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ABSTRACT 

Natural bitumen can be an aid in the assessment of die long-term behaviour of technical bitumen in the 
geosphere in general, and under die specific conditions at sites of nuclear waste repositories in particular. 
Natural occurrences of bitumen usually have die drawback that die original material before alteration or 
degradation began is not known. 

The present work applies an alternative approach: on die basis of die geology and stratigraphy at a site where 
bitumen samples have been taken, die existence of a gradient in die parameters of subaerial and microbial 
degradation processes may be assumed. Therefore relative variations in properties, composition and structure 
(bitumen content, volatile fraction, elemental composition, chromatographic fractions, saturated hydro
carbons, trace metals, humic substances) at different locations widiin the deposit have been analysed. 

The bitumen impregnates a bed of porous Jurassic limestone which crops out at die surface and dips under 
sediments of various permeability. The quality of the bitumen is in compliance with standards for soft 
technical bitumen, although it can be characterized as highly biodegraded. It has probably not been affected 
to any marked degree by degradation since die Quartemary or possibly even late Tertiary, however, as 
observable variations in compositon and properties are only minor and seem to exhibit no clear relation to 
die present geological setting. Minor nuances may be caused by surface influences near fractures and faults 
but could not be assessed from die few samples taken. Only near die present outcrop do diere seem to be 
signs of increased oxidation. Direct exposure to die weadier at die surface leads to destruction of die bitumen 
within a very thin surface layer. Traces of humic substances probably originating from die decomposition of 
bitumen were found The rate of bitumen degradation at outzrops seems to coincide with the rate of 
weadiering and erosion of die host rock. 

Taking into account die limited number of samples and die preliminary nature of this work, it can be 
concluded from the results that die time scales necessary to achieve significant alteration of bitumen under 
the given conditions far exceed die time scales dictated by die half-lives of radionuclides in low- and 
medium-level radioactive waste. 
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PREFACE 

Many of the technical aids necessary for this investigati

on were not available to the author, but other laborato

ries and specialists have kindly assisted in performing 

the various measurements as listed below: 

- Fe(total)/Fe(II) determinations: R. Saikkonen, Geologi

cal Survey of Finland, Espoo, Finland. 

- C, H, N, S - analysis: T. Blomberg, H. Westerholm, 

Neste Oy, Espoo, Finland. 

- Neutron activation: M. Lipponen, Technical Research 

Centre of Finland, Espoo, Finland. 

- Chromatographic separations, GC/MS, Interpretation of 

the results: H. Wehner, Federal 

Institute for Geosciences and Natural 

Resources, Hannover, FRG. 

- Humic/fulvic acid analysis: E.L. Poutanen, Institute for 

Marine Research, Helsinki, Finland. 

- Spectrometric analysis of humic acids and interpretation 

of the results: K. Hänninen, University 

nr Joensuu, Joensuu, Finland. 
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results. 
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- D. Schweckendiek, for providing samples and information 

on the bitumen. 

- A. Wellman and H. Wellman, jr., for discussions and for 

guidance in the mine. 

- Deutsche Naturaspbalt GmbH, Eschershausen, for the 

opportunity to take samples in Stollen 

Gustav mine 
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and Organic Geochemistry, KFA, Julich, 
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this work and reading the manuscript, 

A-K. Airaksinen for editing the report 

and H. Riihiniemi and A. Ahonen for 

typing the manuscript. 
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1 INTRODUCTION 

Concern has been voiced about the use of bitumen in f. ial 

repositories for nuclear waste (waste matrix, backfill 

and plugging material). Speculation on the extent of 

microbial attack on bitumen and the consequences of the 

development of gases has been the focus of recent work. 

There is experimental evidence that bitumen is degradable, 

especially in the presence of microbes. It is beyond the 

scope of this work to review the numerous works on this 

subject. Insufficient data exist on the long-term stabil

ity of bitumen. With the aid of natural analogues it is 

possible to confine the frame of prosesses, parameters 

and time scales which determine the durability of bitumen. 

The potential applicability of knowledge of natural bitu

mens and related substances for nuclear waste management 

purposes was reviewed in a previous report (15). 

A case study has been conducted on possible expressions 

of the present geological setting of a stratabound bitumen 

impregnation in upper Jurassic limestone in the Hi Is 

trough near Holzen/Eschershausen (Lower Sexony, FRG) in 

composition and properties of the bitumen. The impregnated 

limestones dip from the outcrop down under transgressing 

Cretaceous claystones at an angle of about 12 degrees 

(1). Thus the existence of a gradient in the parameters 

of the subaerial and microbial degradation processes 

affecting the bitumen may be expected. Some data from an 

archaeological sample, which was buried near the surface 

for about 5000 years, are included for comparison. De

tailed analyses of samples from the sites with modern 

organic geochemical methods have not been available so 

far. A detailed discussion of the geological evolution 

of the Hils area, the influence of geological processes 

on the properties of the bitumen and an attempt to esti

mate the time scales involved which is essential in a 

natural analogue study follows in chapter two of this 

work. 
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There are only a few examples of comparable work. Surface 

samples of bitumen at outcrops or seeps have been col

lected for example and analysed by conventional methods 

(elemental analysis, fractionation with solvents, optical 

methods, etc. ); Only a small number of samples were col

lected from tunnels in the same strata. The results do 

not permit conclusions about the state of weathering or 

degradation of the bitumens (21). 

A comparable study has been conducted on the effects of 

weathering on primary organic matter in finely laminated 

bituminous shales on Svalbard, in a zone of permafrost 

(25). Samples from drillholes and from stratigraphically 

equivalent levels in an outcrop were taken at depths of 

1 to 10 m. Effects of weatherlng/biodegradation on ex-

tractable organic matter, saturated to the aromatic hydro

carbon ratio, the pristane + phytane to n-C17 + n-C18 
ratio and the saturated hydrocarbon fraction (n-alkanes), 

were observed. The results show that biodegradation de

pends on the access of surficial water along fractures 

and through porosity, which disturbs the systematic trends 

of the outcrop and core. There are differences, however, 

from the bitumen in the Hils, because the Svalbard case 

concerns primary organic material in finely laminated 

shales. 

2 CONSIDERATIONS ON THE GEOLOGICAL EVOLUTION OF THE BITU

MEN DEPOSIT 

2.1 Geology, tectonics - present state 

In contrast to the number of oil fields in northwestern 

Germany, there are few occurrences of asphalt of economic 

scale. The bitumen-impregnated limestones at Holzen/Lower 

Saxony were discovered at an outcrop in 1860. The nature 

of the deposit is comparable to other bituminous lime

stones in Europe, e.g. Ragusa (Sicily) or Vai de Travers 

(Swiss Jura). It has been mined since 1865 (without inter-
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ruption since 1883), first above ground and since 1900-

1920 mainly below ground. The location has been studied 

thoroughly in recent years (1). Detailed knowledge of the 

stratigraphic and tectonic setting, and the origin and 

evolution of the deposit is essential for a natural ana

logue study. About 13 bitumen-impregnated strata are 

known, six in the Kimmeridge and 7 in the Gigas (Portland) 

layers of the Malm, but accessibility is nowadays re-

stricked, because all the mines except one (Stollen Gus

tav, DASAG, Eschershausen) are abandoned. 

The Hils trough is a relief inversion. The highest elava-

tions of the Hils are at more than 400 m above sea level 

(a.s.l.). The Quaternary valley filling at the foot of 

the relatively steep southwestern slope is at about 160 

to 170 m a.s.l.. It is part of the Lower Saxonian moun

tainous area of Mesozoic sedimentary rocks. The sedimenta

ry layers have been deformed in tectonic events ranging 

from the Upper Jurassic through the Lower Cretaceous to 

the Tertiary. They have not been folded but are broken 

and inclined along numerous faults. Erosion of the alter

nating softer and more resistant layers led to the present 

typical morphology. Halokinetic deformation of deep-lying 

Zechstein salt has played a major role in the relief 

inversion. A cross section through the Hils trough is 

shown in Fig. 1. A topographic map is given in the appen

dix. The principle elements of the present landform can 

be seen in Fig. 2. 

Bitumen occurs only in porous and permeable limestones. 

Interlayers of marl and claystone are practically free 

from bitumen. The bitumen contents increase in zones of 

tectonic disruption, being highest in the parts which 

have been lifted up the most and which are covered uncon-

formably by Neocomian clay. There is strong evidence that 

at the organic material once migrated into the formations 

where it is now found, a supposition that is supported by 

the properties of the bitumen. The bitumen content in one 
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the thickest deposits ("Lager Elfriede Stollen Gustav, 

Oberbank, Unterbank"), which is up to 11 m thick and is 

still worked today, ranges from less than 2 to 8.4% by 

weight (1) (Gigas layers). The mean carbonate content is 

usually above 90%. The tectonic structure of the study 

area is complex. The site is located between two major 

faults (Bärenbrink fault and Glockenhohl fault), but 

there are also numerous smaller transverse faults (for 

details see (1)). 

The Gigas formation (note that the nomenclature of these 

strata does not follow international conventions (1)) is 

made up of marine sediments with minor brackish inter

vals. The presence of benthic fossils indicates aerated 

conditions during sedimentation. The Gigas formation is 

covered by the Eintbeckhausen Platy Limestones the lower 

parts of which are dominated by marl and claystones. The 

subdivisions of the overlying Cretaceous Neocomian clay-

stone are not very well classified. Outcrops are charac

terized by landslides and shallow slopes, which are a 

result of its mechanical properties. The claystone is 

grey, and it contains fine-grained pyrite, which leads 

to the formation of secondary oxidized minerals (e.g. 

FeS04.7 H20) in the layers below at fractures penetrated 

by surface water. These minerals are precipitated as 

white surface coatings in the basal conglomerate of -»-he 

Neocome and on fracture surfaces. 

The hydrology of the site is difficult to define, because 

detailed studies have not been conducted. In general, hy

draulic conductivity in the area is determined by fracture 

flow, not pore flow (2). In zones of high conductivity, 

the groundwater should be oxidizing. The hanging layers 

in the mine are highly fractured and thus need reinforc

ing. Water flow into the mine along fractures and faults 

of between 600 and 800 m3/day has been reported (14). 
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Tcrminolojijches Schema. 

Fig. 2. Principle morphological elements of the pres
ent relief of the Hils area (7). 

The natural outcrops of bituminous limestone at Stollen 

Gustav are no longer accessible, as the area has been 

disturbed by open pit operations. The slopes above the 

entrance to the adit are covered by material transported 

by Pleistocene solifluction, so the outcrop of Neocome 

claystone cannot be reached on this part of the slope. 

The entrance to the adit is at about 245 m a.s.l.. 

Fig. 3 shows a section through the site (1). At the Herzog 

Wilhelm site, bitumen-impregnated Lower Kimmeridge is 

covered unconformably by Neocomian claystone (Fig. 4). 
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2_ 2 Geological history of the deposit 

The Jurassic limestones of the Malm in the Hils trough 

were deposited during a period was which dominated oy 

marine transgression in NW Germany. The major troughs 

(Lower Saxony trough and Gifhorn trough) have been studied 

in connection with oil prospecting (3, 4). The purpose of 

these studies was to reveal the time scales of oil migra

tion, and migration paths and their relations to the 

epiorogenic development of the Lower Saxony basin (3). 

It could be shown that the first significant migration 

of hydrocarbons probably began with the development of 

swells and basins in Kimmeridgian and Portlandian time, 

which determined the migration paths and first accumula

tions in the Dogger and Malm reservoirs. This development 

came to an end during the Albian (Lower Cretaceous). New 

tectonic movements during the Upper Cretaceous caused a 

fresh phase of migration (3). Oil deposits are known 

only from Mesozoic formations, the majority of which are 

of marine origin (total thickness up to 4000 m). 

Potential source rocks are common in the area, the most 

prominent bituminous facies being the Posidonia shale in 

the Upper Lias (Lias t). Potential reservoir rocks are po

rous sandstones from the Dogger to Lower Cretaceous forma

tions and oolithic or fractured porous limestones, e.g. 

in the Portland formation. The periods of migration in 

the Lower Saxony basin cover a wide range in time (Fig. 

5), depending on the location within the basin (3). The 

pattern of subsidence is the same in the Portland and the 

Kimmeridge but with greater regional differences (sedimen

tation in some troughs up to 1500 m). These tectonic 

activities led to considerable differences in the level 

of reservoir rocks at the end of the Malm, which in tuin 

led to migration within the reservoir rocks. The land sur

face of the Malm was probably levelled by erosion before 

transgression of the Lower Cretaceous. The post-Albian 

epirogenic and tectonic events which caused further migra-
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tion are difficult to assess, because the Upper Cretaceous 

was extensively eroded before transgression during the 

Tertiary. Tertiary and post-Tertiary movements do not 

seem to have influenced the distribution of hydrocarbons 

in the reservoir rocks. Certain properties of the oils 

(gas saturation, oxidation) allowed reconstruction of 

the thickness of the sediment cover at the end of the 

Albian. In most cases it was more than some hundreds of 

metres (3). 
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Detailed diagrams illustrating subsidence and uplift 

movements have been constructed for the southeastern 

part of the NW German basin, the Gifhorn trough (4). In 

some parts of the trough the sedimentation rate during 

the Malm was up to 1600 m in 15 million years (Ma) (106 

m/1 Ma). Depending on the parts of the northern margin, 

migration began at very diffeior.it times (160 Ma and 95 

Ma ago). Locally, soUi.ce rocks were exposed by erosion 

for periods of up to 40 Ma, which destroyed parts of the 

organic material. In the southern parts of the trough, 

however, sedimentation continuea until the Upper Creta

ceous. Thereafter regional uplift in the Tertiary ter

minated sedimentation and migration of hydrocarbons. 

Compaction under the increasing load of sediments is the 

main source in migration if the source rocks have been 

buried deep enough for the sedimentary organic matter to 

have reached the oil stage of maturity. As a consequence 

of Tertiary uplift, about 1000 m of Upper Cretaceous 

limestone was eroded (4). 

Within the Gifhorn trough, zones containing degraded and 

non-degraded oils of the same origin have been found in 

proximity (32). The reason for these compositional differ

ences lies in the local geological/tectonic history. 

Biodegradation occurred in layers at the contact with 

the lower Cretaceous transgression, where migrating mete

oric water supplied oxygen, nutrients and micro-organisms. 

Nondegraded oils were protected from contact with the 

groundwater by some tens of metres of clay-rich sediments 

(32). The geological setting suggests that biodegration 

had been possible since the Eocene, but the period cannot 

be more exactly constrained (32). 

The Hils trough is a minor sedimentary basin at the south

ern margin of the NW German basin, where it is not yet 

possible to reconstruct the geological history as above. 

Periods and directions of major tectonic activity can 

only be surmised from analogy. The Hils trough contains 

http://diffeior.it
http://soUi.ce
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limnic, brackish and saline facies and conglomerates, 

which are. characteristic of marginal zones where sedimen

tary conditions change and often differ from those in 

the main basin, -The transgression of the Neocomian on 

the Malm is evidence that these layers must have been 

exposed to erosion at the surface for a longer period. 

In Stolien Gustav, the Neocomian lies on Eimbeckhausen 

Platy Limestone but on the other side of the Glockenhohl 

fault it overlies Gigas layers, indicating that the faults 

are older than the Neocomian. They were later reactivated, 

however, during the Upper Cretaceous. Bituminous conglom

erates at the base of the Neocomian indicate that oil 

migration had already begun at that time (thickness of 

the conglomerate is 0.3 to 0.6 m). Oolithic iron ores 

indicate oxidizing surface conditions during formation. 

The following marine grey Neocomian claystone is charac

terized by low oxidation potential (widespread occurrence 

of pyrite) (1). 

Pathways for oil migration already existed very early in 

the history of the site. The tectonic activity which led 

to the subsidence of the central parts of the HiIs trough 

was confined to a relatively long period from the Lower 

Malm to the Lower Cretaceous. Movements of Zechstein 

salt from the central part to the margins of the trough 

had an impact on faulting and fracturing. Tectonic move

ments were rapid compared with the slow subsidence of 

the trough. The transgression of the Neocomian on differ

ent stratigraphic units of the Malm in the faulted as

phalt area is evidence of the preexistence of the faults 

and of erosion. The maximum thickness of the Malm is 

about 1500 m in the central parts of the Hils trough. 

Taking into consideration the thickness of the Dogger, 

one can conclude that the most probable source rock, the 

Lias e, had probably been buried deep enough to reach 

the oil maturity stage during sedimentation of the Upper 

Malm. 
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Migration upwards was made possible by the fractures. 

The conditions at or near the surface led to degradation 

of the oil to asphalt. In all likelihood, migration con

tinued during sedimentation of the Neocomian. The imper

meable clay cover acted as the cap rock. Minor additional 

tectonic movements in the post-Neocomian may have caused 

further release of oil from the Lias £. But at a burial 

depth of more than 2000 m, the porosity of the Lias shales 

had probably decreased so much that release of hydrocar

bons that way ceased. Migration along microfractures, 

however, may have occurred over longer periods of time 

even, from highly compacted beds. This conclusion is 

reached from analogy with results from the Gifhorn trough 

as described above. The burial conditions necessary to 

produce oil from a certain organic-rich shale and to 

release oil from the source rock are a frequent subject 

of controversy. 

It is not known exactly how much of the Malm was eroded 

before the marine Neocomian transgression. It is likely 

that bitumen-impregnated layers were also eroded. There

after early landforms were covered by Cretaceous sediments 

(e.g. in the Munster basin, about 130 km west of the Hils, 

as much as 2000 m were deposited). In the Hils region 

only rough conclusions can be drawn about the Cretaceous 

cover (only about 200 m Lower and > 100 m Upper Creta

ceous survived erosion). Deformation of the sedimentary 

layers in the Tertiary along with erosion led to the 

evolution of the present landforms. The diversity of 

geological and tectonic structures of the Lower Saxonian 

mountains is dominated by two elements: faults in hercynic 

direction and strain grabens in rhinian direction (5). 

Erosion of the Cretaceous layers probably began with the 

marine regression at the end of the Cretaceous. The Ter

tiary was a tectonically very active period with several 

marine transgressions probably affecting the Hils region, 

too, to a minor degree. Only Oligocene facies (e.g. Kassel 

sea-sand) have been preserved in sediment traps (Escher-



20 

shausen Tertiary subsidence (2)) which are often confined 

by faults or originated in subrosion of salinary beds. 

Tectonic movements probably ceased before the Pliocene. 

The basic structures of the present landforms (relief 

inversion) were probably formed in the Tertiary. Weather

ing during that period can be assumed to have been in

tense because of the warm and humid climate, but it can 

hardly be quantified. Falling temperatures in the Pliocene 

led to the Quaternary glaciations. Our knowledge of land-

forms at the beginning of the Quaternary is fragmentary. 

It has not been possible to classify all the sediments. 

The area was not much further than about 5 km from the 

margin of the inland ice during the Elster and Saale 

stages (6). Forms of periglacial weathering have been 

studied intensively in the Hils area (7). Mechanical 

weathering and solifluction are the processes which formed 

the outcrops of the Mesozoic sedimentary formations. 

Both depend on the direction of exposure. Exposure to 

the Soutwest led to less steep slopes but was not the 

only parameter influencing these slopes. It has been 

estimated by mass balance calculations of valley sediments 

that the margins of the Hils may have been displaced 

backwards by as much as 750 to 1000 m during the Pleisto

cene cold periods (7). However, there are such big discre

pancies in the values that even almost stationary posi

tions of the steps are possible. Equally high rates of 

recent periglacial erosion (0.7 to 3.7 m/1000 a) have 

been recorded in Eastern Greenland (8). The forms of 

periglacial weathering observed at the Hils can be unders

tood if we assume that the relief (Schichtstufenland-

schaft) already existed in its basic structures. The 

more resistant Malm layers were probably eroded less 

than the less resistant covering Neocomian claystones 

and Hils sandstones. Areal denudation of the hinterland 

probably did not exceed a few metres during the cold 

periods. During the warmer intsrglacials, chemical weathe

ring (brown fossil soils, 1 to 1.5 m thick, with iron 
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oxides have been found) and transport by water dominated 

(7). 

Postglacial erosion has not moulded the relief to any 

conspicuous extent. The Malm slopes are usually stable 

and, with the exception of minor landslides in clay-rich 

layers (mainly Neocomian), do not show recent morphologi

cal forms (7). 

The present outcrop of the Gigas layers at Stollen Gustav 

lies on the lower part of the Hils slope (at 245 m a.s.l). 

The original outcrop was removed by open pit mining about 

80 to 100 years ago. The slope above the present outcrop 

in the open pit is covered by solifluction material. The 

present situation of gradually decreasing exposure to 

the weather from outcrop to deeper portions of the Gigas 

layers under Neocomian claystone and the influence of 

fractures can be estimated to have existed for a very 

long time (order of magnitude >106 years). The covering 

Neocomian claystone (presert thickness 85 to 125 m (1)) 

would provide protection against weathering if it had 

not been buried deep, which is very probable because it 

is relatively soft. If the initial formation of the prin

ciple morphological structures of the area is considered 

(erosion of the Cretaceous cover), then the time scale 

can be extended to parts of the Tertiary (about 107 to 

5 x 107 years). Intense tectonic activity in the Tertiary 

led to uplift of the Lower Saxony mountains. These move

ments are not known in great detail, and so it is not 

easy to assess the rate of erosion which led to the ex

posure of certain formations. The Malm - Neocomian bound

ary is at about 136 Ma on an absolute time scale (see 

table in the appendix). 

The time scale of exposure of the Gigas layers at the 

palaeosurface after impregnation with oil and before the 

Neocomian transgression cannot be determined exactly. The 

eroded layers, including parts of the Eimbeckhausen Platy 
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Limestone and the Lower Munden marl series, may have been 

more than 100 m thick, if a comparison is made with thick

nesses observable at sites where they are not eroded 

(1). On the basis of currently observable erosion rates 

from plane to mountainous zones (10 to 200 m/Ma (9)), 

the time scales for the exposure of the asphalt to surface 

influences are up to millions of years. 

2.3 Properties and possible origin of the bitumen 

Natural analogues of technical bitumen usually have the 

drawback that the original composition before alteration 

or degradation began is not known. Alsc in the Hils we do 

not have samples of the original material. It is clear 

from the nature of the reservoir limestones that, under 

the sedimentary conditions which prevailed in the Malm, 

primary organic material could not have accumulated in 

the area to any significant extend. High concentrations 

of bitumen near fractures support the hypothesis of sec

ondary origin. The most probable source rock is the 

Lias e (Posidonia shale) which has subsided deep in the 

central parts of the Hils trough. The time necessary for 

the organic material in the shale to mature (oil forma

tion) is in the order of magnitude of some Ma, depending 

on the temperature and properties of the shale (diffusion-

nal limitations of chemical reactions) (19). The time 

scale of oil formation is thus short compared with those 

of epirogenic movements in the area and related sedimen

tation or denudation. Research into the origin and evolu

tion of the bitumen, including core samples from the 

Lias £ from Hils trough sites where the organic material 

is mature and from outcrops where it is weathered, is cur

rently under way elsewhere (D. Leythauser, Jlilich, pers. 

comm. 1/1989). These problems go far beyond the scope of 

this paper, which is concerned with variations in proper

ties or composition along the sampled profile. Samples 

from the Lias were not available for this work. 
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The bitumen in the inclined Gigas limestones has been 

exposed to degrading surface influences, which should 

gradually decrease from the outcrop to the interior of 

the deposit. The present situation has certainly existed 

for more than 105, probably much more than 106 years. 

The properties of the bitumen mined below ground are in 

compliance with the B 300 quality as specified in DIN 

1995 (23). It resembles technical soft bitumen (softening 

point 18° C (Kraemer-Sarnow) or 27° - 37° C (ring and ball). 

At temperatures slightly above room temperature it becomes 

sticky. Detailed data on the n-alkane fraction, biomarkers 

and trace element content were not available. Extracted 

bitumen has an ash content of less than 0.5%. Bitumen 

from the fractures contains various amounts of fine miner

al matter. The water content of the freshly mined bitumen-

impregnated limestone is between 2.5 and 4.0% by weight, 

mean 3% (D.Schweckendiek, DASAG, Eschershausen, pers. 

comm. 1/1989). 

At natural outcrops the limestone disintegrates (soil 

formation, present stage Rendzina), and the bitumen is 

destroyed. Fresh bitumen is found inside boulders, how

ever. At outcrops in open pits the surfaces of bitumen-

impregnated limestone are bleached, but almost fresh bitu

men occurs below the weathered surface (Plate 1). Bleached 

surfaces have also been described from faults (10). Im

pregnation of the limestones is often concentrated in the 

ooids and microfractures but partially in the matrix. 
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3 EXPERIMENTAL (samples and methods) 

Samples were taken from the "Lager Elfriede Stollen 

Gustav deposit (Oberbank and Unterbank) in the Gigas 

layers of the Malm by the author. The mining areas are 

marked in Fig. 6. The location of the sampling sites is 

shown in a plan of the Stollen Gustav mine (Fig. 7). 

Note that the sample localities in the cross sections 

(Fig. 3,4) are partly projected. Beyond location B, no 

samples could be taken from deeper parts of th3 mine 

because the area has collapsed since 1977/79. By pro

jecting the sampling locations onto the geological map of 

the mining area (Plate 6 in (1)) we can estimate that 

the upper margin of the Elfriede Stollen Gustav asphalt 

deposit is about 30 m below the present land surface at 

positions A and C and nearly 80 m at position B. A and C 

are near the margin of the Neocomian transgression (clay-

stone under solifluction coverage) and B is below Neocomi

an claystone. Outcrop samples were obtained from near 

the mouth of the Stollen Gustav adit from a slope of 

the former open pit. The outcrop of the Gigas layers 

rises somewhat above the surface of the slope, and thus 

it was not covered by loose material. The samples from be

low ground were taken from the walls of adits at the 1, 

2.5 and 5 m levels and at distances of up to about 300 m 

from the mouth of the adit. At location B, the complete 

vertical profile (about 10 m) through the bitumen-impreg

nated Lager Elfriede Stollen Gustav has been sampled. The 

samples were crushed, sieved and dried at room tempera

ture. The fraction smaller than 0.5 mm was used. The 

stickiness of the organic material made the bitumen-rich 

samples difficult to crush at room temperature. Outcrop 

samples were cut by diamond saw into 0 - 1 cm and 

1 - 5 cm fractions from the exposed surface. 



Mining areas in mesozoic asphaltic 
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tig. 6. Mining areas in Mesozoic asphaltic limestones near Holzen/Ith (Eschershausen). 



N) 
en 

Fig. 7. Plan of the Stollen Gustav mine. Lager Elfriede Stollen Gustav (Oberbank) 
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Additional samples of pure bitumen seeping out of frac

tures were also available as were bitumen-rich samples 

from the Grube Herzog Wilhelm Germania (Kimmeridge) depo

sit, which is accessible only by ancient adits (Fig. 4). 

The properties of the rock matrix with relevance for 

this work were determined: porosity, water content, CaC03 

content, Fe(II)/Fe(III) ratio, equilibrium pH of the 

suspension in water. 

The porosity was measured gravimetrically from sections 

of drilled cores (sample thickness 3 - 5 mm). The samples 

were dried in vacuum at room temperature », to avoid evapor

ation of hydrocarbons) for three days and then saturated 

in water for eight days. The samples were from different 

strata where the bitumen content was either low (Stollen 

Gustav) or high (Herzog Wilhelm). 

For total iron determination the samples were fused with 

sodium carbonate. Fe(II) was determined by potassium di-

chromate titration (Pratt's method). 

The bitumen content was roughly determined by treatment 

with CH2C12 in an ultrasonic bath for about 30 min. After 

about 12 hours the mixture was centrifuged, the solvent 

decanted and the sample rinsed twice with fresh solvent 

(i). The other method involved Soxhlet extraction with 

CH2C12 for Hi hours (ii). 

The volatile fraction was determined by heating thin 

layers (about 1 - 3 mm) of extracted bitumen (5 hours, 

165°C). The method used did not exactly resemble the 

standard procedure of DIN 1995 (23). 

Chemical analysis included C, H, N, S and ^he ash content 

of some of the samples (Leco CHN 600 analyser- and Leco 

CR 32 sulphur analyser). Larger samples (above 0.5 g) were 

difficult tc handle and weigh because they had to be 
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dissolved and than the solvent had to be evaporated quan

titatively. After precipitation of the asphaltenes with 

petroleum ether, the extracted bitumen was separated on 

a chromatographic column (silica gel and aluminium oxide). 

Three fractions were eluted: saturated hydrocarbons (n-

hexane elution), aromatic hydrocarbons (dichloromethane 

elution), and heterocyclic compounds (methanol- dichloro

methane elution). 

The saturated hydrocarbons were separated by gas chroma

tography (25 m quartz capillary column coated with SE 54). 

GC - MS coupling was used to record characteristic mass 

fragments. 

The trace metals determined were nickel and uranium. 

Uranium was determined by neutron activation analysis 

(counting of delayed neutrons) at the Triga Mark II reac

tor of the Technical Research Centre of Finland. The 

detection limit was about 0.1 ppm. Unseparated samples 

were also measured, because the uranium content in pure 

bitumen was below the detection limit. Nickel could be 

measured in extracted bitumen by atomic absorption spec

trometry. 5 - 10 g of bitumen were mixed with 10% (by 

weight) sulphur (to avoid evaporation of nickel bound in 

organic complexes (11)) and ashed at 550°C. The ashes 

had to be fused with KHS04 to become soluble in acid 

without residue. Nickel was determined in a solution con

taining about 0.1 M H2S04 at a wavelength of 352.4 nm in 

acetylene-air flame using a Varion Techtron instrument. 

From outcrop samples and a mixed sample from below ground, 

humic and fulvic acids were extracted with NaOH and separ

ated using the standard procedures recommended by the 

International Humic Substances Society (using adsorption 

onto XAD-8 resin). The substances obtained in this way 

were further characterized by elemental analysis, infrared 

spectrometry and nuclear magnetic resonance spectrometry. 

They are humic substances by definition, because they 
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are separated from organic material by the above mentioned 

standard procedures. Their composition, however, may 

deviate from that of common humic substances. 

An archaeological sample from recent excavations at Habuba 

Kabira (upper Euphrates, Syria, provided by Dr. Strommen-

ger-Nagel, Museum fur Vor- and Fruhgeschichte, Berlin), 

which was buried for about 5000 years near the surface, 

has also been analysed. The sample would be useful if 

the natural occurrence of the bitumen could be identified 

and the results of the archaeological sample could be 

compared with those of weathered and fresh original mate

rial. The sample has nevertheless some value even for 

this work, because it has developed a weathering rind 

during burial. The rind is up to 3 nun thick, brittle, 

porous and transsected by small fractures. The time scale 

of burial is known with same accuracy in this case. 
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4 RESULTS AND DISCUSSION 

4.1 The rock Matrix 

The slope in the open pit at Stollen Gustav provides a 

cross section from the surface to the upper parts of the 

Gigas layers. A thin cover (about 20 cm) of raw soil is 

followed by highly disintegrated limestone (Eimbeckhausen 

Platy Limestone) about 6 m thick. The Gigas limestone 

is also fractured; a few metres of it are exposed. The 

bitumen-impregnated layers are bleached at the surface, 

becoming deep brown within at a depth of only one centi

metre. Over the first 50 m from the adit entrance there 

are a large number of minor fractures covered with a 

white substance. In these parts, the limestone has a lower 

mechanical strength than in deeper parts of the mine. At 

site B the surface water flowing along fractures of the 

traverse fault may exert some influence. 

The Fe(III)/Fe(II) ratio has been found to be a suitable 

redox indicator especially in sedimentary rocks (12). 

The ratio usually reflects the conditions of diagenesis, 

not sedimentation. Sediments with a ratio greater than 

one do not usually contain organic residues. The concen

trations measured (Table 1) are within the range normal 

for marine limestones. The Fe (III)/ Fe(II) ratio is 

near one. If the sediment had been exposed at the palaeo-

surface before it was impregnated with oil, the ratio 

would probably be higher. But if the organic material 

had been deposited syngenetically, it would be below 

one. Impregnation probably prevented oxidation of Fe(ll) 

in the sediment during exposure at the surface due to 

the redox buffer capacity of the organic material. There 

is no general trend from the outcrop to deeper parts. 

The pattern observed seems to originate from palaeoenvi-

ronments and not from recent weathering. 
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Table 1. Fe(total) and Fe(II) contents (% by weight), 
(bitumen extracted). 

sample Fe(total) Fe(total, re(II)(acid 
acid soluble) soluble) 

Stollen Gustav 
open pit, O - l c m 0.84 0.5 0.23 
open pit, 1 - 5 cm 0.91 0.6 0.23 
adit, A 0.84 0.5 0.23 
" , B 0.66 0.4 0.22 
" , C 0.64 0.4 0.19 

Owing to the sparsity of samples further conclusions 

cannot be drawn. 

The CaC03 content of the limestone is around 90% or more. 

The insoluble iron seems to be associated with silicates 

in claystone. Weathered samples from the outcrop, even in 

the uppermost one centimetre layer, do not show enrichment 

in clay minerals due to leaching of ualcite. In suspension 

with water the equilibrium pH does not deviate from a 

value of about eight as might be expected for limestone. 

The water content of the fresh samples could not be 

determined, but it lies between 3 and 4% by weight (D. 

Schweckendiek, DASAG, pers. comm.). After the samples had 

been dried at room temperature, residual water was below 

0.5%. The Gigas formation is not water-logged. Groundwater 

flow is mainly fracture flow (karst features have been 

described from the Jura formations of the area (2)). 

Bacteria and fungi need water contents or relative humidi

ty above certain limits for growth. The water contents 

in the mine are not favourable but the relative humidity 

is sufficient. Under these conditions the transport of 

nutritional substances seems to be the main constraint 

on biodegradation in the bulk of the formation. Conditions 

along fractures may be different. 
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Details of the variation in the redox potential in ground

water in general and in developed aquifers in particular 

are poorly known. In a confined aquifer in Middle Jurassic 

limestone the consumption of dissolved oxygen was found 

to be complete after a flow distance of as much as 10 km 

(average velocity 2 km/year). Thereafter a sharp drop 

in Eh occurred and sulphides became detectable. Oxidation 

of the bulk of the limestone was found to be incomplete, 

however. Residual lenses of reduced grey limestone were 

found, even in the outcrop area (13). 

In the Gigas layers of the Hils the same phenomenon of 

local equilibrium seems to dominate, leaving the bulk of 

the bitumen unaffected. The reported water inflow into the 

mine of between 600 and 800 m3/d (14) is rather high, 

indicating the presence of highly conductive fractures 

transsecting the Neocomian claystone, too. Groundwater 

was not sampled for this study. Earlier analyses (Wasser-

beschaffungsverband Ithborde, Eschershausen) showed that 

it complied with local drinking water standards, which 

means that its chemistry was not dominated by e.g. pyrite 

weathering. Local effects, however, cannot be excluded. 

The possibility that the Neocomian claystone protects 

underlying strata from weathering has been mentioned in 

reports on borehole cores from the site (1). 

Samples containing low amounts of bitumen (about 2-3%) 

showed porosities of 8.9% (by volume, mean) compared 

with 4.1% in nearly saturated samples (8 - 10% bitumen). 

The former samples were light brown in colour. 

The oolitic structure of the limestone can be dis

tinguished with the mked eye. The samples with high 

bitumen content are dark brown, giving an impression of 

nearly complete saturation. Bitumen occurs in the ooids 

as well as in microfractures and partially also in the 

rock matrix (Plate 2). The samples cannot be compared 

directly because they are from different strata, but the 
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results indicate a marked reduction in porosity with 

increasing bitumen saturation. The porosity is still 

considerable, but further conclusions cannot be drawn 

without determination of the pore size distribution and 

without a more detailed sampling programme including also 

water-bearing fractures. The bitumen is easily accessible 

to leaching by solvents in the fine fraction. The yield 

decreases by about 10% when the 0.5 mm fraction is re

placed with the coarser, 0.5 - 1.0 mm fraction. Leaching 

of bulk samples is very slow (diffusion controlled). Plate 

3 shows the autoradiograph of a sample impregnated with 
14C-labelled methylmethacrylate (polymerization with 

gamma radiation) after leaching the bitumen with CH2C12. 

The dark areas indicate accessible porosity (a description 

of the method will be published later). 

4.2 Bitumen content, volatile fraction 

The bitumen content within formations of the Hils trough 

is determined by factors affecting oil migration. The 

highest degree of saturation with bitumen is seen at 

sites with high porosity, at sites near fractures (path

ways) and under impermeable clay, and in the layers which 

have been uplifted the most. Within the Gigas layers 

the contents rise towards the surface outcrop. The con

sistency of the results is good (yield of extraction), 

and total organic carbon contents reflect the same trends 

(Fig. 8). Discrepancies are observed only with samples 

from the outcrop. The bitumen is obviously degraded and 

therefore extraction is incomplete. With method (i) sus

pensions of insoluble matter may be formed. The sediment 

has a background of 0.5% organic carbon, which is not 

extractable. The effect of the present geological setting 

on the bitumen content cannot be discerned in the Gigas 

layers, which are covered by other sediments (Table 2). 

Further conclusions cannot be drawn on the basis of the 

few samples. 
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When heavy oil, or bitumen, is exposed to the weather it 

hardens by loosing volatile fractions but also by other 

mechanisms (oxidation, biodegradation). Measurements are 

not very exact, but the qualitative conclusion can be 

drawn that there seems to be a slight decrease in vola

tile components towards the outcrop. Bitumen which seeped 

out of a fracture has the lowest value. The archaeological 

sample has an even lower value, but the source material 

is not known. The relative difference between the bulk 

material and weathering rind is within the error of the 

method. 
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Fig. 8. Correlation between total organic carbon and 

extractable bitumen (CH2 Cl2 ). 
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Table 2. Extractable bitumen content and volatiles (5 h, 
165°C) in the bitumen (upper and lower deposit 
denote Stollen Gustav Oberbank and Unterbank, 
respectively). 

sample bitumen (%) total org. C volatiles 
(i) (ii) (%) (%) 

Stollen Gustav 

open pit, 
open pit. 
adit, A, 
(upper 
deposit) 

B, 
(upper 
deposit) 

B, 
(lower 
deposit 

c, 
(lower 
deposit) 

0-1 
1-5 
1 

2.5 
5 
1 

2.5 
5 
1 

2.5 
5 
1 

2.5 
5 

cm 
cm 
m 
m 
m 
m 
m 
m 
m 
m 
m 
m 
m 
m 

Herzog Wilhelm 
Germania 
seep 

4.9 
5.2 
4.2 
2.5 
2.4 
2.3 
3.3 
1.0 
0.7 
1.8 
3.0 
0.8 
2.1 
0.9 

8.3 
98 

1.7 
1.9 
4.2 
2.9 
2.7 
2.6 
2.6 
2.0 
0.8 
2.1 
3.2 
1.0 
1.8 
1.0 

9.6 
100 

4.4 
4.7 
3.3 
2.6 
2.6 
2.3 
2.5 
2.1 
1.0 
2.0 
3.1 
1.1 
1.9 
1.3 

7.6 

16 
17 
16 
18 
9 
10 
32 
21 
20 
16 
(46) 
24 
23 
21 

10 
5 

Archaeol. sample 
bulk 100 
weather, rind 100 

2.5 
3.0 

4.3 Elemental composition (C, H, N, S, 0) 

The elemental composition of bitumen may indicate differ

ent stages of maturation (C, H), oxidation (H, 0) or 

biodegradation (H, N, S). The results of mixed samples 

from different vertical levels at each sampling site are 

compared with compositions of some other natural bitumens 

and archaeological samples (Lit. see (15))(Table 3). 
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Table 3 . Elemental composit ion (% by weight ) of bitumen 
from the Hi l s trough and o t h e r s i t e s and modes 
of occurrence; H i l s and Habuba Kabira: t h i s work, 
o t h e r s : s ee ( 1 5 ) . 

sample H N remarks 

Stallen Gustav 

open pit, 0 - 1 cm 
" , 1 - 5 cm 

adit, A, upper dep. 
B, upper dep. 
B, lower dep. 
C, lower dep. 

Herzog Wilhelm 
Germania deposit 
fracture seep 

Habuba Kabira, bulk 
(archaeol.) rind 
Mohenjo Daro, India 
(archaeol.) 

Ragusa (I), impregn. 
limestone) 
Iobsann (F) 
Val de Travers (CH) 

Athabasca (oil sand) 

Dead Sea (floating block) 
(surface sample) 

80.9 
82.4 
82.8 
82.9 
84.3 
82.6 

83.2 
85.5 

76.8 
75.1 
79.0 

85.0 

86.6 
85.8 

84.5 

77.8 
64.6 

9.9 
9.9 
10.3 
10.0 
10.5 
10.1 

10.3 
10.3 

8.5 
8.1 
6.3 

11.3 

11.4 
10.0 

11.2 

8.8 
7.2 

0.4 
0.2 
0.3 
0.4 
0.4 
0.3 

0.3 
0.4 

0.4 
0.3 
0.7 

0.04 

1.1 
1.4 

1.6 
1.7 
1.8 
2.1 
2.3 
2.2 

1.6 
1.8 

10.6 
9.9 
7.5 

2.1 

1.4 
1.1 

2.7 

8.6 
6.3 

7.2 
5.8 
4.8 
4.6 
2.5 
4.8 

4.6 
6.3 

3.6 
6.6 
6.8 

0.3 

0.6 
3.1 

1.5 

3.7 
20.5 

ash content 
not det.. 
< 1% 

1.2% ash 

1.7% ash 
2.1% ash 

Turkey (vein outcrop) 

Rancho La Brea (impr. 
sediment, oxid. horizon) 

Santa Barbara (seep) 

Trinidad (asph. lake) 
Bernudez " 

78.6 6.4 1.0 11.1 2.9 

75.5 7.9 2.0 8.0 6.6 

74.1 8.2 2.1 3.7 3.0 

81.5 9.5 5.8 7.7 5.6 

82.3 10.7 0.8 6.2 
82.8 10.7 0.8 5.8 
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The bitumen from the Hils is comparable with other mature 

bitumens in limestones, with slightly more than 10% hydro

gen and a low sulphur content. The range of compositions 

is rather narrow. Systematic trends are not distinguish

able except for a possible slight depletion in hydrogen 

at the outcrop. The elevated oxygen content, however, is 

significant, indicating oxidation of the uppermost layer 

at the outcrop. The whole deposit is characterized by a 

high oxygen content as compared with other occurrences 

of bitumen-impregnated limestone. This may indicate ex

posure at or near the surface during early stages of 

development of the deposit. Note the high oxygen contents 

of samples where oxidation has occurred more recently, 

e.g. the Dead Sea asphalt (surface sample; the floating 

asphalt has been exposed for much shorter periods), the 

Rancho La Brea oxidized levels, the Santa Barbara asphalt 

seeps and archaeological samples buried near the surface. 

The low oxygen content in material from asphalt lakes 

may be attributed to constant movement of the asphalt 

and to the fact that most of samples analysed have been 

fresh and unweathered. 

The H/C and 0/C atomic ratios change in the course of 

degradation, with H/C decreasing and 0/C increasing. The 

pathway of degradation is clearly seen in fig. 9. 

Oxidation in the upper layer of the outcrop sample and in 

the bitumen seeping out of fractures is evident. The 

archaeological sample from Habuba Kabira has an oxidized 

weathering rind. Effects of surface or near-surface 

weathering on larger masses of asphalt are apparent in the 

H/C and 0/C ratios after periods of the order of magnitude 

103 to 10* years, as may be concluded from the archaeolo

gical samples and possibly also from the Dead Sea, Santa 

Barbara and Rancho La Brea samples (Fig. 9). The archaeo

logical sample from Habuba Kabira is highly weathered, 

and the 0/C ratio in the weathering rind is 1.8 times 

higher then in the bulk. 
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Similar trends as in Fig. 9 have been observed in oil 

deposits in situ. The principal degradation pathway is the 

same but shifted to higher H/C and lower 0/C ratios (16). 

Technical bitumens differ little in composition except in 

oxygen content, which is usually below 1%. Data on three 

vacuum distilled technical bitumens ("short residues") 

from the Near East, Venezuela and North America are inclu

ded in Fig. 9 (28). 

H/C . Ragusa 
Lobs aim 

Stollen Gustav 

+ = open pit 

• = A 

A = B 

X = C 

O = Herzog Wilhelm 

= Herzog Wilhelm, 

fracture seep 

Habuba Kabira, arclaaeol. 
—bulk 
— rind 

-Rancho La Brea 

Q Siirt 
(Turkey) 

©Hohenjo Daro 
( India) a rchaeo l . 

1 

0.02 0.06 QIC» O/C 

Fig. 9. H/C and 0/C ratios of various bitumens. 
Pathway of degradation. 
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4.4 Chromatographic fractions 

Chromatographic separation of different phases in the 

bitumen yields more information than elemental composi

tion. Undegraded bitumen is characterized by a high con

tent of saturated hydrocarbons. Low contents, however, 

may be caused by degradation or low maturity. The tendency 

is similar for the aromatic hydrocarbons but the range 

of contents is larger. The heterocyclic compounds show 

less regularity. Asphaltene contents, in contrast, increa

se with intensification of weathering up to very high 

values in oxybitumen. 

Table 4 gives the fractions of the extracted oitumen from 

the Hils. There is some variation in the amount of satura

ted and aromatic hydrocarbons but no systematic trends 

are seen which could be related to the present geological 

setting of the deposit. The ratio of aromatic to saturated 

hydrocarbons is around one. The samples from the outcrop, 

however, have below average contents of saturated and 

aromatic hydrocarbons. The enhanced asphaltene content 

indicates degradation at the outcrop, but no simple inter

pretation is possible for the below-ground samples becau

se they were so limited in number. There may be a slightly 

lower asphaltene content in the lower deposit. The bitumen 

seeping from fractures has a higher ratio of aromatic to 

saturated hydrocarbon, but further conclusions would 

require more samples. 

The results are shown in Fig. 10. Note that the "HET" 

fraction in the diagram includes asphaltenes and residue. 

The material can be classified on the basis of the soluble 

fraction and the hydrocarbon contents (saturated and 

aromatic hydrocarbons) as asphalt. Exceptions are samples 

from the outcrop. The archaeological sample lies between 

asphalt and gilsonite (Fig. 11). 
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The technical bitumens from Fig. 9 contain 10.9-20.3% 

saturated hydrocarbons (same order of magnitude as the 

bitumens studied here) and 10.0-18.0% asphaltenes (28). 

Table 4. Saturated, aromatic hydrocarbons, heterocyclic 
compounds and asphaltenes in the extracted 
bitumen from the Hils (%) 

sample sat. aromat. heteroc. asphalt. 

Stollen Gustav 

open pit, 
II n 

adit. A, 
(upper 
dep.) 

B, 
(upper 
dep. ) 

B, 
(lower 
dep.) 

c, 
(lower 
dep.) 

, 0-1 
1-5 

1 
2.5 
5 

1 
2.5 
5 

1 
2.5 
5 

1 
2.5 
5 

cm 
cm 

m level 
m 
m 

m 
m 
m 

m 
m 
m 

m 
m 
m 

Herzog Wilhelm 
German!a deposit 
fracture seep 

9.8 
14.6 

17.8 
21.5 
20.5 

17.5 
11.9 
17.5 

21.7 
22.1 
23.2 

23.3 
13.4 
21.8 

14,4 
10.9 

10.6 
15.4 

14.7 
17.3 
18.2 

20.7 
13.7 
16.6 

31 0 
25.2 
28.1 

24.2 
11.4 
19.7 

16.8 
24.2 

23.2 
23.5 

28.9 
30.0 
29.9 

27.2 
26.5 
34.5 

25.5 
26.4 
30.2 

38.0 
34.4 
35*. 4 

20.5 
12.6 

39.1 
26.8 

17.8 
14.0 
13.8 

13.5 
26.1 
18.4 

3.3 
5.2 
1.6 

9.1 
21.2 
5.9 

23.1 
21.2 

Habuba Kabira (bulk) 2.9 14.1 20.3 55.4 
(archaeol. sample) 
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Fig. 10. Results of chromatographic separation (struc
tural analysis), (samples T: open pit, sampled 
V-2: fracture seep, sample HW: Herzog Wilhelm). 
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4.5 Saturated hydrocarbons 

Gas chromatography in connection with mass spectrometry 

can provide further insight into minor compositional vari

ations between the samples. The components of major inter

est are n-alkanes and biological marker compounds (for 

example isoprenoid hydrocarbons, tetracyclic steranes and 

tri- to pentacyclic triterpanes), which are degradable to 

a varying degree by weathering or micro-organisms. Biodeg-

radation is one of the most effective means of alteration. 

The gas chromatograms show basically only an unresolved-

background "double hump" (mainly cyclic hydrocarbons). In 

some samples, n-alkanes can be identified by means of 

their retention times, but quantitative evaluation is 

hardly possible. Residual isoprenoids as pristane and 

phytane with the associated n-alkanes C17 and C18 can 

also frequently be recognized (Figs. 12, 13, 14 are shown 

as typical examples). These results indicate a high degree 

of degradation of the bitumen, which is independent of 

its present position in the formation. 

r 
Signal 

Retention time 

Fig. 12. Gas chromatogram, open pit, 1-5 cm, hydrocar
bon fraction. 
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Retention time 

Fig. 13. Gas chromatogram, fracture seep, hydrocarbon 
fraction. 

.'Uflnal 

21 23 m 2S M 2 7 

Retention time 

Fig. 14. Gas chromatogram, adit, B, 1 m level, lower 
deposit, hydrocarbon fraction. 
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The mass fragment m/z 71 is typical of n-alkanes. Pristane 

and phytane, however, cannot be separated from the accom

panying alkanes. When the highest sensitivity was used, 

fragments of n-alkanes could be detected. Most samples 

show a more or less similar pattern. The four samples 

from below ground and the seep show bitumen with somewhat 

higher C17 and C18 and lower C22 to C30 . The results 

cannot be explained in a straightforward manner, because 

bitumen at the same site but from different levels has 

such a different pattern. The outcrop samples, too, dis

play a deviating pattern (Figs. 15, 16, 17). Steranes 

and triterpanes, which survive moderate biodegradation, 

are severely altered. Biomarkers were more readily identi

fiable in the near surface samples. There are no systema

tic trends visible which could be attributed to the pre

sent geological setting. The observed pattern of n-alkanes 

is very probably not of recent origin. 

T—i—i—i—i—i—i—i—i—i—i—i—i—i—i—i—r—r 
8 12 16 28 24 28 32 36 48 44 48 52 56 68 64 68 72 76 

Fig. 15. Mass fragment m/z 71, adit, B, 5 m level, 
lower deposit, saturated hydrocarbons. 
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T — i — i — i — i — i — i — i — i — i — i — i — i — i — r 
8 12 16 28 24 28 32 3* 48 44 48 S2 St 68 t4 

T — i — r 
68 72 76 

Fig. 16. Mass fragment m/z 71, adit, B, 2.5 m level, 
lower deposit, saturated hydrocarbons. 

•?3 89 

^ 

T 
12 

. n — i — i — r 
16 28 24 28 32 36 

T 1 1 1 1 1 1 1 1 1 1 
48 44 48 52 56 68 64 68 72 76 

Fig. 17, Mass fragment m/z 71, open pit, 1-5 cm, satu
rated hydrocarbons. 
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Preliminary hydrous pyrolysis experiments on the hydrocar

bons did not result in appreciable changes in the gas 

chromatograms. Pyrolysis of the asphaltenes permits the 

original n-alkane pattern before degradation to be re

constructed (16). Questions concerning the origin of the 

bitumen and the state of maturation that it had achieved 

when migration into the Gigas layers occurred may be 

answered in connection with samples from possible source 

rocks. These questions are however less relevant within 

the scope of this work. 

The problem with the bitumen samples is separating the 

process of generation from that of the alteration occur

ring after generation. This involves the interrelationship 

between three chromatographic observations (occurrence 

of n-hydrocarbons in chromatograms and pyrograms, and 

the presence of a baseline "hump") and two geochemical 

processes, thermal maturation and biodegradation. A con

ceptual framework has been proposed (30) (see appendix 

4) (Fig. 18). 

MINOR « ••• »MAJOR 

BI0OE0RADATI0N 

Fig. 18. Conceptual diagram illustrating the interrela
tionship between three chromatographic obser 
vations and two geochemical processes (thermal 
maturation and biodegradation) (?0). 
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A final answer to this question is not possible on the 

basis of the modest sampling and experimental work done 

for this study. 

The baseline humps in the chromatograms indicate a certain 

degree of thermal maturity of the source material. A 

quantitative figure however cannot be given. 

The archaeological sample can be characterized as a 

material in a transition state between asphalt and gil-

sonite. It has lost saturated and aromatic hydrocarbons 

by evaporation and degradation, resulting in a high 

asphaltene content. Whatever the compositon of the orig

inal material would have been, it has not suffered exten

sive destruction, and even after 5000 years of burial 

near the surface it is still a compact material containing 

residues of hydrocarbons. It still melts readily when 

heated to a temperature as low as 90° C (microflowpoint). 

4.6 Trace elements 

Trace elements typically found in bitumens are vanadium 

and nickel, which are predominantly complexed by porphy

rins (uptake during diagenesis of the primary organic 

material in the sediment from interstitial water), and 

uranium (uptake probably during migration). There are no 

data available on trace metals in bitumen of the Hils. 

Porphyrins were reported to be absent (1). It would surely 

be possible to separate and characterize porphyrins using 

advanced methods but the value of the results within the 

framework of this study would be limited. Probably the 

stage of maturation could be derived. The stability of 

porphyrins is so great that they survive degradation 

almost until the bitumen matrix itself is decomposed. 

Thus trace metals bound in that way are liberated only 

at very high degrees of decomposition. There are other 

modes of binding the metals, however, which are still 

unknown. 
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3 . 6 
3 . 4 
3 . 8 
3 . 1 
2 . 8 
2 . 3 

< 0 . 1 

3 . 4 
3 . 5 
3 . 0 
3 . 0 
2 . 7 
2 . 0 

Uranium analysis required about 2 to 2.5 g bitumen. Be

cause of the difficulty of handling the samples for neu

tron activation (extration, evaporation etc.), samples of 

impregnated and purified limestone were analysed (Table 

5). 

Table 5. Uranium contents in limestone (ppm). 

sample with bitumen bitumen extracted 

Stollen Gustav 
open pit, 0-1 cm 
open pit, 1-5 cm 
adit, A 

B 
C 

Herzog Wilhelm 
seep 

The differences are not significant, indicating a very low 

uranium content in the bitumen. The values are only 

slightly above the averages for limestone (2.2 ppm) and 

marine clay (lppm) (17). In a 3 g sample of bitumen from 

the fracture seep, uranium was below the detection limit. 

There has obviously been no enrichment of uranium into 

the bitumen, and so a release cannot be studied. Bore 

hole log measurements of uranium in a possible source 

rock (Posidonia shale, near Weenzen, Hils) at a site 

where it is immature did not give much higher uranium 

concentrations (average about 5 ppm, maximum about 10 

ppm) (31). 

The nickel contents are listed in Table 6. They do not 

deviate much from each other. Nickel does not migrate 

appreciably in chemical weathering profiles, and is en

riched when the rock matrix decomposes. Weathering of 

rock at the outcrop of the Gigas formation is not strong 

enough to yield variations in the nickel distribution. 

The high pH environment fixed by the limestone prevents 

migration of nickel. The background from the limestone 
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(two samples analysed contained 17 and 39 /n/'g Ni) is 

near the average for marine carbonate (30 ppm)(17). 

Table 6. Nickel contents in bitumen (ppm) and bitumen 
ash (g/kg). 

Stolien Gustav 
open pit. 
open pit, 
adit, A 

B 
C 

mean 

0-
1-
-1 
-5 

cm 
cm 

32.3 
26.9 
25.1 
27.3 
30.1 

28.3 + 2. .9 

1.78 
1.98 
1.28 
2.27 
1.70 

1.80 + 0.37 

Isolation and characterization of porphyrins in bitumen 

and organic material from possible source rocks would 

provide more information on the degree of thermal maturity 

at the time of infiltration and the binding of nickel. The 

reported low contents of porphyrin (1) may point to the 

Lias t as a source rock with a low porphyrin content in 

the organic fraction (5 fj.g/g). This is probably due to a 

more or less oxic depositional palaeoenvironment com-pa-

red with the thousands of /xg/g usually noted in anoxic 

marine sediments (20). The high TOC content, however, 

indicates anoxic conditions during deposition of the 

Lias e . 

4.7 Humic substances 

It is well-known from accelerated weathering experiments 

that the input of energy in the form of radiation in the 

visible and ultraviolet region greatly enhances attack by 

agents such as oxygen and water (23). Penetration of 

degradation into deeper layers, however, is prevented as 

long as the weathered layers are not destroyed mechanical

ly. 

Experimental evidence is supported by observations in 

nature at outcrops of bitumen-impregnated strata, which 

are known to be bleached within time scales of tens of 



51 

years, if fresh material is not supplied by secondary 

mobilization by the heat of the sun or lithostatic press

ure. The outcrop of the Gigas layers in the former open 

pit workings at Stollen Gustav where samples were taken 

has probably been exposed to the weather for 40 to 80 

years. The time scale is confirmed by observations at 

other locations near Holzen (e.g. Bärenbrink), where 

open pit mining came to an end before 1936. The thickness 

of the bleached layer was roughly the same at all loca

tions. 

Humic and fulvic acids are intermediate products in ad

vanced stages of subaerial weathering at outcrops (soil 

formation). It was expected that humic substances would 

be found only at the outcrop and possibly in fracture 

zones. The presence of these substances in deeper layers 

may indicate horizons of palaeoweathering. The results 

(Table 7) support the preliminary presumptions. 

Table 7. Humic and fulvic acids in bitumen-impregnated 
limestone (mg/100g). 

sample humic acids fulvicacids 

Stollen Gustav 
open pit, 0-1 cm 16 31 
open pit, 1-5 cm <1 5 
adit, A, B, C <1 <l 
(mixed sample) 

The combined sample from below ground also gives the back

ground level in the sediment. The possibility that the 

humic substances isolated from the upper layers at the 

outcrop resulted from contamination by soil material 

some metres above had to be excluded. Elemental analysis 

and examination by infrared- and nuclear magnetic reso

nance spectrometry gave evidence that there is no simi

larity between the humic acid fraction extracted and 

common terrestrial humic acids. 
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The proton-NMR spectrum (Fig. 19) is dominated by strong 

signals in the aliphatic region (0.9-2.2 ppm). Signals are 

weak in the aromatic-olefinic region (7.0-9.0 ppm). In the 

region of the carboxyl-proton (12.0-12.5 ppm) there is 

only a very weak signal. The following signals (in cm-1 ) 

are found in the IR spectrum (Fig. 20): CH3 -, CH2 -

stretching at 2960-2850, C=0-signal at 1704 and clear 

CH3-, CH2 -deformation signals at 1455 and 1375. The 

hydroxylic C-0 signal is weak (at 1030) as is the broad 

OH signal at 3300. The elemental composition (Table 8) 

of the humic fraction is very different from that of 

common humic acids. The high solubility of the substance 

in DMSO is remarkable. The humic acid is structurally of 

the aliphatic, alkane/ alkane type, with some COOH and 

OH groups. 

The fulvic acids are very similar to each other and resem

ble common terrestrial fulvic acids. They can be described 

structurally as aliphatic, carbohydrate-type fulvic acids. 

The sample extracted from the surface layer exhibits a 

more polyhydroxylic character (hydroxylic C-0 signal at 

1075 stronger than 1175 cnr1 ) than the sample from 1 to 

5 cm depth, which is also reflected by the higher oxygen 

content in the former (Table 8). 

Table 8. Elemental analysis of humic and fulvic acids 
(% by weight, oxygen by difference). 

Stollen Gustav, open pit 
C H N 0 

0-1 cm, humic acid 81.0 875 172 973 
0-1 cm, fulvic acid 38.1 3.93 0.46 57.5 
1-5 cm, fulvic acid 42.9 4.45 0.71 52.0 

The most important finding confirmed by these results is 

that humic and fulvic acids form during weathering of 

bitumen. Without more systematic studies, however, no 
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quantitative conclusions or conclusions about reaction 

mechanisms can be drawn. 

Within a time scale of about half-a-century weathering in 

the prevailing temperate humid climate (up to 900 mm 

annual precipitation at higher elavations) has penetrated 

to a depth of about one centimetre in the porous ma

terial. Complete destruction of the bitumen is usually 

confined to less than a millimetre. The bulk of the bitu

men some centimetres below the weathering rind has not 

been decisively affected in properties or composition. 

At natural outcrops, the zone of weathering attains orders 

of magnitudes of metres. Organic material from recent 

vegetation dominates and prevents study of decomposition 

products of bitumen. 



H<? r 

ui 

»i. 0 
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Fig. 20. IR-spectrum of humic acids. Stollen Gustav, 
open pit, 0 - 1 cm. 
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5 CONCLUSIONS 

The natural bitumen in the Gigas formation of the Hils 

trough can be classified as a material resembling techni

cal bitumen. The present geological setting is character

ized by inclination of the outcropping layers under over

lying claystone, suggesting gradients in exposure to 

subaerial weathering and biodegradation. The present 

situation seems to have existed for 105 to 106 or even 

more years (orders of magnitude). The bitumen, however, 

does not seem to be affected by recent or Quaternary 

degradation to any great extent. Discernible variations 

in compositional and physical properties are minor. 

Owing to the limited number of samples examined, the 

detailed interpretation of minor changes is necessarily 

speculative. 

The bitumen content in the porous limestone is determined 

by features which favoured migration of the original crude 

oil, not by degradational processes. The highest contents 

were met in the parts which were uplifted the most and 

were outcropping. The volatile fraction may indicate 

losses of lighter hydrocarbons near the surface, but 

primary differences cannot be excluded either. The elemen

tal composition indicates oxidation of the bitumen at 

the outcrop. The oxygen content in the deeper parts, 

however, is also higher than expected for unweathered 

material. Oxygen contents well above 1% are indicative 

of weathered bitumen (21), and are common in samples 

from seeps and outcrops (22). Oxidation of the bulk mate

rial enclosed in limestone and overlain by a layer of 

claystone 80 metres thick at the most is not very prob

able. There is geological evidence that the deposit was 

exposed by erosion for millions of years before the clay 

was deposited. This may have caused the oxidation of the 

whole deposit. Also, the saturated hydrocarbon contents 

do not show larger variation within the deposit, with 

only a minor decrease at the outcrop. The absence of n-
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alkanes and the pattern of biomarkers suggest that the 

bitumen is highly biodegraded. There seems to be no rela

tion to the present geological setting, but minor nuances, 

possibly caused by the presence of faults and fractures, 

could not be assessed from the few sites sampled. 

On time scales of decennia, direct exposure of the bitu

minous limestone to the weather at the surface destroys 

the bitumen in the upper mm layer and leaves traces of 

degradation in the upper cm layer or so in the form of 

humic acid-like substances. The reactions soon cease with 

increasing depth. The overall speed of destruction of the 

bitumen under the present conditions of temperate climate 

seems to proceed with the speed of weathering of the 

limestone matrix (soil formation). 

It may be possible to isolate micro-organisms from the 

deposit and achieve further biodegradation of some com

ponents of the bitumen under optimum conditions in the 

laboratory. The value of such a simulation, however, is 

highly questionable. Biodegradation under real conditions 

with diffusional limitations of nutrient and water supply 

can hardly be monitored in laboratory experiments. 

If migration into the reservoir rock and degradation had 

taken place before the deposition of the Neocomian clay 

the composition of the bitumen should be fairly homoge

neous over the distance sampled. If degradation already 

occurred during phases of migration, local variations 

are probable. If a new phase of migration took place 

later, after the deposition of the clay, materials at 

different stages of degradation should be observable, 

but possibly not within the short distance sampled. 

The secondary bitumen in the limestones of the Hils trough 

has been considered as proof of the large-scale seepage 

of an oil field along faults as far back in time as the 

Mesozoic. Huge amounts of seeping oil are suggested to 
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have caused major changes in the biosphere (especially 

submarine seepages). Special facies have been identified 

throughout the Malm and Upper Cretaceous and later, too, 

which means very long periods of time (24). Thus the 

total age of the bitumen (as solid bitumen, after alter

ation of the original oil) clearly exceeds 5.107, possibly 

even 108 years. 

Considerable research into local geology and tectonic 

events, especially in the Tertiary, on the one hand and 

into possible source rocks and their organic contents and 

into the bitumen itself on the other is required before 

a consistent evolutionary history of the bitumen in the 

Gigas formation of the Hils trough can be outlined. 

Ongoing work (D. Leythaeuser, KFA Julich)will probably 

answer questions about the origin, migration and degra

dation of the bitumen. Data on compositional features 

(e.g. pristane/phytane and other ratios, biomarkers, 

products of pyrolysis of asphaltenes) cannot be evaluated 

without knowledge of the original material in the mature 

source rock. Therefore experimental work has been confined 

to the modest efforts reported here. 

Another aspect which has not been treated in this work is 

the possible small-scale recent migration of solid bitumen 

out of the matrix and fractures under lithostatic pressure 

and at the prevailing low temperatures (mean about 10°C). 

The archaeological sample exposed to weathering for about 

5000 years under only decimetres of soil cover and under 

conditions favourable for degradation of bitumen has 

developed a weathering rind no thicker than 3 mm. Relative 

changes within the sample are easily to be seen, but 

changes in properties compared with the original material 

are difficult to assess. The bitumen seems to be to brit

tle as it is today for many applications usual in ancient 

times. Further conclusions would be possible if structural 

data on fresh and weathered samples of natural asphalts 
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from occurrences in the region were available. Results not 

relevant to this work but important for archaeologists 

will be reported elsewhere (27). 

Despite extensive degradation, the natural bitumen studied 

has physical and chemical properties which would allow its 

use in all kinds of applications requiring technical bitu

mens. Thus it could be used as the matrix for radioactive 

wastes or as tunnel backfill admixture or shaft sealing 

material (the viscosity of the bitumen studied is too low 

for this purpose though). 

Bitumen is a very stable substance in both shallow and 

deep geological burial. The next stage of weathering 

comprises humic type substances, and the next stage of 

diagenesis is pyrobitumen, both of which may retard migra

tion of radionuclides released to some extent. The time 

scales involved in alteration and degradation of bitumen 

are far beyond those of the half-lives of radionuclides 

in low- and medium level waste and are in the same order 

of magnitude as for the most relevant nuclides in high 

level waste. 
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APPENDIX 1 

S t r a t i g r a p h i c t a b l e : Perm t o Q u a t e r n a r y , w i t h s p e c i a l 

r e g a r d t o t h e g e o l o g y o f C e n t r a l E u r o p e ( 2 6 ) ( n u m b e r s 

i n b r a c k e t s g i v e r a d i o m e t r i c a g e s i n m i l l i o n s o f y e a r s ) 

Stratigraphisdie Tabclle: Präkambrium bis Quarter 
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Straligraphisdie Tabcllc: Präkatnbrium bis Quartär 
(1. Fortscuunft) (Unrcr b*v>nderer BcrudiitchiicunK &** C«i*!ocic Miiieleufopat) 
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Interrelationship of three chromatographic observations (occurence of n-hydrocarbons 
in pyrograms and chromatograms, and the presence of a baseline "hump") with two 
geochemical prosesses, thermal maturation and biodegradation (30): 

source rock samples n-hydrocarbons baseline "hump" 

thermally in pyrogram chromatogram 

mature biodegraded + depleted + 
immature biodegraded depleted depleted minor 
mature nonbiodegraded + + 
immature nonbiodegraded - -
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PLATES 

Plate 1: Sampling of bitumen-impregnated limestone at 

the outcrop of the Gigas formation in the 

ancient open pit of the Stollen Gustav 

Plate 2: Microphjtograph of bitumen-impregnated lime

stone from Stollen Gustav (sampling point C, 

lower deposit, 2.5 n level, thin section, 

scale: width 7.5 mm) 

Plate 3: Autoradiogram of section of sample from Stol

len Gustav. (Impregnation with : 4 (^-Polymethyl

methacrylate, sample size 30 mm diameter). 
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