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ABSTRACT 

The use of technical bitumen in final repositories for radioactive waste requires that die long-term behaviour 
of that material in the complex environment of the geospnere can be assessed. Bitumen is a complex mixture 
of organic substances, the long-term behaviour of which cannot easily be modelled or studied experimentally. 

Occurrences of natural bitumen provide possibilities to identify and assess materials, processes, phenomena 
and conditions in nature which can serve as model cases valid also with respect to a final repository. Natural 
bitumens meet the basic requirements foi use as natural analogues. Natural bitumens are a widespread 
phenomenon, occurring in all kinds of environments from the surface of the earth to depths of more than 
1000 metres. Bitumen is one of the intermediate, but nearly final stages in the evolution of hydrocarbons 
in the geosphere. 

In natural sites, processes of bitumen formation and degradation often work simultaneously. The major 
processes are thermal alteration, evaporation, reaction with water, biodegradation, oxidation, weathering and 
radiation degradation. Progress in analytical organic geochemistry made during recent years has enabled a 
deeper understanding of the structural and compositional effects of these processes on bitumen. This is 
necessary in natural analogue applications. 

The time scales involved in degradation processes, as observed in natural occurrences, exceed (he time scales 
dictated by the half-lives of most unportant fission products in low and medium level wastt by orders of 
magnitude. Only exposure to the weather at the surface leads to a more rapid destruction of bitumen. Trace 
metals in bitumen are not released until the matrix is completely destroyed. Products of radiation degradatir n 
and weathering of bitumen are able, to a certain degree, to delay migration of the meta! ions released. 
Impregnation with bitumen may effectively reduce the microbial decomposition of easily destructable 
organic waste components, as can be deduced on the basis of the excellent preservation of fossils observed 
in bitumen. 

The complexity of all the natural sites described requires extensive understanding of the origin and kind of 
organic material in bitumen, its maturation, migration, alteration and degradation and of the geological and 
tectonic evolution of the site. The latter is used for establishing the time scale. 

Based on the present knowledge, valuable conclusions can already be drawn. However, most of the natural 
sites where bitumen occurs have not been studied using modern analytical methods. Thus it is worthwhile 
to follow closely the developments in this expanding field of research from the point of view of nuclear 
waste management. 
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1 INTRODUCTION 

Bitumen is used as embedding material for low and medium 

level radioactive wastes, and is also a potential candi

date for tunnel-sealing or shaft-plugging materials in 

repositories for low and high level wastes. A wide var

iety of environmental conditions has to be anticipated 

when shallow land burial and disposal into deep geological 

formations, at various sites in all kinds of climatic 

zone and geologic setting, are considered. 

Under the prevailing conditions, in waste repositories 

bitumen can undergo alteration by a variety of processes, 

such as biodegradation, oxidation, weathering, etc. These 

are difficult to quantify because of the complexity of 

the system and the low speed of attack. Knowledge of the 

numerous chemical substances in the bitumen matrix is 

still limited. Bitumen is susceptible to oxidative and 

microbial degradation under a variety of conditions. 

Fixing certain parameters in laboratory tests allows 

quantitative degradation rates to be derived. Extrapo

lation of these results over time scales dictated by the 

half-lives of the radionuclides in a waste repository 

may give conservative "worst case" limits of long-term 

stability, but they are not realistic. 

An alternative approach to laboratory studies ia the 

study of natural occurrences of bitumen as natural ana

logues, which may be an aid in the validation of assump

tions made in models. The purpose of this work is to 

review geological occurrences of bitumens, to assess their 

potential suitability for natural analogue studies, to 

identify major processes of bitumen alteration and degra

dation in geologic reservoirs, to identify possible analo

gues for bitumlnized wastes and components in wastes 

and to draw conclusions based on the existing knowledge 

of natural bitumen. Within this framework the principal 

issues involved in the long-term preservation of organic 
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substances in nature are discussed. It should be 

emphasized that this study is in no sense meant to be 

exhaustive. There is much more information available, 

scattered throughout the literature, on individual aspects 

or occurrences. 

The basic criteria for applicability as a natural analogue 

have to be kept in mind. Among the most important are: 

the chemical analogy must be good, the processes must be 

identifiable, the parameters involved should not differ 

much from those in the repository and must be measurable, 

and time scales must be known. 

An experimental case study is presented in a second report 

(104). 

2 GENERAL CONSIDERATIONS 

2.1 Technical and natural bitumens 

The terms bitumen and asphalt are not very well defined 

in the literature. Because of the limited knowledge of 

the chemical structure, classification is based on empiri

cal, mainly physical, parameters. A widely accepted scheme 

is that proposed by Abraham (1), presented here in a 

modified version (2)(Fig.l). Bitumens in this sense are 

fusable substances which can be extracted using organic 

solvents. Kerogens are primary fossil organic substances 

that yield bitumens or oils on maturation. Petroleums or 

crude oils are liquid substances containing mainly hydro

carbons. Asphalt or rock asphalt applies to solid bitumens 

containing mineral material. In the older literature, 

bitumen denoted all kinds of hydrocarbons, including crude 

oils, resins, etc. In the American literature, asphalt 

denotes the same as bitumen in the English literature. In 

this report, the original nomenclature is used when it 

is not quite clear what kind of material is meant. 
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Fig. 1. Terminology and classification of naturally 
occurring bitumens and related materials (modi
fied after Abraham (1), (2)). 

Technical bitumen is a product of modern technology, the 

structure of which is poorly known. The exact chemical 

structure will probably remain unclarified in the near 

future. The quality requirements for technical as well 

as natural bitumens are based on the determination of a 

number of empirical parameters (e.g. DIN 1995(97)). The 

large-scale technical production of bitumen by distilla

tion of crude oil began at the beginning of this cen

tury, whereas natural bitumen has been used by humans for 

more than about 5 000 years. Long-term experience with 

the technical material is practically non-existent. 

The basic requirement which natural bitumens must fulfill 

before they can be considered as natural analogues to 

technical bitumens is the resemblance in chemical and 

physical properties. The product of technical distillation 

at several hundred degrees Celsius for a few hours indeed 

seems to be comparable with the natural product, the 

http://SOtAIBH.l1�
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formation of which took geological epochs. Bitumen is a 

constituent (up to 50%) of crude oil. The nature of the 

oil determines the properties of the bitumen. The con

stituents of technical bitumen are variable over a wide 

range, a fact which also applies to natural bitumens, 

which are residues of crude oils. This justifies the 

use of natural bitumens as natural analogues. 

Bitumens consist mainly of carbon (about 80 - 88%), 

hydrogen (8 - 11%), oxygen (1 - 12%), sulfur (1 - 7%) 

and nitrogen (trace to 1.5%) (3). The main components 

are saturated hydrocarbons, aromatic hydrocarbons, res

ins, heterocyclic compounds and high-molecular asphal-

tenes. The chemical character can be classified by atomic 

ratios like H/C and 0/C. The ratio of hydrogen to carbon 

varies in different molecular structures. Paraffin hydro

carbons have high H/C ratios, whereas condensed aromatics 

have low H/C ratios. The structure of bitumens is usually 

investigated using fractionation on the basis of solubili

ty in various organic solvents (Fig. 2) (2). The differ

ences between these fractions are highly dependent on the 

method used. 

Bitumen 

Propone soluble 

I 
Oil 

Propone insoluble 

n-Pentane soluble n-Pentone insoluble 

Resin Btniene soluble Benzene insoluble 

Atphollene CS2 soluble 

Corbene 

CSj> insoluble 

Carbon* 

Fig. 2. Fractionation scheme for bitumens (2) . 
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The sequential progression from oils to resins to asphal

tenes to carbenes is associated with an increase in molec

ular size. The molecular weights of various fractions 

in bitumen vary from about 300 to 1 500 for oily fraction 

and resins, from about 600 to 10 000 for asphaltenes, and 

probably to higher values for carbenes (2). Fig. 3 gives 

an impression of the structure of asphaltenes (54). Bitu

mens from various naturally occurring bituminous materials 

consist of molecules with similar structures but with a 

wide range of molecular weights. At the present time, 

data are still lacking on the chemical nature of many of 

the constituents of bitumen, and particularly as to how 

their structures are determined by different depositional 

and postdepositional environments (2). A true structural 

understanding will probably not be achieved through the 

study of bitumen fractions in isolation, because of their 

natural colloidal state where resins are adsorbed into 

the asphaltene nuclear matrices in micellar form. Natural 

bitumens exhibit a macrostructure similar to that of 

petroleum asphaltenes (42). 

Fig. 3. Detailed structure of an asphaltene molecule 
(54). 
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It is important to remember that native bitumens are in 

a state of transition. Examples of all these states can 

be found in nature. Even the composition of native bitumen 

from a single deposit will often vary, depending upon 

the degree of exposure and the extent of metamorphosis. 

The composition of technical distilled bitumens also 

varies appreciably, depending on the raw material used. 

Careful selection of crude oils helps to minimize fluctu

ations in quality. A high content of heavy fractions 

does not necessarily mean that the oil is suitable for the 

production of bitumen (97). 

Technical experience with bitumen, which has provided 

quantitative information on its long-term properties, 

has been accumulated for no more than a few decades. 

Certain changes in properties under exposure to the weath

er or even under exclusion of oxygen have been identified 

and called "aging". Light, in combination with oxygen 

and water, is the most effective weathering agent (97). 

There seems to be some indication that natural bitumens 

are slightly superior in quality. In accelerated weath

ering tests (exposure as thin paints), natural bitumens 

dried out more slowly and were more resistant to oxidation 

than technical products. Also, natural bitumen is hardly 

affected by the blowing process (contact with hot air at 

up to 300°C) (1). 

Scientific interest in natural bitumens has been slight, 

correlating with their economic importance. Therefore 

many occurrences have never been studied using modern 

analytical techniques of organic structural analysis. 

Most of the deposits were investigated at the beginning 

of this century, but in recent years, with the exhaustion 

of the known oil resources, research on heavier fractions 

and residues has been revived. 
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2.2 Thermodynamic and kinetic considerations 

Equilibrium models allow the prediction of the stable 

ionic and mineral components of most natural inorganic 

systems. Most reactions are rapid compared with geologic 

"time spans. Organic geochemistry, however, is dominated 

by nonequilibrium processes (4). Organic compounds are 

thermodynamically unstable in aqueous systems, but reac

tions in organic redox systems are usually extremly slow 

at low temperatures if catalysts are absent. Living or

ganisms, such as bacteria, can also accelerate reactions 

involving organic matter. The thermodynamic data available 

for organic compounds are insufficient for detailed study 

of redox reactions (5). The stability fields of most 

carbon compounds, except those of CH4 , C and C02 , are 

below the stability line of water (5)(Fig. 4). 

-0.90 

Fig. 4. Plot of e vs. pH for the system C-H-O-N (incom
plete) at 25° C and 1 atm, showing stability 
and decomposition relations for various C-H-O-N 
compounds. H 
dynamically stable phases (5). 

2 , H2 0, CH4 and C02 represent thermo-

Most of the carbon on the earth's surface has been cycled 

through organisms. The carbon flux is initiated by pho

tosynthesis, which produces a strong oxidant (02 ) and a 

strong reducing agent (carbohydrate). Only a small frac-
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tion (about 0.05%) of the total carbon fixed annually 

gets buried in sediments. Most of the buried carbon will 

ultimately be oxidized, too, subsequent LO the meta

morphosis and uplifting of sediments when weathering 

becomes dominant (6). The mixture of sedimentary organic 

compounds as a whole is not in thermodynamic equilibrium. 

During diagenesis, the less stable compounds are elim

inated. The result is a gradual equilibration, but at 

moderate temperatures equilibrium is not reached within 

time spans comparable to the age of the earth (4). The 

metastability of the system hydrocarbon/02 made the ac

cumulation of fossil fuels possible. 

Although enormous amounts of organic substances are produ

ced by living organisms, most of it is metabolized, mainly 

by micro-organisms. Anaerobic conditions are favourable 

for survival and have the additional feature of protec

ting from bacterial attack. 

The most fundamental limitation is the intrinsic instabil

ity of most organic substances. A measure of stability 

in the face of decomposition under certain environmental 

conditions is the activation energy. Thus, it is not 

surprising that hydrocarbons or porphyrins have been 

found of Ordovician age or older (13). Extrapolation of 

laboratory results indicates life times of the order of 

magnitude of the age of the earth. For other compounds, 

too, laboratory findings agree with observations on fossil 

materials (13). Such extrapolations give erratic results, 

however, if new reaction mechanisms are masked at the 

temperature of the experiment. In second order reactions, 

e.g. the oxidation of organic substances by oxygen in 

groundwater, the activation energies ere lower (13). For 

single compounds, the redox behaviour can be estimated 

from laboratory results, but the behaviour of natural 

assemblages in geologic environments cannot be quantified. 
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Another consequence of the predominance of disequilibrium 

in organic geochemical systems is the practical difficulty 

of predicting and measuring redox potentials in geological 

environments containing reduced organic matter. Measured 

potentials can give only a rough picture of the redox 

conditions. Another empirical measure is the nature of 

associated minerals. The presence of pyrite, for example, 

places a limiting value on the Eh of the environment. 

Crude petroleum often contains reduced porphyrins (chio-

rins) which seem to be in reversible redox equilibrium 

with the porphyrins. Fossil ch^orins are among the most 

strongly reduced compounds recovered from sediments, they 

react rapidly with oxygen in the air (e.g. in laboratory 

experiments exclusion of air is required). The redox 

potential in organic sediments decreases during dia-

genesis, but is not easily measured because of "semi-

reversible" reactions (40). The sediments at Serpiano 

(Italy) have been raised above the groundwater table for 

a considerable length of time (since the formation of the 

Alps). The fact that highly reducing substances have 

survived such long exposure to an oxidizing environment 

indicates that the organic matter (up to 55% total organic 

matter in the shale) has a high redox buffering capacity, 

and/or indicates low permeability and compactness of the 

oil shale (40). A similar protective effect of organic 

matter may explain the occurence of pitchblende in coals 

in the oxidation zone (34). 

2.3 Fundamental aspects of the generation and evolution 

of hydrocarbons 

The assessment of alteration or degradation processes 

in natural analogue studies on native bitumens requires 

a deeper understanding of genetic relationships. The 

roles of the source material, its alteration, diagenesis, 

migration, weathering, degradation, etc. have to be dis-
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tinguished when the compositional characteristics of 

bitumen from a certain location are discussed. 

For many years there has been controversy in the litera

ture about the mechanism of petroleum generation. It is 

now generally accepted that the bulk of petroleum hydro

carbons are generated by thermocatalytic degradation of 

organism-derived organic matter which occurs in finely 

disseminated form in 'source rocks' (7). Fig. 5 shows a 

generalized relation between the various types of carbo

naceous material (32). The nature of the insoluble mate

rial (kerogen) and compositional changes during increas

ing maturation are characterized by the atomic H/C and 

0/C ratios. Microbial reworking, which dominates during 

deposition of the sediments, results in such changes. The 

evolution of kerogen, with increasing burial and maturity, 

is shown for three types of kerogen in Fig. 6 (7). This 

allows several distinct stages to be differentiated (Fig. 

7). The most striking feature is the marked reduction in 

the C/H ratio, especially in type-I and II kerogens, 

which reflects the generation of hydrocarbons (mostly 

oil). Type-Ill kerogen is essentially derived from terres

trial organic matter. An interesting detail which will be 

discussed later is the fact that it can contain organic 

matter in drastically altered forms, such as humic acids. 

The overall trend during the final stages of evolution 

is a gradual elimination of the great differences in ele

mental composition which exist among immature kerogens. 

This also means that the imprint of the biological precur

sor materials (geochemical fossils) gradually disappears. 

Fig. 8 (7) shows the relative amounts of hydrocarbons 

generated in source rocks as a function of burial depth 

(increasing temperature) and major changes in composition. 

At very shallow depths and in the early stages of dia-

genesis methane is generated by bacterial action. Preser

vation of organic material requires rapid burial and 

anaerobic conditions. 
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(Hydrocarbon) 
C*H*0 
(N*S) 

Fig. 5. Diagram showing the generalized relation between 
the different types of carbonaceous material 
(32). 

Principol products of kerogen evolution 

030 

>> Atomic 0/0 

1S.-1 C02 ,M2O 
CZ3 on ' 

Gas 

Fig. 6. Kerogen evolution paths (7) of three basic types 
of kerogen according to their atomic H/C and 
O/C ratios. 
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The exact temperature limits for oil formation are some

what controversial. The lower limit is about 50 to 70°C, 

the upper limit about 150°C, the former being less cer

tain. For example, in the Los Angeles Basin, a minimum 

temperature of 115°C has been inferred from field evidence 

(8). The time scale for the formation of hydrocarbons at 

that location has been estimated at roughly 2 Ma (9). 

Comparison with extrapolated results from laboratory 

pyrolysis experiments en kerogen (9) is a dubious method, 

but in this case it gives the same time scale. Extrapola

tion of the data from model studies with pure substances 

at high temperatures (formation of n-alkanes by monomolec-

ular decomposition) gave the same time scale for the 

reaction times as those evaluated from the geological 

point of view at particular deposits (1 Ma) (12). Time is 

a less significant parameter, however, than temperature, 

as is known from kinetic principles. Oil has been found 

in regions of high geothermal gradient in sediments as 

young as 1.1 Ma (22). Time scales of formation are impor

tant when discussing the geologic history of natural 

analogue sites. 

It is important to bear in mind that petroleum generation 

is a thermal process occurring in an environment which 

has become sterile because of the raised subsurface tem

perature (8). The ultimate theoretical carbon products of 

the maturation process in the geologic column at very 

high temperatures are methane and carbon, which are ther-

modynamically stable under these conditions. 

Hydrocarbons generated from kerogen may remain in their 

source rocks, but in most cases the porosity of shales 

decreases with increasing burial (compaction). Usually 

the hydrocarbons migrate into formations with a more 

constant pore volume, e.g. sandstones or porous lime

stones. Migration is not only a mechanical process, it 

is accompanied by a variety of chemical and physical 
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processes (chromatographic effects) which affect both 

properties and composition (Fig. 9) (55). 

Organic matter which has remained in the source rock 

(oil shales) may be bitumen-like, but it is not a good 

analogue of technical bitumens because of its different 

composition and properties. Pre-oil solid bitumens are 

early-generation (immature) products of rich source rocks, 

which have migrated only minimal distances to fractures 

(105). 

z 
O 
5 
z 
O 
H 
$ 
CC 
li. 

o 
z 
X o z 
V 

ORIGINAL 
N-A'-KANES 

N-ALKANES«C„ RELATIVE (5R1 RELATIVE 
ENRICHMENT ^ DEPLETION 

Fig. 9a. Compositional changes during migration of 
hydrocarbons. Model for redistribution of n-
alkanes (55). 
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The absolute timing of petroleum migration and the large 

number of complex processes affecting the evolution of 

petroleum during migration are poorly understood. These 

processes affect petroleum, regardless of whether it is 

in the source rock, migrating or in the reservoir rock, 

as well as solid bitumen. They will be discussed later. 

Mobilization of organic matter can occur already as kero-

gen, soon after deposition and solidification of the sedi

ments. But studies on shales which are currently expelling* 

hydrocarbons into adjacent sandstones show that most 

expulsion occurrs at the oil stage, at temperatures of 
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about 100 to 120°C (11). Extensive migration of bitumen 

over longer distances through porous media is precluded 

by its high viscosity. Therefore, there must have been 

appreciable alteration subsequent to emplacement of the 

source material if solid bitumen is met in a formation. 

In natural analogue studies on bitumen, it has to be 

known if the material is of primary or secondary origin. 

Maturation studies are an aid in answering such questions. 

The maturity of organic matter can be defined by 

variations in a series of parameters. Maturation profiles 

within a sedimentary sequence can indicate erosional 

unconformities, faults and secondary recycled organic 

matter (10). The most immediate difficulty in categorizing 

specific solid bitumens as pre or post-oil involves sep

arating the processes of generation from those of alter

ation, which occurs after generation (105). 

Alteration of crude oil to solid bitumen involves process

es like evaporation of lighter fractions, deasphalting 

by dissolved gases (low molecular weight hydrocarbons) 

under high pressures, biodegradation, water-washing, 

oxidation and thermal alteration. Bitumen is only a tran

sition stage in the metamorphosis of petroleum hydrocar

bons; the metamorphosis ends at the stages of pyrobitumens 

and graphite. There are many intermediate stages which 

can be found in nature. The lines of demarcation between 

the various types of bitumen are not sharp; each type 

gradually merges into the following one. Fig. 10 illus

trates the wide range of compositions occurring in natural 

samples (14). 
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3 ALTERATION OF CRUDE OIL AND BITUMEN IN GEOLOGICAL RESER

VOIRS 

3.1 Thermal alteration 

Asphaltic deposits are frequently encountered near the 

surface. Accumulations at greater depth are more rare. 

But their occurrence raises questions as to their ori

gin, because phenomena which lead to bitumen formation, 

such as meteoric water and bacterial action, seem unlikely 

in those circumstances. The only explanation is renewed 

deep burial (14). There is geologic evidence that this 

assumtion is right, for example, from the Aquitaine Basin 

in France and the Dead Sea graben. In the Aquitaine Ba

sin, asphalt has been found at depths between 1 900 and 

4 200 m. Such samples provide insight into the thermal 

stability of natural bitumen. 

Organic diagenesis involves large numbers of chemical 

reactions. It has been possible in both the above-men

tioned cases to simulate the natural evolution of asphalts 

in heating experiments at 300°C which lasted up to three 

months (14,15) (Fig. 11). The most prominent feature is 

the presence of lighter n-alkanes, which are absent from 

nearsurface asphalts which have undergone degradation. 

The distribution patterns of n-alkanes in natural samples 

could be reproduced in the laboratory experiments. The 

limited liberation of saturated hydrocarbons during ther

mal alteration is accompanied by the condensation of 

hydrogen donors to polyaromatic high-molecular struc

tures, as exemplified by asphaltenes and pyrobitumen. Thus 

the bitumen becomes increasingly insoluble and infusable. 

The thermal behaviour of biodegraded bitumen differs 

from that of unaltered bitumen. The thermal evolution of 

bitumens and crude oils seems to be governed by the same 

principle, and to display the same features as those cre

ated by the diagenetic evolution of any sedimentary or

ganic matter. In Fig. 10 the path of thermal alteration 
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moves towards the ordinate. Increasing disproportionation 

finally leads to coalif ication (14 ). In situ precipitation 

of pyrobitumen reduces resevoir rock porosity and per

meability. 
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Porphyrins are useful indicators of the thermal alteration 

of bitumens. The porphyrin distributions are unaffected 

by biodegradation, which allows identification of bitu

mens from the same source but at different stages of 

alteration (98). 

Thermal alteration processes are of minor relevance from 

the standpoint of nuclear waste management because the 

temperatures in waste repositories are usually low. But 

the mentioned data give an impression of the potential 

thermal stability of bitumen. 

3.2 Water-washing and biodegradation 

Water-washing and biodegradation are thought to be the 

processes through which the preferential depletion of 

hydrocarbons occurs, altering crude oils to asphalts. 

Oils are altered by contact with meteoric water. Water-

washing processes have been identified as acting in the 

Mississippian Basin and in Saskatchewan (16). There is 

a clear correlation between the type of formation water 

and oil composition. The process is simply that of washing 

away more soluble fractions in moving undersaturated for

mation waters. As can be expected from their solubility 

characterristics, it is mainly light hydrocarbons, 

branched paraffins, aromatics and naphthenes that are 

depleted (17). Low molecular weight compounds also evapo

rate. Solubilities in water decrease more rapidly with in

creasing molecular weight than do vapour pressures. 

The intrusion of meteoric water has another effect, be

cause it brings microbes from surface environments into 

contact wi'-h hydrocarbons via faults, fractures or other 

conduits (17). The conditions that must be met so that 

aerobic bacteria can metabolize hydrocarbons are: the 

presence of dissolved molecular oxygen, absence of H2S, 

and certain temperature limits. In field measurements 

65° C was found to be an upper limit (17). Anaerobic metab-
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olisin is less efficient, but in terms of geological time 

the difference in rates is probably not critical. It is 

generally accepted that biodegradation plays a major 

role in the formation of solid bitumens from crude oils. 

The relative biodegradability of various hydrocarbon 

substrates is as follows (17): 

normal alkanes C10 - C19 

straight-chain alkanes C12 - C18 

gases C2 - C4 

alkanes C5 *- C9 

branched alkanes to 12 carbons 

alkanes C3 - C1X 

branched alkanes 

aromatics 

cycloalkanes 

The normal paraffin components of the saturate fraction 

are biochemically the most suitable energy sources. In 

contrast, cyclic hydrocarbons require multiple reactions 

to cleave the ring structure (18). 

An increase in the levels of the heteroatoms nitrogen 

and sulphur is generally observed in biodegraded hydrocar

bons. This results partly from removal of components 

that do not contain these elements, but most sulphur 

will have been derived from sulphate ions in water through 

bacterial sulphate reduction (source of oxygen in an 

anaerobic environment) (17). In iron-rich environments, 

sulphur forms pyrite (16). The geologic distribution of 

heavy asphaltic oils and the close association of free 

sulphur strongly support the view that both are caused 

by primitive forms of living organism (17). Sulphur is 

not a good indicator of degradation, however, because 

enrichment may also have occurred during deposition in 

special environments. In high-sulphur source kerogens (8-

14 wt.%S), sulphur may be more abundant than oxygen (106). 
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The chemistry of sulphur in kerogen is largely unknown 

(106). 

Studies related to the biodegradation of hydrocarbons in 

subsurface reservoirs are rare, mainly due to sampling 

problems. Convincing direct evidence, however, has been 

presented for this alteration process, in the form of 

data from the Saskatchewan oil fields, where samples 

ranging progressively from non-degraded to highly degraded 

have been studied (18). Alteration was clearly related 

to a zone of freshwater invasion which was indicated by 

the lower salinities and oxygen isotope values of the 

water. Drastic changes in composition were induced even 

in the high-boiling fraction (270°C) of the oil. Sulphur 

contents increased with increasing alteration. The field 

observations could be duplicated by laboratory experiments 

using a mixed culture of aerobic micro-organisms (Fig. 

12). The microbes had been isolated from oil-contaminated 

soil near a producing well (18). In another study, micro

bes have been sampled under sterile conditions directly 

from an oil field (100). In both cases, under optimum 

conditions in ihe laboratory, the same degree of biodegra

dation was achieved within a few days, as in the reservoir 

within geologic spans (Fig. 13). Loss of lighter _aturates 

and aromatics, and enrichment in heterocyclic compounds 

and asphaltenes, was observed, although the latter may 

also be subject to some metabolism. 

The laboratory and field conditions differed in the avail

ability of oxygen, which would be limited in the subsur

face environment, but this cannot be easily reproduced in 

experiments. In the subsurface environment, the presence 

and activity of sulphate-reducing bacteria has been 

demonstrated (18). Reasonable agreement exists between 

scientists in this field about the relative rates of re

moval of various hydrocarbon types. Disagreement, how

ever has arisen as to whether biological marker compounds 

(steranes, triterpanes) are degradable (19). Environmental 
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extremes can enhance or inhibit the biodegradation of 

hydrocarbons. Hydrocarbon metabolizing microorganisms 

could not be isolated from natural sources with a salinity 

greater than 20% (20). 

The relationships between aerobic petroleum-degrading 

and anaerobic sulphate-reducing bacteria in oil degrada

tion are not yet fully understood. Results from laboratory 

and field studies have been presented to support the 

hyphothesis that sulphate-reducing bacteria cannot ini

tiate degradation of oil, but rather grow on the residues 

resulting from the aerobic degradation of oil (110). 

This suggests that a synergistic relationship axists 

between both classes of microorganism. Sulphate-reducers 

obviously cannot use n-alkanes as sources of C and energy. 

In these experiments the micro-organisms used had been 

isolated from oil or oil-soaked soil (110). 
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Fig. 12. Bacterial degradation of crude oil in the labo
ratory (gas chromatograms of the saturated hy
drocarbons ) (18). 
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The hypothesis that oil degradation in the reservoir 

first starts under aerobic conditions and then continues 

anaerobically could not be verif ield in laboratory experi

ments using bacteria from an oil field (111). In these 

tests, the role of temperature conditions and the supply 

of nutrients has been studied. The temperature in the 

reservoir (50-60°C) was higher than the optimum tempera

ture for aerorobic degradation (about 30°C). Anaerobic 

cultures isolated from various oil fields exhibited only 

limited ability to grow under these conditions (111). 

Contact with oxygen-containing meteoric water, assuring 

the supply of ammonium and phosphate compounds, has been 

found to be essential to the microbial degradation of 

hydrocarbons (111). 
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In highly degraded bitumens, the n-alkanes may have com

pletely disappeared. This is accompanied by a relative 

increase in asphaltenes. In such cases, the original n-

alkane spectrum can be reconstructed, usually on the 

basis of pyrolysis gas chromatography. The asphaltene 

fraction of degraded bitumen contains information about 

the undegraded bitumen from which it was derived and 

about the organic source material (Fig. 14) (100). 

CC of saturated hydrocarbons Pyrolysis-GC of asphalfenes 

LL# WJpfc^JL^ JUJliuL 

biodegraded 

_ ^ J 
time 
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biodegraded 
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F85 

Fig. 14. Pyrolysis gas chromatograms of asphaltenes and 
gas chromatograms of saturated hydrocarbons 
from a non-degraded oil and oil degraded in 
vitro (100). 

Studies on the biodegradation of bitumen in surface envi

ronments have focused mainly on technical products. An 

excellent review of the microbial degradation of csphalts, 

with the stress on laboratory results, has been published 

by Zobell and Molecke (21). They write: "The chemical 

durability... would also be potentially compromised by... 

microbial attack". 
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The problem with field studies is that alterations can 

occur in the source rock, during migration, or in the 

reservoir rock. In many cases, however, this question can 

be answered, for example, when different stages of alter

ation occur within the same deposit. There is agreement 

that migration takes place as oil. The enrichment of 

asphaltenes obstructs the porosity of the rock. 

In a study on the effects of weathering (subaerial oxida

tion and biodegradation) on organic matter in shales, 

using samples from a cliff outcrop (sampling below 

the exposed surface) and stratigraphically equivalent 

drillcore samples (depth 1 to 10 m), it became clear 

that the most obvious changes in composition are due to 

biodegradation of bhe n-alkanes (44). Compared to strong 

biodegradation, subaerial weathering has left only minor 

traces, indicated by some loss of aromatic compounds. 

Extractable organic matter was reduced to some degree 

(Figs. 15,16). It is iraportant to notice that the degree 

of degradation of the hydrocarbons was variable and proba

bly dependent on the ratio of the area of the surficial 

water-sediment contact to the volume of the sediment. 

The nature of the shale (finely laminated and fissile) 

provided a large contact area between the penetrating/per

colating surface water and the shale, thereby facilitating 

the access of bacteria. The exceptionally strong degra

dation is explained by percolation of water along fractu

res. It has been suggested that biodegradation has been 

working on the deposit since the last ice age, but the 

mechanism and duration, and the influence of the presence 

of permafrost and the arctic climate, were still unclear 

(44). It should be noted that the material was kerogen. 
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Biodegradation is one of the most important processes 

that affect bitumen in geologic formations particularly 

in contact with surface waters. Considerable efforts 

have been undertaken to quantify possible biodegradation 

of bitumen in repositories for nuclear waste. Biodegra

dation of bitumen is a field where the potential of natu

ral bitumens as natural analogues is high. 

o cone 
• OUTCROP 

_^_ WEATHERING 
trFtcr 

o CORE 

• OUTCROP 

• l O D f GRADATION 
E M E C T 

to '06 0.8 1.9 1.7 T.4 1.6 T.I 7.0 7.7 7.f 

- E X T R A C T A » I t OHO. MATTER SATURATED/AROMATIC 
l e O M X C ^ . m o . g - ' c , , , , ) — HYDROCARBON R A T I O " 

0.2 1.< «.§ O.t 1.0 .7 

P R I S T A W . P H T T A N E A i e ^ . / J C , » — 
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3.3 Oxidation and weathering 

The migration path of crude oil is determined by gravity, 

litho/hydrostatic pressures, geological structures and 

the porosity of the rocks. Crude oil usually accumulates 

in tectonic traps. Tectonic activity can cause migration 

along fractures and faults. Erosion can expose or dissect 

oil-containing porous rocks or uncompacted sediments. 

Surface expressions of crude oil and asphalt deposits 

are fairly common. Surface shows and seeps may assume 

such impressive forms as the Athabasca tars, the pitch 

lakes of Trinidad and Bermudez, or asphalt veins several 

miles long. The earliest application of bitumen by humans 

used material from seeps and outcrops. 

It has long been known that liquid oil rapidly thickens 

when exposed to the atmosphere. This is mainly a result 

of the evaporation of lighter fractions. The effects of 

abiogenic chemical oxidation cannot always be distiguished 

from biochemical oxidation. There are considerable differ

ences of opinion about the possible transformations that 

oxidation could cause in petroleum (17). They are diffi

cult to resolve because of the complexity of the petroleum 

components involved. The zone in the earth's lithosphere 

where oxidizing conditions prevail can reach depths of 

several hundred meters locally, within regional aquifers, 

but usually dissolved oxygen disappears rapidly from the 

subsurface because of its high reactivity with organic 

substances and minerals. Changes in Athabasca bitumens 

under 30 m of overburden have been ascribed to atmospheric 

oxidation (17). 

Weathering of hydrocarbons in the marine environment has 

been studied intensively, primarily because of concerns 

relating to oil pollution. Numerous natural petroleum 

seeps are known from areas currently undergoing tectonic 

deformation, e.g. the coast of southern California (20). 
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In these studies, weathering includes biological as well 

as nonbiological processes. The principle processes in

volved are the same as in the reservoir, but are modified 

by the different environmental conditions (exposure to 

air, sunlight, wave energy and physical disintegration 

enhance degradation). 

The nature and magnitude of compositional changes in 

sedimentary organic matter as a result of surface weath

ering in outcrop samples have been studied. Samples from 

shallow drill cores into outcrops showed that the most 

dramatic changes occur in the 3 m near-surface interval. 

Most affected was the soluble part of the organic matter 

in shales (24). Weathering leads to a loss of saturated 

and aromatic hydrocarbons, with a concomitant enrichment 

in asphaltic substances. Conclusions at one location 

cannot be generalized, however, since weathering is to a 

large extent a function of climate. Furthermore, it de

pends on the diagenetic grade of the organic matter (24). 

In many cases, parameters like the molecular distributions 

of n-alkanes and some biomarkers cannot be used for corre

lations, because the components are absent from degraded 

surface material. But, in most cases, polycyclic terpanes 

have survived alteration (25,26). Pyrolysis gas chromatog

raphy is a fairly new method which is able to extract 

information about the original n-alkane pattern from the 

asphaltenes. 

Elemental compositions do not always show a clear rela

tionship to weathering. Samples from an outcrop in the 

Uinta Basin (Utah) had only a slightly higher oxygen 

content than samples from depths between 25 and 60 m 

(26). The oxygen content is usually above about 1% in 

samples from seeps (96). The chromatographic fractions 

showed more pronounced variations. Aliphatic alkanes were 

absent from all but the deepest of those samples. If the 

samples represent a series, ranging from intensely weath-
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ered at the surface to slightly weathered at depth, the 

concentration of thr carboxyl anion in the oil increases 

with weathering (26). 

A comparative investigation of weathering profiles at 

two locations showed different behaviour. At one location, 

no evidence of degradation was found; at the other site, 

50% of the soluble organic matter in the upper 60 cm was 

lost (27). The magnitude of weathering-induced composi

tional changes is widely variable and depends on many 

parameters which have to be taken into account, including 

the geological matrix. The parameters most sensitive to, 

and diagnostic of, weathering include the ratio of satu

rated to aromatic compounds and distributions of the satu

rated hydrocarbon fraction (27). Also, some biological 

markers and phenantrenes are good indicators of weath

ering, showing correlation within depth profiles (28). 

Research on weathering of coal seams has revealed that 

processes of hydratization and carboxylation lead to a 

series of products along the formation path of coal (in 

the reverse direction) in the H/C against 0/C diagram, 

and even into the region of peat (retrograde coalifica-

tion) (29) (see Fig. 7). The most drastic alteration 

occurs in peripheral groups of molecules and in bituminous 

fractions. The formation of humic acids has been observed 

in the course of weathering. It reaches a maximum at a 

certain stage of transformation, thereafter humic acids 

are degraded to low-molecular pre-stages, organic acids 

and, finally, to carbon dioxide and water. 

In analogy to the term oxyhumodile, Russian authors have 

extented the nomenclature and classification system for 

solid bitumens and asphalts with the terms oxykerite and 

huminokerite, which are strongly weathered bitumens (here 

of the paraffin branch) (cited in ref 30). They found 

that weathered bitumens are characterized by decreased 

solubility in organic solvents and increased oxygen con-
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tent, and by solubility in alkaline solution (humous char

acter ). 

From the point of view of nuclear waste management oxida

tion and weathering of bitumen is important in near surfa

ce environments (shallow land repositories or repositories 

in deep geological formations subjected to erosion). The 

potential of natural occurrences of bitumen in assessing 

these processes is high because of the complexity of the 

systems (biodegradation acts simultaneously; variability 

of parameters). Some products of weathering of bitumen 

seem to have the ability to retard the migration of cer

tain radionuclides. 

3.4 Radiation degradation 

The evaluation of the effects of radioactive radiation 

on bitumen with the aid of natural analogues requires 

the occurence of natural radioactive nuclides in bitumen 

or related substances. It has been recognized that a close 

association exists between uranium deposition and organic 

matter in the geosphere. Uranium has been found in lig

nites, black shales, crude oils and native asphalts. The 

mechanisms of the effect of its radiation on the organic 

matrix are still unclear. 

In some coals it has been found that an increase in ura

nium concentration is accompanied by an increase in oxy

gen content (up to 45% as compared with 16 to 20% in 

coals poor in uranium)(34). Uraniferous carbonacious 

materials have been found in nearly every rock type. At 

most localities, either the rocks are petroliferous or 

evidence for the former presence of petroleum can be 

detected. By some scientists, these products have been 

regarded as being products of radiolytic polymerization. 

They are most commonly named uraniferous asphaltite and 

thucholite (from the constituents Th, U, C, H, 0) (36). 
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Analytical data for thucholites indicate that they should 

be classed as oxygen-containing asphaltic pyrobitumens 

(Fig. 17). In these substances the ratio of carbon to 

hydrogen seems to change systematically with the total 

radiation dose that the materials have received (Fig. 

18). The uranium content of the materials investigated 

ranged from 0.1 to 8%. Age determination of thucholite 

based on Pb/U ratios gave figures between 80 Ma and 1900 

Ma, from which the total internal radiation dose was 

calculated. If the calculated doses are right, the organ

ic substances should be converted to carbon completely 

(based on technical experience with radiation), but this 

is obviously not the case (the hydrogen contents were 

between 2 and 6%) (35). 
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Fig. 17. Thucholites in C-H-0 plot showing the effects 
of the metamorphism of carbonaceous materials 
(36). 
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Fig. 18. C/H ratios versus lead contents (a measure of 
radiation dose) in some uranium-bearing car-
bonacious materials (35). 

The effect that radiation becomes less effective in alte

ring carbonacious material (hydrogen content of coaly 

material, ratio of hydrogen to carbon, carbon isotope 

values) at high doses has been observed by several workers 

(108,109). Samples of organic matter on which uranium 

and its daughters have deposited a dose of up to 1011 

rads (104 times greater than that used in most radiation 

chemistry experiments) have been found (108). Organic 

material seems to become more radiation-resistant with 

loss of functional groups, aliphatic side chains and by 

becoming aromatized. It is also likely that the radiation 
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protects uranium from remobilization or dissolution by 

creating chemically reactive reductants that will induce 

soluble U(VI) species to insoluble U02 (108). Several 

studies have found that organic matter with high U con

centrations tends to have higher 0/C ratios, although the 

correlations are not strong. In Alum shale core samples 

from Sweden (age of the shale about 500 Ma, imparting a 

radiation dose of the order of 109 rads for samples with 

roughly 190 ppm U, sampling depths between about 5 and 

103 m), the same correlations between H/C and U and 0/C 

and U have been found recently. The authors suggest that 

weathering or biodegradation as alteration mechanisms 

are unlikely because the n-alkanes which are generally 

removed by these processes are present in Alum shale 

extracts. The mechanism which results in increased 0/C 

ratios in the organic matter rich in U is not understood. 

Studies on thucholite found in a pegmatite in Canada 

revealed that there were different types of material in 

which either U, Th or rare earths dominated (36). Rela

tively consistent ages of about 300 Ma were obtained. A 

mechanism is proposed in which uranium in uraninite is 

oxidized by products of the radiolysis of water, and is 

reprecipitated by organic matter which is solidified by 

radiation. Leaching of uranium by aqueous solutions 

led to enrichment of residual thorium and rare earths. 

The oxidation state oi uranium in the thucholite could 

not be determined because of the reducing power of the 

organic material (36). 

Carbonacious matter has frequently been found in precam-

brian bedrock in Sweden (37). Asphaltites fall into the 

compositional range of kerogen and petroleum, while 

thucholites fall more on the oxygen-rich side, which 

distinguishes them from most organic matter occurring in 

nature. Complex alteration processes often make the inter

pretation of age determinations impossible. The authors 

assume that organic matter has been transported by ground-
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water down fractures in the bedrock and deposited at the 

site of radioactive minerals. By some unknown chemical 

reaction, U, Th and Pb were dissolved and a fraction of 

the dissolved uranium again deposited, together with or

ganic matter (37). 

Autoradiography of some samples gave the same results as 

investigations of thucholites from the Witwatersrand 

formation, South Africa: the uranium content, and thus the 

radioactivity, of the organic matter was restricted to 

remnants of primary uraninite (38). Primary detrital 

uraninite grains seem to be replaced by organic matter. 

It is supposed that mobile hydrocarbons migrated through 

U02-rich sediments, where they polymerized under the in

fluence of radioactive radiation. The subsequent resorp

tion of the uraninite by the carbonaceous matter remains 

unclear. The replaced uranium reprecipitated after a very 

short range migration, and is visible as seams around 

the thucholite (38). 

Uranium series nuclides have been quantified in surface 

samples and drill-core material from thucholite in Sweden. 

Enrichment of uranium in surface samples has been ob

served, the enrichment being of geologically young age 

(probably late Pleistocene), but some samples also lost 

uranium. Uranium has been distinctly migratory at, and 

close to, the surface, but more or less immobile below 

20 metres depth (99). The examined material origins from 

systems that have been continuously open. The uranium-lead 

apparent ages are inconsistent. Measured ages between 

300 Ma and 1 600 Ma leave room for speculation. The age 

of the hydrocarbons is not clear. Repeated mobilizations 

are probable. The oxidation state of uranium in the hydro

carbons is unknown. The secondary minerals observed 

contain U(VI) at the surface and down to 10 m, and then 

U(IV) is dominant. 
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The extended literature on thucholites is not reviewed 

here because the ultimate questions as to the origin of 

the uranium minerals (detrital or precipitated from solu

tion), and of hydrocarbons (primary kerogen from e.g. 

precambrian organisms (lichens) polymerized under the 

influence of radiation or secondary migrating hydrocar

bons), are still the subject of controversy (101). 

3.5 Trace element contents 

Investigations of trace elements in bitumen may give 

information on its metal-ion binding ability, the nature 

of binding, redox behaviour and release mechanisms. The 

study of biochemical fossil complexing agents provides 

us with data on modification of chemical structures under 

actual geological conditions. It avoids extrapolation of 

laboratory results to different time scales and to poorly 

known environmental conditions. It is a decisive step in 

the development of concepts of the long-term preservation 

and transformation of organic compounds in nature (39). 

Tetrapyrrole pigments derived from chlorophylls and hemins 

occur in natural bitumen. Free porphyrins are scarce, 

however, the most abundant being their vanadium and nickel 

complexes. Because of their great stability, demetalation 

requires intense chemical treatment e.g. with concentrated 

acids (39). 

In petroleum residues a significant fraction of V and Ni 

is bound to compounds the nature of which is not known 

but which are likely to be the products of oxidative 

degradation of porphyrins (41). The determination of 

extractable metals, together with the porphyrin content, 

can be a source of information regarding the past history 

of a bitumen with respect to its oxidative degradation. 

A relevant question in this connection is, when and how 

the metals have been enriched to sometimes abnormally 

high concentrations in asphalts (the original central 

cations were Mg(II) and Fe(II)). The metallation of the 
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porphyrins probably occurrs already during the early 

stages of diagenesis of the organic-rich sediments, as 

long as diffusion of metal ions from the overlying water 

column through the porous sedimentary column is possible 

(43). The tenacious bonding of these two metals in bitu

mens is due to the contribution of covalent bonds in 

the porphyrin complexes. The range of concentrations 

reported in asphalts is from 0.2 to 4760 ppm for V and 7 

to 1240 ppm for Ni. The stability of the complexes ensures 

that once the tetrapyrrole complexes have formed, the 

metals will remain in the bitumen matrix during lithifi-

cation, higher levels of diagenesis, migration and entrap

ment of crude oils and even to a large extent during 

weathering, water-washing and biodegradation (43). 

It is remarkable that most of the samples in the above-

cited study were collected from outcrops. A necessary 

condition for the release of the trace metals is the 

destruction of the organic matrix. The primary decomposi

tion products of bitumen, however, have complexing proper

ties and are mainly immobile, so that trace metals are 

likely to be fixed at the same place. High molecular 

weight humic-type substances (M.W.>100 000) are the 

dominant sorbents for many trace elements (31). 

There is not much information available on other trace 

metals in bitumen. Uranium has been studied to some ex

tent, but the mechanisms of emplacement and modes of 

occurrence in organic matter in general are still unclear. 

Among the several mechanisms proposed are: (i) sorption/ 

ion exchange of U02
 2* ions on humic components or (ii) 

reduction to U(IV) and precipitation as uraninite (U02 ) 

(31). Uranium in lignites and marine black shales is so 

intimately associated and tightly bound with carbonaceous 

matter that it is said to be "fixed" by the organic sub

stance. Bore hole-log data from source rocks (Posidonia 

shale, Upper Lias, Hils area, FRG) indicate primary 
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uranium in sediments from an anoxic depositional environ

ment correlating reasonably well with organic carbon 

(kerogen) (107). 

The concentrations found cover a wide range: crude oils 

contain about 10-7 % and native asphalts about 10"4 % (by 

weight), occasionally more, while lignite and thucholite 

may contain several per cent of uranium (32). The asso

ciation of radioactive elements with petroleum and bitu

mens has been the subject of considerable research. The 

average content in bitumens is about a thousand times 

greater than in crude oils. A major part of the uranium 

is associated with asphaltenes and other heavy constitu

ents. 

The bitumens in rock asphalts probably retain all the 

uranium that was present in the parent petroleums (33). 

It has been proposed that bitumen can extract uranium 

from rocks during migration or from percoling groundwater 

and that the bitumen probably acquired the bulk of its 

uranium after becoming immobilized (33). Questions of 

that kind have some relevance in nuclear waste management 

research. It is necessary to know how uranium is held 

in bitumens and how radiolytic and other degradational 

processes influence its behaviour. Uraninite has been 

shown to be dispersed in many native solid bitumens and 

pyrobitumens. There is evidence that the uranium is only 

released when the bitumen is destroyed. Such action may 

result from oxidation, leaching by certain acid or alka

line solutions, biodegradation or irradiation (33). As

phaltenes, however, are among the most resistant major 

constituents of petroleums, and form the bulk residues 

in natural asphalt seeps and deposits. 
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4 EVIDENCE FROM NATURAL AND HISTORICAL OCCURRENCES OF 

BITUMEN 

4.1 General 

The literature on natural occurrences of bitumen or as

phalt is extensive. Therefore only a brief description 

of some famous or otherwise remarkable locations is in

cluded in this paper, to indicate to the reader the 

dominant features of the geology of these deposits, and 

the type of conclusions which can be drawn from the point 

of view of nuclear waste management. In natural analogue 

studies the geology of the locality has to be studied 

in great detail in order to obtain information about the 

time scales involved in migration, alteration, exposure 

to weathering, etc. Such details are not discussed in 

this review. In the literature concerning occurrences of 

bitumen or asphalt, inappropriate, descriptive terms like 

tar or pitch are often used which make it difficult to 

decide what kind of material is meant. 

Liquid and semi-liquid crude oils migrate along gradients 

under the influence of different kinds of pressure (eg 

hydrostatic and tectonic pressure) or heat into forma

tions of high porosity. Migration can occur horizontally 

along strata, or either upwards or downwards along frac

tures, faults, karst structures, etc. Accumulation occurs 

in stratigraphic traps. Solid bitumen is formed at the 

outcrops of such traps or pathways. Paleo outcrops may 

be covered by considerable sedimentary layers which may 

complicate the interpretation of analytical data. Fig. 

19 a,b,c give some examples. 

From prehistoric times up to the 18th century the use of 

bitumen by humans was based on surface showings and seeps 

(1). The oldest known locations are those between the 

Euphrates and Tigris and the Dead Sea. Nearly pure bitumen 
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occurs in the asphalt lakes of Trinidad and Bermudez, 

as overflows (springs, seeps) at outcrops of bitumen-im

pregnated rock strata or fills veins. Other forms are 

impregnations in sands (45) and limestones (Athabasca, 

Utah, Ragusa (I), Val de Travers (CH), Selenizza (Alba

nia ), Lobsann (F), Hannover (D) and others), which can be 

found scattered all over the world (1). 

In numerous cases there is a close relationship between 

a solid asphalt deposit and a crude oil deposit, the 

asphalt usually forming the upper, near-surface parts. 

But, in many cases, no crude oil accompanies the solid 

asphalt. The widespread occurrence allows the long-term 

behaviour of bitumen to be studied at locations in various 

climatic zones above or below the groundwater table, in 

fresh water or brines, under sedimentary overburden or 

at the surface. In natural analoque studies the geologic 

and tectonic history of a site plays an important roll in 

assessing the time scales involved. 

Fig. 19a. Geologic settings of occurrences of bitumen. 
Asphalt ridge area, Utah (45). 
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Another important parameter is the grade of maturity of 

the bitumen. Some deposits have never been deeply buried, 

and compositional peculiarities may be explained in that 

way. Deposits may have been exposed by erosion in the 

past, developing signatures of weathering and biodegrada-

tion, and later covered again by sediments. There have 

been some difference in opinion, usually about origin, 

maturation, migration, and alteration of the organic 

matter at a certain site, but with the aid of refined 

analytical techniques many such questions have been an

swered recently. 

4.2 Dead Sea asphalt 

Asphalt in the Dead Sea area has been recognized and 

utilized since ancient times. Its occurrences are recorded 

from the surface down to a depth of about 3600 m and are 

found in association with rocks ranging in age from Quar-

ternary to Triassic (46). A tricky genetic question is 

posed by the simultaneous occurrence of asphalt, crude 

oil and oil shale containing primary organic matter (Fig. 

20, numbers indicate sampling sites). Occasionally large 

asphalt blocks (up to several hundred cubic metres) have 

been found floating in the Dead Sea. The difficulties 

in understanding the relation between these materials 

and the alteration processes which led to the composi

tional peculiarities observed have been resolved by modern 

methods of organic geochemistry. The results were con

firmed by laboratory simulations. 

The main differences were found in the composition of 

the porphyrins, the distribution pattern of the n-alkanes, 

the phytane-to-pristane ratio and the H/C ratio of the 

asphaltenes (46). The porphyrin compositions point to 

primary differences, because replacement of the metals in 

the complexes is difficult. Most prominent were the dif

ferences in the contents of saturated hydrocarbons: oils: 

40%, asphalts from great depth: 15%, floating asphalts: 
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8% and asphalts sampled at or near the surface: 2 to 5%. 

The well-preserved n-alkanes in the samples from great 

depth, and the floating blocks, were unexpected and dif

fered from all other asphalts in the area. Obviously, the 

asphalts are mostly products of biodegradation of the 

oils, but also water-washing, evaporation and oxidation 

played a roll. The asphalt at great depth must have been 

altered at a rather shallow depth during earlier stages 

of the graben development (the Dead Sea depression only 

evolved during the earlier stages of tectonic movements 

along the rift). Thereafter it must have been buried 

rapidly (subsidence in the graben about 4000 m in 4 Ma). 

Secondary generation of n-alkanes was caused by heating 

at great depths, which is going on at present. The evolu

tion of the buried asphalt could be simulated by heating 

degraded asphalts (47). 

The floating asphalt originate from great depths. Tectonic 

instability (rapid subsidence and strike-slip along 

faults) results in leakage of some of the deep-seated 

diagenetically altered asphalt into the bottom of the 

Dead Sea, from where it rises to the surface. The floating 

asphalt is low in saturated hydrocarbons, but there is no 

preferential depletion of normal and iso-alkanes charac

teristic of biodegradation. The only explanation is that 

the samples were altered diagenetically at higher tempera

tures (46). The enormous tectonic activity (rate of move

ment about 0.5 cm/a) implies very short time scales for 

processes of formation and alteration of the asphalts. 

It is difficult to get quantitative data on the time 

scales involved, but from the rate of subsidence at least 

the order of magnitude can be determined. Biodegradation 

of oils flushed down into the graben into asphalts must 

have taken place during the early stages of the develop

ment of the graben some million years ago. 

The final stage of alteration is represented by the mate

rial occurring near the surface. In these samples the n-
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alkanes are always completely absent. In several samples 

some iso-alkanes on a hump of cycloalkanes were observed 

and compounds in the triterpane-sterane range (see the 

gas chromatograms in Fig.21) (46). 

It has been noticed that, west of the graben, oils were 

affected by biodegradation down to 1500 m below the sur

face. The deep penetration of biodegradation processes in 

this region is most probably explained by the partial 

invasion of the area by fresh water (high hydraulic gra

dients and conductivities due to the tectonic situation), 

which is demostrated by the low water salinities as com

pared with the high salinities in the graben (46). 

Recent studies on Dead Sea Rift Valley asphalts and oils 

reach conclusions contrasting with the above-mentioned 

opinion that asphalts are always the residuum of already 

mature oil. It is claimed that the Dead Sea asphalts are 

the result of an early maturation process (102). 
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4.3 Asphalt veins (Turkey, USA) 

A large number of vein type deposits of asphaltic sub

stances occur in the mountainous area of south-eastern 

Turkey (48). The veins have widths ranging from decimetres 

to more than ten metres, and can sometimes be traced 

over distances of kilometres. They have been studied at 

outcrops with the aid of trenches and a large number of 

drillings. The asphaltic substances represent a higher 

stage of metamorphosis. They are hard and brittle and 

show no signs of mechanical stress. They can be found in 

places where tectonical movements have opened deep fis

sures. The asphalt must have been emplaced in a liquid or 

semi-liquid form under tectonic pressure, because there 

are stripes of suspended mineral matter visible which re

present flow structures. In general the asphaltic mass in 

the outcrops is severely weathered to black earthy masses. 

The asphaltic substances represent a variety of members 

of the upper range of the alteration series from asphalts 

to asphaltite to asphaltic pyrobitumens (49). Asphaltic 

pyrobitumens are at the final stage of metamorphosis, they 

are not fusible and not soluble. The question of what 

kinds of force have caused the alteration, and under 

what temperature conditions, could not be answered by 

the investigator (48). The low oxygen content, 0.1 to 

3.0%, of the samples from borehole depths between 22 to 

170 m indicates only minor weathering or oxidation. The 

low water contents reflect the low porosity of the mate

rial. Two interesting features should be mentioned: (i) 

During the chemical alteration processes the mineral 

substance was also regrouped. Newly formed crystals of 

calcite have been observed in the asphaltic mass, (ii) 

Veins of coke-like material and wall rock alterations 

indicate burning. Some have been burning recently, but 

burnt vein parts could also be found under Pliocene-

Pleistocene gravels (48). The author suggests that self ig

nition occurred, caused by the sulphur content, and cata-
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lysed by finely dispersed pyrite. The course of the veins 

can easily be traced in the landscape, by the rows of 

densely crowded trees, growing in the loosened ground of 

the weathered asphaltic mass. Probably the formation of 

humic substances as an intermediate weathering product 

(fixation of cations), and the formation of nitrate and 

sulfate (nutrients), favour plant growth. There seems to 

be an equilibrium between the rates of weathering and 

erosion which does not lead to major morphological expres

sions in the surface profile of the deeply eroded land

scape. 

Outcropping veins of gilsonite, a brittle alteration prod

uct of asphalt, have been mined in many parts of the 

world, but especially in the USA. The widest vein has 

been found in the state of Utah. It reaches a maximum 

width of 6 m (length more than 10 km, depth about 300 m) 

(1). The outcrops of nearly vertical veins have not been 

deepened by erosion under what are now arid, but which 

during the Pleistocene were probably humid conditions. 

At the surface, the gilsonite had lost its brilliant 

lustre, changing into a dull black. 

Gilsonite does not resemble technical distilled bitumen. 

It has the properties of blown bitumens, which are hard 

and brittle. Gilsonite represents the next stage of alter

ation of soft bitumen by temperature, oxidation or ra

diation. It can also be formed by the simple evaporation 

of lighter fractions (96). 

4.4 Asphalt lakes (Trinidad, Bermudez) 

Two singularities because of their nature of occurrence 

and their size are the asphalt lakes of Trinidad and 

Guanoco, in the state of Bermudez, Venezuela (1). The 

Trinidad deposit probably originated in an oil seep caused 

by tectonic activity in the late Pliocene. The asphaltic 

oil was converted into asphalt. Agitation by escaping oil 
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and gas led to an emulsion of water, gas, bitumen and 

fine mineral matter (sand and some clay). The asphalt 

Take covers an area of about 36 ha, its greatest depth 

is about 95 m. The surface has an undulating appearance 

and is in imperceptible but constant motion. The surface 

is partly covered by vegetation, and the depressions are 

filled with water. Prehistoric trees, etc. have been 

observed to appear, disappear and reappear from time to 

time. The surface can bear machines if they do not stay 

in the same place for a long time. The raw material con

tains about 29.0% water and gas (volatilised at 100° C), 

39.0% bitumen (soluble in CS2 ), 0.3% bitumen absorbed by 

mineral matter, 27.2% mineral matter and 4.3% water bound 

in clay (sum: 99.8%). The asphalt is extremly uniform in 

composition, it softens at 76°C and is liquid above 100°C. 

The elemental composition is as follows: 82.33% C, 10.69% 

H, 0.81% N, 6.16% S. It is noticeable that oxygen is 

practically absent (1, 50). 

Material which has overflowed from the lake at its edges 

hos been exposed to the weather for centuries (1). It 

varies in composition from place to place, but the differ

ence in properties compared with the lake asphalt is not 

grec .. It contains less water, more mineral matter; more 

vola" les have evaporated, and the fusing point and hard

ness are higher. 

The worlds largest asphalt lake is situated near Guanoco. 

Mining was abandoned in 1934. Almost nothing has been 

published about it since then. It covers an area of about 

350 ha but is only 3 m deep. The asphalt is soft where 

it is exuded, but hardens slowly on exposure to the weath

er, forming a crust which can support the weight of a 

man. At the edge of the lake tho. asphalt is hard and 

brittle, due to the evaporation of volatiles. Portions 

have been converted into a cokey mass as a result of 

bush fires. The surface is partly covered by vegetation. 

The raw material contains 30% water, but is nearly free 



55 

of mineral matter. The water is not emulsifield, as is 

the case in Trinidad. The bitumen contains 4.11% and 

5.43% oxygen in the asphaltene and petrolene fractions, 

respectively (51). 

There is no conclusive theory about the origin and evol

ution of the lake. Probably petroleum migrated from upper 

Cretacious formations, through Pliocene, Pleistocene and 

Quarternary sediments, to the surface, where it was trans

formed in to asphalt (52). C-14 measurements indicate con

tamination by about 2.5% modern carbon, probably originat

ing from vegetation and soil (52). 

The alteration of the asphalts in the lake-type occur

rences has not been studied very closely, in particular, 

modern analytical tools have not been used yet. Asphalt 

lakes would allow the investigation of the effects of 

surface weathering, oxidation and biodegradation under 

favourable conditions (temperature, presence of water, 

nutrients, etc.). The asphalts resemble technical products 

in quality. Trinidad asphalt is still wiaely used today. 

4.5 Asphalt impregnations (Vai de Travers (CH), Alsace 

(F), Hannover (D)) 

Extensive deposits of asphalt-impregnated limestone occur 

west of Neuchatel Lake in the Vai de Travers region. 

They were discovered hundreds of years ago and have been 

economically important. Archaeological findings give 

evidence that prehistoric settlers already used the bitu

men as cement, and to impregnate structural parts of 

lake dwellings (64). The asphalt-bearing Cretaceous lime

stones are up to 9 m thick and contain up to 12% bitumen 

(53). The deposit is folded and faulted in a complex 

way. It is partly eroded and outcrops are numerous. The 

Swiss Jura is geologically very young, being formed during 

the final stages of the folding of the Alps, between the 

Middle and Upper Pliocene, within a period of only a few 
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million years. Thus the bitumen-impregnated strata have 

been exposed to the weather by erosion for a few million 

years (Fig. 22). In the mountainous area the erosion 

seems to progress roughly at the same rate as the weather

ing of the bitumen. In some profiles, weathered layers 

of only about 0.4 m thickness have been found. At other 

localities unaltered asphalt occurred below 0.8 m of 

soil and 0.8 m of limestone. Impregnation of the lime

stones is very homogeneous. Asphalt which seeps from the 

deposit through adits and from fissures can be found as 

far as 12 m below the bitumen-bearing limestone. 

NW 

Fig. 22. Vai de Travers, mine and outcrop (55). 

Elemental analysis of the extracted bitumen showed 86% 

C, 10% H, 1.1% S and 2.7% O plus N. The fusing point is 

rather low (26°C). The asphalt has a rather high saturated 

hydrocarbon content (above 20%) and a low asphaltene 

content (about 10%). It can be classifield as moderately 
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mature and biodegraded (14). The results of thermal alter

ation experiments on the material are available (14). 

Another famous deposit of similar character can be found 

near Lobsann (Alsace), where large amounts of bitumen-

impregnated limestone and sandstone have been mined for 

paving purposes. The asphalt occurs in Tertiary strata 

of up to 24 m thickness, in a tectonically very active 

area at the margin of the Rhine graben. The region is 

badly faulted (1). The main phases of tectonic movement 

took place in the Middle Miocene, but subsidence still 

continues today at a rate of about 700 m in 1 Ma (103). 

The asphaltic limestones, sandstones and sands contain 

between 7 and 18% of soft viscous asphalt (fusing point 

25 - 52° C). It is obvious that the highest concentrations 

occur near faults. The secondary nature of the asphalt 

could be unequivocally established. Infiltration of the 

sterile strata by asphalt migrating upwards along faults 

proceeded according to the conducting porosity of the 

strata. There is no impregnation of the impervious hanging 

claystones, lying marls and intermittent dolomitic lime

stones, except along fissures (Fig. 23) (56). Infiltration 

probably ceased when the viscosity of the asphalt in

creased, due to alterations in the near-surface strata 

(at present about 2 - 20 m below the surface), and blocked 

the migration paths. Thermal waters seem to have had 

some influence on the transport in water-bearing fractures 

(56). The oxygen content of the asphalt has been found to 

increase with the increasing proximity of the surface. 

A study of the deposits may give insight, among other 

things, into the long-term migrational phenomena of bitu

men of different viscosity, within strata of varying 

character of porosity, and along fissures and fractures. 

A drawback of the site is that the mining of asphalt 

was abandoned a long time ago. 
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Fig. 23. Asphalt deposit Lobsann (Alsace), cross-section 
(56). 

In northern Germany, south of Hannover, near Limmer and 

Escherhausen/Holzen, asphaltic Mesozoic limestones with 

5 to 12% very soft asphalt have been economically import

ant in the past. At present only the latter is mined, 

the former is no longer accessible. The impregnations 

are of secondary nature. The bitumen occurs only in porous 

layers, independent of their geologic age, and the highest 

contents are found near faults which are thought to be 

migration paths from deeper-lying source rocks. The 

faulting which initiated the migration of the asphalt is 

assumed to be of Late Cretaceous or Early Tertiary age, 

which can be deduced from the stratigraphic evidence. 

The asphalt-bearing Kimmeridge and Portland layers have 

been uplifted and exposed by erosion in the Tertiary. 

The former erosional surface is often covered by thin 

glacial till (57). 
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The highest bitumen contents have been found under cover

age of highly impermeable Cretaceous claystones. The au

thors supposed that the claystone provided excellent pro

tection against weathering, because it is known that bitu

men-impregnated limestone is rapidly bleached when exposed 

to the atmosphere (57). It should be mentioned here, 

because it characterizes the redox state in situ, that 

the Kimmeridge limestone near Ahlem (Hannover) was impreg

nated with abundant pyrite, which weathered to limonite 

at the surface. H2 S has been observed in mine waters (57). 

The most important German deposit near Holzen/Hils is 

similar in character, but is still accessible for investi

gations. The impregnated layers dip about 12 degrees 

towards the Hils mountains. It is reported that the de

posit was discovered by woodmen, who found that the lime

stone boulders at the surface contained combustable ma

terial, which indicates that the process of bitumen degra

dation must be slow. The bitumen is very soft (softening 

point 18°C, drop-point 57°C) (1). The deposit, which dips 

gradually below impermeable, but locally fractured, clay-

stones, is described in more detail in a later case study 

at the location (104). 

4.6 Bitumens in hydrothermal veins (Derbyshire (UK)) 

Bitumens associated with hydrothermal veins and occurring 

within gangue minerals are geologically unusual. They have 

led to considerable discussion over the origin and alter

ation of bitumen. In Derbyshire bitumen occurs in a boul

der bed on top of a massif of reef limestone of lower Car

boniferous age. The sequence is overlaid unconformably 

by a shale of upper Carboniferous age, rich in organic 

matter. 

In terms of geologic history, the reef limestone was 

uplifted during the mid-Carboniferous period. Subaerial 

erosion of the limestone surface produced karst features 
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and boulders of limestone. Then the shale was deposited 

unconformably on the weathered surface. Thereafter hot 

fluids migrated along the boulder bed and mineralized 

the zone. The temperature of the fluids (80 - 140°C) was 

not high enough to explain the observed alteration of 

the bitumen in the shale (58). Three different bitumens, 

some of which had lost the characteristics typical of 

those of biological origin, have been found at the site. 

Organic geochemical studies showed that these could not 

be attributed to either the source rocks or to hydrother-

mal alteration. Indirect evidence such as unusually 

high nitrogen and oxygen contents, and permeability to 

groundwater, suggested that bacterial processes were 

responsible for altering the hydrocarbons. Microscopic 

examinaton of cultures from the altered bitumens revealed 

the presence of at least five distinct microorganisms 

(58). 

The geochemical history of the bitumen deposit probably 

began when hydrothermal fluids migrating along the boulder 

bed unconformity partially dissolved the limestone, there

by releasing organic matter from the matrix. The bitumen 

fractions were trapped in the topographic highs. Some 

bitumen was also liberated from the shale. Erosion of 

the impermeable shale exposed the bitumens at outcrops, 

and allowed the flow of aerated groundwater (Fig. 24). 

Thereby favourable conditions for bacterial growth on 

the bitumen were created. The conditions in the deposit 

imply that microbial alteration is a very recent phenom

enon, and may still be taking place (58). 

Using a new approach in method (hydrous pyrolysis of the 

asphaltene fraction of the bitumens) the original composi

tional pattern, including the n-alkanes and biomarkers 

of degraded bitumens could be reconstructed (59 ). Obvious

ly biodegradable compounds are in some way protected 

from biodegradation in the asphaltene macromolecule. It 

was found that the bitumens investigated had been sub-
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jected to varying degrees of biodegradation and thermal 

maturation (59), The investigations of bitumens from 

Central England are good examples of how modern organic 

geochemical techniques can help reconstruct complex his

tories of long-term bitumen alteration. 

Important constraints on the time scales involved are 

provided by unsaturated hydrocarbons, which have been 

found in the bitumens (58). Although alteration of the 

bitumens took place during exposure of the limestones in 

the late Carboniferous period, the geologically fragile 

unsaturated hydrocarbons would probably not have survived. 

Thus degradation is related to the erosion of the over

lying impermeable shale (58). 

(o) (c) 

(b) (d) 

Fig. 24. Schematic summary of the sequence of events 
hypothesized to have led to the formation of 
the bitumen deposit at Windy Knoll, Derbyshire 
(58). 
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4.7 Archaeological sites 

The earliest recorded use of natural asphaltic substances 

goes back more than 5000 years. At first the sources of 

the material «ere usually near the location of its use. 

There are comprehensive reviews available on the subject 

(1, 60, 62). Samples from archaeological locations may 

give information on the behaviour of bitumen in near-

surface environments (burial depths usually only range 

between decimetres and metres). There is a lot of qualita

tive evidence that bitumen is a very stable substance on 

this time scale. This is confirmed by the excellent pres

ervation of inscriptions and ornamentations on objects 

made of asphalt, by the preservation of its adhesive 

properties (asphalt used as cement), and by the integrity 

of walls constructed with asphalt mortar near the former 

groundwater table, or on the banks of rivers (60). The 

main purpose of the bituminous substances was to make 

constructions impermeable to water (Fig. 25a,b). It is 

often reported that this barrier function has worked 

for thousands of years, and that the constructions still 

fulfill their purpose today (1). Wooden cases and baskets 

made of palm leaves covered or impregnated with bitumen 

have been preserved, even in the presence of groundwater, 

when the bitumen layer had not been damaged mechanically. 

The major drawback of archaeological samples is often 

the lack of information on the origin of the bitumen 

and its original composition and properties. Often, no 

more than the elemental chemical composition is known. 

Data obtained with the aid of advanced analytical tech

niques is scarce. Because of the limited economic inter

est, outcrops, seeps and springs containing asphalt in 

the region of archaeological findings have not been stud

ied very closely. Therefore analogue studies cannot rely 

on the available data, but require sampling at possible 

sources of origin, taking into account possible alteration 

by weathering and biodegradation in situ. Another drawback 
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is that, in most cases, the bitumen has been treated by 

the ancients, usually by applying heat or by adding or

ganic and mineral matter to change its properties for 

certain applications. On the other hand, such samples 

allow the preservation of organic matter in bitumen to 

be studied (60, 61). 

A qualitive study related to the local conditions prevail

ing in Switzerland has been conducted (64). With many 

findings, it was initially believed that they were bitu

men, but later analysis with more advanced methods re

vealed that they were often birch tar. Some samples proba

bly contained asphalt from the Vai de Travers deposit. 

a) 
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Nobopolossor in Babylon 
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4. ZiegelsrtioH mil Asphnll getrönfct 
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Fig. 25 a,b. Use of asphalt in early history. Construc
tions from Babylonia, a) floor, b) river bank 
pier (1300B.C) (1,60). 
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Investigation of an asphalt from Mohanjo Daro (Indus 

valley) give indications that long-term exposure to light 

and oxygen has caused alteration of the material. The 

asphalt most probably was formerly of better quality in 

order to fulfill its purpose. In the present state, how

ever, it is hard and exceptionally brittle, and has an 

increased oxygen content (63). Bitumen from other loca

tions usually showed a certain tenacity, adhesive proper

ties, and impermeability under a water pressure of 1 atm 

(61). 

Recently a very comprehensive work on bitumens from ar

chaeological and natural sites in Mesopotamia has been 

published (112). It has been found that archaeological 

bitumens found in Babylon originate from natural seepages 

near Hit. However, the diversity of the bitumens at natu

ral sites made it difficult to correlate archaeological 

and natural bitumens. A high degree of oxidation and 

biodegradation was common to all archaeological samples 

studied, but particularly to samples which were directly 

exposed to oxygen in the air and the weather. Generally 

the most prominent differences in the properties of bitu

mens where in fact differences in the degree of biodegra

dation. The state of biodegradation of samples of the 

same origin may be primary (geological source) or second

ary (112). 

Uncertainties in the interpretation of findings from ar

chaeological samples are mainly due to lack of knowledge 

of the original material, the kind of treatment and the 

conditions of its destruction. Organic fibres found in 

bitumen were often burnt, for example. The time scales, 

on the other hand, and to a certain extent the physico-

chemical conditions in the environment of the burial 

can be more easily assessed. 



65 

4.8 Fossil resins 

Fossil resins such as amber or kauri resin are treated 

briefly in this section, because on one the hand, they 

have been grouped in the older literature, as bitumens 

and, on the other hand, there is no good analogue for 

technical resins, which have already found application 

in nuclear waste management technology or for which poten

tial fields of application have been suggested (waste 

matrix, waste cannister corrosion protection coating, 

ion exchangers). Experimental programs on the potential 

for technical organic polymer materials to support biolog

ical growth have been carried out. Natural fossil resins 

are polymerized substances (polyesters) containing a 

large variety of compounds. They may be considered to 

be natural analogues, with the reservation that only 

the long-term behaviour of certain macromolecular struc

tures in the geosphere be considered. 

Resins are the plant products with the highest resistance 

to chemical attack (oxidative degradation), and they also 

withstand decomposition by microbiota. Fossil -resins are 

known to range in age from a few hundred years to about 

140 Ma. Fresh resin hardens rapidly during the first year, 

but further changes are very slow. Gas chromatograms 

show some typical features, which are common to fresh, as 

well as to very old, fossil resins (65). Preservation is 

possible under aerobic, as well as under anaerobic, sedi

mentary conditions if the rate of sedimentation is not 

too slow (66). The main factor in resin concentration 

in sediments is the decompositon of other non-bituminous 

substances. Resins also survive higher temperatures, e.g. 

during the earlier stages of coalification. Preservation 

is possible at a temperature above 200°C for up to a few 

million years, and near 100°C for more than 20 Ma (66). 

In many known deposits, the amber is of secondary or 

tertiary nature, which means it has been transported by 
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water. In amber deposits in Cretaceous formations exposed 

by erosion, recent weathering accompanied by the formation 

of weathering rinds has been observed only at the imme

diate land surface. The better preservation of amber in 

clay-rich sediments, as compared with preservation in 

sandstones, is due the reduced permeability of the sedi

ment. In water-saturated sediments, too, resins were 

protected from oxidation (66). Degradation has been stud

ied in an analogous manner to that of solid bitumens, 

using advanced organic geochemical methods. The oxidation 

of resins is accompanied by typical changes in functional 

groups (acids, esters). The subject goes beyond the scope 

of this work, it suffices to repeat here that destructive 

alteration only occurs on the surface of the earth. The 

chemistry of fossil resins is not very well known yet, 

therefore their value as a chemical analogue is limited. 

5. PRESERVATION OF ORGANIC MATERIAL IN BITUMEN 

5.1 General 

This chapter touches on the question of long-term preser

vation of organic compounds in nature, which has been 

discussed above. Here we consider compounds which are 

less stable than bitumens, preservation being the excep

tion rather than the rule. Taphonomy is a field of science 

that studies fossilization; literally, the laws which 

govern burial and survival of organic material. Less 

formally, it concerns all aspects of the passage of or

ganic material from the biosphere to the lithosphere. 

Fossilization acts as a selective filter, allowing certain 

remains to survive. 

Taphonomic work may yield information applicable to the 

optimization and evaluation of methods of technical burial 

of organic material as in final repositories for low and 

medium active waste. Controversy exists about the biologi-
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cal, chemical and physical processes which act in a re

pository for nuclear waste after burial anr which may 

affect its long-term function. Taphonomic studies begin 

with data obtained from the fossil assemblage and from the 

associated sediments, including relationships between 

organic and inorganic parts of the system. These studies 

require information on the processes involved, which can 

be determined with the aid of modern analogues (67). 

In continental areas, environments that lead to preferen

tial preservation of organic material have been identi

fied. Exceptional conditions that favour preservation 

even of soft tissues of organisms have in common an exclu

sion of oxygen and/or an inhibition of microbial attack: 

deep-freeze situations (permafrost), dry conditions (de

serts) combined with salt effects, conditions in peat 

bogs (oxygen-free, water-logged, low pH, bacteriostatic 

tannic substances) (67). There are many cases reported 

where even easily destructable structures, such as pro

teins and even DNA, have been preserved for thousands 

or tens of thousands of years. 

Asphalt pits are another exceptional environment. The 

most famous locations are Rancho La Brea (Calif.) and 

Talara (Peru) (67). In the preservation of vertebrates 

in Pleistocene, asphalt deposits in Galicia salt impregna

tion is thought to have played a major role (68). 

The Rancho La Brea site is a place where the world's larg

est deposit of Pleistocene fossils has been found (69). 

It is situated in a tectonically very active area of 

the Los Angeles Basin. The pits are situated above deep 

faults along which asphaltic oil has migrated upwards 

from Miocene source rocks (8, 23, 70) (see Fig. 19c). 

They have been discontinuously active since late in the 

Pleistocene period until today. Intervals of minor activi

ty are characterized by oxidized asphalt layers (reddish-

brown material or hardened surface cappings) (70). The 
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development and history of the pits has been subject to 

controversial discussions which can only be mentioned 

here. A bibliography of works concerning the site lists 

more than 200 references (70). 

The fossils were found in a series of crater-like pits 

filled with asphalt-soaked sand. The fossils consist of 

bones and wood, all impregnatsd with asphalt. They were 

found mainly at depths between 1.8 to 3.6 m; above 1.2 m 

preservation was so poor that in most cases the fossils 

could not be saved. There is evidence from stratigraphy 

and geology that does not support the earlier hypothesis 

of rapid burial of the fossils (70). The abraded and 

weathered character of many of the bones indicates ex

posure on the surface. Sedimentary features indicate 

fluviatile transport of fossils (70). 

Eight progressive stages have been recognized in aerobic 

decomposition of terrestrial vertebrates. In the Rancho 

La Brea pits, the first five stages were represented. 

From this observation it was concluded that submergence 

of the carcasses may have taken up to five months (ref. 

68, p. 221). 

In one pit, at least six sequential accumulation phases 

could be identified. During intervals of reduced seepage, 

asphalt oxidation and hardening of the bituminous residues 

took place. Carbon-14 dating of bone collagen suggests a 

limiting age of about 35 000 years before the present 

(B.P.) (70). The lower limit is somewhere above 12 650 

years B.P. (71). The presence of marine sediments in the 

area and the rate of uplift have led to suggestion of an 

upper limit of 28 000 years for the asphalt-impregnated, 

fossil bearing sediments (72). 

Very similar deposits of fossils have been found in 

McKittrick (Calif.), but the prevailing earthy matrix is 

less impregnated by bitumen; consequently, the state of 
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preservation is poor (73). The Talara site has not been 

studied as well yet as Rancho La Brea (74). 

Besides bones, large pieces of wood varying in degree of 

preservation have been found, as has a great deal of 

vegetabls material, some of it deposited while still 

green. Many other locations are known where well-preserved 

fossils have been found in surface deposits of asphalt. 

Unfortunately, man?; deposits were never critically exam

ined with respect to fossils, and mining has destroyed 

the remains (75). 

5.2 Fossil bones 

The purpose of this chapter is to show how impregnation 

with or embedding in bitumen may prevent or delay the 

degradation of organic material. The advantage with fossil 

bones is that their behaviour in different environments 

has been well studied, and a large number of samples has 

been dated. It is clear that the fossil bones in asphalt 

themselves are no natural analogue of bituminized radioac

tive waste. The analogy rather concerns processes working 

in the system. 

The important bone fraction in this connection is the 

organic matrix which makes up 20 - 25% of the bone (dry 

weight) (76). 90% of this matrix is accounted for by the 

protein collagen, a natural polymer. Collagen is in some 

respects not a stable protein, for the individual polypep

tide chains separate even in hot water. It is remarkably 

stable, however, in an environment of microorganisms 

(77). As 90% of the nitrogen in bone is fixed in collagen, 

loss of nitrogen is used as a measure of decay. The re

markable stability of collagen against alteration makes 

it possible to date bones by their 14C-content. Bones of 

the same age were found to have a different collagen 

content in the different environmental conditions in 

which they were buried (BO). 
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The main agent of decay during the diagenesis of collagen 

in buried bone is hydrolysis of the peptide bonds in the 

protein chain. Additional information on the degradation 

progress has been obtained from the racemization of the 

amino acids. Both processes are possible in a closed 

system; the indigenous water in the bone is usually suffi

cient- If excess liquid water is present, a varying amount 

of leaching of amino acids can occur. Because leaching 

is a diffusion-controlled process, it depends on the 

temperature and on the size of the bones. One hazard in 

protein degradation is the influence of foreign metal 

ions: they can inhibit the enzyme collagenase produced 

by only a few microorganisms (77), and, on the other hand, 

they can accelerate the collapse of the collagen structure 

(78). Thus the complex residue in buried bone may contain 

much information about its burial environment and dia-

genetic history. In this way, a comparison of results from 

bones buried in asphalts with those from bones from other 

environments is possible. Factors (intrinsic and extrin

sic) affecting bone diagenesis have been described in 

an experimental study in an attempt to establish a predic

tive model (79). 

An extrinsic factor of importance is the permeability of 

the sediment. A clay matrix usually ensures good preserva

tion (anaerobic sterile environment) (81). In a water

logged but anaerobic environment (peat), bones are de-

mineralized but organic material is preserved. 

Comparison between fresh and fossil (from Rancho La Brea) 

collagens brought out that they are essentially alike 

(82). In the same way, the trace element pattern in modern 

bones can be used as a baseline for archaeological mate

rial when diagenetical changes are to be studied (83) • The 

flow of groundwater through the fossil-containing sedi

ments results in enrichment (of F, Si, Mn, Fe, Y, U, etc.) 

or depletion (of Na, (Mg), Cl, (K)) in the bones (78, 84). 

The enrichment of fluorine has been used for relative 



71 

dating of bones (ref. 78, p. 181). Uranium series dating 

requires that the bone initially takes up uranium and 

then becomes closed within a relatively short time as 

compared to the age of the bone (85, 86). Besides the 

internal test for concordancy, the technique has the 

advantage of a long range (about 5 000 to 350 000 years) 

(85). Alterations in the Eh/pH conditions of the environ

ment of the bones will primarily affect the outer layers 

of bone, causing leaching of uranium in the oxidizing 

environment (86). 

The preceeding explanations give an impression of the 

complexity of the system: decomposable organic material 

in bitumen, buried below the surface. It is beyond the 

scope of discussion in this chapter to review all data 

on Rancho La Brea or similar sites. Further investigations 

would be necessary to yield more quantitative conclusions. 

However, some summarizing qualitative conclusions shall 

give evidence of the potential of natural analogue ap

proaches . 

Implacement of bones in fluvial sediments near the surface 

is extremly unlikely to constitute a closed system for 

periods exceeding 10 000 years. The climate in the late 

Pleistocene probably was more wet than today, and the 

groundwater level was higher. Under these conditions, a 

high degree of collagen destruction and amino acid leach

ing would have to be expected (81). Taking into account 

that the bones were exposed at the surface, and some 

were transported by fluvial agents prior to burial, im

pregnation with and embedding in bitumen undoubtedly had 

a significant effect. The total amount of amino acids 

as collagen found in Rancho La Brea bones was from 1/6 

to 4/5 of that in modern bone (87). Nitrogen values re

ported from Pleistocene fossils range from over 3% in some 

Rancho La Brea samples to less than one hundreth of this 

value in other samples (77). In samples from the asphalt 

pits, sometimes even an excellent preservation of the 
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microstructure of collagen fibrils has been observed 

(88). Only under very special conditions, as in Siberian 

permafrost, or under exclusion of air and bacteria in 

peat bogs or in impermeable clay have similar degrees 

of preservation been observed (77, 81). 

Hydrocarbons may have even displaced indigenous water in 

the bones (76). Exposure to the weather prior to burial 

in asphalt led to rapid depletion of sodium, but there 

was no subsequent enrichment of fluorine, which indicates 

that the bitumen seemingly inhibited the circulation of 

groundwater (84). Successful dating (the calculated age 

of 37 000 years agrees with 14C ages of 35 500 and 36 000 

years (85)) of some samples by uranium series dating 

points in the same direction. The very low uranium content 

indicates that there was not much time for enrichment of 

uranium before closure of the system by bitumen. Obvious

ly, no post-depositional leaching of U(VI) had occurred 

because of the impregnation with bitumen. Bones at the 

same site which were not completely impregnated and cove

red with asphalt were often water-soaked. Often they 

were too fragile to be recovered (70). 

5.3 Fossil wood 

Wood consists mainly of cellulose and lignin. Cellulose 

is a major component in low-level radioactive waste in 

the form of paper, cotton, etc. The microbial decomposi

tion of cellulose under aerobic conditions is faster 

than that of lignin. The time scale may be of the order 

of magnitude of weeks or months under favourable condi

tions. In nature, degradation is influenced by climate, 

soil properties, availability of nutrients etc. (89). In 

buried ancient wood, a significant decrease in cellulose 

content has been observed within 450 years. Cellulose 

has not been identified in fossils older than the Ter

tiary. The ancient cellulose had a much lower degree of 

polymerization (ref. 68, p. 228). The decomposition of 
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wood is almost exclusively a biological process carried 

out by a resticted group of fungi (ref. 90, p. 274). 

The extremly complex and variable nature of ancient buried 

wood, when it undergoes changes due to decay, often makes 

it difficult to interpret the results of chemical anal

ysis. The composition of ancient buried wood is in many 

ways comparable to that of recent wood which has been 

degraded by age or aerobic organisms. Usually ancient 

wood contains less cellulose. Almost unmodified cellulose 

has been found only in rare cases (91). It is well known 

that in waterlogged, anaerobic (possibly tannic acid-

rich) environment wood is well preserved. Unfortunately 

many of these findings were not very well characterized, 

neither the Eh -pH conditions, etc. at the site nor the 

state of degradation of the cellulose have been deter

mined . 

The excellent preservation of a trunk of a Pleistocene 

cypress tree and other wood in the Rancho La Brea asphalt 

pits has been attributed to the embedding asphalt (1). 

The upper parts of the tree were only 1.3 m below the 

surface, the tree rooted in blue clay at 3.6 m below the 

surface. The tree obviously extends through disconfor-

mities (levels of erosional and depositonal hiatus, indi

cated by weathered asphalt) (70). Core samples from the 

cypress yield M C-ages of about 14 400 years B.P. (92). 

Taking the results of other samples (wood, leaves) it 

becomes apparent that the flora was assembled in the pits 

over a long period of time (from more than 30 000 years 

B.P. to about 10 000 years B.P). There are representatives 

of drier and more humid flora, probably to be referred 

to interglacial and glacial ages (93). 

The trunk of the cypress tree has been described as pene

trated by bitumen from the outside for approximately 1.6 

mm. Solid wood was found up to a depth of 10 cm and the 
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centermost parts, though apparently rotted or tunnelled 

by insects, were tar-soaked (94). The tree probably rotted 

before it was soaked with bitumen. Unfortunately, no 

detailed studies on the chemistry of the remains were 

available to the author of this study; such data would 

allow a better evalution of the influence of asphalt-

impregnation . 

The Rancho La Brea bitumens are very complex. High con

tents of mineral matter and natural coke (very common, 

caused by natural bush fires or the like) result in a 

certain porosity locally. Low hydrogen content and high 

oxygen content (up to 6.6%) as well as low contents of 

saturated hydrocarbons (0.9 - 2.4%) and aromatic hydrocar

bons (1.1 - 5.9%) indicate considerable paleoweathering 

of some horizons (96), a conclusion which is supported 

by stratigraphic evidence. The conditions for preservation 

of organic material were thus not optimal in many parts 

of the site (e.g. the site of cypress tree) if compared 

with conditions in a final repository for low-level radio

active waste. 
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6 CONCLUSIONS 

Bitumen is a complex mixture of organic substances the 

long-term behaviour of which in a final repository for 

radioactive wastes cannot easily be modelled. The same 

applies to material embedded in bitumen. These difficult

ies originate mainly in the largely unknown structure 

of bitumen, the variability of its composition, the im

portance of microbiologic parameters in the degradation 

processes and the lack of thermodynamic data on the or

ganic high molecular weight substances. Technical experi

ence with technical bitumens does not date back more 

than a century. 

Natural bitumen is therefore a valuable material for 

natural analogue studies. The criteria for a good analogue 

are fulfilled: (i) the processes involved (Fig. 26 (23)) 

must be identificable. The occurrence and effects of 

thermal alteration, water-washing, biodegradation, oxi

dation, weathering and radiation degradation have been 

described using a few examples. The problem in nature 

is that many processes may progress simultaneously. There

fore, advanced organic geochemical methods are necessary 

to distinguish these effects, (ii) The chemical analogy 

of natural and technical bitumen is good. There are only 

minor compositional or structural differences, at least 

according to the present level of knowledge. Natural 

bitumens are within the frame of standards valid for 

technical bitumens as specified, e.g. in DIN 1995 (97). 

Both natural and technical materials cover a wide range 

of compositions and properties, (iii) The parameters 

involved do not differ. Natural bitumen occurs at outcrops 

at the surface, down to depths greater than 1000 m, in 

arid and water-logged environments, in all climatic zones 

from tropical to permafrost regions, in oxidizing or 

reducing chemical environments open to attacking agents 

or protected by, e.g. clay barriers; parameters like 

temperature, pH, etc. are in the same range, and the 
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micro-organisms present are the same as may occur in 

the environment of a waste repository. (iv) The time 

scales involved can be estimated. Bitumen cannot be dated, 

but the time scale may be estimated from geologic evi

dence (stratigraphy, tectonic events, erosion, etc.). 

Unequivocal conclusions usually require considerable 

research efforts. Time scales of hydrocarbon migration, 

impregnation, evolution and degradation at certain loca

tions are still subject to controversial discussion. 
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Fig. 26. Summary of crude oil transformations (23). 

There is some potential that natural occurrences of bitu

men may shed some light on the rheological behaviour of 

bitumen below the softening point. Solid bitumen does 

not behave us a Newtonian liquid; its viscosity depends 

on the magnitude of the shear forces (97). There are 

numerous sites where bitumen is pressed into or out from 

porous material, or fractures and fissures under litho-

ctatic pressure. These phenomena are relevant to the 

shaft plugging and tunnel sealing applications of bitumen. 

Another question which could be answered, but which has 

not been looked at until now, is the role of the accessi

bility of bitumen to microbes and the availability of 
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nutrients in the formation. Porosity and groundwater 

flow along fractures has had a decisive influence on the 

biodegradation of hydrocarbons at some locations. 

If one considers the position of bitumen in the long 

series of intermediate stages in the evolution of hydro

carbons in the geosphere, one can say it is now near the 

final stages. Diagenetical alteration leads to pyrobitu-

mens, subaerial weathering to humic acid-like substances 

as intermediate products. 

Based on experiences gained from natural bitumens, one 

can consider a repository containing bituminized radioac

tive waste which is situated in the saturated zone below 

the groundwater table to be a rather stable system if dia-

genesis (with temperatures exceeding, let's say, 100°C), 

weathering (subaerial oxidation) and extensive biodegra

dation are prevented. By means of siting the repository 

sufficiently below the ground surface and with the aid 

of additional technical or nature-analog impermeable 

barriers, this goal can easily be achieved. 

Impregnation with bitumen effectively reduces microbial 

decompositon of easily destructable waste components. 

Based on experience from natural analogues, the theoreti

cal calculations of the development of gases by microbial 

degradation of organic materials in the waste and the 

waste matrix itself can be considered to be extremly 

conservative. 

The time scales involved in degradation processes, as 

observed in natural occurrences of bitumen, exceed the 

time scales dictated by, e.g. the half-lives of the moyt 

important fission products in low and medium level waste 

(about 1 000 years) by several orders of magnitude. 

The apparent long-term stability of bitumen within time 

scales of 10* to 107 (108 ) years makes the material suit-
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able as water-tight backfill even in tunnels and shafts 

of repositories for high level waste. In the far field, 

radiation damage is not a major problem because of the 

low solubilities of most radionuclides in groundwater. 

Products of possible radiolytic degradation of bitumen 

are capable of retaining metal ions at least to some 

degree. Thermal alteration is not probable because of 

the low temperatures at the repository site. In reposito

ries for low- and intermediate level waste no waste which 

produces heat is deposited. In the far field of reposito

ries for high level waste temperature increase is negliga-

ble. 

Results from laboratory tests, carried out under optimum 

conditions, yield under aerobic conditions an average 

degradation rate of bitumen of about 5.5 m in 1 Ma (maxi

mum rate 56 m in 1 Ma) (95). Experience from natural 

analogues shows that these rates are very conservative. 

The ultimate constraint on the life-time of bitumen in a 

near-surface repository is the rate of erosion or denu

dation which means that the time spans needed to destruct 

the bitumen matrix by far exceed the time required for 

decay of most of the radionuclides contained in low and 

medium level or even high level waste. 
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