 1986). 

Lawrence (1968) has argued against a verbatim application of the 

actualistic method to biostratinomic and necrolytic problems since it 

implies a static natural history and denies the evolutionary process. For 

example, Schafer (1962,1972, p 53. ) showed that the ability of fish 

carcasses to float is dependent on the ratio between size of'body cavity 

and overall mass. Only those organisms with a body cavity large enough to 

sc-s hold sufficient decay gasses floated. Since floating dead organisms will 

disarticulate during transport, Schäfer (1962,1972) was able to relate 

3 



morphology to preservation potential. This type of observation describes 

the type of biological control on taphonomic processes acting in the 

present but only outlines the scope of the negative aspects of the 

taphonomic bias in the fossil record. It is not possible to apply 

Schäfer's (1962,1972) observations verbatim to a particular fossil biota 

since details of soft-part morphology such as volume of body cavity and 

total mass are unknowns. A literal application of Scha'fer's (1962,1972) 

observations would assume the validity of deductions based upon a direct 

comparison with the Recent. 

TAPHOFACIES: FOSSILS AS INDICATORS OF SEDIMENTARY PROCESSES 

Sedimentary facies 

Recent taphonomic research has focussed on what Brett and Baird (1986) 

refer to as the positive aspects of taphonomy. They consider that fossil 

taphonomy is strongly dependent on depositional environment, thus certain 

states of preservation or taphonomic characteristics are indicative of 

particular depo-systems. Brett and Baird (1986) refer to such taphonomic 

associations as preservational taphofacies. Examples of studies which have 

used this concept in facies interpretation include those of Norris (1986), 

Speyer and Brett (1986) and Kidwell, Fürsich and Aigner (1986). Norris 

(1986), working on shell and bone accumulations from the Pliocene 

Purisima Formation of California, was able to demonstrate a relationship 

between mode of fossil accumulation and onshore/offshore variations in 

sedimentation. The accumulation of fossils was controlled by 

sedimentological processes in the shallow shelf environments and by 

biological processes in the deeper shelf environments. 

A similar study by Speyer and Brett (1986) on the Devonian Hamilton 
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Formation of New York State related the taphonomic characteristics of 

trilobite faunas to water depth and sedimentation rate. Kidwell et al. 

(1986) reviewed the biostratinomy of fossil hard-part accumulations and 

erected a conceptual framework for the analyis and classification of 

fossil concentrations. This classification related the roles of biogenic, 

sedimentological, and diagenetic processes to the geometry and orientation 

of hard-part accumulations, and was illustrated by an onshore-offshore 

transect through an 'idealised" clastic marine shelf setting. 

Plants are the most common organic remains in non-marine aquatic 

environments and have been used as sedimentological indicators by Spicer 

(1981), Rex (1985) and WnQk and Pfefferkorn (1987). Spicer (1981) 

conducted an actualistic study into the sorting and deposition of 

allochthonous plant material in a modern environment at Silwood Lake, 

Berkshire. He identified two leaf beds in the lake separated by a sequence 

of prograding deltaic sediments. The lower bed was composed of local 

vegetation transported into the lake by wind and deposited on the lake 

floor. The upper bed, however, was composed of both local and exotic 

remains deposited upon the surface of the delta by wind and stream 

distributaries. Rex (1985) conducted an investigation of the processes 

involved in the formation of fossil stem fills such as fossil pith casts 

(Galantes) and cortical casts of Stignaria. Flume simulations showed that 

the internal geometry of such sediment infills was dependent upon whether 

sediment was transported as bedload or in suspension. Wnuk and Pfefferkorn 

(1987) studied a Carboniferous terrestrial sequence in Pennsylvania, 

U. S. A. and related plant taphonomy to the formation and eventual infilling 

of a lacustrine environment. 
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Sediment diagenesis 

The organic precursors of fossils can be thought of as chemically exotic 

sedimentary particles. Thus, the way that they achieve equilibrium with 

the surrounding sediment by decay and mineralization is dependent on 

sediment composition and pore water chemistry. Details such as level of 

preservation and fossil mineralogy can therefore yield detailed 

information on the diagenetic and geochemical history of the enclosing 

strata. 

Studies where fossils have been used as diagenetic indicators include 

those of Boyd and Newell (1972) and Hudson (1982). Boyd and Newell (1972) 

studied the mineralogy of a sequence of Permian shell accumulations in 

Wyoming and were able to identify the diagenetic sequence of the host 

rock. Similarly, Hudson (1982) was able to relate degree of pyritization 

in Liassic ammonite-bearing shales of England and Germany to rate of 

organic supply and degree of oxygenation during deposition. 

Fossil mineralogy can also be related to certain preservational 

characteristics such as presence/absence of compaction and degree of 

preservation (Allison 1988b, 1988c, CHAPTERS 7 and 8). Recurrent 

associations of particular mineral species with certain states of 

preservation can therefore be referred to as diagenetic taphofacies. 

Thus taphonomy encompasses every sedimentological aspect of organic 

remains including transport, abrasion, fragmentation, sorting, and 

diagenesis. As such taphonomic research is a valuable tool in facies 

analysis and palaeoecological interpretation. 
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1.2. FOSSIL-LAGERSTÄTTEN 

Fossil faunas which contain the remains of soft-bodied animals are of 

vital importance to the palaeontologist since they yield information on 

the two-thirds of a community which is normally not preserved. However, 

the preservation of soft-parts does not necessarily imply an absence of 

taphonomic bias. In some circumstances the conditions which lead to 

soft-part preservation also cause the dissolution of organic hard-parts 

such as bone and shell. For example the Lower Carboniferous shales exposed 

near Glencartholm in the Midland Valley of Scotland contain exceptionally 

preserved eumalacostracans. However brachiopods from the same locality are 

very poorly preserved, generally decalcified, and are wrinkled and folded 

(Schram 1983). Thus the depositional conditions which promoted soft-part 

preservation also led to carbonate dissolution. Similarly many of the 

Iron Age "bog people" of northern Europe show very fine preservation of 

soft-tissues including facial features (Glob 1969). However, in some 

localities the pH/, h conditions which led to soft-part preservation also 

promoted bone dissolution. In the extreme case only a body-shaped "bag" of 

human skin clothed in leather belt and sandals has been preserved (Glob 

1969) 

Biotas which include examples of exceptional preservation have been 

termed fossil-Lagerstätten by Seilacher (1970), a term used by mining 

geologists to describe the "mother lode". He classified deposits of this 

kind into two groups: - 
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1. Konzentrat or 'concentration Lagerstätten are "fossil 

assemblages which have been concentrated by"-depositional 

processes. Seilacher (1970) considered the most important 

processes to be A) sedimentary condensation, B) transport 

and associated hydrodynamic accumulation, and C) fissure 

infilling. 

Z. Konservat or conservation Lagerstätten, are fossil biotas 

which have been preserved by exceptional "physical and 

chemical conditions and may include the preservation of 

soft-parts. The most important processes responsible for 

this type of preservation were considered to be: - A) 

stagnation (anoxia), B) tissue conservation, such as in 

permafrost, tarsands, or amber, and C) early diagenetic 

concretion growth. 

More recently Seilacher, Reif and Westphal (1985) erected a further 

classification of Lagerstätten specific to conservation deposits. In this 

scheme they consider obrution (rapid burial), stagnation, and 

cyanobacterial coverings as the principal causes of exceptional 

preservation and cite examples from the Jurassic of Germany. 

The study of fossils from Konservat Lagerstätten has led to a plethora 

of information on evolutionary pathways and community ecology. However, of 

equal importance is the fact that these biotas present the opportunity of 

balancing the decay/preservation equation and pinpointing the conditions 

required for decay inhibition and early diagenesis. - It is only by 

understanding the" processes responsible for the formation of these 
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palaeontological "bonanza" horizons that it will be possible to predict 

where future examples may be found. Progress towards this goal will only 

be achieved through a combination of taphonomic studies of existing 

Lagerstatten and actualistic experimentation and observation. 

Johnson and Richardson (1966) produced one of the first taphonomic 

studies of Konservat-Lagerstätten based on the Pennsylvanian Mazon Creek 

biota of Illinois. Using the same biota as a data base Zangerl (1971) 

recognized that exceptional preservation was characterized by early 

diagenetic mineral formation. This has been emphasised by further 

research on the Mazon Creek biota (Richardson and Johnson 1971, Woodland 

and Stenstrom 1979, Baird, Shabica, Anderson, and Richardson 1985). In 

addition Whittington (1971,1980) and Conway Morris (1985,1986) studied 

various aspects of the taphonomy of the Middle Cambrian Burgess Shale of 

British Columbia and Bishop (1986) commented on the taphonomy of fossil 

decapods in North America. However, research of this kind is uncommon and 

has generally been considered of secondary importance to taxonomic, 

morphological, or ecological studies. 

1.3 SCOPE OF WORK 

The aim of the project was to isolate the taphonomic conditions required 

for the preservation of soft-bodied and lightly-sclerotized organisms and 

to construct a causative classification of the deposits in which they 

occur using taphonomic criteria. These aims were achieved through a 

series of actualistic experiments and three geological case studies of 

Konservat-tagerstätten. 

9 



Actualistic experiments were designed to quantify; - A) the rate of decay 

in freshwater and marine sediment (CHAPTER 2), B) the effect of decay on 

skeletal durability during transport (CHAPTER 3), and C) the rate of 

diagenetic mineral formation around decomposing animal carcasses (CHAPTER 

4). 

The majority of soft-bodied biotas are preserved in one of five 

preservational styles :- aluminosilicate films, impressions/compressions 

in sediment, impressions/compressions in siderite nodules, pyrite 

replacement, and phosphate replacement. 

The preservation of soft-bodied organisms as aluminosilicate films is 

rare and restricted to Cambrian biotas such as those of the celebrated 

Burgess Shale of British Columbia (Conway Morris 19B6, see CHAPTERS 3 and 

8 for discussion), the Spence and Wheeler Shales of Utah (Conway Morris 

and Robison 1982, Briggs and Robison 1984), and the Buen Formation of 

North Greenland (Conway Morris, Peel, Higgins, Soper, and Davis 1987). The 

formation of this type of mineral film is enigmatic but is currently being 

researched by Dr. S. Conway Morris of the University of Cambridge. A 

taphonomic case study of this type of preservation was therefore omitted. 

The preservation of soft-bodied organisms as impressions/compressions in 

sediment such as the Ediacara biota of the Pound Quartzite in the Flinders 

Range of Australia does not involve the formation of authigenic minerals. 

The principal requirement is that of a fine undisturbed casting sediment 

such as a fine sand or mud (Wade 1968). A detailed study of this type of 

biota was therefore also omitted although the mode of preservation is 

reviewed in Chapter 8. 

The preservation of soft-parts as impressions/compressions in siderite 

nodules has been recorded from a number of localities in the Upper 
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Carboniferous of North America and Europe (see Baird, Sroka, Shabica, and 

Beard 1985 for a review). The best examples of this type of preservation 

occur in the Mazon Creek area of Illinois, U. S. A. (Nitecki 1979) and at 

Montceau-les-Mines in France (Heyler 1980). The relationship between 

diagenetic processes and level of preservation in such biotas is as yet 

largely unknown. A case study of this type of biota (CHAPTER 5), focussing 

upon the Mazon Creek occurrence, reviewed level of preservation in 

different taxa and related this to original morphology and the chemistry 

of nodule formation. 

Pyritization of soft-parts has been recorded from the Burgess Shale 

(Conway Morris 1986) where it is very rare, and the Ordovician Frankfort 

Shale of New York State (Cisne 1973) and the Devonian Hunsrück Slate of 

Germany (Stürmer and Bergström 1973) where it predominates. The processes 

responsible for pyritization were studied in relation to the Eocene London 

Clay of Kent (CHAPTER 7). A review of the processes responsible for 

pyrite formation here, where only refractory tissues are preserved, 

defined some of the environmental conditions which inhibit early 

diagenetic pyritization of volatiles. Results from this study were 

integrated with data obtained from the actualistic diagenetic experiments 

to produce an idealised model for the pyritization of volatile soft-parts 

(CHAPTER 8). 

Where soft-parts have been phosphatized, preservation often includes 

cellular structures such as muscle fibres. Biotas which include 

preservation of this sort have been recorded from several localities (see 

CHAPTER 6 for review list). A taphonomic study of squid preserved in this 

manner from the lower part of the Oxford Clay of Christian Malford in 

Wiltshire used preservational features to date mineralization relative to 
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burial and allowed the possible modes of phosphate formation to be 

determined. 

These case studies indicate a correlation between preservational style 

and fossil mineralogy. This was further investigated by the taphonomic 

case study of the London Clay (CHAPTER 7). Soft-part preservation here is 

restricted to refractory organic tissues such as cellulose and chitin. The 

fossils, however, are preserved in concretions of pyrite, calcium 

phosphate, and calcite, three of the most commonly ocurring preservational 

minerals associated with Konservat Lagerstätten. A diagenetic study of 

this biota related level of preservation to mineralogy within the same 

sedimentary facies and therefore identified the role of diagenetic 

processes in determining the level and nature of preservation. 

The results of these actualistic experiments and geological case studies 

were used to erect a new causative classification of fossil-Lagerstätten 

based on depositional and geochemical parameters. (CHAPTER 8) 
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CHAPTER TWO 

Decay and decay inhibition within sediment 

13 



2.1 ABSTRACT 

Actualistic experiments have quantified the rate of anaerobic decay of 

proteinaceous macro-organisms in artificial aquatic environments. 

Carcasses of the polychaete worm Nereis, and the eumalacostracan 

crustaceans Nephrops and Palaeson were buried in airtight glass jars 

filled with sediment and water from marine, brackish and lacustrine 

environments. Over a period of twenty-five weeks the contents were 

examined to determine the state of decay. Decay processes were active 

within the experimental conditions despite the anoxicity and had virtually 

destroyed the carcasses within twenty-five weeks. However, decay rate 

within the sulphate-reducing marine system was greater than in the 

methanogenic freshwater environments. The results clearly show that anoxia 

is ineffective as a long term conservation agent in the preservation of 

soft-bodied fossils. 

Further experiments compared decay rate of chitin with that of keratin 

and cellulose in anaerobic sediment. The three compounds decayed at 

different rates with chitin decomposing quickest followed by cellulose, 

and keratin. 

Rate of decay is therefore controlled by decay pathway and by the nature 

of decomposing carbon; some compounds, termed refractories, being more 

decay resistant than others. 

2.2 INTRODUCTION 

Decay processes within sedimentary sequences are responsible for 

substantial preservational bias in the fossil record, the most apparent 
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being the uncommon fossilization of organic soft-parts. Such a bias has 

considerable impact for the palaeontologist since such organisms may 

represent up to 607. of the individuals in a normal marine community (Jones 

1969, CHAPTER 1 p. 2-3. ). 

Notwithstanding the importance of organic decay to the palaeontologist 

there has been comparatively little research into the operation of decay 

processes in geological systems. Research so far has concentrated on 

either, A) the effect of decay on the morphology of organisms; or B) 

controls on decay rate such as oxygen supply and nature of decomposing 

carbon. 

The most influential documentation of the decay process in 

macro-organisms has been concerned with vertebrates (Schäfer 1962,1972, 

Behrensmeyer 1975,1984, Dodson, Behrensmeyer, Baker, and McIntosh 1980, 

Wittke 1983b, Behrensmeyer and Kidwell 1985). Schäfer (1962,1972)-also 

(made an important contribution to our understanding of the processes 

affecting invertebrates with a series of actualistic observations on the 

fauna of the North Sea. More recently however, Plotnick (1986) and 

Plotnick, Baumiller and Wetmore (1988) have documented the role of 

scavenging on the preservation of recent shrimp, and Meyer and Meyer 

(1986) have addressed some of the 'taphonomic problems pertaining to 

crinoids. 

Surprisingly, there has been comparatively little actualistic 

quantification of decay rates of different forms of organic carbon. 

Research so far includes that of Barghoorn (1952), and Stout, Goh and 

Rafter (1981) who showed that lignin was much more decay resistant than 

cellulose. In addition, Williams (1963) documented the anti-bacterial 

qualities of tannins present within some plant remains. 
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Thus, the only experiments which have attempted to document rate of 

decay in macro-organisms of different composition have concentrated on 

plants. A series of experiments was therefore designed to quantify rate of 

decay of proteinaceous-animals in natural sediment and make detailed 

observations on the taphonomy of the carcasses used. 'Hephrops norvegicus 

(a heavily calcified crayfish), 'Palaeion adspersus (a lightly-sclerotized 

shrimp), and the polychaete worm Hereis, were selected as examples of 

calcified articulated, lightly-sclerotized articulated, and soft-bodied 

animals respectively. 

2.3 METHODS 

The objectives of the experiments were as follows: - A) to make detailed 

taphonomic observations on the morphological expression of decay in 

animals with different skeletal architecture; B) to quantify the effect of 

anoxia and salinity on decay rate; and C) to document the variation in 

decay rate (if any) of three commonly occurring forms of organic carbon; - 

chitin, keratin, and cellulose. 

The experimental conditions were not intended to be a perfect mimic of a 

particular depositional environment or a specific geological locality. 

However, the results of the experiment give a broad outline of 

the stability ranges of certain organic soft-parts, particularly 

chitin. The fields of' decay defined by the experiment are obviously 

related to the ecological tolerances of the decomposing microbes in the 

sediment. 
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ORGANIC MATERIAL 

The animals used in the experiment had been freshly killed by 

asphyxiation. 

Hephrops norvegicus has a heavily calcified armour with large claws and 

belongs to a group of long tailed reptantid malacostracans, the 

Astacura. It is small and slender and can reach lengths of up to 22 cm. 

The animals used here were about 7-10 cm long. 

Palaeson adspersus possesses an elongate cephalothorax and well 

developed abdomen which is flattened dorsoventrally. Walking and digging 

are achieved with the maxillae and thoracic limbs, while a beating motion 

of the abdominal limbs enables the animal to swim. Palaeaon lives mostly 

buried in the sand and only swims if it is going to move a large distance. 

The length of the animals used in this experiment varied between 1.2 cm 

and 3 cm and averaged about 1.8 cm. 

The polychaete Hereis sp, is an elongate worm. It is a common 

inhabitant of the British coastline frequently found burrowing in muddy 

sediments and small crevices. The individuals in this experiment varied 

between 5 cm and 10 cm in length and averaged about 7 cm. 

SEDIMENT TYPE 

The sediment and water were collected from fluvial, marine, and brackish 

environments along the Kent coast near the mouth of the River Stour during 

early February of 1985. Because of the tidal nature of the sample area, 

salinity was electrically checked at the time of collection. 

Approximately 75 dry weight 7 of the sample was composed of clay 

minerals and with 157. calcium carbonate and 10% fine sand. The sediments 
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were typically fine grained with 64 dry weight 7. passing through a 63 um 

seive. Variation in grain size and mineralogy between the three sample 

localities was insignificant. 

PROCEDURE 

The relevant data for the principal objectives of the project could not be 

collected with only one experiment. For this reason four broadly similar 

but separate experiments were set up. Temperature for the first three 

experiments was maintained at 8 °C in a thermostatically controlled growth 

cabinet. The fourth experiment was conducted in a laboratory during 

August 1987 in temperatures varying between 20-28 °C. 

1. Aerobic control 

A control experiment to note the effect of aerobic decay upon the 

carcasses was initiated. In this experiment the animals (three of 

Hephrops, four of PaIaeion and four of Nereis) were placed in a glass jar 

with a thick soupy mixture of mud and water and aerated with a standard 

aquarium airpump. 

2. Anaerobic decay and skeletal morphology 

The observation of decay rates was achieved by burying the animals in 

sealed glass jars containing sediment and water from marine, brackish, or 

lacustrine environments. There were five jars for each salinity type and 

each one contained five carcasses of Hephrops, four of Palaenon, and four 

of Hereis. At each sample date one of the jars from each salinity type 

was opened and the contents separated from the enclosing sediment with a 

gentle jet of water and a fine sieve. The degree of disarticulation and 
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fragmentation described is therefore aa partial product of the separation 

process. The development of decay in the carcasses buried in the three 

environments was documented and summarized (see results section). In 

particular variation in decay, either within or between different 

salinities, was noted. 

3. Salinity and decay rate 

During the experiment, qualitative observations suggested that decay rate 

in the jars containing marine sediment and water was more rapid than in 

those containing fresh water and sediment. A further experiment was 

therefore initiated to quantify and explain this observation, 

Fifty fine mesh nylon bags were made using nylon thread and filled with 

0.4000 g of pharmaceutical chitin. The bags were placed in sealable glass 

jars with the following contents: - A) marine water and mud; B) fresh water 

and mud; C) fresh water and mud with seasalt to marine levels; D) fresh 

water and mud with an inoculation of freshwater bacteria; E) fresh water 

and mud with seasalt to marine levels plus an inoculation of marine 

bacteria. 

At various intervals (table 2) one bag from each jar was extracted, 

dried and the contents ground with a mortar and pestle. The mixture of 

fine clay-mineral particles and chitin was then separated by gravity 

using tetra-bromo-ethane diluted with acetone. After drying in an oven for 

a few hours the chitin was weighed and the results tabulated. 

Jars A and B served to test and quantify previous qualitative 

observations on decay rate. Jars C, D and E were control experiments 

intended to produce information on the ecological tolerances of the 

chitinophagic bacteria in the two different environments. 
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This experiment was repeated with 1g samples of chitin using sediment 

and water collected from Clevedon, Avon. The experiment ran at room 

temperature for 6 days with one sample taken every day. The sediment from 

both freshwater and marine localities was a fine grained mud. The marine 

mud was dark-grey in colour due to the formation of iron monosulphides 

resulting from anaerobic respiration by sulphate-reducing bacteria. The 

freshwater mud was a light-grey-brown colour. A1g sample of mud from 

both localities was sealed in small glass tubes and stopped with a 

SUBASEAL bung and stored in the dark for 12 hours at 20°C. 1 ml aliquots 

of gas were then withdrawn from the tubes and analysed for methane with a 

gas chromatograph. Methane was only generated in the freswater samples. 

4. Decay rate of different types of organic carbon 

The decay rate of three different types of organic carbon was quantified 

using the same litter bag technique explained in the previous experiment. 

Each nylon bag contained 0.4000 g chitin, 0.4000 g of keratin and 0.4000 

g of cellulose. The chitin was in the form of the cuticle of freshly 

killed shrimp in fragments approximately 25 mm in area whilst the 

cellulose was in the form of 1007. cotton yarn. Keratin is a non-water 

soluble long-chain protein and is the principal component of hair and 

animal horn. The keratin used in this experiment was in the form of goat's 

hair. These tissue types were chosen for the experiment because they 

represent three of the most commonly occurring non-volatile tissue-types 

in modern organisms. 

The litter bags were buried in freshwater and sediment in sealed glass 

jars as in EXPERIMENT 3. Each jar contained seven bags. Because the 

carbon used in the experiment was in large pieces it was separated from 

sediment by washing with distilled water. Gravity separation techniques 

were not required. 

ao 
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2.4. RESULTS 

1. AEROBIC CONTROL 

The marine sediment water mixture containing the carcasses rapidly turned 

black due to the formation of iron monosulphides by anaerobic 

sulphate-reducing bacteria. Only a small halo of light-grey coloured mud 

around the air outlet of the pump was maintained by the aeration process. 

Oxygen supply to the control experiment was therefore insufficient for 

aerobic decomposition. 

2. DECAY OF CARCASSES 

- Hephrops norveyitus (fig. 2.1) 

Two weeks. - Carcasses were 'recovered in one piece although the 

connecting tissues binding the headshield to the abdomen were weak and 

gave way upon handling. The soft-tissues contained within the carapace 

were still quite firm although partial decay had produced some voids which 

were filled with sediment. The antero-lateral portion of the headshield 

had partially decayed and showed some bacterial pitting. The process of 

separating the carcasses from the sediment led to cuticle failure in these 

areas. 

Six weeks. - Soft-tissues were liqu, 44ying, and sediment infill of the 

interior cavity was estimated visually-to be about 107 of the original 

soft-part volume. Headshields were readily separated from the abdomen. In 

addition the ventral cuticle and thoracic appendages detached from the 

headshield although individual limbs remained articulated. Abdominal 

appendages however, were still attached and showed no sign of 

disarticulation. 
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FIGURE 2.1. Summary of decay-induced skeletal damage with time, in 

Kephrops norveglcus. 2 WEEKS: a. - partial decay of chitin in 

antero-lateral portion of headshield leads to cuticle failure. 6 WEEKS: 

a. - progressive cuticle failure in headshield, b. - headshleld and 

associated appendages detach upon handling, c. - sediment infill of body 

cavity equivalant to approximately 10%. 12 WEEKS: a. - extensive removal of 

chitin from cuticle of headshield promotes massive tissue failure upon 

separation from sediment. 18 WEEKS: a. - decay of chitin from headshield 

promotes complete cuticle failure, b. - chelae detach from cephalothorax 

upon separation from sediment, c. - removal of chitin from cuticle of 

chelae leads to partial cuticle failure. d. - partial disarticulation and 

complete cuticle failure within abdominal segments, e. - detachment of 

abdominal appendages. 25 WEEKS: although carcasses initially appear 

intact, the action of separating them from the enclosing sediment leads to 

complete cuticle failure. 
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Nephrops norvegicus 
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FIGURE 2.2. Summary of decay-induced skeletal damage with time in 

Palaeson adspersus. 2 WEEKS: a. - headshield becomes detached from abdomen, 

decay in lateral portion of headshield leads to cuticle failure. 6 

WEEKS: a. - erxtensive disarticulation. Putrifying soft tissues bind 

abdominal segments together, b. - total disarticulation of appendages. 12 

WEEKS; a. - complete disarticulation, increase in flexibility of cuticle. 

18 WEEKS; a. - only headshields were recovered. Separation from sediment 1s 

assumed to have caused cuticle failure in other segments. 25 WEEKS: a. - 

only a few fragments of headshields were recovered. 
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FIGURE 2.2. 
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which retained abdominal soft-tissue. In these, the abdomen retained an 

element of articulation, but all appendages were lost. The small size of 

the appendages prevented their separation from the sediment . No bacterial 

pitting was seen in the exoskeleton of PaIaeaon although a further 

increase in flexibility was noted. 

Twelve weeks. - Disarticulation was complete. The exoskeleton of the 

abdomen separated from the decaying soft-tissue during the removal of the 

carcasses from the sediment. It was difficult to locate every segment of 

the exoskeleton but those which were recovered were softer and showed some 

signs of bacterial pitting. 

Eighteen weeks. - Only the headshields were recovered and these were very 

fragile and easily damaged. 

Twenty-five weeks. - The cuticle had become so soft that the few 

headshields recovered were torn and fragmented by the separation process. 

Hereis sD" 

No remains of Vereis were recovered from any of the jars at any time. 

However, perfect moulds of the carcasses of Vereis were encountered when 

some of the frozen jars of sediment were broken open for chemical analysis 

(CHAPTER 4). Because of the size of Vereis they were only found 

infrequently. There was therefore no apparent pattern to the occurrence of 

these moulds. 

3. SALINITY AND DECAY RATE 

Documentation of the crustacean carcasses in the different jars gives only 

qualitative results on decay rate. Observations made after two weeks 

showed that the cephalothorax of Hephrops was at a more advanced state of 
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TABLE 2. 

TIME 
IN 

DAYS 

MARINE 
WATER 
& MUD 

FRESH 
WATER 
& MUD 

FRESH WATER 
& MUD 
+ SALT 

FRESH WATER 
& MUD +. 

INOCULATION 

FRESH WATER 
&ýMUD + SALT 
+ INOCULATION 

21 0.2271 0.0655 0.0185 0.0836 0.2368 

40 0.3619 0.2063 0.0300 0.1918 0.3154 

47 0.3400 0.2316 0.0000* 0.2467 0.3437 

81 0.3572 0.2427 0.2400' 0.2574 0.3783 

88 0.3328 0.2439 0.3631' 0.2722 0.3802 

97 0.3719 0.2891 0.3819 0.3033 0.3882 

Table 2. Weight loss of chitin through decay in marine, (sulphate- 

reducing), freshwater (methanogenic), and control conditions. The controls 

were to note the effect on decay rate in fresh water sediment and mud made 

by the addition of marine bacteria and sea-salt. These items were added 

both singly and together iri different instances. The addition of seasalt 

alone apparently killed the bacteria (probably due to the sudden change in 

osmotic pressure) within the jar. This observation was readily apparent by 

the time 47 days t* see table) had elapsed. Therefore to make further use 

of this jar an inoculation of marine bacteria was made as a duplication of 

the control which had both marine bacteria and seasalt added to the 

freshwater sediment. 

decay in the jars containing marine sediment and water. Quantitative 

results obtained from the weight loss of chitin in nylon bags demonstrated 

a similar differential in decay rate (table 2 and fig. 2.3). The chitin 

buried in the marine environment decayed at two to three times the rate of 

that in the freshwater system. The addition of seasalt to the freshwater 
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FIGURE 2.3. Decay rate of chitin in A) marine, B) freshwater, C) 

freshwater plus a marine inoculation, and D) freshwater plus seasalt and 

an inoculation of marine bacteria. 

decay in the jars containing marine sediment and water. Quantitative 

results obtained from the weight loss of chitin in nylon bags demonstrated 

a similar differential, in decay rate (table 2 and fig'. 2: 3). The chitin 

buried in the marine environment decayed at two to three times the rate of 

that in the freshwater system. The addition of seasalt to the freshwater 

system led to a cessation of decay, due to the sudden increase in osmotic 

pressure which killed the freshwater bacteria. The addition of marine 

27 

TIME IN DAYS 



bacteria to the jars containing fresh water and mud had no effect on decay 

rate. However, the addition of both marine bacteria and seasalt to the 

freshwater system produced a decay profile identical to that seen in the 

marine system. 

The repeat experiment conducted with sediment and watery, collected from 

around Clevedon produced a similar result except that the addition of salt 

to the freshwater sediment also increased decay rate. The effect of 

additional salinity on decay rate was particularly apparent after 4 days. 

Since this experiment was conducted at room temperature decay rate was 

more rapid than in the previous case. 

-------------------------------------------------------------------------- 

TABLE 3. 

TIME 
IN 

DAYS 

MARINE 
WATER 
& MUD 

FRESH 
WATER 
& MUD 

FRESH WATER 
& MUD 
+ SALT 

FRESH WATER 
& MUD + 

INOCULATION 

FRESH WATER 
& MUD + SALT 
+ INOCULATION 

1 0.3080 0.1900 0.2866 0.2795 0.2318 

2 0.4030 0.2953 0.2463 0.2900 0.2472 

4 0.5169 0.3007 0.3559 0.3220 0.3250 

5 0.4963 0.3567 0.3925 0.3497 0.3921 

6 0.5169 0.3385 0.4328 0.3387 0.4634 

7 0.4880 0.2847 0.4893 0.3704 0.4580 

Table 3. Weight loss of chitin through decay in marine, (sulphate- 

reducing), freshwater (methanogenic), - and control, conditions. Sediments 

and water collected from Clevedon, Avon. Minor variations in decay rate 

with time due to inhomogeneity of respiratory nutrients in pore-waters. 
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4. DECAY OF DIFFERENT TYPES OF ORGANIC CARBON 

Quantitative weight loss data obtained from the litter bag experiments 

demonstrated a decay differential between the different organic compounds 

used (table 4 and fig. 2.5). Chitin decayed quickest with a half-life of 9 

days followed by cellulose with a half life of 6o days: Weight loss of 

keratin during the experiment was negligible1 and its half life' wash 

indeterminate. 

TABLE 4 

TIME IN DAYS 

3 7 11 14 18 21 ' 28 
CHITIN 0.1000 0.1708 0.2297 0.2579 0.2453 0.2977 0.3180 

CELLULOSE 0.0000 0.0019 0.0272 0.0518 0.1000 0.8738 0.1136 

KERATIN 0.0000 0.0002 0.0011 0.0009 0.0011 0.0005 0.0010 

TABLE 4. Decay rate of chitin, cellulose and keratin in 

freshwater and sediment. 

-------------------------------------------------------------------------- 
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2.5 INTERPRETATION 

1. AEROBIC DECAY 

Oxygen supply to the aerobic control was insufficient to prevent the 

development of anoxia. What 'then"is the oxygen requirement for aerobic 

microbial decomposition? Malcolm. and Stanley (1982) give the following 

equation for the aerobic decay of metabolizable organic matter (MOM). 

(CH2O)ioe(NH3)H3P04 + 10602 ===__> 106CO2 + 16NH3 + H3P04 + 106H20 

The composition of MOM in this case is that of living, marine plankton, 

which is broadly similar to the soft-part chemistry of most marine 

macro-organisms. 

By the application of Avogadro's principle, the complete aerobic decay 

of one mole, or 3.536 kg, of MOM will require 106 moles, or 2374.4 1 of 

oxygen. The time taken for this reaction is best expressed in terms of 

a half-life. Since aerobic decay of Ig of MOM requires 671 ml of oxygen, 

the oxygen demand for aerobic decomposition of MOM can be expressed as 

335m1/g of MOM/half-life. The main control on the duration of decay 

half-life is temperature. When temperature is raised decay rate and 

oxygen demand is increased. The maintainance of an aerobic decomposition 

regime therefore requires an efficient and powerful oxygen pump. When this 

pump is not strong enough anoxicity results, thus in the case of most 

fine-grained sediments aerobic decay is only possible when total organic 

carbon content is less than 1% (Berner 1985). 

In the case of macro-organisms size is critical since it affects the 

relationship between mass and surface area. As the ratio between these two 
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parameters is decreased, oxygen supply to the site of decomposition is 

impeded. It may therefore be possible to develop an anoxic 

micro-environment within aerobic water if a carcass is big enough. 

2. SKELETAL MORPHOLOGY AND DECAY 

Despite the anoxicity, decay processes were active within the jars. 

Carcasses of Nephrops fragment more readily than those of PaIaevon 

particularly during the first twelve weeks of the experiments. In 

thin-section, decayed Hephrops cuticle initially appears undamaged; 

however a close inspection reveals a progressive removal of the chitinous 

material binding the calcite layers. The cuticle then becomes extremely 

fragile and disintegrates with the slightest agitation. The cuticle of 

Palaenon, however, is initially more resistant to fragmentation than that 

of Hephrops, probably because its cuticle is entirely chitinous. The 

gradual decay of such a structure over the first twelve to eighteen weeks 

of the experiment led to a more gradual reduction of cuticle strength. 

Sediment input to the carcasses was promoted by the decay of 

soft-tissues which occupy cavities within the body of Nephrops. Input of 

sediment is not an experimental artifact due to method of extracting the 

carcasses since similar infills were noted in the frozen samples extracted 

for chemical analysis. The absence of burrowing macro-organisms and 

currents within the experimental system means that sediment input must 

have occurred through sediment seepage promoted by the confining pressures 

of the system. 
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FIGURE 2.6. 
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FIGURE 2.6. Occurrence of bacterial reduction zones in sediment (after 

Redfield 1958). Note, sulphate-reduction dominates in a marine system and 

methanogenesis and nitrate reduction in a freshwater system. 

-------------------------------------------------------------------------- 

3. SALINITY AND DECAY RATE 

In the absence of oxygen, -bacteria in the sediment utilize a series of 

alternative oxidants such as manganese, nitrates, iron,. or sulphates in 

the breakdown of organic matter. The ordering of these reactions can be 

predicted according to the free energy yield of the reaction (Redfield 

1958). Thus, in the ideal case, these reactions would be 
-layered 

in the 

sediment with those liberating the greatest amount of -free energy 

occurring nearest " the surface (fig. 2.6). The complete bacterial 

utilization of one of these oxidants would promote the introduction and 

33 



domination of the next most efficient oxidation reaction. When the 

oxidants have been completely exhausted, bacterial degradation proceeds 

through a sereis of fermentation reactions where organic matter is broken 

down by bacterial enzymes and CO2 is oxidised to methane. However, not all 

of these oxidants are present in any particular sediment. Thus 

sulphate-reduction and methanogenesis dominate in a marine system whilst 

methanogenesis alone dominates in a non-marine environment (Malcolm and 

Stanley 1982). 

The production of methane upon culturing (see p. 20) in the freshwater 

sediment but not in the marine is evidence of a methanogenic decay-regime 

in the freshwater sample. Equally, the presence of dark iron monosulphides 

within the marine sediment but not in the freshwater indicates the 

presence of a sulphate-reducing system in the marine mud. 

In both of the experiments decay was slowest in the in the freshwater 

methanogenic environment. Inoculation with marine bacteria did not affect 

decay rate. The addition of seasalt (containing sulphate ions) alone in 

the first run produced a cessation of decay due to the sudden increase in 

osmotic pressure. In the second experiment salt was added gradually over a 

two-hour period. In this case decay was increased to the marine level. In 

both experiments the addition of marine bacteria and seasalt together 

produced decay profiles identical to the marine environment. 

Decay processes within saline systems are therefore more rapid than those 

in freshwater. This decay-rate differential is most probably due to to the 

fact that decomposition via sulphate-reduction provides a higher 

"free-energy yield during microbial respiration than does methanogenesis, 

Thus, sulphate-reducing bacteria may be expected to be more active. 
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4. DECAY RATE OF DIFFERENT TYPES OF ORGANIC CARBON 

Organic carbon occurs in a complex and variable molecular form in 

association with other elements, principally oxygen, nitrogen, hydrogen, 

and phosphorus. Different molecules decay at different rates according to 

their chemical formulae and molecular configuration. Organic compounds 

which decompose rapidly can be termed volatiles whilst those which exhibit 

a degree of decay-resitance can be termed refractories (Berner 1985). 

Thus, chitin can be termed a volatile whilst cellulose and keratin are 

refractories. 

2.6 GEOLOGICAL APPLICATION 

ANOXIA AS A DECAY-INHIBITOR 

Aerobic decay is an effective process in the degradation of organic matter 

within sediment and the overlying water body. Anaerobic microbial 

reactions have a lower free energy yield and are therefore considered to 

be less effective in destroying organic matter. However, results from the 

control experiment (experiment 1) show that most animal carcasses will 

decompose via anaerobic pathways since the environmental oxygen pump is 

insufficient to provide the required oxygen quota for aerobic microbes. 

Anoxia is generally accepted as a decay inhibitor and is regarded as a 

pre-requisite for exceptional preservation by (Seilacher 1970, Seilacher 

et al., 1985). This concept originated with the work of Hecht (1933) who 

monitored decay in sharks in aerobic and anaerobic waters. The experiments 

were carried out in large tanks with oxygen supplied to the aerobic 
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control by a pump. The carcass with no oxygen supply was apparently 

unaffected by decay for several weeks until it was moved, at which point 

it disintegrated. The shark anchored in the aerated tank had by this time 

completely decayed. Thus, the relationship between oxygen supply and 

fossilization potential was forged. However, the experiments described 

before show that anaerobic decay processes are an efficient and rapid 

means of completely destroying organic remains. It is likely that the 

carcasses in both of Hechts (1933) experiments decomposed via an 

anaerobic pathway since the mass/surface area ratio of the large 

decomposing carcass in the aerobic control was too high for effective 

oxygenation. The rapid destruction of the carcass anchored in the aerated 

tank was probably due to turbulence induced by the aeration process. 

Plotnick (1986) compared the decay of shrimp in both anoxic and oxic 

settings. His aerobic control involved placing carcasses of the shrimp 

Pandalus danae in glass jars covered with 333 micron mesh. These jars were 

then"placed in a tank through which filtered aerated water was passed. A 

second series of jars were sealed to promote the development of anoxicity. 

Plotnick (1986) documented only a minimal differential in decay rate 

between the two environments. Oxygen supply to the aerobic control was 

probably insufficient for complete aerobic decay. 

Zangerl and Richardson (1963) conducted one of the first actualistic 

taphonomic experiments in the swampy bayous of Louisiana in 1956. A 

number of fish were placed in fine mesh cages and lowered into swamp 

waters where it took only seven days for decay to destroy the carcasses. 

This rapid decomposition was attributed to aerobic decay accelerated by 

high water temperature (around 200C). However, - since some of these fish 

were covered in black anoxic mud, it is more likely that decay was 
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anaerobic. If this is the case, Zangerl and Richardson's results further 

emphasize the rapidity and effectiveness of anaerobic decay processes as 

outlined previously. Anoxia retards organic decay of volatiles but is 

incapable of halting it. 
4 

CONTROLS ON DECAY RATE 

In an aerobic aquatic system, decomposition by the sediment microbiota may 

lead to the complete destruction of all forms of organic carbon (Jorgenson 

1983). However, in an anaerobic system the ability of microbes to break 

down refractory organic carbon is severely impaired (Jorgenson, 1982, 

1983; Peck and Legall 1982). The decay-rate (and preservation potential) 

of organic carbon in sediment is therefore dependent on both degree of 

volatility and decay pathway. 

Living organisms are composed of a variety of chemical compounds which 

exhibit different degrees of, resistance to decay. The results of the 

experiments described here show that this variation in decay rate can be 

considerable. Keratin for example decays at 1/20th the rate of chiti, n. In 

a palaeontological context this implies a preservational bias favouring 

organic remains composed of refractory organic carbon. It is therefore 

possible to erect a list of organic remains with different preservation 

potentials based upon degree of volatility (fig. 8.6) 

Results from experiment 3 show that decay in a marine sulphate-reducing 

system is more rapid than in a freshwater methanogenic system. In a 

palaeontological context this implies a further preservational bias with 

those organisms entombed in a freshwater environment decaying slower than 

those in a marine system. The duration of aerobic decay prior to burial, 

rate of burial, and rate of supply of organic detritus are three of a 
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number of variables which radically affect decay rate and cannot be 

isolated and quantified in a geological example. Without isolating these 

aspects of the decay history it is not possible to make quantitative 

assessments of relative decay rates between depo-systems dominated by 

methanogenic or sulphate-reducing bacteria. However, the preliminary 

results outlined above do provide data which can be qualitatively applied 

in certain scenarios. A deltaic depositional setting is ideal since it 

involves a local mixing of marine sulphate-reducing conditions with the 

methanogenic component of a freshwater system. An idealised 

proximal-to-distal transect through such a sequence would identify a 

preservational gradient with those organisms deposited in a freshwater 

system exhibiting higher levels of preservation than those deposited in 

the marine sulphate-reducing conditions. 
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CHAPTER 3 

The role of decay in fragmentation during transport 

of soft-bodied animals 
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3.1. ABSTRACT 

Freshly killed soft-bodied and lightly-sclerotized animals display 

considerable resistance to skeletal damage during transport under 

experimental conditions. This resistance diminishes as decay advances. In 

addition, a high degree of decay-induced disarticulation may occur with 

minimal transport when carcasses are buoyed up from the sediment-water 

interface by decay gases. Decay, rather than nature or duration of 

transport, determines the completeness of fossil soft-bodied and 

poorly-mineralized animals. 

3.2. INTRODUCTION 

The degree of disarticulation, abrasion and fragmentation of animal 

carcasses is related to the nature and distance of transport in the 

sedimentary environment. However, the rigid application of this 

relationship can be misleading because other processes such as sediment 

compaction (Shinn, Halley, Hudson, and Lidz 1977) and predation (Trewin 

and Welsh, 1976) can produce similar effects. The preservation of 

complete soft-bodied fossils is generally accepted as an indication that 

the carcasses have undergone very little transport (Stürmer and Bergstrom 

1973, Whittington 1971, Conway Morris 1979b). This is an important 

assumption because it relates the life habitat of the organism to the 

environment where its carcass was finally entombed. The spatial 

relationship between these potentially different environments is of 
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considerable importance to the palaeoecologist. 

Previous experimental work on transport-induced morphological damag 

includes that of Chave (1964) and Hollman (1968) on invertebrates wit( 

mineralized shells; Spicer (1981) on leaves; and Behrensmeyer (in prep. ) 

on mammal bone. Chave (1964) and Hollman (1968) used a rotating barrel 

partially filled with either chert pebbles or sand to determine the 

relative durability of heavily mineralized shells and demonstrated that 

durability is dependent upon skeletal architecture. Spicer (1981) used a 

rotating barrel filled with water to quantify the durability of different 

species of leaves at progressive stages of decay. He related fragmentation 

to state of decay and showed that certain species of leaves were more 

decay-resistant than others dependent upon their biochemistry. For example 

Spicer (1981) showed that tannins in the leaves of Fagus and Quercus 

inhibit decay. Such leaves are less likely to fragment during transport. 

Behrensmeyer (in prep. ) conducted a series of experiments designed to 

quantify degree of fragmentation of bone during decay. The author 

introduced mammalian bones to a fast flowing stream in northern Pakistan 

and retrieved them after they had been transported a set distance. 

Behrensmeyer (in prep. ) found that bones from freshly killed individuals 

were only slightly damaged whereas those from carcasses which had 

decomposed were brittle and more liable to fragment during transport. 

In addition, Ginsburg (1956) showed that the amount of organics in an 

exoskeleton can, through decay, reduce skeletal durability. For example, 

echinoderms are readily disarticulated when the thin organic coat covering 

the test is weakened by decay. 
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3.3. METHOD 

The objective of the experiment was to provide quantitative information on 

the relation between skeletal durability and decay in different taxa. The 

taxa used were selected to demonstrate the durability of the organic 

architecture seen in A) soft-bodied, B) lightly-sclerotized articulated, 

and C) mineralized-articulated taxa. No attempt was made to duplicate 

previous work (Chave, 1964, Hollman, 1968) by studying the skeletal 

durability of heavily-mineralized invertebrates such as some molluscs, 

brachiopods, and echinoderms. 

1. TUMBLING EXPERIMENTS 

The carcasses of tiephrops, Palaenon and Vereis used in decay studies 

(Experiment 1, CHAPTER 2) were also used in the tumbling experiments. In 

that experiment, carcasses of the three taxa were buried in a mixture of 

sediment and water in sealed glass jars and allowed to decompose for 

twelve weeks. At prescribed sampling dates the jars were opened, and the 

carcasses removed for morphological examination. Two carcasses of each 

taxon were then tumbled in a rotating barrel (APPENDIX 1, A1. A and 

A1. B) at 125 revs per minute (rpm) for 5 hours. The barrel had an 

internal diameter of 23 cm and . 
three elongate perspex bars with an 

internal relief of about 1 cm running along the interior length to 

induce turbulent flow. The barrel was half filled with water and grade 

ninety (fine sand size) carborundum dust in the ratio of 2: 1. The period 

of tumbling was equivalent to transport in a fast flowing turbulent 

density current for about 11 km. 

42 



2. STAGNANT CONTROL EXPERIMENT. 

Ten carcasses of Palaeson were sealed in a glass, jar containing seawater- 

and allowed to stand for twelve weeks. 

3.4. RESULTS 

1. TUMBLING EXPERIMENTS 

- Hephrops (fin. 3.1 and 3.2) 

Freshly killed; - Carcasses suffered little damage during tumbling. The 

cephalothorax was detached from the abdomen and the cheleae detached from 

the cephalothorax. The brittle calcareous antennae were extensively 

fragmented (fig. 3.2A). 

Two weeks; - The antero-lateral portion of the cephalothorax had partially 

disintegrated during decay (CHAPTER 2, p. 21). This disintegration was 

accentuated by the tumbling. Soft-tissues within the abdomen held these 

skeletal segments together. 

Six weeks; - Carcasses introduced to the tumbling barrel had partially 

disarticulated due to decay- (CHAPTER 2, p. 21)'. Tumbling such decay 

weakened carcasses led to further fragmentation of the cephalothorax, 

disarticulation of most anterior tergites of abdomen, and partial 

disarticuiation of chelae. 

Twelve weeks; - Decay of the carcasses led to extensive tissue failure of 

the cephalothorax although the abdomen and its limbs remained articulated 

(CHAPTER 2, p. 23). However, as the carcasses were tumbled they were 

completely disarticulated and fragmented (fig. 3.2B). 
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FIGURE 3.1 Summary of turbulence induced skeletal damage at progressive 

stages of decay in Hephrops norvegicus. FRESHLY KILLED: a. - cephalothorax 

separated from `abdomen, b. - antenna fragmented c. -. chelae"detached. SIX 

WEEKS: a. - advanced fragmentation of postero-lateral portion of 

cephalothorax, b. - soft tissues of abdomen hold skeletal segments 

together. 6 WEEKS: a. - advanced fragmentation of headshield where decayed 

b. - partial disarticulation of chel'ae, c 
. -partial disarticulation of 

abdominal segments. 12 WEEKS: a. - total disarticulation, b. - complete 

fragmentation of cephalothorax, only rostrum recognizable, C. -, Complete 

disarticulation and partial fragmentation of chelae, d. - advanced 

fragmentation of abdominal- segments", e. -'partial fragmentation of telson. 
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FIGURE 3.2. Hephrops norvegicus x2 magnification. A) freshly killed 

individual after five hours of tumbling. B) fragments produced by allowing 

carcasses to decompose'for twelve weeks prior to tumbling: a, rostrum; b 

and c, segments of cheleae attached to coxaea; d, pincer; e, mandible; f, 

segment of chelea attached to pincer. 



Palaetnn (fig. 3.3 and 3.4C! E, and F) 

Freshly Killed; --Carcasses were decapitated' when tumbled. However, -fine 

detail such as, limb morphology (fig. 3.4E) and eye morphology (fig. 3.4F) 

were undamaged. 

Two weeks; - Carcasses introduced into- the barrel were decapitated and, 

fragile due to decay but abdomens remained articulated. Tumbling produced 

complete disarticulation. 

Six weeks; - Carcasses added to the barrel were as disarticulated as those 

used in the two week sample. Tumbling led to complete disarticulation and 

partial fragmentation of headshields. 

Twelve weeks; - Decay led to complete disarticulation of carcasses. The 

isolated skeletal elements were completely fragmented when " tumbled. Only 

the area around the rostrum was recognizable. 

Nereis (fia. 3.4A-D) 

Freshly-killed; - Carcasses tumbled were undamaged (fig. 3.4A and 3.4B). 

Parapodial setae remained articulated (fig. 3.4C) and fine detail such 

as skin reticulation survived (fig. 3.4D). 

No remains were recovered when the carcasses were allowed to decompose. 

2. STAGNANT WATER CONTROL 

The carcasses of Palaeson in seawater floated to the surface within 

three days buoyed up by decay gasses. Throughout the experiment the 

buoyant carcasses gradually disarticulated so that the bottom of the 

container was a mass of detached legs and cephalothoraces, whilst the 

abdominal segments of. the carcasse', held in place by the decaying tissue 

within them, remained afloat. 
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; FIGURE 3.3. Summary of turbulence induced skeletal, damage at progressive 

stages of decay in PaIaenon, adspersus. FRESHLY KILLEDi a. - cephalothorax 

separated from abdomen 2 WEEKS: a. - total disarticulation. 6 WEEKS: a. - 

slight fragmentation of postero-lateral portion of cephalothorax where 

weakened by decay. -12. WEEKS: a. -. -further , fragmentation-of cephalothorax, 

b. - total fragmentation. of abdominal-;, segments. 
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FIGURE 3.4. Freshly-killed carcasses after five hours of tumbling. Al 

complete carcass of Vereis (scale bar represents 0.5mm). B) SEM photograph 

of Vereis, note preservation of median groove and parapodia (scale bar 

represents 1mm). C)'-SEM-photograph of parapodial seteae of Vereis, note 

degree of articulation (scale bar represents 10um). D) SEM photograph 

showing delicate skin reticulation of Vereis (scale bar represents lum). 

E) Palae'on, "although carcasses has been decapitated, fine detail such as 

limb morphology are preserved (scale bar represents 5mm). F) SEM 

photograph of calcite lenses of PaIaemon eye partially- overgrown with 

bacteria (scale bar represents 20um). 
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3.5. INTERPRETATION 

The results highlight the durability of freshly killed soft-bodied and 

lightly-sclerotized organisms in turbulent current regimes. Flexible 

soft-bodied organisms such as polychaetes are more resistant to 

disarticulation than the jointed exoskeletons of crustaceans such as 

Hephrops and Palaeaon. The chitinous exoskeleton of Nephrops. is 

strengthened with calcite. As the organic chitin is removed by decay the 

resultant voids in the exoskeleton make it increasingly brittle. The decay 

of chitin in the non-mineralized exoskeleton of PaIaeson however, leads to 

a more gradual reduction in strength. With progressive decay the carcasses 

were more likely to disarticulate and fragment during tumbling. However, 

the effect of decay on fragmentation during tumbling was dependent upon 

skeletal architechture. Thus the soft-bodied Nereis was completely 

destroyed by decay after two weeks; the lightly-sclerotized Palaeaon 

disarticulated after two weeks and fragmented after twelve; and the 

heavily-mineralized Hephrops began to disarticulate after. six weeks and 

totally fragmented after twelve. 

Disarticulation of carcasses of Palaeaon in the stagnant water control 

experiment show that extensive skeletal damage can occur during decay 

without turbulent transport. In a natural aquatic environment it is 

likely that greater hydrostatic pressure at depth would reduce the 

volume of gasses generated by the decay of a small invertebrate such as 

Palaeaon and prevent it from floating to the surface. Even so, the 

experiments indicate that the volume of gas would be sufficient to prevent 

the carcass from being entrained in bottom sediment and allow it to be 

wafted by the gentlest of currents. 
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It is therefore decay rather than nature or duration of transport which 

determines the completeness of soft-bodied and lightly-sclerotized 

organisms. 

3.6. GEOLOGICAL APPLICATIONS 

Palaeontologists have long recognised a bias in the fossil record against 

the preservation of lightly-sclerotized and soft-bodied organisms. This 

bias is usually considered to be a product of breakdown due to decay and 

transport. The experiments described above show that fresh carcasses of 

soft-bodied animals can survive transport more readily than forms with 

organic cuticle such as PaIaeson. Such lightly-sclerotized forms may in 

turn be more durable than animals with mineralized skeletons (such as 

Hephrops) when decay is minimal. 

The Hunsrück Shale of the Bundenbach district of Germany has yielded"a 

diversity of fossils which, due to their preservation in pyrite, can be 

revealed by X-rays whilst still enclosed in rock. This fauna shows 

exceptional preservation of fine organic structures such as arthropod 

appendages and internal organs. Some of the fossils show spectacular 

current alignment although exceptional preservation has been used in the 

past by Stürmer and Bergström (1973, p. 106) to argue that the carcasses 

had only been transported a short distance prior to entombment. This may 

or may not be the case; the experiments described here suggest that state 

of preservation provides no indication of distance of transport. 

One of the most important and best known exceptionally preserved fossil 

biotas occurs within the Middle Cambrian Burgess Shale of British 

Columbia. The fauna includes over 120 species, many of which are 
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soft-bodied or lightly-sclerotized forms such as cnidarians, priapulid 

and polychaete worms, and arthropods. The fossils are enclosed in thinly 

bedded shales deposited from density currents at the base of a steep-sided 

fossil algal reef (Fritz 1971, Macllreath 1977). The absence of 

bioturbation and scavenging is strong evidence of a poisonous anoxic 

environment. It is therefore possible to distinguish between a pre-slide 

environment where the animals lived, and a post-slide environment where 

they were deposited (Conway Morris, 1979b). The location of this pre-slide 

environment is by no means certain. The absence of erosional channels or 

canyons through the margin of the reef precludes the top from 

consideration as a possible site. Alternatively, the animals may have 

lived on a narrow sediment apron along the base of the reef structure. 

Periodic slumping of these muds may have carried the animals into the 

anoxic basin where they were entombed and fossilized. Preservation of 

complete carcasses have been used in the past by Whittington (1971, p. 

1196) and Conway Morris (1979b, p. 156) to infer minimal transport. The 

results of the experiments described here questions the validity of this 

particular line of evidence. An alternative mode of emplacement for the 

biota suggested by I. A. Macllreath (in Whittington, 1980) views it 

carried by contour currents running parallel to the reef scarp. Thus the 

location of the pre-slide environment could be a much greater distance 

away from the Burgess Shale quarries than previously thought. 
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CHAPTER FOUR 

Decay-induced mineralization 
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4.1 ''ABSTRACT 

Actualistic experiments have quantified rate' of authigenic mineral 

formation around decomposing macro-organisms. Carcasses of Hephrops 

norvegicus were entombed in sealed glass jars containing sediment and 

water from either marine, brackish or lacustrine environments. 

Petrological and geochemical analyses of the organic remains identified 

discrete layers of authigenic iron monosulphide (a pyrite precursor) on 

the surface of the decaying Hephrops cuticle within weeks of'initiating 

the experiment. Further, dried samples of flesh and sediment taken from 

the jars after 18 weeks showed calcium levels of 21% and 16% respectively. 

It is suggested that the bicarbonate and ammonium ions produced by 

anaerobic decomposition function as a buffer and so promote the 

development of a calcium enriched micro-environment. in the pore-waters 

around the decomposing flesh. Additional experiments quantified the 

development of a low pH environment around decomposing plant matter. 

Concentrations of calcium around this plant material did not exceed the 

levels of enclosing pore-waters. It was also demonstrated that 

phosphatization of volatile soft-parts such as muscle can occur very 

rapidly. Thin slices of fresh fish were enclosed in packets of visking 

tubing and sealed in glass jars containing marine sediment and water 

enriched with a phosphate solution. Samples of flesh taken after 8 days 

had been partially permineralized with a calcium phosphate mineral. 

The results demonstrate the rapidity of certain decay-induced diagenetic 

reactions in highly-reducing anaerobic environments. Such mineralization 

is the most important factor in the preservation of soft-bodied organisms. 
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4.2 INTRODUCTION 

The input of organic detritus to a sedimentary sequence and its subsequent 

decay is the primary factor controlling degree of anoxicity, Eh, pH and 

thereby mineral paragenesis. Recent studies of modern and fossil 

sediments have greatly added to our understanding of these environmental 

parameters and the diagenetic reactions which they govern. Such 

mineralization is regarded as a prerequisite for the formation of 

exceptionally preserved soft-bodied fossils (Zangerl 1971, Seilacher 1970, 

Seilacher et al. 1985) and Zangerl (1971) has. even suggested that 

soft-part preservation is an indicator of early diagenesis. Comparatively 

little work has been published on the effect of decaying macro-organisms 

on sediment geochemistry and. diagenesis. Berner (1968) demonstrated 

experimentally that ammonium and bicarbonate ions liberated by the decay 

of animal protein can affect local pH/Eh conditions thus promoting an 

alkaline reducing environment. He monitored the decay of fish in a series 

of jars containing water of different salinities. Over a period of 205 

days he documented an increase in pH and a depletion in calcium levels in 

those jars containing sea water. Analysis of a white precipitate found at 

the bottom of one of the jars showed it to be calcium palmitate, a calcium 

soap. Berner suggested that the soap may be the precursor of calcium 

carbonate concretions found around certain fossils. A similar study was 

made by Zangerl (1971) on the growth of siderite concretions around 

decaying fish. He sealed dead fish in a plastic jar containing sediment 

and water and added ferrous hydroxide. X-rays of the jar 8 days after 

entombment showed a dark, iron-enriched decay aureole around the carcass. 

Prevot and Lucas, (1983)" conducted a series of actualistic experiments 
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which quantified the rate of phosphatic replacement in recent calcareous 

cuttlebones placed in solutions containing adenosine-tri-phosphate (ADP). 

One set of solutions was inoculated with bacteria and another was 

sterilized with gamma radiation. The cuttlebones in the inoculated 

solutions were partially (15X) phosphatized within 2 weeks whereas those 

in the sterilized solutions remained unchanged. Prevot and Lucas (1983) 

concluded that bacteria had broken down the ADP, thus liberating phosphate 

to solution. In such a phosphate-enriched solution, skeletal calcite was 

replaced with apatite. 

Both Berner (1968) and Prevot and Lucas (1983) used extremely artificial 

solutions in their experiments which may not be comparable to natural 

geological systems. Further, none of the authors related extent of 

soft-part decay to mineral formation. For this reason a series of 

experiments was designed to quantify element concentration in decomposing 

tissues in a natural sediment relative to state of decay. These 

experiments focussed upon the most commonly occurring mineral phases 

associated with soft-part preservation (pyrite, carbonates, and 

phosphates) and documented their development relative to decay. 

4.3 METHODS 

Two groups of experiments were initiated. 

1. DEVELOPMENT OF CALCIUM CARBONATE AND PYRITE AROUND DECOMPOSING TISSUE. 

Freshly-killed carcasses (1 of Hephrops, 4 of Palaeaon, and '3 of Hereis) 

were entombed in sealed glass jars containing sediment and mud from either 
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marine, brackish or lacustrine environments. At each sampling date (table 

5) one jar from each of the three salinity types was frozen at -20° C and 

then broken open with a blunt instrument to reveal the decomposing 

carcasses enclosed in sediment. Sediment and decomposing flesh was sampled 

from the fracture plane. The dried sample was then solubilized and 

analysed with a PYE UNICAM PU 9000 atomic absorption spectrophotometer 

(APPENDIX 4) to determine concentrations of the elements Ca, Fe, and Mn. 

In addition Hephrops cuticle obtained from this experiment was embedded 

in resin for petrological and probe analysis. 

A repeat experiment documented the affect of decomposing plant matter on 

pore-water chemistry for comparison with that of decomposing flesh. Three 

11 KILNER JARS were filled with marine sediment and water and inoculated 

with 90 g of calcium carbonate. 50 g of the leaves of Brassica oleracea 

(cabbage) were inserted into a strip of VISKING TUBING which was sealed at 

one end and then inserted into the mud of one of the jars. A round hole 

was cut into the lid of the jar and plugged with a rubber bung. A glass 

tube passing through the rubber bung was fitted into the plant matter 

(fig. 4.1). The second jar was identical except that the VISKING TUBING 

was filled with 30g of fresh fish. A control experiment used similar 

glassware except that the tubing was empty apart from a plastic 

cylindrical framework. The control compared rate of calcium enrichment 

around decomposing organic matter with calcium levels in pore-waters of 

the calcite-enriched sediment. 

At each sample date a portion of the decomposing tissue or pore-waters 

was extracted from the sediment via the glass tube, weighed wet and then 

prepared for analysis. In addition the pH of the samples w as determined 

with an electrical pH meter. 
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FIGURE 4.1 
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FIGURE 4.1. Glassware used for anaysis of decomposing plant matter. 

2. PHOSPHATIZATION OF MUSCLE-TISSUE. 

Six strips of fish muscle weighing 30 g each were sealed in individual 

packets of VISKING TUBING and entombed in two 11 KILNER JARS containing 

marine sediment and water that had been inoculated with 100 ml of 10% 

calcium phosphate solution. After 8 days the packets were removed and the 

contents fluxed in 10% hydrogen peroxide to remove organic material. 

Residues were examined under the SEM. 
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4.4 ` RESULTS 

1. DEVELOPMENT OF CALCIUM CARBONATE AND PYRITE AROUND DECOMPOSING TISSUE. 

Thin section petrography of resin-embedded cuticle at each sampling date- 

demonstrated the following: - 1) The progressive addition of very fine 

opaque bands, layers and spots both within and on the surface of the 

cuticle (fig. 4.2. ). Some of these are probably organic compounds of 

bacterial origin although others were identified as very finely 

particulate iron monosulphide. 2) A progressive removal of organics 

(medium grey in fig. 4.2. ) from the cuticle structure. This was most 

evident in polarized light since chitin in non-decomposed cuticle masked 

the birefringence of the calcite. Thus bacterial removal of chitin was 

revealed by progressively larger areas of birefringent calcite in the 

cuticle structure. Very little skeletal damage was noted in the thin 

sections beyond a partial removal of exocuticle at 25 weeks. 

A marked trend of calcium enrichment seen first in the decaying flesh of 

Nephrops and then in the sediment enclosing the decaying carcass (table 5, 

fig. 4.3). By the time 25 weeks had elapsed calcium levels in the 

tissue-sediment slurries collected from the decaying organisms in the 

marine, lacustrine and brackish jars exceeded 187.. Cuticle, sediment and 

flesh were analysed to assess the possibility that calcium enrichment was 

due to the inclusion of cuticle fragments during sampling. 
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FIGURE 4.2. Photomicrographs of resin-embedded Hephrops cuticle showing 

stages of decay. (B, D, F, H, and J in cross polarized light; the rest are 

in plane polarised light. )-A, B, two week sample. C, D, ' six week sample. 

E, F, twelve week sample. =G, H, -eighteen week sample. I, J, twenty-five 

week sample. Oc,. decay°of. chitin-. and resultant prominence-of birefringent 

calcite. - Op; layers of iron monosulphide upon decaying cuticle. Scale bar 

represents, -imm..... 
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TABLE 5 

I 

MARINE BRACKISH FRESH 

Ca Fe Mn Ca Fe Mn Ca Fe Mn 
(%) (X) (ppm) (X) (7. ) (ppm) SX) (X) (ppm), 

2 WEEKS 
Near 11.40 2.39 282 8.38 2.48 291 10.68 2.45 327 
Away 12.25 2.41 308 8.03 2.56 280 10.90 2.52 345 
Flesh 3.27 0.098 198 2.87 0.32 163 9.76 1.19 473 

6 WEEKS 
Near 12.49 2.42 253 12.36 2.87 219 12.49 2.97 398 
Away 12.92 2.58 326 9.86 2.88 289 13.02 2.91 418 
Flesh 8.76 1.17 186 11.56 1.06 173 10.68 1.06 195 

12 WEEK 
Near 14.73 2.38 335 NO 15.90 2.62 214 
Away 12.66 2.56 246 SAMPLE 12.74 2.62 261 
Flesh 19.50 0.99 450 14.40 0.71 109 

18 WEEKS 
Near 16.34 2.44 242 15.76 2.51 299 16.34 2.62 344 
Away 12.66 2.46 186 11.39 2.63 244 11.52 2.62 261 
Flesh 17.60 0.46 202 13.00 1.30 260 21.36 1.92 400 

25 WEEKS 
Near 16.90 2.68 199 14.74 2.63 361 13.61 2.63 361 
Away 10.21 2.68 189 10.92 2.22 181 10.05 2.61 101 
Flesh 0.45 3.22 251 18.72 2.41 192 20.72 2.02 276 

TABLE 5. Weight.. percent calcium, manganese and iron in sediment and 

decaying flesh, and sediment infill, of Hephrops norvegicus from jars 

containing marine, brackish, and freshwater environments. Values tabulated 

under the heading of- near' are the analyses of sediment sampled from 

immediately adjacent to the carcass. Those titled "away" represent the 

background levels of the various elements in the sediment. 
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FIGURE 4.3. Calcium enrichment trends in decaying flesh and sediment 

infill of Hephrops and enclosing sediments through time in A) marine, B), 

brackish, and' C) freshwater' "sediments". Dotted lines represent natural 

variation of calcium levels'-within sediment. 
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TABLE 6 

Ca Fe Mn F 
% % (ppm) 7. 

Cuticle 45.60 0.048 392 0.283 
Sediment 12.66 2.46 186 0.053 
Flesh/sediment 
slurry sampled 20.45 3.22 251 0.046 
at 25 weeks 

TABLE 6. Calcium, iron, manganese, and phosphorus in fresh cuticle, 

sediment, and flesh/sediment slurries collected at the 25 week stage. Note 

that fresh cuticle contains six times as much phosphorus as the flesh 

sediment slurries and sediment. Thus, the high values of calcium noted in 

the later stages of the experiment cannot be due to contamination by the 

calcareous shell of Hephrops. If they were, levels of phosphorus within 

the sediment and flesh/sediment slurries would be enriched with phophorous 

as well as calcium. 

-------------------------------------------------------------------------- 

The results (table 6) show that Nephrops cuticle contains three to four 

times as much phosphorus as either flesh or sediment. Therefore, if the 

high levels of calcium noted in the decaying flesh were due to the 

inclusion of cuticle fragments during the sampling process, a 

corresponding increase in phosphorus would also be expected. 'Since there 

was no' increase in levels of phosphorus beyond that of normal muscle 

tissue in the samples, sample contamination by cuticle must be minimal. 

The repeat experiment produced a similar trend of calcium enrichment in 

the decomposing flesh (table 7). Dry-ashed residues analysed after 6 

weeks contained 107. calcium; double that of dry-ashed pore-waters and 

plant matter. An acid environment (pH 5.5) was produced by the decomposing 

plant matter and an alkaline system (pH 8.7) was formed by decomposition 

of flesh. Pore-water samples from the control jar were mildly acid (pH 

6.3). 
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TABLE 7 

PLANT MUSCLE PORE-WATER 

TIME 
DRY WET DRY WET DRY WET 

FRESHLY 
KILLED 0.987 0.063 0.416 0.061 2.178 0.062 

7 DAYS 4.214 0.195 1.517 0.262 3.914 0.149 

28 DAYS 2.296 0.107 3.255 0.483 2.548 0.092 

42 DAYS 4.750 0.152 10.14 0.622 6.517 0.268 

TABLE 7. Weight percent calcium in wet and dry-ached samples of 

decomposing plant and animal matter and in pore-waters. Note that 

concentrations of calcium in decomposing plant matter does not exceed that 

of normal pore-waters. Concentrations of calcium in decomposing muscle had 

exceeded that of pore-waters by the time 28 days had elapsed. 

2. PHOSPHATIZATION OF MUSCLE-TISSUE 

Samples extracted after 8 days contained a fine-grained light-brown 

residue. Chemical analysis showed that the residue was predominantly 

composed of phosphorus (50%) and calcium (18X) although it also contained 

magnesium t2%), iron (2Y. ), and manganese (17, ). XRD of this residue 

produced three poorly defined peaks (fig. 4.4), two of which corresponded 

to the principal peaks produced by Cas(PO. ). xH2O (hydrated calcium 

phosphate). SEM (fig. 4.5) showed that the precipitate was in the form of 

small flakes and bundles of up to 100 um in size which had a marked 

fibrous structure. 
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FIGURE 4.5. XRD trace of phosphatic mineral residue which formed in 

decomposing muscle. 

..,.. 

4.5 INTERPRETATION 

1. MINERALIZATION OF PROTEINACEOUS ORGANISMS 

The progressive development of iron monosulphide in the calcareous cuticle 

of Hephrops is closely associated with the decay of chitinous organics 

within it. The association of this pyrite precursor with organic rich 

cuticle is probably due to the activity of sulphate-reducing 

chitinoclastic bacteria feeding on the organic component of the calcareous 

exoskeleton. 

The striking trend of calcium enrichment in the decaying flesh and 
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FIGURE 4.4. SEN of phosphatic mineral precipitate in decomposing flesh 

thought be permineralized muscle fibres. Al 97000. B, x 9.000. 
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enclosing sediment is due to the development of a high pH-reducing 

environment enveloping the decaying animal. Initially calcium was 

concentrated in the body cavity of the carcass since it formed a partially 

enclosed micro-environment. With further decay this concentration effect 

was transmitted to the sediment immediately enclosing the carcass. X-Ray 

diffraction of a whitish material sampled after 8 weeks gave peaks 

corresponding to calcium stearate, a soap similar to the adipocire 

(calcium palmitate) reported by Berner (1968). However, calcium stearate, 

Cs6H7OCaO4 contains only about 5Y. calcium. Clearly then calcium stearate 

cannot be responsible for the high levels of calcium noted during the 

later stages of the experiment. No residue was apparent when decomposing 

flesh was fluxed with hydrogen peroxide although dry-ashed samples 

contained calcium carbonate. Thus, the trend of calcium enrichment was due 

to the development of an alkaline pore-water microenvironment around the 

decomposing tissues which was enriched with calcium carbonate. This 

enrichment did not occur in the acid environment produced by decomposing 

plant matter. Calcium enrichment was therefore controlled by the pH 

produced during decomposition. 

2. PHOSPHATIZATION OF MUSCLE TISSUE 

Decomposing muscle fibres in the VISKING packets were partially replaced 

by an as yet unknown phosphate mineral. This replacement was apparent 

after only 8 days. This experiment documents the rapidity of decay-induced 

phosphatization and demonstrates the degree of replication which can 

occur. However, the processes controlling mineralization are as yet 

unknown (see CHAPTER 6 for a review of possible precipitation models). 

Further work aims to identify the conditions required for soft-part 

phosphatization. 
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4.6 GEOLOGICAL APPLICATION 

PYRITE FORMATION 

Early diagenetic pyrite plays an important role in the preservation of 

some exceptionally preserved fossil biotas including the Devonian Hunsrück 

Slate of the Bundenbach district of Germany (Stürmer and Bergstrom 1973) 

and the Ordovician Beecher's Triarthrus trilobite bed in the Frankfort 

Shale of New York State, U. S. A. (Cisne 1973). The mechanism of sedimentary 

pyrite formation is well understood and has been summarized. by Berner 

(1970,1971,1984,1985) and Curtis (1980). Under anoxic conditions, 

pore-waters become enriched in iron ions through the bacterial reduction 

of insoluble ferric oxides. This then reacts with hydrogen sulphide 

liberated by bacterial reduction of sulphate to precipitate the iron 

monosulphides greigite and mackinawite. Further reaction with bacterially 

liberated hydrogen sulphide leads to the formation of authigenic pyrite. 

The authigenic iron monosulphides seen in the cuticle of Hephrops are 

best developed in the more chitinous areas of cuticle. Since chitin does 

not contain sulphur it can be assumed that mineralization was controlled 

by the bacterial fixation of ions readily available in pore-waters. The 

concentration of these bacteria around the more chitinous areas of cuticle 

lead to the preferential formation of pyrite precursor at these points. 

These experiments show that the initial phases of pyrite mineralization 

can occur very early in the diagenetic history of a fossil. In the case 

of the Hunsrück Slate, Stürmer and Bergstr6'(1973) suggested that sulphur 

for pyrite formation may have originated from the decomposition of 

sulphur-containing proteins such as cystein. The sulphur content of these 

compounds is very small and unlikely to prove sufficient for the degree of 

pyritization seen in the fossils from this locality. The experiments 
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described previously show that this hypothesis is unnecessary since 

normal marine waters contain sufficient sulphate ions for pyrite 

formation. The concentration of pyrite around the fossils is due to the 

concentration of sulphate-reducing bacteria around the decaying 

carcasses shortly after burial. Thus, exceptional preservation is due to 

rapid mineralization prior to decay. 

CARBONATE FORMATION 

Berner (1968) suggested a model for the formation of concretions based 

upon his experiments with decomposing fish. He suggested that during the 

initial stages of decay calcium would be concentrated in a decomposing 

carcasse as calcium stearate. Once all of the stearate had been depleted 

calcium ions in pore-water solution would be free to react with 

bicarbonate ions and precipitate as calcium carbonate. Formation of 

calcite would be promoted by a high pH micro-environment generated by the 

production of ammonia from putrifying proteins. Raiswell (1976), however, 

proposed an alternative model based upon a geochemical and petrological 

study of ammonite-bearing Liassic concretions from Yorkshire. Stable 

isotope analysis of these concretions showed that the carbonate fraction 

had been generated as bicarbonate ions during bacterial sulphate-reduction 

and methanogenesis. Mass balance calculations demonstrated that decay of 

the organisms (ammonites, belemnites etc. ) in these nodules could not have 

produced sufficient bicarbonate for complete nodule formation. Raiswell 

(1976) suggested that the bicarbonate had originated from the 

decomposition of disseminated organic carbon in the sediment and had 

migrated to nucleation centres such as skeletal carbonate. 

The experiments described here show that the alkalinity produced by 

decomposing proteinaceous organisms can, as Berner (1968) predicted, 
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promote the development of calcium enriched pore-water micro-environments 

around decomposing carcasses. Thus, in an open, natural system where 

calcium levels can be replenished it may be possible for carbonate species 

to form within the decay aureole of decomposing organisms. Carbonates 

precipitated in this fashion may function as nucleation centres for 

additional bicarbonate in pore-water solution. 

The experiments suggest that carbonate formation around decomposing 

plants would be inhibited by the development of an acid environment. 

However, carbonate concretions do occur around exceptionally preserved 

plant remains. One possibility is that if bicarbonate ions achieve a 

sufficiently high concentration, acid pore-waters may be sufficiently 

buffered to promote carbonate precipitation. 

PHOSPHATE FORMATION 

The preservation of organic soft parts in three-dimensional form is a rare 

event that almost always involves replacement with calcium phosphate (see 

CHAPTER 6 for list of biotas which include phosphatized soft-tissues. 

Decaying soft-tissues will collapse within a few days or weeks of death 

(Zangerl and Richardson 1979, Zangerl 1971, and Conway Morris 1979a). The 

preservation of three-dimensional tissues is therefore an indication of 

extremely rapid diageneti. c mineral formation. The preliminary results of 

the experiments described confirm this view. 
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CHAPTER FIVE 

Nodule Preservation: a case study from the Upper Carboniferous 

Mazon Creek Biota of Illinois. U. S. A. 
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5.1. ABSTRACT. 

A taphonomic study of the Upper Carboniferous Mazon Creek biota from the 

Francis Creek Shale of Illinois has related state of preservation in 

different taxa to body morphology. The shale was deposited during a 

progradational phase of deltaic sedimentation on top of a waterlogged 

peat-(Colchester Coal). 

Extremely soft-bodied forms such as medusoids and "tullymonsters" are 

preserved as flattened films. Organisms with tougher integument, such as 

polychaetes and holothurians were preserved with an element of 

3-dimensionality. Lightly sclerotized forms such as xiphosurans, and 

certain eumalacostracans were uncompacted. Haematite was the first 

preservational mineral to form and was precipitated in an aerobic 

environment during the earliest stages of deposition. Subsequent anaerobic 

decay of the carcasses produced an initial phase of bicarbonate ions which 

combined with reduced iron in pore-waters to precipitate siderite. Further 

bicarbonate, generated by decay of the underlying peat migrated to 

nucleation centres (in carcasses) and promoted continued siderite 

precipitation. The presence of pyrite in concretions from Morris and Pit 

11 indicates a marine influence in these localities during deposition of 

the Francis Creek Shale. This may be due to localized variations in flow 

direction of the Mazonian River which could have promoted the 

infiltration of marine (sulphate-containing) pore-waters and initiated 

pyrite formation. Carcasses preserved in siderite exhibit a higher level 

of preservation than those enclosed in pyrite. This preservational bias is 

due to the increased, rate of decay which occurs in marine 

sulphate-reducing conditions compared to that in freshwater methanogeni. c 

regimes. 

71 



5.2. INTRODUCTION 

Preservation of biogenic soft-parts enclosed in siderite concretions has 

been recorded from a variety of Carboniferous localities in North America 

and Europe. The best known example of this type of preservation is the 

celebrated Mazon Creek biota which occurs in the Upper Carboniferous 

(Westphalian D) Francis Creek Shale of northeastern Illinois (Johnson and 

Richardson 1966, Baird et al. 1985). Elsewhere, soft-part preservation in 

siderite concretions has been reported from the Upper Carboniferous of 

Missouri and Oklahoma, U. S. A. (Baird et al. 1985); the Upper Carnoniferous 

of the Montceau-les-Mines district, France (Heyler 1980); and in rocks of 

the same age around Rochdale (Woodward 1907,1908,1911), Lancaster 

(Bolton 1905) and Bude (White 1939) in the U. K. Apart from the Bude 

locality, where the fossil-bearing nodules occur in brackish/freshwater 

turbidites (Burne 1969), all the other examples occur in grey shales 

overlying coals in typical Carboniferous cyclothemic sequences. 

Clearly, soft-part preservation in siderite nodules is a recurrent 

mode of preservation which is most commonly associated with deltaic 

cyclothemic settings. However, although such biotas have been the centre 

of considerable taxonomic and palaeoecological research, little attention 

has been paid to the taphonomic factors which promote such preservation. 

This chapter focusses upon the taphonomy of the Mazon Creek biota, the 

most famous example of this type of preservation, and describes level of 

preservation in different taxa and relates it to nodule mineralogy. The 

resultant taphofacies are used to map areas of freshwater and marine 

influence within the Francis Creek Shale. 

This deposit was selected for study because of the existence of a large 

census collection housed within the Chicago Field Museum (Baird et al. 
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1985). This collection was amassed from over 360 locations and includes 

every fossil found at each locality regardless of state of preservation. 

The collection presently includes over 20,000 specimens and is probably 

the largest and most complete palaeoecological collection ever made. 

5.3 GEOLOGICAL-SETTING 

The Mazon Creek biota occurs in the lowest part of the Francis Creek 

Shale and includes a variety of exceptional fossils with preserved 

soft-parts (Johnson and Richardson 1966, Nitecki 1979). The vast majority 

of the fossils in museum and private collections originated from 

waste-dumps produced by open cast coal mining. At prime locations, such as 

Pit 11 (fig. 5.5. ), almost 50 X of the concretions are fossil-bearing 

(Baird, pers. coal. ). Natural freeze-thawing during the harsh Illinois 

winters tends to split concretions along the natural planes of weakness 

(fossils); thus it is possible to select fossil-bearing concretions at 

outcrop. The high frequency of fossil-bearing concretions and the 

proximity of the locality to Chicago, a major population centre, (fig. 

5.1. ) has fostered a flourishing community of amateur and professional 

collectors. This combination of "late-stage taphonomic factors" has 

probably led to the discovery and collection of more specimens of 

soft-bodied fossils from this locality than from any other 

Konservat-Lagerstätten in the geological record. 

The fossils occur as two distinct associations; a fresh to brackish 

water (Braidwood) association, and a marine (Essex) association (Johnson 

and Richardson 1966, Baird et al. 1985). The 3-dimensional preservation of 

both plant organs (Schopf 1979) and the soft-parts of animals is the 
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FIGURE 5.1. 

FIGURE 5.1. Outline map of U. S. A. with exploded inset of Illinois. 

Principal exposures of fossil-bearing levels of the Francis Creek Shale 

occur in the vicinity of Morris and Coal City. 

result of rapid burial and the formation of early diagenetic siderite 

concretions (Richardson and Johnson 1971, Baird 1979, * Woodland and 

Stehstrom 1979, Baird et al. 1985). 
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FIGURE 5.2. 

FIGURE 5.2. Stratigraphic 
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The Francis Creek Shale occurs above the basal unit (Colchester Coal) of 

the Carbondale Formation in Illinois, and is part of the Desmoinesian 

Series of North America. According to palaeobotanical evidence 

(Pfefferkorn, Peppers and Phillips 1971) the Francis Creek Shale can be 

correlated with the Westphalian D stage of Europe. Lithologically, it 

varies from a laminated grey shale (containing fossil-bearing siderite 

concretions) to thickly-bedded, cross bedded sandstones with erosional 

bases. It attains its greatest thickness of about 26 m in Kankakee county 

but thins to the south and west to about 5m around Peoria. Where the 

Francis Creek Shale is thickest (in the east) Shabica (1979) interpreted 

it as a crevasse splay deposit and identified the thinner sediments-in the 

south and west as interdistributary bay deposits. According to'Shabica 

(1979) and Baird et al. (1985) the Francis-Creek Shale was deposited in a 

cyclothemic deltaic setting (fig. 5.2. ) upon a pre-existing swamp (the 

Colchester Coal) and represents a broad phase of delta progradation. 

An approximate palaeogeographic position of the freshwater/marine 
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transition (fig. 5.5. ) was proposed by Baird et al. based upon relative 

abundances of the Essex and Braidwood taxa at different census sites. The 

presence of tidal couplets (Keucher 1983, Broadhurste 1985) in the Francis 

Creek Shale in the vicinity of the Essex/Braidwood selvedge confirms this 

view. 

5.3. LEVEL OF PRESERVATION 

The generic and specific diversity of the Mazon Creek biota is unrivalled 

by any other Konservat-Lagerstatten. However, despite the diversity of 

the biota, there are only 4 broad types of fossil preservation. The 

distribution of these preservational styles among different taxa is a 

function of biochemical composition, and morphology. 

PLANTS 

Plants in the Francis Creek Shale are found in both the host sediment and 

concretions. In the former they occur as impression and compression 

fossils whilst in the concretions they are preserved as 

permineralizations. Cones and other robust fruiting structures are 

strongly 3-dimensional with some preservation of internal structure (P. 

Crane pers. cons. ). More fragile structures such as leaves do not include 

internal structure but do preserve surface features of dorsal and ventral 

surfaces (Schopf 1979). The plants are commonly preserved as carbonaceous 

residues but are also associated with dickite films and sulphide minerals 

such as pyrite and galena. 
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FIGURE 5.3. A-D, thin-sections of fossil-bearing siderite nodules. E-J, 

examples of preservational style (see text). A, pyrite halo (white) around 

medusoid coelenterate, scale bar =i cm (in reflected light). B, pyrite 

framboids surrounding medusoid within halo, note that fossil is completely 

flattened, scale bar =3 mm (in transmitted light). C, -outer margin of 

pyrite halo, scale bar =1 mm (in transmitted light). D, transverse 

section through posterior of holothurian, note dorsal and ventral 

integument are separated by sediment infill in the right of the frame, 

also vertical pull-apart structures or "tension gashes" infilled by 

dickite, scale bar = 0.7 mm (in transmitted light). E, -squid with 

soft-parts, scale bar =1 cm. F, septarian fracture system in internal 

moulds of bivalves, scale bar =1 cm. G, polychaete worm preserved as 

external mould infilled with dickite, note that pyrite halo has formed 

around septarian fractures, scale bar =3 mm. H, polychaete worm 

surrounded by pyrite halo, note conformity of halo to outline of fossil, 

scale bar =1 cm. I, partially disarticulated eumalacostracan arthropod, 

scale bar =1 cm. J, articulated eumalacostracan arthropod with preserved 

appendages and thoracic segmentation, scale bar 2 mm. 
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SHELLY ANIMALS 

The remains of cephalopods, bivalves, brachiopods, and gastropods occur in 

the nodules. Dissolution has removed skeletal carbonate. However, the 

cavities remaining are commonly infilled by late stage minerals such as 

quatrz, calcite, galena, zincblende, or pyrite. Schopf (1979, p. =108) 

believes that dissolution occurred prior to the formation of siderite 

concretions, however, the presence of cavities indicates that concretion 

formation preceded shell dissolution. In some cases the shells were broken 

by sediment compaction prior to nodule formation. This breakage is'`most 

common in bivalve shells which have two angles of slope and occurs at the 

point of gradient change (fig. 5.4F. ). Breakage does not occur in the 

piano-convex valves of the pectenaceans (fig. 5.3F. and 5.4E. ) or the 

strongly convex valves of the modiolids. Although the shells have been 

dissolved, replication of shell ornament by fine-grained micritic siderite 

has preserved small scale structures such as growth laminae and ribbing 

nodes. Internal moulds of bivalves and brachipods are often covered with 

a haematitic film and disrupted by micro-septaria. 

SOFT-BODIED ORGANISMS 

The most common soft-bodied fossils from Mazon Creek include medusoid 

coelenterates (fig. 5.4C, Foster 1979a), the enigmatic (heteropod 

gastropod? ) Tullyaonstrun gregarium (fig. 5.4A and 5.4B, see Foster 

1978b), polychaete worms (fig. 5.3G and 5.3H, see Thompson and Richardson 

1977) and the as yet undescribed holothurians (fig. 5.3D. ). Other 

soft-bodied organisms such as hydroids (Schram and Nitecki 1975) and 

cephalopods (fig. 5.3E, Johnson and Richardson 1968, Allison 1987) are 

very rare and are so far restricted to a small number of specimens. The 

medusoids and "tullymonsters" are preserved as film-like impressions (fig. 

5.38) with a degree of surface topography. The polychaetes and 
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fIGURE'5.4. Examples of preservational style. A, well preserved specimen 

ýf Tulliaostrua-gregariui enclosed-in siderite concretion,. scale bar =: 3 

: m. B, - poorly : preserved specimen of Tulliaonstrun gregariua enclosed-in 

siderite/pyrite-concretion, scale bar = 2. -cm. C, impression of medusoid 

coelenterate, scale bar =2 cm. D, annelid with dickite infi11ed septar. ian. 

fracture, scale bar =2 mm. E,: internal mould.; -of_piano-concave valve of, 

pectenacean bivalve, note absence,, of. compaction cracks, and partial infill 

by-dickite, scale bar =. 5-mm. F, -strongly'concave valve. of bivalve which 

has-: been fractured by-sediment -compaction-, and replaced;, by galena, -scale 

bar = 7-mm. 





holothurians, however, preserve both dorsal and ventral integument. In 

thin-section it is possible to delineate sediment infill of the 

holothurian carcasse (fig. 5.3D. ). The increased 3-dimensionality of 

polychaetes and holothurians compared to the medusoids and "tullymonsters" 

is a function of soft-part integrity. The integument of polychaetes shows 

considerable integrity for several- days after death (personal 

observation). Equally, according to Schäfer (1962,1972, p. 105) the 

leathery integument of holothurians can take several weeks to decompose. 

Although the "tullymonsters' are preserved as impressions they are 

delineated by a faint brown-grey colouration. The same type of 

preservation also occurs in some of the medusoids, hydroids,, and rare 

coelenterates. According to Richardson and Johnson (1971) this is due to 

differences in the oxidation state of iron minerals in the concretion 

brought about by decomposition of the animal carcasse. -Polychaetes are 

most commonly preserved as external moulds with dickite, galena, or pyrite 

infills. Holothurians are also preserved as external moulds and are often 

coated with haematite with an internal septarian fracture system similar 

to that in bivalves. As with the bivalves, the septarian fractures are 

infilled with dickite (fig. 5.3D, and 5.4D). 

LIGHTLY SKELETALIZED ORGANISMS 

Heavily sclerotized robust forms such as the xiphosurans, some, of the 

larger, eumalacostracans (fig. 5.3J), and some of the insects are 

completely 3 dimensional. Although the surface of such fossils looks as 

though it may be composed of original cuticle, thin-section shows it to be 

a structureless layer of dark brown iron minerals. Some of the 

eumalacostracans, however, are flattened (fig. 5.31) or preserved as 

faint colourations (as described for the "tullymonsters°). It is likely 

that the organisms preserved in this way were more lightly sclerotized. 
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5.4. CONCRETION DIAGENESIS 

NODULE MORPHOLOGY 

Siderite concretions are most common at the base of the Francis Creek 

Shale where it overlies the Colchester Coal. They are flattened, ovate to 

ellipsoidal in shape and vary between 5 and 15 cm in diameter. 

Petrographically, they can be divided into 3 basic types. A), pale 

brown-grey and composed purely of siderite. B), dark green-black and 

composed of finely dispersed pyrite in a sideritic matrix (common in the 

Morris area; fig. 5.5. ). And C), pale brown-grey siderite with a zone of 

pyrite between the centre of the nodule and its periphery (most common in 

Pit 11, fig. 5.5). Such haloes are only found around fossils. 

It is important to note the sharp contrast in preservational quality 

between the sideritic (and siderite/pyrite-halo) concretions and those 

formed of siderite with dispersed pyrite. For example, the specimen of 

Tullysonstru" gregariun depicted in fig. 5.4A is a well preserved specimen 

and is enclosed in a purely sideritic concretion. The specimen depicted in 

fig. 5.4B however, is very poorly preserved and occurs in a 

pyrite/siderite concretion. 

The pyrite in these concretions is framboidal (fig. 5.3B) and therefore 

early diagenetic in origin. Where it forms a halo or internal zone in a 

concretion (fig. 5.3A. ) the density of framboids increases away from the 

centre of the nodule until the framboids coalesce to form a brassy layer. 

This zone is no more than a few mm in thickness and framboids are always 

absent beyond it (fig. 5.3G). The shape of these haloes strongly conforms 

to that of the fossils (fig. 5.3H. ). In some cases the initial 

disseminated phases of framboidal halo pyrite are in contact with fossil. 

More commonly however, the haloes enclose an area of siderite (fig. 5.36, 
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5.3H. ). Haloes formed around the septarian fractures (fig. 5.3G) and must 

therefore post-date septaria formation. 

NODULE CHEMISTRY 

Methods 

Concretionary siderite precipitates within the pore spaces of 

un-consolidated sediment. Thus the volume of nodule-forming mineral is 

approximately equal to the original porosity of the sediment at the time 

of precipitation (Raiswell 1971). Sediment compaction in mudrocks is 

directly proportional to depth of burial (Greensmith 1978), hence an 

assessment of original porosity within early-cemented mud-rocks is also an 

indication of diagenetic timing. Therefore original porosity of the 

sediment is approximately equivalent to the acid soluble fraction of the 

concretions (Raiswell 1971). 

Minor and trace element chemistry of diagenetic minerals is strongly 

dependent upon pore-water chemistry at the time of crystal growth. 

Therefore since pore-water chemistry is known to fluctuate with bacterial 

degradation of organic carbon, and burial, the relative abundances of 

certain elements particularly manganese/iron within the concretion, can be 

assessed to provide an indication of diagenetic trends. 
. 

Sampling for original porosity determination and chemical analysis was 

achieved by taking a thin slice of rock from the centre of a nodule and 

cutting it to produce a square sectioned core. This was then cut into 

cubes to allow porosity determination and chemical analysis of different 

parts of the concretion (Raiswell 1971,1976). Analysis was undertaken by 

atomic absorption spectroscopy (APPENDIX 4). 
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TABLE 7 

TABLE 7. Chemical 

composition of 

fossil - bearing 

siderite nodules 

Area of Concretion 

Periphery Centre 

Element 
1 2 3 4 

Si (%) 24.0 14.1 13.8 11.2 

Fe (Xl 16.3 25.8 25.5 23.6 

Ca (%) 3.11 2.14 3.15 3.03 

Al (X1 3.47 2.11 2.02 2.06 

Mg (7. ) 1.53 1.19 1.81 1.59 

K (ppm) 7786 6754 6408 6467 

Na (ppm) 3765 2509 2430 2519 

Mn (ppm) 2447 4591 5117 5003 

Sr (ppm) 126 88 87 106 

Mn/Fe . 015 . 017 . 020 . 021 

Insoluble 
Residue (7. ) 56.9 74.7 73.6 79.5 

Results 

Chemical analysis and original porosity determinations (table 7) form a 

series of clear trends between the rim and core of the concretion. The 

reduction in porosity at the periphery of the nodule is due to the timing 

of nodule formation. At the centre of the nodule, carbonates were 

precipitated prior to appreciable sediment compaction. Later phases of 

mineral growth occurred after the onset of compaction and resultant 

porosity reduction. The reduced iron and increasing aluminium and 
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potassium (from clay minerals) levels at the nodule rim are a result of 

this growth form. The depletion of manganese away from the centre of the 

nodule is also partly a function of original porosity, since the manganese 

occurs as a carbonate with the siderite. However, the manganese/iron ratio 

at the rim of the concretion is 25% lower than at the core. 

MINERAL FORMATION 

Haematite in Mazon Creek concretions is commonly found coating the surface 

of plant fragments, soft-bodied animals (fig. 5.3D. ) and internal moulds 

of bivalves (fig. 5.3F). Haematite is only precipitated in oxidising 

conditions (Berner 1971) and has been described upon the surface of Recent 

allochthonous plant material from aerobic waters at Sillwood Lake, 

Berkshire (Spicer 1977). Haematite coatings were therefore the first 

diagenetic mineral phase to form and were precipitated in aerobic 

conditions during the initial stages of burial. Such coats were more 

brittle than the surrounding siltstone and were therefore easily fractured 

by overburden pressure during burial. The fractures formed in this fashion 

occur as micro-septaria (fig. 5.3D, F, H, and 5.4D. ) and are commonly 

infilled with dickite. 

The high internal porosities recorded for the siderite concretions 

(between 70-75X) indicate an early diagenetic origin. According to 

Greensmith (1978) porosities of this value in fine-grained sediments only 

occur in the top 5m of sediment. Such an early diagenetic origin has been 

attributed by Berner (1968) and Raiswell (1976) to the bacterial 

degradation of organic matter. 

Berner (1968) and Allison (1988, CHAPTER 4) have shown by actualistic 

experimentation that decay of macro-organisms can produce an alkaline 
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micro-environment enriched with bicarbonate ions and thereby promote 

carbonate formation. The volume of bicarbonate generated by the decay'of a 

macro-organism is however, insufficient to produce the volume of carbonate 

in Mazon Creek concretions (see Raiswell 1971,1976, summarised in CHAPTER 

4). It is therefore likely that additional bicarbonate generated by 

decomposition of the underlying peat (Colchester Coal) migrated upwards 

into the Francis Creek Shale towards nucleation sites where carbonate 

precipitation had already been initiated (decomposing carcasses). The fact 

that siderite concretions in the Francis Creek Shale only occur in the 

few metres above the Colchester Coal supports this view. 

Siderite is considered to form in anoxic-nonsulphidic or methanogenic 

environments (Berner 1981). In such an environment, levels of dissolved 

ferrous iron can build up since there is no dissolved sulphide to 

precipitate it. As a result pore-waters become supersaturated with respect 

to sulphide-free iron minerals such as siderite and vivianite. Increased 

addition of ferrous iron to the pore-waters leads to the precipitation of 

these minerals (only siderite in the Francis Creek Shale). The high 

reactivity of ferrous iron coupled with high concentrations of pore-water 

bicarbonate promote rapid precipitation and limited mobility. Thus, the 

growth of large crystals was inhibited and the siderite precipitated was 

micritic (Coleman 1985). 

The introduction of manganese into the siderite lattice was due to 

microbial respiration in sediment. Manganese reduction is the highest 

reduction zone in the sediment pile and occurs in the poorly oxygenated 

sediments below the sediment water interface. Manganese ions liberated by 

microbial respiration became concentrated in pore-waters and upon reaction 

with bacterially produced anionic species such as the bicarbonate ion 

precipitated as mineral phases. In the case of the Francis Creek Shale 
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manganous mineral species were incorporated into siderite. Thus, siderite 

phases which precipitated nearest to the sediment/water interface (nodule 

centre) had a higher manganese content than phases which formed later 

(periphery of concretion). 

According to Baird, Sroka, Shabica, and Keucher (1986, p. 280) the 

formation of pyrite in concretions was due to the liberation of sulphide 

ions produced during the decay of sulphur-containing proteins such as 

cysteine. However, the sulphur content of these proteins is very low (less 

than 1%) and insufficient to produce the volume of sulphides seen in 

either the pyrite haloes or the disseminated pyrite/siderite concretions. 

It is more likely that the sulphide ions required for pyrite formation 

were derived marine pore-waters. Sulphates in marine pore-waters were 

reduced by bacteria involved in the decomposition of macro-organisms to 

produce sulphide ions which subsequently reacted with reduced iron to 

eventually form pyrite (CHAPTER 4). Thus, pyrite growth was centred around 

decomposing carcasses. Woodland and Stenstrom (1979) argued that the 

pyrite was precipitated in microspherical voids in a sideritic 

proto-concretion; this explained the bleb-like appearance of the pyrite. 

However, in thin section, the pyrite is clearly framboidal (fig. 5.38) and 

is thus auth-igenic. According to Baird et al. (1986 p. 202) pyrite haloes 

are cross-cut by and therefore predate septarian fractures in the 

concretion. However, close examination of haloes with septaria (fig. 

5.3G. ) shows that halo formation post dates septarian Cormation. Thus, the 

influx of marine pore-waters which promoted halo formation occurred after 

sediment compaction had promoted septaria formation. 

The two morphologies of pyrite bearing siderite nodules reflect 

different rates of supply of sulphate ions (fig. 5.5. ). At Morris where 

85 



FIGURE 5.5 

SITE/PYRITE \i 
ýýi 

.. 

INTERDISTRIBUTARY 
BAY DEPOSITS 

, 
ESSEX/BRAIDWOOD 

TRANSITION 

OUTCROP OF 
COLCHESTER COAL 

BAY DEPOSITS 

, 
ESSEX/BRAIDWOO 

TRANSITION 

20-30m 

12-20m 

8-12m 

O-"8m 

FZIVER 

ýIDERITE 
BRADWOOD BIOTA 1r-, 

ESSEX BIOTA 

: 
'%. 

7 

PIT 

THICKNESS OF 

FRANCIS CREEK SHALE 

?468 km 

FIGURE 5 

EVA SSE 
AP DEPOSITS 

i rt"tI ', I,., j E^ 1ri lllflCýl. ", 
W1}f-, Inr_atlnn or ''Braidwno d" ana Esse, 

Llint. 3 in rei tjcn to 0 0 5r}101, Ot 

SUppoEed 'Iazonlan delta ComD1e,.. Note l0catI nr, of prtýc de! lt 
nodule=_. and noauIe_ with pyrite haloes.. Modd after - 6? ira et, al, 
I 'j `: c 

HAL 
ti 

N 
N. 



the pyrite is evenly disseminated throughout the siderite, sulphate supply 

must have been constantly high. However, in Pit 11, where the pyrite 

occurs as haloes, sulphate supply must represent a sudden influx of marine 

pore-waters. Thus, in the initial phase of this influx pyrite was 

precipitated as a disseminated halo of framboids in a sideritic matrix 

around the fossil. As sulphate levels (or carbonate precipitation 

decreased) the framboids coalesced (fig. 5.3C) to form a brassy halo. 

Sulphate supply was then terminated, pyrite precipitation halted, and 

siderite precipitation renewed. 

Different concretion morphologies can therefore be used to map the 

influence of marine and freshwater pore-waters across the Mazonian Delta. 

According to Woodland and Stenstrom (1979) the freshwater diagenetic 

regime required for siderite formation was maintained in the depositional 

environment of the Essex (marine) biota by a "head" of freshwater 

pore-waters within the deltaic sediments. The presence of pyrite in 

concretions at Morris, and Pit 11, signifies a reduced freshwater 

influence. This may be due to a divergence in river flow during the later 

stages of deposition of the Francis Creek Shale. This would reduce the 

flow of the freshwater 'head" in pore-waters, promote an increased marine 

influence and initiate pyrite formation around decomposing carcasses. In 

the case of concretions at Pit 11, this divergence was only temporary 

since siderite precipitation was renewed. However, in the case of nodules 

from Morris the interruption in freshwater flow must have been more 

substantial since pyrite is disseminated throughout the whole concretion. 

The sharp contrast in`preservational quality between the pyritiferous 

(formed in a sulphate-reducing environment) concretions and the 

methanogenic sideritic concretions is likely to be a function of the 

differential decay rates induced by methanogenic and sulphate-reducing 

bacteria (CHAPTER 2). 
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5.6 SUMMARY 

The Francis Creek Shale was rapidly deposited within a deltaic setting 

upon a waterlogged peat. Deposition of the shale incorporated a 

terrestrial (Braidwood) biota derived from the catchment area of the 

source river. A marine (Essex) biotic component was swept in by tidal 

action (Keucher 1983, Broadhurst 1985) and deposited in the vicinity of 

the freshwater/marine transition. Most Soft-bodied organisms collapsed 

during decay (see Zangerl and Richardson 1963, Zangerl 1971, Conway Morri's 

1979a) and were preserved as two-dimensional flattened films. However, 

those soft-bodied organisms whose integument preserved a degree of 

integrity during decay (holothurians, and polychaetes) were preserved with 

an element of 3-dimensionality. Lightly sclerotized forms such as 

xiphosurans,, some eumalacostracans, and insects, were preserved in an 

uncompacted state. Anaerobic decay, produced bicarbonate ions which 

initiated carbonate precipitation within the carcasse of the organism. 

Further bicarbonate-, generated by the decay of the underlying peat 

migrated towards these nucleation centres and promoted continued siderite 

growth. Pyrite in some of the concretions indicates the presence of 

sulphate-rich (marine) pore-waters. The infiltration of such pore-waters 

in the Francis Creek Shale may have been due to a local divergence in 

stream flow. Fossils preserved in purely sideritic concretions and 

sideritic concretions with pyrite haloes exhibit a higher level of 

preservation than those composed of disseminated pyrite in siderite. This 

preservational gradient is probably due to the increased rate of decay in 

sulphate-reducing environments (where pyrite forms) compared to that in 

methanogenic (where carbonate forms) systems (Allison 1988, CHAPTER 2). 

This factor does not affect fossils enclosed in pyrite halos. This is 
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probably due to the fact that halo formation commonly followed a phase of 

siderite (methanogenic) precipitation (see fig. 5.3G and H, but also fig. 

5.3B); thus, the increased rate of decay associated with sulphate- 

reduction occurred after an initial phase of siderite permineralization. 
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CHAPTER SIX 

Phosphatized soft-partsi an example from the Oxford Clay 

of Christian Malford. Wiltshire 
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6.1. ABSTRACT 

A diagenetic study of phosphatized soft-bodied squid from the Lower Oxford 

Clay of Wiltshire has dated the mineralization in relation to burial 

history. Soft-parts are preserved in three dimensions and must therefore 

have been mineralized, prior to decay-induced tissue, collapse. Such 

mineralization occurred near to the anoxic/oxic boundary in the soupy 

upper layer of organic rich sediment. In aerobic conditions, phosphates 

were liberated to pore-water solution from decomposing organic matter and 

became adsorbed to ferric hydroxides within sediment. The reduction of 

these ferric hydroxides at the anoxic/oxic interface liberated phosphates 

to solution which were concentrated in the decomposing carcasses of squid. 

This mineral concentration was favoured by the development of a high pH 

reducing environment around the carcass and possibly by complexing with 

proteolipids liberated by decomposition of organic matter. 

6.2s INTRODUCTION 

Preservation of organic soft-parts as a permineralization rather than a 

mineral coat or cast/mould is a rare event that requires exceptional 

physical and chemical conditions. Such preservation almost always involves 

replacement of soft-tissues by 

which involve preservation o 

Gogo, Western Australia (Briggs 

Granton Shrimp-Bed of Edinburgh 

Aldridge, Briggs, Clarkson, and 

Leicestershire (Martill 1987) 

calcium phosphate. Examples of biotas 

F this type include: - the Upper Devonian of 

and Rolfe 1983), the Lower Carboniferous 

(Briggs, Clarkson and Aldridge 1983, and 

Smith 1986), the Jurassic Oxford Clay of 

and Wiltshire (Donovan 1983, Donovan and 
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Crane in prep) in England, the Jurassic of Osteno in northern Italy (Pinna 

1985), and the Cretaceous Santana Formation of Brazil (Martill 1988). 

Such preservation affords the opportunity of morphological reconstruction 

based upon actual rather than inferred soft-part morphology. 

Notwithstanding the palaeobiological importance of such biotas there has 

been very little work on their mode of preservation. Work to date has 

concentrated primarily upon description (eg. Martill 1986,1987). This 

chapter describes the preservation and mineralogy of one example of this 

type of preservation and reviews the possible modes of mineralization 

The Lower Oxford Clay (Callovian) of Christian Malford in Wiltshire has 

yielded a unique assemblage of squid with preserved mantles, tentacles, 

fins, and ink sacs (Donovan 1983). The soft-parts have been replaced by 

apatite and even fine morphological features such as muscle fibres have 

been preserved. The same locality has also yielded fish, eumalacostracans, 

ammonites, and bryozoans. However, although such organisms are articulated 

and unfragmented they do not include soft-part preservation. 

This study describes the taphonomy of the squid focussing upon 

preservational mineralogy. Such a study in unaffected by collection bias. 

6.3 GEOLOGICAL SETTING 

The Callovian stage was initiated by a major transgressive phase which 

led to widespread deposition of marine facies over most of north-west 

Europe. In England this trangression was marked by the deposition of a 

coarse limestone, the Cornbrash. Subsequent subsidence of the region led 

to widespread deposition of the Lower Oxford Clay in an offshore shelf 

environment (Andenton, Bridges, Leeder, and Sellwood 1979, p. 216) 
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Although the Oxford Clay is no longer exposed at Christian Malford, 

descriptions of the rock at outcrop (referred to in Donovan 1983) made 

during and shortly after the construction of the Great Western Railway 

(GWR) enable a crude palaeoenvironmental analysis. Oppel (1857) described 

the lithology as a grey, bituminous, laminated clay and Pratt (1841) 

listed the fauna as, 'ten or twelve species of ammonites, several species 

of belemnites, sepiae, fish, and numerous shells". These "numerous shells" 

(molluscs, brachiopods ?) are unfortunately unrepresented in museum 

collections from the locality, so a precise environmental interpretation 

is impossible. However, the presence of laminae and bitumen (Oppel 1857) 

indicates that burrowing was minimal and oxygen levels. were probaly low 

whilst the presence of 'numerous shells" (Pratt 1841) suggests that anoxia 

did not extend above the sediment/water interface (the presence of 

benthonic forms such as eumalacostracans and bryozoans in museum 

collections reinforces this view). Thus, the Oxford Clay at Christian 

Malford was probably a bituminous clay (in the sense of Morris 1979). 

Elsewhere in Britain, phosphatized muscle have been reported from the 

Oxford Clay around Leicester and Peterborough (Martill 1987). In this 

case, however, only the soft-parts of ichthyosaurs have been preserved and 

the preservation of squid is restricted to hard-parts such as the guard 

and arm hooks. The palaeoecology here has been reviewed by Duff (1975) and 

Martill (1986) who consider the lithology to be a bituminous clay. Morris 

(1979) suggested that the upper layer of organic rich argillaceous 

sediments may have been composed of a 'soupy" mixture of sediment and 

water. According to Martill (1986), soft-part preservation in the Oxford 

Clay of Leicester and Peterborough only occurred where the sediment had 

such a 'soupy" consistency and was soft enough to allow a carcass to sink 

in and thereby prevent scavenging. 
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FIGURE 6.1. 
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FIGURE 6.1. Map showing location of Christian Malford and position of 

original borrow-pits around Great Western Railway. 

6.4. LOCALITY AND MATERIAL 

The fossils were recovered from borrow-pits created during construction of 

the GWR in 1840. The pits occur along both sides of the GWR embankment 

about 400 m south of Christian Malford (fig. 6.1. ) although they are now 
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considerably overgrown and waterlogged and present no exposure. During the 

period 1840-1857 however, the locality was actively worked by local 

collectors who supplied about 30 fossil squid to the British Museum 

(Natural History) (Donovan 1983). Substantial collections also exist in 

the Bristol Museum and Art Gallery and the Leicestershire Museum Service 

with smaller collections in almost every museum in Britain. 

Mantell (1850) described the same beds from a railway cutting near 

Trowbridge in, Wiltshire,. and collected a number of squid with soft-part 

preservation. According to him, the fauna occurred between 3 and 13 m 

above the base of the clay in what is now known as the Peltoceras athleta 

zone 

Unfortunately, although fossils from Christian Malford were described by 

Pratt (1841), Owen (1844), and Mantell (1850) there is no record of the 

distibution of fossils at outcrop. A complete palaeoecological survey of 

the Oxford Clay at Christian Malford is therefore impossible due to lack 
-"x 

of outcrop and the unknown extent of collector bias in museum material. 

6.5. PRESERVATION OF SQUID 

Soft-part preservation of squid from Christian Malford is variable. Some 

specimens include articulated bodies with tentacles complete with suckers 

and hooks (Donovan and Crane in prep. ). Typically, however, the squid are 

are only partially mineralized, disarticulated and fragmented. In some 

cases the guard and ink sac are fragmented even though soft-parts are 

preserved (fig. 6.2 and 6.3) Mineralization of the mantle is often 

complete but appendages are commonly preserved as fragmented stubs (fig. 
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FIGURE 6.2. Phosphatized Bele. noteuthis sp. (BMAG Cb 7661) from the Lower 

Oxford Clay of Christian Malford. A) x1 magnification B) close-up of arm 

hooks, x10 magnification. 
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6.2 and 6.3). Muscle fibres appear as a series of well-developed, three 

dimensional,. - - thin filamentsAfig. 6.4B. ) SEM isee. APPENDIX, 2- for. details, 

of SEM of large uncoated specimens) shows these "fibres" to-be! composed of 

filamentous strings of microspherical apatite (fig. 6.4C. ) although in 

places such microspheres also occur in aggregate masses (fig 6.4D and E. ). - 

In all cases the microspheres are between 1-2 um in diameter. In some 

specimens the mineralized tissues have been fractured during burial (see 

fig. 6.2 and 6.3). 

6.6. BIOSTRATINOMY 

Although soft-parts of fish have been recovered from the Oxford Clay 

around Peterborough and Leicester, there is as yet no recorded occurrence 

of soft-bodied squid. Conversely at Christian Malford only the squid 

include preserved soft-parts. Schäfer (1962,1972, p. 168) noted that 

several modern cephalopods such as Sepia, Sepiola, Octopus and Eledone die 

after spawning, and has documented mass mortality of squid in spawning 

grounds on the east coast of North America. If the Oxford Clay of 

Wiltshire was a spawning ground during Callovian times it would explain 

the distribution of squid with soft-parts. Further, this type of mass 

mortality would be specific to the breeding organism. Decay at such a 

mass mortality horizon would liberate significant pore-water phosphates 

and promote phosphatization. If this were the case, mineralization would 

be restricted to such horizons and only the soft-parts of squid would be 

preserved. 
This would explain why only the squid from Christian Malford 

have mineralized soft-parts. 

Schäfer (1962,1972) also documented the decay and disarticulation of 
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FIGURE 6.4: Beleanoteuthis-sp: -j (BMAG Cb 7662). A), mantle'with-ink"sac, xl 

magnification. B)'close-up of Al showing muscle-fibres,; x30-magnification. 

C) SEM of muscle fibres-, "-x5,000' magnification. Fibres composed of-A-2 um- 

sized spheres of apatite. D) x10,000 and E) x7,500, aggregates, of' 

microspherical apatite from mantle, 





modern squid in the North Sea. Following death, decay gasses build up in 

the carcass and buoy it up to the surface. As the carcass decays the 

cuttlebone separates and passes through a gash in the dorsal skin of the 

mantle. Squid from Christian Malford, are largely intact and often include 

the gladius or guard. Analogy with Schafer's (1962,1972) observations 

suggests that the carcasses did not have the opportunity to float and 

probably became entrained in the soupy sediment before decay gasses had 

developed sufficient buoyancy for floating. 

Once entombed the carcasses began to decay. The absence of appendages 

from the carcasses was not due to scavenging prior to burial since the arm 

hooks are in life position (fig. 6.2A and B). The arms must therefore have 

partially decayed prior to mineralization. It is possible that decay rate 

was partially controlled by size (see Allison 1988, CHAPTER 2). Diffusion 

of the electron donors required for anaerobic decomposition (such as iron 

and sulphate ions) would be inhibited by the mass/surface area ratio of 

larger fragments of organic matter such as the squid mantle. Decay of the 

mantle would therefore be slower than the tentacles since they have a 

reduced mass/surface area, ratio which would allow more effective ionic 

diffusion. 

b. 6. DIAGENESIS 

According to Zangerl and Richardson (1963), Zangerl (1971) and Conway 

Morris (1979a) compression of decaying soft-tissues is mainly the result 

of collapse due to decomposition. Thus, mineralization of squid was 

initiated prior to appreciable decay. Further, actualistic experimentation 

(CHAPTER 4 p. 63, fig. 4.4 and 4.5) showsthat such mineralization can be 
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initiated within days of death. 

Sediment overburden during burial promoted the development of compaction 

cracks in the mantle. The presence of such cracks as opposed to collapse 

structures or folds shows that tissues were brittle at this stage and that 

permineralization was completed prior to deformation. 

THE PHOSPHATIZATION PROCESS 

In normal marine pore-waters, concentrations of the bicarbonate ion exceed 

those of phosphate (Gulbrandson 1969) and the most stable calcium-bearing 

mineral phase is calcite. Pore-water phosphate levels must therefore be 

considerably enriched to allow the precipitation of phosphate minerals. 

Guibrandson (1969) suggested that such enrichment may result from the 

bacterial degradation of organic matter such as marine plankton. Further, 

Prevot and Lucas (1984) showed experimentally that phosphate can be 

liberated by the microbial breakdown of organic compounds such as (ATP) 

(CHAPTER 4, p. 55). Benmore, Coleman and MacArthur (1983) believed that 

phosphate liberated in this way becomes adsorbed to ferric hydroxides in 

aerobic sediment. Under anaerobic conditions these iron compounds could 

be reduced and phosphate would be liberated to solution. Thus phosphate 

concentrations at the anoxic-oxic boundary may be sufficiently increased 

to allow phosphate precipitation. In the case of the Oxford Clay the 

anoxic-oxic boundary was probably very near the sediment/water interface 

in the upper 'soupy" layer of sediment (Martill 1986). 

- In this case, however, mineralization was restricted to decomposing 

carcasses. 
Phosphatization is therefore controlled by geochemical 

gradients produced by decomposing tissue. There are three possible 

precipitation models. 
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1. Decay-induced alkalinity 

Gulbrandson (1969) commented upon the conditions required for phosphate 

formation and noted that an increase in pH would promote precipitation. 

Further, Berner (1968) and Allison (1988a, CHAPTER 4) documented the 

development of a high pH microenvironment around decomposing proteinaceous 

animals. Decaying squid in sediment during Oxford Clay times would 

therefore produce an enveloping alkaline microenvironment which would 

promote phosphate formation. 

2. Bacterial fixation 

Phosphate precipitation may also be induced by bacteria. Plaque bacteria, 

for example precipitate apatite crystals inside the cell when phosphate 

concentrations are high. Ennever, Streckfuss, and Goldschmidt (1981) 

showed that several strains of bacteria can phosphatize in this way when 

cultured in the correct medium. They suggested that a proteolipid 

initiates phosphatization. Such protein/lipid complexes are widespread in 

organic systems as membrane components (Folch-Pi and Stoffyn 1972). 

However, not all of these compounds act as precipitation initiators since 

some micro-organisms do not phosphatize in culture even though they have 

proteolipid complexes in membranes (Ennever et al. ). It is possible that 

the microspherical stringers responsible for the preservation of muscle in 

squid from Christian Malford are bacterial in origin. The phosphate 

aggregates could be either pseudomorphs after bacterial cells or as a 

bacterial residue deposited upon the decaying carcasse following the decay 

and autolysis of the bacterial membrane. 

Fossilized "bacterial structures associated with soft-part preservation 

have been recorded by Wüttke (1983a) and Martill (1987,1988). In these 

examples the supposed microbial forms were rod-shaped and more obviously 
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bacterial in origin than the structures described here. If these 

microspheres were microbial in origin, one must explain why the bacteria 

arranged themselves in ordered rank and file (as in fig. 6.4C) to 

pseudomorph the muscle fibrils? Such an arrangement seems unlikely. 

3. Formation of intermediate organic/inorganic complexes 

It is possible that compounds liberated by the decay of protein (such as 

the proteolipids discussed previously) may form complexes with pore-water 

phosphates-to promote early diagenetic phosphate formation in decomposing 

carcasses. Leo and Barghoorn (1976) proposed a similar model in which 

oganic compounds such as hydroxyl groups produced by decay, reacted with 

with silicic acid in pore-water solutions to promote silicification. In 

their model organic matter functions as a template for silica 

precipitation. Further precipitation of silica occurred through 

polymerization of silicic acid. 

CONCLUSION 

Phosphatization of squid was an early diagenetic event. Phosphate 

liberated by the decay of organic matter was only precipitated 

within the carcasses of decaying squid. Mineralization was favoured by the 

development of an alkaline microenvironment around the decomposing 

carcass and possibly by the liberation of precipitation initiators such as 

proteolipids. Although bacteria can precipitate phosphate it is unlikely 

that they are responsible for the mineralization reported here. 

The formation of microspherical aggregates of apatite may be a function 

of crystal growth. Such a crystal form would be promoted by simultanaeous 

crystal growth from a multitude of nucleation centres. In this case the 

nucleation centres must have been situated in the decomposing muscle. 

103 



6.7. SUMMARY 

The Lower Oxford Clay was deposited during the Callovian trangression in 

an offshore shelf setting. The sediment deposited was a bituminous clay 

with an upper 'soupy' layer of sediment. The anoxic/oxic boundary probably 

coincided with the sediment-water interface 

Distribution of fossils at outcrop is unknown. There is therefore no 

proof of mass mortality. However, soft-part preservation of squid in the 

Oxford Clay is restricted to Christian Malford. At this locality it is 

only the squid which include preservation of soft tissues. Modern squid 

die after spawning and Schäfer (1962,1972) has documented the mass 

mortality of squid in spawning grounds off the north east Coast of 

America. A taxon specific mass mortality such as this may promote 

phosphatization and would explain the distribution of squid with 

soft-parts from the Lower Oxford Clay. 

Mineralization occurred shortly after burial and probably within the 

upper "soupy' layer of sediment. Mineralization was promoted by the 

alkaline pH developed by decomposing protein but may have developed by 

complexing with proteolipids liberated by decomposing tissue. Bacterial 

fixation of phosphate has occurred in similar types of preservation 

elsewhere (eg. Martill 1987,1988) but is probably not responsible for the 

preservation of muscle tissues described here. 
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CHAPTER SEVEN 

TaDhonomy of the Eocene London Clay biota. 
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7.1. ABSTRACT 

The London Clay of Sheppey in Kent is a grey plastic clay which was 

deposited in an offshore marine environment. It contains a diverse 

assemblage of well preserved plant and animal fossils preserved in nodules 

of either pyrite, apatite or calcite. Early diagenetic mineralization is 

the only process which can truly halt the information loss which occurs 

during decay. For this reason organisms preserved during the earliest 

phases of mineralization retain the most detail. 

A diagenetic and geochemical study of the London Clay biota shows that 

apatite was the first preservational mineral to form, followed by calcite 

and pyrite. Mineralogy is strongly related to original biological 

composition. Only those organisms with an original phosphate content (i. e. 

vertebrates and arthropods) have been phosphatized. Thus a geochemical 

bias accounts for the preservation of the greatest detail in fossils of 

these groups. 

7.2. INTRODUCTION 

Allison (1988a) has shown that anoxia is ineffective as a long term 

preservational medium and that only mineralization can halt decay-induced 

information loss in the fossil record. Further, preservational mineralogy 

of a biota is strongly related to original organic composition. This 

results in a geochemical taphonomic bias whereby those fossils associated 

with the earliest phases of mineralization exhibit a higher level of 

preservation than those formed by later events. 
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The London Clay biota presents a variety of exceptionally preserved 

biogenic remains including one of the world's most diverse fossil fruit and 

seed assemblages, containing over five hundred plant types including three 

hundred named species (Collinson 1983). It is regarded as one of the best 

preserved and most diverse assemblages of fossil plant material in Europe. 

For a taxonomic review of the flora see Chandler (1961,1964) and 

Collinson (1983). This study examines the mineralogy and preservation of 

the London Clay biota and dicusses the palaeoenvironment and diagenetic 

sequence of the hostrock. 

The animals of the London Clay biota are as well preserved as the 

plants. The mammals, reptiles, fish, arthropods and molluscs almost always 

occur in three dimensions within pyrite or calcium phosphate concretions 

and are rarely disarticulated or fragmented. Soft-part preservation is 

very scarce but includes a pyritized maggot (Rundle and Cooper 1970) and 

the pedicle of a terebratulid brachiopod (Rowell and Rundle 1967). The 

diversity of the fauna has attracted considerable scientific attention 

from invertebrate and vertebrate specialists alike, e. g. Murray and Wright 

(1974) on the Foraminifera, King and King (1976) on the brachiopods, Davis 

and Elliot (1957) and Curry (1965) on the molluscs, Keen (1978) on the 

ostracodes, Quayle and Collins (1981) on the crabs and lobsters, Casier 

(1966) and Ward (1979) on some of the fish, and Hooker, Insole, Moody, 

Walkden and Ward (1980) on some of the mammals and reptiles. 

7.3 GEOLOGICAL SETTING 

Outcrop of the London Clay in the British Isles is limited to the London 

and Hampshire basins (fig. 7.1. ). By far the best and most complete 

sections occur along the coastal sections, although brick pits and 
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FIGURE 7.1 
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FIGURE 7.1. Map showing palaeogeography of southern Britain during Early 

Eocene times. Principý 
4occurrences 

of London Clay are arrowed. 

-------------------------------------------------------------------------- 
motorway cuttings have created additional exposure (see Collinson 1963 for 

details). Although these basins are currently separated by the Chalk 

ridges of the Downs they were originally deposited in a single trough 

along the northern flank of the Anglo-Paris Basin (Curry 1965; Davis and 

Elliot 1957; Wills 1951). Repeated subsidence and sedimentation has 

resulted in a cyclic sequence of marine, brackish, and estuarine deposits. 

The clay mineral suite occurring in Tertiary sediments from the western 

part of the Hampshire Basin is dominated by a kaolin-illite assemblage 

derived from the West Country granites (Gilkes 1967). The sediments 

occurring in the east, however, are rich in montmorillonite and may be 

derived from either locally eroded Chalk (Gilkes 1967) or the 

decomposition of pyroclastic ash deposits (Knox and Harland 1979). During 

marine 
trangressions of the basin, such as that responsible for the 
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deposition of the London Clay, the illite/montmorillonite suite extended 

from the eastern province to include both the London and Hampshire Basins. 

The shore line during London Clay times is thought to have run south- 

west roughly from the Wash to a few miles west of the Isle of Wight (fig. 

7.1., Wills 1951). Sand and silt horizons occurring near what was the 

Eocene shoreline thin eastwards (King 1981) into the stiff blue-grey muds 

which are so characteristic of the London Clay. 

In the London Basin the London Clay is best developed on the Isle of 

Sheppey where it is 165m thick (Davis 1936). In cliff sections it crops 

out as a series of stiff blue-grey clays with prominent bands of calcite 

concretions. The concretions are commonly 20-30 cm in diameter and are 

fairly continous at outcrop. Phosphate concretions, on the other hand are 

smaller, (5-10 cm in diameter) and and do not appear to be concentrated in 

any particular horizon but are disseminated throughout the sediment. King 

(1981) proposed a lithostratigraphical classification of the London Clay 

and the associated beds, which together he referred to as the Thames 

Group. In his classification this group is divided into the Oldhaven and 

London Clay Formations. The latter is further sub-divided into divisions 

A-E of which the upper two (D and E) crop out along the Sheppey coast. 

By far the best exposed section at Sheppey occurs at Warden Point where 

almost 50 m of sediment are exposed. Much of the material upon which this 

study is based was collected from either the pyrite and nodule 

concentrates on the foreshore or in situ from the cliff. 

7.4 PRESERVATIONAL STYLE 

VERTEBRATES 

Vertebrates commonly occur as disarticulated three-dimensional fragments. 

At Sheppey fish teeth and vertebrae are most common, although mammalian, 

(Hooker et. al. 1980) and avian remains have been recorded (Harrison and 

Walker 1977). The fossils are preserved in concretions of either phosphate 



FIGURE 7.2. A, phosphatic crab-bearing concretion, X1. B, ' X-ray 

radiographic print of concretion showing partially diasarticulated crab, 

X1. C, and D, photographic enlargements Of B. C shows crab pincer with 

appodemes, X7. D, shows crab leg with spine and skirt of sensory hairs, 

X10. E, lobster in phosphate concretion, X1.6. 
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or pyrite although the former is most common. Phosphatic fossils show a 

greater degree of articulation and in some cases may be completely intact. 

Preservation of some of the fish, for example includes an articulated 

cylindrical bag of scales; the fish must therefore have been buried prior 

to decay of organic tissue. No vertebrate soft-parts are preserved. 

Vertebrate hard parts within these concretions are preserved in 

brown-black francolite (calcium phosphate) in contrast to the buff colour 

of the enclosing concretion. 

ARTHROPODS 

The arthropod fauna is dominated by crabs and lobsters although barnacles 

and insects also occur. Insects are pyritized and three-dimensional, and 

include both adult and larval forms (Venables and Taylor 1963). Rundle 

and Cooper (1970) suggested that the insects at Sheppey were wood boring 

forms which may have been transported in floating timber. 

Eumalacostracans are always` preserved in dark francolite (identical to 

that in the vertebrates) within buff coloured concretions of calcium 

phosphate (fig. 7.2A). They are invariably fragmented and disarticulated 

(fig. 7.2E. ) but are never-flattened and show fine morphological detail 

including cuticle lamination and pore canals (fig. 7.61). 
_In some 

specimens it is- even possible to differentiate between endo- and 

exocuticle (fig. 7.6I. ). X-ray radiographic methods have demonstrated the 

preservation of delicate structures such as spines, sensory hairs (fig. 

7,2B and 7.2D), the`antennae of a crab (7.3A and 7.3B) and even the 

apodemes or muscle attachment sites on the inside of a crab pincer (fig. 

7.2C)- 

X-ray methods have usually been used in the past to detect pyritized 

structures. 
The phosphate in which the London clay arthropods are 
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FIGURE 7.3. A, X-ray radiographic' print of crab-in phosphate concretion; 

X1.6. B, diagram of A, (3 L'= appendages, (IS = carapace, (]A' antennae, ' 

(IC = pincers. 
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preserved. -in is chemically identical to that of the enclosing nodule. "The 

fossils are only rendered visible to X-rays by a slight difference-in. 

density'between the calcium phosphate of the concretion and that-of the 

arthropod cuticle. , 

SHELLY FOSSILS 

Molluscs and brachiopods are commonly found as isolated elements amongst 

pyrite concentrates. They occur mostly as pyritized internal moulds 

although some specimens contain original and/or pyritized shell material 

(fig. 7.6D and 7.6G). The shell is frequently cracked showing that 

pyritization occurred after sediment overburden had crushed the fossil 

(fig. 7.9G. ). However, even where shell has been replaced with pyrite it 

is possible to_pick out original laminar skeletal fabric. In some cases 

it is even possible to identify what was formerly the prismatic layer of 

the shell, pseudomorphed by pyrite (fig. 7.6D. ). Calcareous relics of the 

original shell are rare within these permineralized remains but 

occasionally the more heavily calcified parts such as the spire of 

gastropods survive (fig. 7.6E and 7.6G. ). Original shell material of both 

gastropods and bivalves is found in concretions of calcium carbonate (fig. 

7.4. ) and calcium phosphate. In this instance even delicate shells are 

uncracked and show no indication of sediment compaction. Concretion 

formation was therefore pre-compactional. 

Borings of the bivalve Teredina squamosa are common in calcified (fig. 

7.4. ) and pyritized (fig. 7.9E) wood within concretions. Modern 

representatives of Teredina have a reduced shell which is rocked back and 

forth by the animal as it bores its way into the wood. Since most of the 

soft-parts 
lie outside the shell, the animal secretes a thin layer of 

calcite to line the boring. Within calcified wood from Sheppey this 
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FIGURE 7.4. Transverse section'of" wood-bearing concretion, X0.8. Note 

extensive boring by bivalve'Teredina. []s= aragonite-. gastropod-shell, m= 

pyrite meniscus`, []1 "=shell lag, []t = burrow,, El g -geopetal. infill, with 

pellets or sediment, []z, polyzonal-calcite lining Teredina-boring. --, ---- ; 





bore-lining. calcite is ubiquitous, and the articulated shells are found 

in. - the boring. Tangential sectioning of mineralized-borings reveals a 

series of semi-vertical striations running along the edge (fig. 7.5D) 

which were made ; by. the rocking motion of the shell. Some of the borings 

contain irregular spherical bodies of dark brown calcite. up. to-bmm in 

diameter (fig. 7.5A. ). These may be the calcified gastric contents left 

in their original location following decomposition of the soft-parts 

PLANTS 

The plants demonstrate a greater preservational diversity than the 

animals (see table 9. ). 

Carbonaceous Plant matter. 

The coatings of pyritized fruits and seeds may be preserved as 

carbonaceous remnants. In addition, isolated woody fragments occur 

throughout the clay which are part pyritized and part carbonaceous (fig. 

7.6A) Carbonaceous matter is always compacted and cellular detail is 

usually obscured. 

Pyritization. 

Pyrite has preserved fine morphological details such as winged seeds 

inside a fruit (Collinson 1983) and cellular structure such as the cast 

and moulds of starch grains within mangrove hypocotyls (Wilkinson 1983)0 

Robust structures such as twigs and seeds have not been crushed by 

sediment overburden but some of the fruits have been compacted. For 

instance the seed case of the large palm fruit Hipa burtini is compacted 

and slightly flattened (fig. 7.7A, 7.7C. and 7.7E. ). 

The development of pyrite is controlled by the morphology of the 

116 



FIGURE. 7.5. A, 'dark-brown calcareous nodules, supposed to be gastric- 

contents of Teredina, deposited in situ through decay of änimai, X4. B, 

geopetal'pelleta1 infill of boring, `ý'X5. C, höre-lining pö1yzona1-calcite 

X5. S tangential longitudinal section of boring showing striations upon, 

wood s'urface made during excavation, ' X3. '" '"` ' 





original organic material. Mineralization -preferentially selects the 

spring or early wood leaving the late or - summer wood as a more 

carbonaceous layer (fig. 7.6A). It is possible that the large thin walled 

cells of the spring wood were more susceptible to decay than the small 

thick walled cells of the late wood. Similarly the tough outer cuticle of 

fruits such as Hipa is carbonaceous whilst the. internal structures are 

pyritized. It is likely that this too is due to increased decay resistance 

within the cuticle which inhibits the formation of pyrite. 

Phosphatization. 

Phosphatized plant material is rare and restricted to a few isolated 

specimens of Hipa burtini. The phosphate has impregnated the carbonaceous 

outer cuticle of the fruit and also occurs as a mineralized sediment 

infill within the fruit-cavity (fig. 7.78,7.7D and 7.7F. ). Nipa from 

Sheppey, displays considerable biological-variation. Some. forms are sterile 

and without fruit, others have been fertilized and have aborted and still 

others are fertile fruit-bearing forms (M. E. Collinson, pers cost. ). It 

is therefore important to identify the nature of each specimen and compare 

like with like before interpreting the effects and timing of compaction. 

The Nipa depicted in fig. 7.7A, 7.7C, and 7.7E is pyritized and is 

slightly flattened with compaction cracks (fig. 8) whereas the specimen 

depicted in fig. 7.79,7.7D, and 7.7E, is part phosphatized/part 

pyritized and is three dimensional (fig. 7.8. ). Phosphatization prevented 

flattening of the fruits and is therefore pre-compactional whereas 

pyritization occurred later after sediment overburden had crushed the 

fruits. It is possible that the pyrite occurring with phosphate in the 

uncompacted 
fruits is a replacement of original phosphate. 
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FIGURE. '7.6; A, pyritized wood cut perpendicular to grain and viewed in 

reflected light-, 'X5. B, SEM of calcified, wood,, z-X20. --C, thin-section of 

calcified wood showing ' cellular- structure and. fluid bearing vessels, note- 

geopetal''infill of- latter with : 'framboidalý, pyrite, . -X30. - 
D, pyritized 

gastropod shell in reflected light, 'note preservation-of-shell, structure, 

X20. E, SEM of aragonite' spire of otherwise-pyritized-gastropod, X1200. F, 

close'up of E showing fine detail of lamellae structure of shell,, X2000. - 

G, SEM of pyritized -gastropod'showing shell laminae, X30. H, thin section 

of phosphatized bone with pyritic infill of vesicles, X40. I, thin section 

of phosphatized crab cuticle in apatite concretion, X, 35., 





Calcification. 

Calcification of plant material is restricted to larger woody fragments 

which have in some cases formed the nuclei of large carbonate concretions. 

Calcification led to the preservation of fluid-bearing vessels and 

individual cells (fig. 7.6B and 7.6C. ) 

7.5" PRESERVATIONAL MINERALOGY 

Most of the early diagenetic authigenic minerals are precipitated as a 

result of the biodegradation of organic matter. This is due to changes in 

Eh, pH, and in the concentration of various anionic and cationic species 

within pore-waters brought about by bacterial respiration (CHAPTER 2 and 

4). The sequence of decomposition events which occur in a sediment 

therefore have a radical effect on pore-water chemistry and can be used as 

a model for the paragenesis of authigenic mineral phases (Berner 1981) 

-METHODS 

Original porosity of concretionary calcite was considered to be equivel(ant 

to the acid soluble portion of the nodule (Raiswell 1971,1976, see 

CHAPTER 5, p. 81. ) and was determined according to the method described in 

CHAPTER 5, p. 81. This approach is invalid for pyrite and phosphate 

concretions since the acids capable of digesting these minerals will also 

dissolve detrital minerals such as some clays. For this reason calcium 

and phosphate levels in the apatite concretions was determined 

analytically 
(APPENDIX 4) and volume of nodule forming mineral estimated. 

Even this method would be invalid for pyrite nodules since pyritization 

involves replacement of detrital grains. In addition minor and trace 

element composition of the carbonate and phosphate concretions was 
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FIGURE 7.7. Hipa burtini. A, C and E, apex of crushed pyritizedsspecimen. 

apex of 
A, outline view. C, lateral view. E, polished section. B, D, F! 

D, 
uncrushed 

lateral 
phosphatized-pyritized specimen. B, outline view. 

view. F, polished section. X2.5. 
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determined by atomic absorption (see CHAPTER 5 p. 81., and APPENDIX 4. ). 

Pyrite is difficult to analyse by atomic absorption because of complex 

interference and matrix affects produced by' high concentrations of 

sulphides (Raiswell and Plant 1980) Pyrite chemistry was determined by 

electron microprobe with a JEOL 860 SEM with LINK analytical facilities. 

PYRITE 

Moraholoav. 

Pyrite exhibits a variety of morphological types (Hudson 1982). Studies of 

the morphologies and occurences of pyrite in the London Clay allow the 

different phases of its formation to be dated in relation to the formation 

of early diagenetic calcium carbonate and calcium phosphate. 

1. Isolated and conjoined framboids are randomly dispersed in 

concretions and the host sediment. Individual framboids range between 

10-100 um in diameter (fig. 7.9A). Conjoined framboids occur as either 

linear or clustered aggregates: in the former as few as four framboidal 

crystallites are joined in a single plane whereas the latter consists of a 

large number of framboids which have coalesced in a sub-spherical "clot". 

The linear forms, are always parallel or sub-parallel and appear to 

delineate original sediment lamination. In some cases the 'clots' form 

thin coatings upon fossils. The framboidal-pyrite replacement of wood 

shown in, fig. 7.4 for example, occurs as a1 mm surface layer. This pyrite 

layer is limited to what would have been a hollow on the surface of the 

woo-d below a shell lag horizon. Such a 'meniscus' development of pyrite 

may be due to the development of a localized anoxic micro-environment 

within a topographic hollow. 

2. Pyritized fossils are concentrated by wave action and as lag deposits 

on the beach. Pyrite in plant material occurs as bi-pyramidal crystals 
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FIGURE 7.8. 
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FIGURE 7.8.. Diagram of polished sections of Nipa burtini. A, pyritized 

crushed specimen (fig. 9E). A, phosphatized/pyritized specimen (fig. 9F). 
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approximately 10-20 um in size (fig. 7.9A). Where original shell material 

of molluscs and brachiopods has been pyritized the individual 

crystallites adopt a bi-pyramidal form and vary in size from 4 um at the 

inner margin of the shell to less than 1 um at the outer. In some 

instances where pyrite has pseudomorphed the, prismatic layer of the 

original shell, no pyritic crystal form is discernible. 

3. Pyritized internal moulds occur within most organic cavities. 

a. Within calcified wood pyrite framboids infill the large fluid 

bearing vessels (fig. 7.6C). 

b. Bi-pyramidal pyrite with a pore-lining habit occurs within the 

vesicles of spongy bone in vertebrae (fig. 7.6H). 

c. The internal cavities of gastropods contain geopetal pyritized 

sediment, and pyritized linings. In some cases the latter extend downwards 

from the upper surface of the cavity to form what Hudson (1982) referred 

to as pyrite stalactites (fig. 7.98). The crystallites here adopt the 

bi-pyramidal habit and are between 40 and 100 um across. 

d. Within Teredina cavities pyrite occurs as permineralized sediment 

and as a pore-lining, the combination of both habits in the same cavity 

producing a geopetal structure (fig. 7.9F). In some cases the pyrite has 

obviously pseudomorphed calcareous linings within the Teredina borings 

(fig. 7.9E. and 7.10D. ), although it also occurs as a discrete coat of 

crystallites dusting the surface of some calcified Teredina infills 

within pyritized wood. The crystals in this case adopt a bi-pyramidal 

habit and are generally less than 10 um in size. 

4. Pyrite overgrowths, termed overpyrite by Hudson (1982), occur on the 

surface of most fossils. It adopts the following morphologies: - 

Mineralized burrow traces on the surface of all fossil types. 

Bi-pyramidal crystallites are most common in the 40-100 um size range. In 
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FIGURE 9. A. unusual bi-pyramidal framboid upon surface of calcified wood, 

X600. B, pyrite stalactites in gastropod cavity, X50. C, coarse cubic 

overpyrite with slender crystals of gypsum as alteration product, X80. D, 

calcified and pyritized wood with prominent gypsum crystals, X20. E, 

refected light micrograph of pyritized wood; pyritization, []p, of 

ferroan bore-lining calcite, []f, in Teredina-boring , X20. F, Teredina 

boring, []t, in wood, []w, which has been subsequently pyritized; pyritized 

sediment infill, []s, and cavity-lining pyrite, []1, form geopetal 

structure, X20. G, gastropod shell, []s, with compaction fractures, []f, 

enclosed by overpyrite, (]o, and cavity-lining pyrite, (]1, X25. 





most cases the pyrite extends beyond the zone of burrowing onto the 

surface of the fossil. 

b) A light dusting of bi-pyramidal euhedral 40 um crystallites occurs on 

the surface of some eumalacostracan carapaces within phosphatic 

concretions (fig. 7.12E). The pyrite is limited to the surface of the 

fossil and is patchy in extent. 

c) Cauliform pyrite growths (Ramdohr 1980) upon the surface of fossils 

are frequently associated with pyritized trace fossils and show two forms 

of crystal habit: - 

i) Bi-pyramidal in the 40-100 um size range, identical to the "light 

dusting" described above although better developed and forming an uneven 

cauliform coat. 

ii) Radiating crystals producing a very smooth cauliform growth 1-2 cm 

across covered with euhedral cubic crystals 1-2 mm across (fig. 7.9C. ), 

although a vertical polished section through the growth reveals a 

radiating cone in cone crystal structure. 

5. Pyrite concretions occur as flattened to sub-spherical nodules 1-10 cm 

across which in places coalesce to form an aggregated mass. In some 

specimens relict sediment is clearly visible and step-like striations 

along the horizontal axis of the nodule delineate original bedding. In 

hand specimens of this type the pyrite has a granular appearance. 

Alternatively, the pyrite adopts a cauliform growth habit. Horizontal 

sectioning of the nodules reveal a septarian fracture system of radial and 

concentric cracks infilled with euhedral pyrite. Septarian cracks formed 

as tensile fractures during burial and compaction of the host shale (Astin 

1987) Pyritic septarian infills are limited to concretions of pyrite 

(described above) and calcium phosphate and have not been recorded in 

calcareous nodules. Within the calcium phosphate concretions 
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mineralization usually extends beyond the septarian fracture to replace 

phosphatized sediment. 

Chemistry. 

Probe analysis of the pyrite fraction from concretionary pyrite growths 

and fossils showed no variation in minor or trace element chemistry (table 

8l. 

Paraaenesis. 

of all the early diagenetic sedimentary minerals, pyrite has attracted the 

greatest interest through either geochemical studies of modern anaerobic 

systems or mineralogical studies of the geological occurrence (Berner 

1970,1971,1985; Curtis 1980, Lein 1978, see CHAPTERS 4 and 5). Under 

anaerobic conditions, iron hydroxide within sediment pore-waters is 

reduced during bacterial respiration to produce iron ions. Following the 

depletion of iron hydroxide, bacterial respiration utilizes the sulphate 

ion, present in sea water, forming sulphide ions as a bi-product. The 

subsequent reaction of these two ionic species leads to the formation of 

an initial iron monosulphide which upon further reaction with elemental 

sulphur forms pyrite. 

The overall pyrite content of the London Clay is low. Burrowing organisms 

were probably able to supply sufficient oxygen to the decompostion system 

to facilitate prolonged aerobic decay. Thus very low concentrations of 

iron and sulphate ions were produced by anaerobic microbial reduction and 

pyrite formation was hindered. Pyrite was precipitated, at several stages 

in the diagenetic history of the sequence (table 9 and fig. 7.14). This 

sequence resembles that in pyrite-bearing shales from the Jurassic of 

England and Germany (Hudson 1982). 
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Pyrite framboids within concretions are morphologically `. identical` to, 

those dispersed in the sediment and were therfore the first pyrite phase 

to form. Framboid formation was concentrated at sites of active anaerobic 

decay such as decomposing plants and animals in response to bacterial 

decomposition and in some cases formed pyrite concretions and pyritized 

sediment infills of organic cavities. 

Some gastropods have been crushed by sediment overburden prior to the 

formation of cavity-lining pyrite and pyrite infills. Others however, show 

no compaction cracks. This may be due either to structural variation in 

the shells and/or a timing variation in pyrite formation. Overpyrite also 

formed at this time since it is contiguous with compaction fractures and 

internal pore-lining pyrite. Pyritization of plant remains is also likely 

to have ocurred at this time since some of the pyritized plant remains' 

have been partially flattened. 

It is not possible to date the formation of some the pyrite morphotypes, 

such as pyrite concretions because they do not occur in conjunction with 

other minerals or varieties of pyrite. 

Alteration of pyrite by calcium rich pore-waters during weathering led 

to the formation of gypsum crystals (fig. 7.9C and 7.9D. ) 

CALCITE 

MoryholoQV. 

Calcium carbonate within the London Clay occurs as original skeletal 

fragments and as mud rock concretions. The latter form prominent bands of 

spherical 
to flattened ovate nodules along the foreshore and cliff 

exposures at Sheppey and are commonly in the 20-80 cm size range although 
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FIGURE 7.14. A, thin-section of syntaxial calcite overgrowths on'Teredina 

fragment, X24. B, CL of A showing numbered luminescent calcite 'zones on 

shell fraqment [] 5, X24. C, CL of bore-lining Teredina-calcite" with 

compaction fracture, X38. D, thin-section showing 'bore-lining 

Teredina-calcite [] T, in wood [] W; pore-lining, ferroan calcite (C) 

syntaxial with Teredina-calcite has been pseudomorphed by pyrite t] P. 



i 

47 

JIM 

r, 

y"I 

`U' ; ... 
t 

E 

t 

A' 

rt 

G .. . �ý: 4 



some reach over 1m in diameter. Fossils within the nodules include wood 

and occasional shelly debris and appear to be most common within one band 

along the foreshore at 010730 (OS sheet 178 1: 50 000). Elsewhere the 

majority of the nodules are unfossiliferous, although frequently 

intensively bioturbated, the burrows being most prominent upon the outside 

of the concretion. Septaria are most common within non-fossiliferous 

concretions and are frequently filled with a green-yellow calcite with 

occasional selenite. The concretions are also associated with depositional 

events. For instance the lowest nodule band in the cliffs of Warden Point 

occurs in a dark-blue-black band of mud which is 33 cm thick with flame 

structures on the upper surface extending into the overlying dark brown 

sediment. 

Much of the wood within concretions has been intensively bored by 

Teredina and the borings have been infilled with geopetal sediment and 

calcite (fig. 7.5B and 7.5C). At least four colour zones are visible in 

hand specimen in the calcite lining the borings (fig. 7.5C) Differences in 

chemical composition of the calcite, particularly in manganese levels, 

render it amenable to cathodo-luminescence microscopy (CL). CL clearly 

shows six dullish red zones (fig. 7.10B. ) coating shell fragments and 

Teredina-calcite lining the borings. The boring-lining calcite is 

brighter, indicating a higher manganese/ ratio, whereas the dull 

red pore-lining calcite is indicative of a lower manganese/ ratio. 

The initial phase of pore-lining calcite is frequently syntaxial with 

skeletal fragments and adopts a radial habit, whereas later zones are 

typically sparry. The final zone of calcite deposition may be either of 

euhedral dog-tooth or poorly crystallized rounded forms. 
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Chemistry. 

Both chemical analysis and original porosity determinations (table 8) 

show a series of clear trends between the rim and core of the concretion. 

The decrease in porosity away from the centre of the concretion reflects 

the timing of mineral formation. 'At the centre of the nodule carbonates 

were precipitated prior to appreciable sediment compaction. Later phases 

of mineral growth occurred after the onset of compaction and consequent 

reduction of sediment porosity. The decreasing calcium and increasing 

aluminium (from detrital clay minerals) levels towards the rim of the 

nodule are a function of this control on growth. The depletion of 

manganese away from the centre of the nodule is also partly a function of 

original porosity, since the manganese occurs as a carbonate with the 

calcite. However, the manganese/calcium ratio at the rim of the 

concretion is 35% lower than at the core. 

Paraaenesis. 

The high internal porosities recorded within calcite concretions (between 

80-907. ) indicate an early diagenetic origin. According to Greensmith 

(1978) porosities of this value within mudrocks only occur within the top 

5m of sediment. Such" an early diagenetic origin has been attributed by 

Berner (1968) and Raiswell (1971,1976) to the bacterial degradation of 

organic matter (see CHAPTER 4 for review). 

In a marine environment, such as that of the London Clay, sediment 

pore-waters achieve a high level of calcium saturation. The precipitation 

of a calcareous mineral phase is therefore controlled by anionic 

concentration gradients. Bi-carbonate ions produced during anaerobic decay 

may react with the calcium ion to form calcite (Raiswell 1971,1976). 

8i-carbonate ion concentration may be centred around discrete pockets of 
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decomposing organic matter (such as macrofossils) or within whole beds of 

organic rich sediment. 

The occurrence of discrete layers of concretions and the dearth of 

contained fossils suggests that the bi-carbonate ions originated from the 

decomposition of disseminated organic carbon in the London Clay. Further, 

the occurrence of concretion bearing horizons within flamed beds suggests 

a depositional control upon nodule formation. Rapid burial of an 

organic-rich layer of sediment would lead to anoxia and the production of 

large amounts of the bi-carbonate ion, thereby promoting carbonate 

formation. The irregular development of discontinous bands of concretions 

in the London Clay may therefore represent episodic burial events. 

The introduction of manganese into the calcite lattice is due to 

microbial respiration within sediment (see CHAPTER 2, and CHAPTER 5). 

Manganese-reduction occurs below the sediment-water interface and 

produces manganese ions. Upon reaction with bacterially produced anionic 

species such as the bi-carbonate ion, manganous mineral phases are 

precipitated. In the London Clay manganous mineral species were 

incorporated into other mineral precipitates such as calcite and 

phosphate. About 1% of manganese occurs within the carbonate fraction of 

the concretions. This is because initial stages of concretion growth 

occurred at or near the zone of manganese reduction which provided an 

abundant source of manganese ions for inclusion into the calcite lattice. 

The reduced levels of manganese towards the rim of the concretion show 

that this part of the nodule formed deeper in the sediment pile when ionic 

manganese within sediment pore-waters was depleted. 

Thin-section CL of wood-bearing concretions shows that the wood 

luminesces at the same intensity as the surrounding sediment. Since CL is 

sensitive to changes in manganese and iron chemistry this shows that 
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levels of these elements -within thetwood and-surrounding concretion-are- 

the same. -Calcification- of wood-, within- the London- Clay is therefore an, 

early event and. synchronous with the early stages-of concretion growth. .. - 

The development of pore-lining calcite in some Teredina borings occurred 

after sediment infill and either during or after the development of 

calcareous. concretions. 5eptarian-cracks formed, during burial at a 
. 
depth 

of up to 50 m (Astin 1987). 

CALCIUM PHOSPHATE 

Mooholoay. 

King (1981) documented bands of phosphatic concretions at Sheppey although 

they are more commonly randomly dispersed. XRD shows the phosphate to be 

francolite, a calcium fluor-apatite, which occurs in the form of 1-2 um 

sized crystal aggregates. The nodules are ovate and up to 60 cm in size. 

They are a light buff colour in contrast to the dark brown-black fossil 

material which they occasionally contain. Organic remains in the 

concretions includes feacal pellets, burrows and fragments of arthropods 

and vertebrates (fig. 7.11A. and 7.11C). The fossils are composed of 

francolite virtually identical to that forming the surrounding 

concretion, apart from a slight deviation in minor element chemistry. The 

colour difference between fossils and the enclosing concretion is probably 

a function of crystal size. 

Most of the fossils encountered in phosphatic concretions had an 

original phosphatic component. However in the case of the arthropod 

cuticle this was probably quite low since phosphate content of living 

arthropods is in the region of 1-5 dry weight percent (Allison 1988). 

Non-concretionary phosphate is limited to isolated fish teeth which are 

most commonly encountered in the coarse sands near the base of the cliff. 

134 



FIGURE 7.11. Thin-section of phosphate nodules. A,, burrows with spreite 

structure, X18. B; -'faecal'pellets surrounded by pyrites --X25; C,, --faecal 

, pellets with pyrite, -veining,, X20. 





TABLE B. 

PHOSPHATE CALCITE 

P1 P2 P3 P4 L4 L3 L2 LI 
Core ------------> Rim Core ------ -----> Rim 

Ca 
(7, ) 40.8 34.2 39.7 36.7 35.7 33.3 30.2 31.4 

Fe 
(/. ) 3.72 5.19 4.68 4.53 3.74 3.93 3.65 4.49 

Mn 
(ppm) 888 734 656 540 7007 6880 5720 4063 

Mg 
(7. ) 0.50 0.48 0.49 0.49 1.40 1.40 1.42 1.54 

Al 
(7, ) 1.66 1.64 1.59 3.58 2.58 2.79 2.91 4.36 

P 
(7, ) 35.8 28.2 34.3 25.8 2.34 2.54 1.97 2.21 

Si 
(7. ) 9.8 11.3 12.4 23.8 14.5 15.7 14.9 27.6 

Mn/Ca 0.0021 0.0021 0.0016 0.0014 0.19 0.20 0.18 0.12 

Internal 
Porosity 82 78 76 54 72.1 73.7 68.8 54.7 

(y. ) (estimates from Si and (acid solub le fraction) 
Al content) 

PYRITE 

0.05 

48.76 

1.03 

0.85 

0.75 

N/D 

1.2 

TABLE S. Chemical analysis of pyrite, phosphate and calcite concretions. 
-------------------------------------------------------------------------- 

Chemistry, 

Original porosities'estimated by chemical analysis, manganese levels and 

the calcium/manganese ratio decrease towards the rim of the concretion. 

(table 8). Internal porosities are slightly higher than those of 

carbonate nodules although the difference may be within experimental 

error. 
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Paragenesis. 

Phosphate mineralization occurred after the formation of framboidal 

pyrite but before that of pyrite and calcite concretions. This is 

evidenced by the presence of: - a) high internal porosities; b) pyrite 

framboids in the nodules; and c) three dimensional preservation of fruits 

and gastropods in phosphate concretions but not in pyrite concretions. 

The most stable calcium-bearing mineral phase in normal marine pore-waters 

is calcite. This is because concentrations of the bicarbonate ion are 

usually far in excess of the phosphate ion. Thus, for phosphate to form, 

concentrations . of the phosphate ion in pore-water solution must be 

considerably increased (see CHAPTER 6). Such enrichment may occur during 

the decay of organic matter (Gulbrandson 1969, Prevot and Lucas 1984). 

Phosphate liberated to pore-water solution by aerobic decay becomes 

adsorbed to ferric hydroxides. In anaerobic conditions these ferric 

hydroxides are reduced and phosphate is liberated to pore-water solution 

(Benmore et al., see CHAPTER 6). An additional mode of phosphate 

precipitation 
involves bacteria. According to Ennever et al., ( 1981, 

CHAPTER 6) several strains of bacteria are capable of precipitating 

apatite crystals withintheir cell walls. 

Further, phosphate crystallites from London Clay concretions are 

generally rounded bacteria-sized crystalline aggregates 
"about 

1-2 um in 

diameter (fig. 7.12A, 7.12D, and 7.12G. ). In some cases the crystallites 

are enclosed (fig. 7.12G. ) by what appears to be the cell wall of the 

bacterium. These micro-spherical crystallites may be a bacterial 

precipitate 
formed at the anoxic-oxic interface where phosphate 

concentrations are high. 

Manganese concentrations at the outer edge of the concretions are much 
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IGURE. 7.12. SEM 's of crab-bearing nodule. A, fine mass of phosphate 

rystall'ites with organic pockets, 80.8, smooth organic pocket with small 

ihosphate,, crystallites, X8,000. C, "bacterial" micros phere, X18,000. D, 

aggregated microspheres, X10,000, E, bi-pyramidal pyrite upon surface of 

'rab, X700. F,, phosphate crystallites, X3,800. G,, "bacterial" micro-sphere 

si th possible. cell wall, X38,000. 
,, 





lower than at the centre of the nodule (table 8). This is because 

pore-water manganese levels were lower during this late stage of growth. 

This depletion is considered to be due to bacterial manganese reduction, 

as documented above (calcium carbonate section). It is not meaningfull, 

however, to compare manganese levels in phosphate and calcite 

concretions since-each mineral has a different affinity for the element. 

Arthropods and vertebrates in phosphate nodules have been replaced by 

secondary francolite. It is not possible to date this mineralization 

relative to the formation of the nodules. Prevot and Lucas (1984), 

however, showed experimentally that phosphatization of calcareous 

skeletal material may occur rapidly if pore-water phosphate levels are 

high enough. 

In the Lo-radon Clay, phosphatization of fossils appears to be restricted 

to organic remains with-an original phosphate content (Ralson, 1980) such 

as arthropods, vertebrates, and faecal pellets. 

7.6. SUMMARY 

The Eocene London Clay cropping out on the Isle of Sheppey in Kent 

contains a suite of early diagenetic calcareous, phosphatic, and pyritic 

concretionary growths which are often fossiliferous (see figs. 7.13 and 

7.14. ) for diagenetic and taphonomic summary). Framboidal pyrite formed 

first in small anaerobic pockets in an otherwise aerobic and bioturbated 

sediment. The bacterial decomposition of organic matter in this aerobic 

zone liberated phosphate into pore-water solutions which became adsorbed 

to ferric hydroxides in the sediment (Benmore et al. 1983). The reduction 

of iron at the anoxic-oxic interface liberated phosphate to solution which 
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FIGURE 7.13 

VERTEBRATES ARTHROPODS PLANTS SHELLY ANIMALS 

AQUATIC TERRESTRIAL CRABS INSECTS L OGS TWIGS MOLLUSCS BRACHIOPODS 
AND 

LOBSTERS 
\ 

FRUIT / 

within 
timber within 

timber 

DISARTICULATES DURING 
DECAY-INDUCED IFLOATS. 

BUOYANCY. 

EPISODIC BURIAL EVENTS. WATERLOGGING, TRANSPORT 
ARTICULATED ARTHROPODS SUBMERGENCE. AND/OR 

AND 30 FISH. AND BURIAL. BURIAL. 

SOFT-PART DECAY. ONLY REFRACTORY TISSUE, SUCH AS CHITIN AND 
CELLULOSE REMAINS. 

FIGURE. 7.13: Summary of biostratinomic sequence. 

may have been precipitated in vivo by sediment bacteria to form small 

concretionary bodies around faecal pellets, burrows, arthropods, and 

vertebrates. Phosphatization was specific to organisms with an original 

phosphatic content. 

Calcareous nodules formed as a result of rapid burial of organic rich 

layers. Subsequent anaerobic decay of the organic matter in these layers 

promoted an increase in pore-water concentrations of the bi-carbonate ion 

which led to the precipitation of calcium carbonate. Precipitation 
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FIGURE 7.14 

PORE-WATERS ENRICHED 
WITH Fe; SO;, AND Ck IONS 

DIAGENETIC BURIAL 
SEQUENCE 

localized sulphate reduction 

ISOLATED PYRITE FRAMBOIDS 

P04 liberated at anoxic/oxic boundary 

=RAMBOIDAL JPHOSPHATIZATION HCO3 liberated by 
INFILLS AND OF ARTHROPODS decay of organics 

MENISCI I AND VERTEBRATES 

NODULE GROWTH 

PYRITE 
IODULES 

sediment 
compaction 

OVER PYRITE 
PORE-LINING 
PYRITE, AND 

REPLACEMENT 
OF PLANTS 

DE-WATERING 
AND SEPTARIA 

FORMATION 

PYRITIZATION OF 
POLYZONAL CALCITE 
AND SHELLY FOSSILS 

FIGURE 7.14. Summary of diagenetic sequence. 

LAYERED 
CALCAREOUS 

NODULES AND 
CALCIFIED WOOD 

PORE-LINING 
CALCITE 
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occurred around sediment inhomogeneities and macrofossils which may have 

functioned as "seed crystals". 

Framboidal pyrite formed internal moulds in some organic cavities and 

laminated cauliform concretions. Pyritic replacement of organic remains, 

such as shelly fossils and plant material, occurred later in the 

diagenetic sequence after sediment compaction. 

Concretionary phosphate was clearly the earliest preservational mineral 

to form in the London Clay. 

Mineralization is the only way that information loss through decay can be 

halted during the fossilization process (Allison 1988a ). Therefore, 

organisms preserved during the first stages of the diagenetic sequence 

exhibit a higher level of preservation than those mineralized later. 

Further, since phosphatization can be restricted to certain taxonomic 

groups (organisms with an original phosphate content) a diagenetic 

taphonomic bias is seen to function. The operation of this bias is to 

promote increased levels of preservation in organisms with an initial 

phosphate content. 

From the recognition of this preservational bias and a knowledge of the 

geochemical switches governing mineral precipitation it is possible to 

characterize the conditions necessary for exceptional preservation and 

apply them to the fossil record. With further work it will also be 

possible to predict the level of preservation which can be expected in a 

given sedimentary regime. 
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CHAPTER EIGHT 

Summary: Konservat-Lagerstätten: cause and classification 
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B. I. ABSTRACT 

A review of the-processes required for exceptional preservation of 

soft-bodied fossils demonstrates that anoxia does not significantly 

inhibit decay and emphasises the importance of early diagenetic 

mineralization. Early diagenesis is the common factor amongst the complex 

processes leading to soft-part preservation. Level of preservation is 

dependent upon original biological composition and presevational 

mineralogy. The development of the three most common preservatianal 

minerals is controlled by rate of burial, amount of organic detritus and 

salinity. A new causative classification of Konservat-Lagerstätten 

relating level of preservation to these depositional parameters is 

presented. 

8.2. INTRODUCTION 

Exceptionally preserved soft-bodied fossil biotas, termed 

Konservat-Lagerstätten by Seilacher (1970), preserve invaluable evidence 

of Phanerozoic metazoan diversity. However, the sedimentological 

conditions required for such exceptional preservation are almost always 

selective and responsible for considerable taphonomic bias. 

Seilacher (1970) considered the most critical sedimentological controls 

favouring exceptional preservation to be anoxia, rapid burial, early 

diagenetic concretion growth, or the occurrence of a conservation medium 

such as tar, permafrost, amber etc. 

More recently Seilacher et a!. (1985) refined the classification of 

conservation 
deposits. Obrution (rapid burial), stagnation, and 

cyanobacterial coverings were considered principal causes of exceptional 

preservation. 

These classifications are only loosely causative since only 
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cyanobacterial coverings, and rare preservational media such as amber, are 

in any way diagnostic in terms of preservational style. "Early diagenetic 

concretions" occur in such a variety of circumstances that the term is 

has no truly causative connotation. Similarly "obrution" and 'stagnation' 

are primarily palaeaecological in concept. 

Here the taphonomy of soft-bodied biotas is reviewed and a new causative 

classification of Konservat-Lagerstatten is proposed based on taphonomic 

parameters such as decay rate and diagenetic mineralization. This scheme 

incorporates the concept of taphofacies (Brett and Baird 1986) relating 

features such as degree of preservation and mineral paragenesis to 

sedimentary facies. 

8.3. CONTROLS ON THE PRESERVATION OF KONSERVAT-LAGERSTÄTTEN 

The salient characters which define the occurrence of a particular 

deformational structure are often referred to-as a structural style. In a 

palaeontological context, the term preservational style refers to the 

sum-total of taphonomic characters exhibited by a biota brought about by 

the f. össilization process. Thus, preservational style would include 

factors such as degree of fragmentation and disarticulation, extent of 

decay prior to mineralization, preservational mineralogy and mineral form. 

TRANSPORT 

Reduced transport has been cited as a contributory factor in the 

exceptional preservation of the Burgess Shale (Whittington 1971 and Conway 

Morris 1979b) and the Hunsrtck Slate (Stürmer and Bergström 1973) In both 

cases the authors argued that minimal transport reduced degree of 

disarticulation and fragmentation of soft-bodied and lightly sclerotized 

organisms. 
Logically, this suggests that exceptionally preserved biotas 

145 



are indicators of minimal transport and therefore applies constraints to 

the relationship between depositional environment with life habitat. 

Actualistic experimentation (CHAPTER 3) however, has shown that 

exceptional preservation is no indication of duration or nature of 

transport (Allison 1986). Freshly killed carcasses of soft-bodied and 

lightly scierotized animals tumbled in a rotating barrel for several hours 

suffered neither fragmentation or widespread disarticulation. Conversely 

carcasses entombed in a jar of seawater were buoyed up to the surface and 

disarticulated during decay to produce a carpet of skeletal fragments 

upon the floor of the jar. Thus, it is extent of decay rather than nature 

or duration of transport which governs the operation of this factor. 

DECAY: RATE AND INHIBITION 

The decay of organic carbon in natural sedimentary sequences is best 

expressed in terms of a half life (Berner, 1985). The duration of this 

half life is dependent upon a) nature of the decomposing carbon, and b) 

pore-water chemistry. 

Nature of organic carbon 

Organic carbon occurs in a complex and variable molecular form in 

association with other elements, principally oxygen, nitrogen, hydrogen, 

and phosphorus. Different molecules decay at different rates according to 

their chemical formulae and molecular configuration. Those with the 

shortest half-life may be considered volatiles; those which demonstrate a 

degree of decay resistance are termed refractories. Cellulose and chitin 

for example belong to a group of carbohydrates known as structural 

polysaccharides and form complex bio-polymers exhibiting considerable 

decay resistance. 

In an aerobic aquatic system, decomposition by the sediment microbiota 

may lead to the complete destruction of all forms of organic carbon 
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(J%rgenson 1983). However, in an anaerobic system the ability of microbes 

to break down refractory organic carbon is severly impaired and may be 

completely halted (Jg'rgenson 1982,1983; Peck and Legall 1982). The 

preservation potential of organic carbon in sediment is therefore 

dependent on both degree of volatility and oxygen supply. 

Pore-water chemistry 

Long term decay inhibition of organic soft-parts is an unusual occurrence 

and restricted to specific taphonomic circumstances, such as low pH peat 

swamps and strongly reducing anoxic aquatic sediments. 

Exceptionally preserved plant remains in calcareous concretions from 

fossil peats have been recorded from many localities. Preservation is 

favoured by the decay resistance of cellulose and the anti-bacterial 

qualities of tannic and fulvic acids in the peat. However in addition to 

plants a wide array of invertebrates and vertebrates are preserved in 

these peats. The best example is provided by the "Bog people" from the 

peats of Northern Germany, Scandinavia, Britain, and Ireland (Glob 1969). 

These Iron Age humans have been mistaken for recent murder victims (Glob 

1969). Many preserve cellular detail of skin, muscle, hair and clothes. 

However, preservation is solely due to the tannic and fulvic acids 

produced by the peat which impregnate the carcasse and preserve it like 

tanned leather. 

The middle Eocene Geiseltales brown coal exposed near Halle, in East 

Germany (Voight 1933,1957) is an earlier example of this type of 

preservation. Soft-parts from this locality include muscle fibres and 

epithelial cell structure preserved in a non-mineralized state. 

The concept of anoxia as a decay inhibitor was first introduced by 

Hecht (1933) based upon a series of actualistic decomposition experiments 

using shark carcases anchored in aerobic and anaerobic sediment. (see 

CHAPTER 2, p. 35-36). Further experiments by Zangerl and Richardson (1963) 
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and Plotnick (1986) have concurred with this view. Allison (1988a, 

CHAPTER 2), however, conducted a series of experiments which demonstrated 

the rapidity of anaerobic decay processes in natural sediment. Allison 

(1988a, CHAPTER 2) also produced a re-interpretation of the work of Hecht 

(1933), Richardson and Zangerl (1963), and Plotnick (1986) which 

emphasised the efiiciency of the sediment microbiota in anaerobic 

conditions. Anoxia retards organic decay but does not stop it. 

The depletion of pore-water oxygen forces sediment bacteria to utilise a 

series of alternative oxidants during decay. The ordering of these 

reactions is governed by their free energy yield. In ideal circumstances 

they would be stratified in. the sediment profile (fig. 2.6) with those 

reactions liberating the greatest free energy occurring highest in the 

sequence (Redfield 1958). Reactions lower in the sediment profile would 

only operate after the complete reduction of ions required for the more 

efficient ones However, the supply of these oxidants is not uniform. 

Nitrate reduction and methanogenesis dominate in freshwater, sulphate 

reduction and methanogenesis in marine regimes. Allison (1988a, CHAPTER 2) 

showed that decay rate in the marine (sulphate-reducing environment was 

more rapid than in the freshwater (methanogenic system). 

The depth to which these reactions are active in the sediment depends 

upon organic supply and sediment permeability. A greater input of organic 

detritus increases demand for the ions required for anaerobic respiration. 

Similarly, reduced permeability (argillaceous sediments, rapid burial) 

impedes the transfer of these ions from the overlying water column to 

sediment pore-waters. In both cases the reduction zones in the chemically 

stratified sediment will be attenuated. In the most extreme case the 

anoxic/oxic boundary lies above the sediment/water interface. 

Decay inhibition in a geological context is an unusual event and largely 

restricted to refractory biological structures and unique depositional 

systems. The processes of decay-inhibition and early diagenetic 
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mineralization operate in tandem resulting in an organic preservation 

factor. 

Anoxia alone is ineffective as a decay inhibitor in the preservation of 

organic soft-parts. However, reduced oxygen supply does discourage 

scavenging and burrowing organisms which promote the disarticulation and 

fragmentation of soft-bodied and lightly articulated organisms. Obrution 

or rapid burial performs the same function by distancing a decaying 

carcasse from the overlying water body and thereby reducing the 

opportunity for damage by bioturbation. Without early diagenetic 

mineralization these processes merely lead to the preservation of more 

completely articulated hard parts (Seilacher et al. 19B5). 

It is possible to erect a list of biological structures based upon 

comparitive decay resistance (fig. 8.5. ). The preservation of the most 

volatile characters requires a maximum application the preservation 

factor. The extreme volatility of stuctures such as muscle promotes 

decay-induced information loss in all environments except peat swamps. 

Thus, preservation of volatile structures requires early diagenetic 

mineralization. 

FOSSIL-DIAGENESIS 

Although anoxia is ineffective as a preservation medium for organic 

soft-parts, the removal of oxygen leads to widespread reducing conditions 

and the production of reactive ionic species. This promotes the formation 

of early diagenetic mineral precipitates which' according to Allison 

(1988a, CHAPTER 4) can form during the first few weeks of burial. Early 

diagenetic mineral formation is the only way to halt decay-induced 

information loss. 

The most commonly occurring diagenetic minerals associated with 
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exceptional preservation are pyrite, carbonates such as calcite and 

siderite, and phosphates such as francolite and vivianite (see 

classification section). 

The minerals occur in a variety of forms controlled by degree of 

crystallinity, crystal size, and growth form. Mineral form is expressed 

taphonomically in the preservation of soft-bodied biotas by three modes of 

preservation which reflect different degrees of information loss. These 

three modes of preservation are: - permineralized tissues, mineral 

psuedomorphs. or coats, and mineral casts. 

Permineralized soft-tissues 

The in-vivo precipitation of authigenic mineral phases prior to organic 

decay-is rare. The most frequent occurrence of this type of preservation 

is that of permineralized refractory tissues such as cellulose and chitin. 

The preservation of more volatile structures such as muscle fibres 

requires exceedingly rapid mineralization and as a result is frequently 

restricted to the phosphatic taphofacies (refer to section on phosphates) 

since phosphates are invariably the first preservational mineral phase to 

form within a sequence. 

Mineral coats 

The preservation of soft-part outlines is the most frequent mode of 

occurrence for soft-bodied fossil biotas. In this case in-vivo 

precipitation of mineral phases is inhibited and the internal stucture of 

soft-parts is destroyed. However, the organisms function as a template for 

mineral formation and a soft-part outline is preserved. Examples include: - 

the pyritized faunas of Beecher's Trilobite Bed (Cisne, 1973) and the 

Hunsrück Slate (Stürmer and Bergström, 1973; Stürmer, 1985), the Eocene 

Messel Oil Shale biota from Darmstadt in Germany (Franzen, 1985), the 

upper Cambrian anthraconites from the Orsten of Sweden Miller 1985, 
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Müller and Wallösek, 1985), and the Middle Cambrian Burgess Shale of 

British Columbia (Conway Morris 1985). 

The Messel shale contains flattened body outlines of amphibians, flying 

mammals, and birds (Franzen, 1985). These outlines are formed by a 

permineralized layer of bacteria which pseudomorph the original soft-parts 

(Wuttke, 1983a) by promoting the precipitation of siderite. In this case 

the bacteria responsible for decay have initiated the precipitation 

'switch" responsible for the mineral coat. 

When bacteria die they undergo autolysis whereby enzymes and other 

chemicals within the bacterial cell corrode the body wall of the microbe 

and cause it to self-destruct. This occurs within hours or days. The 

presence of mineralized bacteria therefore implies "fixing" of the 

microbes prior to complete autolysis. Mineralization must occur very 

rapidly after death or even during the life of the bacteria. It is 

possible that it even lead to their death. 

The Orsten biota-includes three dimensional ostracods and crustaceans 

enclosed in concretions of calcium carbonate (Muller 1985). Preservation 

includes fine soft-part details such as limb morphology, eyes, sex organs, 

11-1 
and possible gut traces (Müller and Wall'osek 1985). The animals are 

preserved in 'calcium phosphate and can therefore be freed fro'm the 

enclosing calcareous concretions by treatment with acid and examined 

under the SEM. Phosphate occurs as both a relacement of cuticle and as a 

coat of euhedral crystals. Very little is known of the mechanism for this 

type of mineralization but it may have been bacterially mediated. Ennever 

et al. (1983, reviewed in CHAPTER 2,5, and 7) have shown that plaque 

bacteria are responsible for the the formation of phosphatic coats on the 

teeth of living mammals. It is therefore possible that the phosphate coats 

occurring on the Orsten arthropods were precipiated by bacteria. 

The Burgess Shale biota is one of the richest and most diverse 

soft-bodied faunas in the geological record which includes over one 
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hundred and twenty genera of soft-bodied and lightly sclerotized organisms 

(Conway Morris, 1979). The soft-parts are preserved as a thin black film 

of illite and chlorite which has pseudomorphed the original soft-parts 

(Conway Morris, 1985). There is as yet no clear idea of how this mineral 

coat formed. 

Tissue casts and molds 

Soft-tissue casts and molds generally involve a greater degree of 

information loss than those mineralogical forms already listed. They are 

formed by the early diagenetic stabilization of sediment. This sediment 

stability may occur prior to lithification in fine sands as in the Pound 

Quartzite (Wade 1968) or by barly diagenetic mineral growth as in the 

Mazon Creek Biota of Illinois, U. S. A. (Baird 1979, Baird et al. 1985). 

The Late Precambrian Pound Quartzite of the Flinders Range of South 

Australia contains a variety of soft-bodied casts which include medusoids 

(Wade 1968). Preservation involved the deposition of fine-grained 

rhythmic 'casting" sands upon the carcasses shortly after death. Organic 

decay continued until the organisms were detroyed. The sands, being fine 

grained, underwent little or no compaction and retained the cast form of 

the carcasses. 

The Upper Carboniferous Mazon Creek Biota of Illinois U. S. A occurring 

within the Francis Creek Shale has yielded a variety of soft-bodied 

fossils preserved within siderite nodules at the base of the shale. 

Soft-tissues" are preserved solely as casts/molds and impressions with 

little or no internal stuctural detail. Preservation occurred through 

early diagenetic mineral formation around the decomposing organisms. 

Although decay has completely destroyed most organic stuctures, the 

lithification of sediment around the organism cast a replica of 

soft-parts. This replica formed a void within the subsequent concretion 
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which was later infilled with late stage diagenetic minerals, thus forming 

soft-part casts and molds. 

8.4. DIAGENETIC CLASSIFICATION OF KONSERVAT-LAGERSTÄTTEN 

Since diagenetic mineral growths are the most important factor in the 

preservation of exceptionally preserved fossils it is logical to erect a 

causative classification based upon mineral paragenesis. The following 

classification concentrates upon the principal factors controlling 

sediment geochemistry namely, rate of burial, salinity, and organic 

content and how different combinations of these variables function as a 

precipitation switch, thereby leading to mineral formation. 

The. following discussion refers specifically to the mineralization of 

soft-bodied tissues. 

PYRITE 

Pyritized soft-parts- have only been recorded from a handful of localities 

including the the Ordovician Beecher's Trilobite Bed of New York State, 

U. S. A. (Cisne 1973), and the celebrated Hunsruck slate of the Bundenbach 

district of Germany (Sturmer and Bergstrom 1973) middle Cambrian Burgess 

Shale of British Columbia (Conway Morris 1986), 

Authigenic sedimentary pyrite forms as a result of the action of 

anaerobic bacteria which promote widespread reducing conditions. In such a 

system reduced iron reacts with sulphide ions resulting from the reduction 

of pore-water sulphates to form iron monosulphides such as greigite and 

mackinawite (Berner 1970,1971, CHAPTER 4). These minerals react in turn 

with bacterially liberated H2S to form authigenic pyrite (Berner 1984). 

Thus, the formation of sedimentary pyrite is facilitated by the 

availability of organic carbon (for bacterial respiration) and pore-water 
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FIGURE 8.1 

PYRITE 
1. Rapid burial 
2. Low organic content 
3. Presence of sulphates 
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FIGURE S. 1. Depositional parameters required for pyritization of lightly 

skeletized and soft bodied organisms. Early diagenetic pyritization 
requires rapid burial, a low organic content, and the presence of 
sulphates. 

sulphates (for sulphate reduction). Since sulphates are more common in 

marine systems, sedimentary pyrite is almost wholly restricted to marine 

systems. 

It has long been known that pyrite may form very early in the diagenesis 

of a sediment and framboidal pyrite have been recorded in recent sediments 

(Love, 1967; Lein, 1978). Recently, Allison (1988a, CHAPTER 4) recorded 

the development of authigenic iron mpnosulphides upon the carcasses of 

decaying crustaceans sealed in jars containing mud and water from a marine 

system. Contrary to expectation, the quantity of pyrite precursor 
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associated with the carcasses remained static throughout the experiment 

following its initial appearance after two weeks of decay. The muds used 

in these experiments were organic rich and therefore promoted widespread 

sulphate reduction. In this system the crustacean carcasses could not form 

the necessary reducing micro-environment which would create a sulphide 

precipitation sink. As a result the carcasses continued to decay, overall 

sulphate demand exceded sulphate supply and the pyrite switch was turned 

off. 

Two end members of pyritization can be considereu. A high organic 

content within the host sediment inhibits the formation of exceptionally 

preserved fossils. In such a system sulphate reduction is uniform and 

pyrite disseminated throughout the sediment. Concentrated demand for 

pore-water sulphates at the sites of decaying macro-organisms exceeds a 

supply already depleted by the decay of disseminated organic carbon. As a 

result, rate of pyritization falls and decay-induced information loss 

continues. With increased burial, supply of sulphates to sulphate-reducing 

bacteria fails altogether and sulphate reduction is prevented. The 

preservation of soft-parts is therefore favoured within organic poor 

systems where pyritization is concentrated around decomposing organisms. 

In this system the decaying carcass forms a reducing micro-environment 

promoting the sulphide-precipitation sink necessary for very early 

pyritization. 

Rapid burial is also a pre-requisite for pyritization since it dilutes 

organic supply and inhibits bioturbation and scavenging. If the 

sedimentation rate is too high however, the migration of pore-water 

sulphates to the decomposing carcasse will be inhibited and the pyrite 

precipitation switch will be turned off. Rate of burial is therefore 

critical to the pyritization of soft-parts. 

Following these criteria it is possible to plot a field of exceptional 

preservation associated with the pyritic taphofacies (fig. B. 1). In this 
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instance low organic content. rapid burial, and marine pore-waters are 

most conducive to exceptional preservation. 

PHOSPHATES 

Phosphatized soft-parts exhibit the highest levels of preservation 

including three dimensional mineralization and the retention of cellular 

morphology. Fossilized muscle fibres are more commonly associated with 

phosphate replacement than any other mineralizing agent (see CHAPTER 6 for 

examples). 

In most freshwater and marine settings concentrations of the bicarbonate 

ion exceed those of the phosphate ion and the precipitation switch is set 

at a position where carbonate mineral formation is favoured. A setting of 

the precipitation switch such as this where normal depositional 

circumstances favour the precipitation of a particular mineral can be 

referred to as the default position. This is even more so in organic-rich 

sequences where further bicarbonate ions are produced by anaerobic 

respiration. In normal conditions then the carbonate/phosphate 

precipitation switch is at the default position (fig. 8.2. ) and favours 

carbonate prrecipitation. For phosphate minerals to form, concentrations of 

phosphates must exceed those of the bicarbonate ion. Guibrandson (1969) 

suggested that this may be achieved at sites of oceanic upwelling where 

plankton and algae concentrate phosphates. Periodic blooms and subsequent 

decomposition of these organisms would liberate phosphates to pore-water 

solutions (Prevot and Lucas 1984) thereby increasing concentrations. 

However, this process alone is not an adequate explanation since the 

decomposition of organic carbon liberates far more bicarbonate ions than 

phosphate. Benmore et al. (1985) suggested that phosphate liberated by 

the decomposition of organic carbon would become adsorbed to ferric 

hydroxides within the sediment. Upon the onset of anoxia and the reduction 

of ferric hydroxides phosphates would be liberated to pore-water solution 
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FIGURE 8.2. 
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FIGURE 8.2 Flow diagram summarizing depositional controls upon the 
carbonate/phosphate precipitation switch. High organic content and low 
rate of burial favours phosphate formation whilst high organic content 
with rapid burial favours carbonate formation. 

at the anoxic/oxic boundary thereby producing a phosphate concentration 

peak. If concentrations were high enough authigenic minerals could form. 

However, it is clear that in some cases phosphate levels only achieve a 

marginal concentration at which widespread phosphate precipitation 
is 

impossible. Allison (1988b, CHAPTER 7) described such a system 
from the 
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FIGURE 8.3 
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FIGURE $. 3. Depositional parameters required for phosphatization of 
soft-parts. Early diagenetic phosphatization requires a low rate of burial 
and a high organic content. 

Eocene London Clay of Kent, England, where phosphate formation was 

inhibited and only occurred around phosphatic nuclei such as vertebrate 

and arthropod fragments. 

In addition Ennever et al. (1981) documented the in vivo formation of 

apatite crystals in plaque bacteria and Allison (1988b, CHAPTER 7) 

suggested that similar bacteria may be responsible for phosphate formation 

in sediment. 

Since concentrations of phosphate are highest at the anoxic/oxic 
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interface phosphatization of soft-parts i is favoured by a low rate of 

burial as this will increase residence time at the zone of phosphate 

concentration. 

In a marine system authigenic phosphates normally precipitate as a 

sedimentary flourapatite known as francolite. In fresh water however, 

concentrations of iron ions are higher and the most stable phosphate 

species is usually vivianite. 

The field of soft-part preservation for the phosphate taphofacies (fig. 

8.3. ) is defined by a high organic content and a low rate of burial. In 

such a system phosphates can be secondarily concentrated so as to promote 

early diagenesis and halt decay. 

CARBONATES 

Preservation of soft-parts is more commonly associated with carbonate 

mineralization than with any other authigenic mineral phase. The carbonate 

occurs either as concretions or as a fine grained bedded limestone (often 

referred to as Plattenkalk deposits), 

; Concretionary carbonates preserving soft-parts occur as siderite or 

calcite include the Carboniferous biotas of Mazon Creek (CHAPTER S) and 

Montceau les Mines. 

The decomposition of organic carbon in an anoxic environment leads to 

the formation of the bicarbonate ion which if produced in sufficient 

quantity can react with calcium and iron ions present in pore-waters to 

produce authigenic carbonates (Raiswell 1972,1976). In a marine system 

calcium is normally present in supersaturation levels and iron reacts 

preferentially with sulphide ions to form pyrite; thus calcite is the most 

likely mineral phase to form. In a freshwater environment calcium 

Concentrations are commonly lower and sulphide ions are almost absent. 

This allows iron ions to reach sufficiently high concentrations for the 

precipitation of siderite (Berner 1991), 
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FIGURE 8.4. 
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FIGUREB. 4. Depositional parameters required for preservation of soft-parts 

with carbonates. Field of exceptional preservation is characterised by 

rapid burial of organic rich sequences. 

The quantity of bicarbonate ion liberated by the decay of a single 

macro-organism 
is insufficient to produce the volume of concretionary 

carbonate associated with exceptionally preserved fossils. However, the 

development of initial carbonate phases at this point would function as 

seed crystals for continued carbonate formation. The preservation field of 

organic soft-parts by carbonate minerals is therefore controlled by a high 

input of organic carbon. 

Rapid burial of such. an organic rich sequence promotes an anaerobic 
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regime, reducing the opportunity for bioturbation, and inhibits iron and 

sulphate reduction by removing decaying carbon from the overlying water 

body. More importantly residence time at the anoxic/oxic interface leaves 

the precipitation switch at the default position, ie. carbonate on; 

phosphate off (fig. 8.2. ). Salinity has little effect other than as a 

control on the species of carbonate which can form. The field of 

exceptional preservation for the carbonate taphofacies (fig. 8.4. ) is 

therefore controlled by a high rate of burial and a high organic content. 

Fine-grained, finely bedded limestones such as the Jurassic Solnhofn 

Limestone of Germany (Keupp. 1977) the Eocene Green River Formation of 

central North America (Grande, 1984) and the Haqel and Hioula Limestones 

of Lebanon (Nuckel, 1970; Hemleben, 1977) are often referred to as 

Plattenkalk deposits or lithographic limestones. Such deposits occur in 

lacustrine as well as marine systems where the supply of terrigenous 

: sediment is limited and organic production is high. In such a system 

respiratory carbon dioxide produced by bacteria, algae, and plankton 

achieves high levels of saturation and promotes the precipitation of 

carbonate minerals (for review see Bathurst 1971). Rapid burial in such 

fine grained carbonates promotes the formation of exceptionally preserved 

fossils. Further, such a high primary productivity may lead to the 

development of anoxic conditions which inhibit bioturbation and 

scavenging. Fossils are characteristically flattened and either cast by 

the carbonates or coated by other minerals. There has as yet been little 

or no work on their paragenesis or preservational mineralogy. 

5.6 CONCLUSION 

Early diagenetic mineralization is the most important factor in the 

preservation of soft-bodied fossils. For this reason a new causative 
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FIGURE 8.5. 
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FIGURE8.5. The relationship between decay and mineralization in the 
preservation of exceptionally preserved fossils. Reduced decay and very 
early diagenetic mineralization are required for soft-tissue preservation. 
If mineralization is impeded decay will continue and only the more 
refractory elements of a biota will be preserved. The preservational 
field of each tissue type extends from the bottom left-hand corner of the 
box to the boundary fence of the next most refractory tissue type. 
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upon preservational mineralogy. In this scheme preservational mineralogy 

is related to degree of preservation and depositional environment and 

referred to as a diagenetic taphofacies. Optimum conditions for 

preservation within each diagenetic taphofacies are indicated by the 

shaded fields in figs. 8.1,8.3., and 8.4. If these optimum conditions are 

not achieved then mineral precipitation will be inhibited; in this case, 

decay induced information loss will continue until frozen by 

mineralization. As a result it is possible to erect a list of of 

preservational states (fig. 8.5. ) based upon diagenetic timing. Those 

features occurring highest in the sequence represent a reduced necrolytic 

bias as a result of decay inhibition and early diagenesis. Preservation 
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of those features at the bottom of the list indicates little or no decay 

inhibition and a reduced affinity for early diagenesis. 

Under this system of classification the mineralogy of the best preserved 

elements of a biota would be used to define the diagenetic taphofacies. 
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APPENDIX ONE 

The tumbling barrel. 
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The tumbling barrel was built to the author's specifications by William 

Allison of Co. Durham, England. A 3/4 horse power electric motor from a 

domestic tumble drier served as a drive unit for the apparatus and was 

housed in an aluminium box strengthened by an angle bar framework (fig. 

A1.1A). The motor had a higher rpm (revs per minute) than was practicable 

for the experiment and was therefore geared down by a series of pulley 

wheels connected by elasticated drive belts. The rotary action of the 

motor was thus transmitted to two rollers on the top of the box upon 

which the barrel was placed (fig A1. IB). The barrel rotated at 125 rpm. 

The barrel of the apparatus was a chemical storage vessel 22 cm in 

diameter, 28 cm long with a capacity of 6 1. Three perspex paddles were 

screwed in place along the internal length of the barrel to induce 

turbulent flow upon rotation. Two elasticated drive belts were placed 

around the circumference of the barrel to form a rotation surface 

elevated free of the screw heads: 
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FIGURE A1.1., Tumbling apparatus used for, fragmentation. - exper. iments" 

(CHAPTER 3). ^A, -drive mechanism and-gear pulleys. -B, with. -barrel in, place., 





APPENDIX TWO 

Electron microscopy 
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INTRODUCTION 

The basic principles of scanning electron microscopy (SEM) are described 

in Goldstein, Newbury, Echlin, Joy, Fiori, and Lifshin (1981) and Taylor 

(1986). The imaging process involves beaming a narrow stream of electrons 

across the surface of a specimen to produce a number of secondary 

electrons (SEs). Taese are produced from inelastic events which transfer 

energy from the electron beam to the specimen. Simultaneously to the 

emission of SEs the specimen produces high energy emissions known as back 

scattered electrons (BSEs) resulting from elastic events with no energy 

transfer between beam and specimen (Taylor 1986). The electrons emitted 

in this fashion are collected by an electron detector, processed and 

displayed on a cathode ray tube with a visual raster synchronised to the 

beam scan. 

To prevent air molecules from interfering with the electron beam, the 

specimen chamber and microscope column are kept at a very high vacuum of 

about 10 millitor. Most palaeontological specimens are electrical 

non-conductors; . 
the application of an electron beam to such a surface 

frequently leads to electrical charging of the specimen which produces 

image distortion. For this reason specimens are coated with an electrical 

conductor such as gold or carbon to earth the sample to the specimen stub 

and thereby dissipate electrical charge. Sample preparation for SEM 

requires a) fragmentation of large specimens to produce stub-sized 

samples, b) glueing of the sample to the stub, and c) coating it with a 

conductor. The application of this preparatory process classifies electron 

microscopy as a destructive analytical technique; as such SEM of important 

fossil material such as type or figured material is forbidden by most 

holding institutions. 
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ALTERNATIVE METHODS 

Images of uncoated specimens can be obtained from a low beam voltage in ai 

less effective vacuum (Howden and Ling 1974). In this case, air molecules 

within the system accept electrical charge from the sample by becoming 

ionized and thereby inhibit charging effects. However, according to Taylor 

51986) this system produces inferior images with poor resolution. Taylor 

(1986) has described an alternative system using an environmental stage 

and back scattered electrons. In this system, the specimen chamber 

(termed an environmental chamber) is maintained at a lower vacuum than the 

microscope column. The electron beam is allowed to pass from the high 

vacuum microscope column (encountering little interference from air 

molecules) through a small aperture in the chamber to scan the specimen. 

The aperture is 200 um in diameter, large enough to allow the electron 

beam through but small enough to prevent pressures within the system 

equelibrating. 

The. use of an environmental stage with backscattered electrons allows 

uncoated specimens up to 10-15 cm across to be examined in the SEM. Using 

the system described by Taylor (1986) publication standard images of up to 

500x magnification were obtained. Such a process does not require specimen 

fragmentation prior to stub attachment, or specimen coating. it is 

therefore possible to examine type and figured material without producing 

irreparable damage. However, environmental stages are expensive additions 

to an SEM suite and are found only in a few establishments. 

A NEW TECHNIQUE 

Experimentation with the CAMBRIDGE INSTRUMENTS STEREOSCAN 250 MK III SEM 

in the Department of Geology at Bristol University led to the development 
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FIGURE A2.1. Large specimen stage' -for ; SEM. ', A;.. canfiguration of stubs for 

attachment to multispecimen stage of CAMBRIDGE STEREGGCAN 250 MK III. 6, 

attachment'of epeciment to stage.. - 
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of a new technique for producing images of uncoated specimens without an 

environmental stage. This technique is a modification of that used by 

Howden and Ling (1974) and can be applied to specimens up to 20 cm by 15 

cm in size. 

Four standard EM stubs were attached to one side of a simple metal plate 

flanged at one edge (fig. A2.1A). The sample was attached to the plate by 

elastic bands (fig. A2.1B) and covered by a sheet of aluminium foil. A 

hole in the foil located over the area under examination allowed the beam 

to scan the specimen. The foil conducted electrical charge (produced by 

the scanning beam) from the specimen to earth and thus prevented 

electrical charging. Fine tuning allowed a voltage of 7Kv to be used and 

resulted in publication standard images up to 200OX magnification. Higher 

magnifications (up to 10,000X magnification) were achieved (fig. 6.3) but 

they tended to be blurred with a poor depth of field. 

This simple technique is cheaper than using an environmental stage and 

has so far yielded pictures to comparable magnification. It can be used on 

any SEM where stage access is large enough. 
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APPENDIX THREE 

X-ray radio rg y 
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INTRODUCTION 

X-rays are a form of electromagnetic energy; they travel at the same 

velocity as light and obey most of its laws. They differ in that their 

wavelength is very much shorter - from 1/1000 to 1/100 0(10 that of visible 

light. This accounts for the power of of X-rays to penetrate materials 

which reflect or absorb light. 

X-rays are emitted from a point in the machine which forms the focal 

spot they and travel in straight lines to the object being examined (fig. 

A3.1). Some of the rays are absorbed by; the specimen and some pass through 

it. The latter strike the photographic plate underneath the specimen and 

form a photographic image, the radiograph. If the object is internally 

inhomogenous then' absorption of X-rays within the soecimen will be uneven, 

with preferential penetration at points of least density. Thus, the 

radiograph is merely a shadow of internal inhomogeneities within the 

sample such as density differences, or internal voids. 

Since X-rays travel in straight lines and form shadow images it is 

important that the specimen is as close to the film as possible and the 

point-source as small as possible. (The shadows cast when the source is an 

area rather than a spot are not sharp since several points within the 

source area each cast individual but overlapping X-ray shadows of the 

specimen. This overlap, termed a penumbra becomes greater with increased 

distance between specimen and film (fig. A3.1) 

186 



FIGURE A3.1 

RAY SOUR, 

/SUBJECT, 

PENUMBRA 

ýX-RAY FILM 

SHARP DEFINITION POOR 

FIGURE A3.1i Effect of specimen size on width of penumbra and image 

sharpness. Flat object on left is close to film and casts a narrow 

penumbra. Object on right is larger and farther away from film, it 

therefore casts a wider penumbra and forms a poorly focussed image. 

X-RAY RADIOGRAPHY OF LONDON CLAY CONCRETIONS 

In a palaeontological context, X-rays have been used to excellent 

advantage by Cisne (1973) and Sturmer and Bergstrom (1973) for example, in 

the study of pyritized faunas within shales. In this case, imaging was 

promoted by density differences between the pyritized fossils and the 

enclosing sediment. The London Clay arthropods (CHAPTER 8, Allison 1988b) 
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are preserved in francolite with an identical chemical composition to the 

enclosing nodules. 

The calcite of the fossils has been replaced with phosphate to form 

single crystals with a greater net density than the enclosing concretion 

which is formed of loosely packed micro-crystalline aggregates. X-ray 

imaging is therefore facilitated in this case by mineral crystallinity 

rather than mineral chemistry. 

The slates examined by Cisne (1973) and Stürmer and Bergström (1973) were 

in the form of thin flat slabs which led to a reduced specimen/film 

distance with minimal penumbra which enhanced image sharpness. 

Problems were encountered during radiography of the London Clay 

concretions due to the irregular thickness of the specimens. The rims of 

the nodules are thinner than the core and therefore allowed more X-rays to 

pass through. Since the use of two exposure settings was not practicable,; 

a' median value was used which produced an' under-exposed core and 

over-exposed rim. Image sharpness was therefore reduced. The printing of 

these radiographs required considerable photographic enhancement the 

radiograph of the crustacean pincer (fig. 7.2 G), for example, required 80 

seconds of exposure at F22 for the outer edge of the nodule and I second 

at F1.8 for the core. 

All X-ray radiographs in this thesis were made by R. Gutterle of WELLS 

KAUFT-KRAMER, Lethworth, Surrey using a PHILLIPS MG 161-160 KV CONSTANT 

POTENTIAL X-RAY UNIT. The X-ray tube has a focus of 0.4 X 0.4 mm and an 

inherent filtration equivalent to 1 mm of beryllium. Two types of X-ray 

sensitive film were used: KODAK INDUSTREX type MX and DUPONT NDT 35. Both 

are single emulsion fine grain film. Optimum radiographic images were 

obtained with a KV of 100, and between 8-10 milli-amp minutes (MAM). 
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APPENDIX FOUR 

Chemical analyses 
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INTRODUCTION 

Chemical analyses during the project included quantification of: Ca, Mn, 

and Fe levels in decomposing flesh and recent sediments, Ca in decomposing 

plant material, P04 in decomposing flesh, and Fe, Ca, Mn, Al, Si, As, and 

P04 in rack samples. A number of analytical techniques were tried 

including: - electron micro-probe, atomic absorption spectrophotometry, and 

optical density spectrophotometry. 

MICROPROBE 

Microprobe analyses was used to identify authigenic iron monosulphides 

upon decaying carcasses of Hephrops (see CHAPTER 3). It was also intended 

to use the electron microprobe to analyse samples of decomposing flesh and 

sediment. However, available facilities in the Department of Life Sciences 

at Goldsmiths College, University of London, and in the Department of 

Geology at Bristol were inadequate for sample preparation. 

A beam of electrons produced by a heated wire filament scans the surface 

of a specimen which releases energy in the form of SE's, BSE's, and 

X-rays. The diffraction pattern of the X-rays so produced is processed by 

computer to provide a quantitative assessment of elements present in the 

sample. 

SAMPLE PREPARATION 

K'eohropps cuticle 

1. Specimen was cut to size and embedded in resin. 

i. Resultant resin block was thin sectioned. 

Thin section was polished to 1 um on a diamond lap. 

4. Section was then cut with a glass cutter to produce a stub sized 
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5. Section fragment was attached to stub with polished face uppermost and 

carbon coated. 

Flesh 

1.10 ml of microprobe standard araldite was prepared and placed in a 

vacuum to remove air bubbles. 

2. Araldite was frozen solid using liquid nitrogen and cut into small 

plugs. 

3. Tissue/sediment was placed in a small probe pencil mould and covered 

with a small plug of frozen araldite. 

4. The mould was placed in a vacuum dessicator. Temperature fell as water 

was drawn out of the specimen until a temperature of about -70 was 

reached. The temperature then rose until the araldite melted and 

flowed over the specimen. The araldite then impregnated the tissue 

whilst still under vacuum. 

5.1 um thin sections of the araldite impregnated tissue were made with 

a microtome fitted with a glass knife. 

ASSESSMENT 

Sample preparation and analyses of minerals by probe is a proven technique 

and presented no problems. However, probe analyses of soft tissues is not 

a widespread practice and is fraught with problems principally in sample 

preparation. The apparatus available to me warmed the sample uo too 

quickly (stage 5) and thereby prevented complete tissue impregnation. AS a 

-esult, ultra-thin sections from the sample (stage 6) were imperfect and 

: ould not be analysed by probe. The possibility of finding the corrcCt 

acilities was considered but deemed unnecessary upon the development Of 

in adequate analytical technique using atomic absorption. 
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ATOMIC ABSORPTION SPECTROPNOTOfETAY 
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potassium chloride solution (10%) (as an 

buffer) and diluted to volume. 

volution B method; i. Sample- was weighed wet and then dry ashed 

overnight at 100°C and weighed again. 

2.0.5 g of the ashed sample was added to a 25 ml 

platinum crucible and moistened with a few ml 

of deionised water. 

3.15 ml of hydrofluoric acid and 4 ml perchloric 

acid was added to the sample. 

4. The crucible was covered with a lid and placed 

in a steam bath for 3 hours to allow the sample 

to digest. 

5. The lid of the crucible was removed to allow 

the hydroflouric acid to fume off. 

6. The crucible was then placed under an infra-red 

heater until most of the perchloric acid was 

driven off. 

7.2 ml of perchloric acid was added to the 

resultant gel and the evaporation procedure 

repeated. 

B. 4 ml of perchloric acid and 15 ml of deiontsed 

water were added to the resultant cake and the 

crucible heated over the steam bath until the 

cake had dissolved. 

9. The cold solution was transferred to a 500 ml 

volmetric flask and diluted to volume with 

deionised water 
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Convent; Due to the small sample size employed in the single solution 

method very small scale inhomogeneities can produce variations of between 

5% and 107. in the results. The Solution S method was adopted since it 

utilized a larger sample size 

Plant tissue 

1. Sample was weighed wet and dry ashed overnight at 100°C. 

2.0.5 g. of ground sample was added to a platinum crucible 

3.10 ml of conc. nitric acid and 10 ml perchloric acid was added to the 

sample. Caution was exercised since the mixture was potentially 

explosive. 

4. The covered crucible was heated on a hot plate for 3-5 hours at 110°C. 

5. Acids were fumed off with an infa-red heater until the mixture gelled. 

6. Steps 4-6 were repeated. 

7.5 ml perchloric and 15 ml deionised distilled water were added and 

the mixture was heated in a steam bath for 1 hour and occaisionally 

stirred with a platinum rod. 

8. The solution was transferred, to a 500 ml volumetric flask and made up 

to volume with deionised distilled water. 

ASSESSMENT 

The principle cause of inaccurate atomic absorption results are 

interference effects. Although spectral and molecular effects can 

influence the absorbance of an analytical element the effect of chemical 

interference is by far the most common. 

Chemical interference is the result of complex chemical reactions that 

occur when an aqueous solution containing the analyticl element is 

atomised. For example, if A is the total number of atoms of the analytical 

clement in solution then: 
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FIGURE A4.1. 
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FIGURE A4.1. Graphic determination of element concentration by AAS using 

standard additions (see text). Method used when interference effects are 

encountered. 

A==> A' + XA + A* + [A] 

where: A' = ions; A* = excited atoms; XA = chemical combinations of A 

with the element X which may be an anion or a cation; and (A] = free ions 

available for atomic absorption 

If an element (Z) in the solution reacts with either X, A' or A* then 

the level of [A] may be increased or decreased producing absorption 

enhancement or depression. 

In the analyses discussed here absorption enhancement occurred in 

samples of recent flesh and sediment and in decaying plant tissues. In 
195 



analysis of the former lanthanum chloride was used as a suppressant whilst 

in the case of the latter interference was isolated by matching standard 

additions. 

Standard additions are known concentrations of the analytical element 

which are added to aqueous solutions of the sample being analysed. The 

effect of the interference on the analytical element can then be 

calculated graphically from the affect it has with different 

concentrations of the analytical element in the standard additions. 

For example, the following wt. % values for elemental Fe, were obtained 

from one sample of solubilised decaying plant tissues: 16%, 22% and 26%. 

The marked spread of results from this sample is characteristic evidence 

of a chemical interference effect. To isolate this effect a set of three 

matching standard additions was analysed. Three aliquots of 10 ml of the 

sample solution solution were taken and added to separate 20 ml 

volumetric flasks. The first flask was made up to volume with distilled 

deionised water, the second with 0.1 % Fe and the third with a stock 

solution of 0.2 % Fe . Atomic absorbance of the flasks was recorded 

graphically (see fig A4.1 for idealised example) against the concentration 

of the known standard additions. The three points formed a straight line 

which passed through the X axis of the graph at a point which represents 

the concentration of Fe in the sample solution without intereference 

effect. 

COLOUR DENSITY SPECTROPHOTOMETERY 

Concentrations of P04 within samples of decomposing flesh and sediments, 

and Si within rock were determined by optical'density spectrophotometry. 
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INTRODUCTION 

Optical density spectrophatometry is a quantitative analytical method 

which relates element concentrations in the sample to the colour density 

developed by chemical reaction of the analytical element with certain 

solutions. The colour density is measured by passing a beam of pure white 

light through a quartz cell containing the solution and measuring the 

quantity of light passing through. The instrument is calibrated by 

measuring the colour density of a solution with known element 

concentration. The instrument used was a FYE UNICAM 235 SPECTROPHOTOMETER. 

SAMPLE PREPARATION 

Phosohoraus 

Phosphorus levels expressed as elemental phosphorus were determined from 

solution B preparations. 

1. All volumetric flasks were allowed to stand for several hours filled 

with concentrated sulphuric acid and then washed with distilled water. 

2.25 ml of solution B was pipetted into a 50m1 volumetric flask. 

3.20 ml of the reducing solution (250 ml of 3N sulphuric acid + 76 mi 

of ammonium molybdate + 120 ml of 0.1m. ascorbic acid and diluted to 

500 ml) was added to the flask. 

4. The flask was then diluted to volume and allowed to stand overnight. 

5. Optical density was measured at 827 nm in 1 ml quartz cells. 

Silicon 

1.0.1 g of powdered sample and 1.5 g of NaOH pellets were mixed in a 

nickel crucible. 

ý. The crucible was covered and heated gently with a bunsen burner for 10 

minutes and at full heat for 15 minutes. 
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3.20 ml of deionised water was added to the cold residue and warmed on 

a water bath to dissolve the fused cake. 

4. The contents were poured into a11 volumetric flask containing 200 ml 

of deionised water and 25 ml of 2.5 N sulphuric acid. 

6. The flask was diluted to volume. 

7.4 ml of this solution was added to a 100 ml graduated flask 

containing 10-15 ml of deionised water. 

8.10 ml acid molybdate solution (2 g of ammonium molybdate dissolved in 

70 ml water +6 ml of concentrated hydrochloric acid and diluted to 

250 ml in a graduated flask) was added to the 100 ml flask 

9. After 15 minutes 15 ml of the reducing solution (85 ml of 

metol-sulphite reagent + 50 ml of oxalic acid (10%) + 100 ml of 

sulphuric acid (25%) + diluted to 250 ml with deionised water) was 

added to the flask. 

10. After 12 hours optical density was measured at 812 mu in 1 ml quartz 

cells. 

ASSESSMENT 

An extremely accurate and reliable technique that has been standard 

laboratory procedure for over 20 years. 
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