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ABSTRACT 

Solid graphitic caifoonaceous matter (CM) is closely associated with the Oklo 

uranium ore deposits and several of the natural fission reactors in Gabon, West Africa. 

This material facilitated the containment of uranium and numerous fissiogenic isotopes in 

these natural reactors for a period of nearly 2 Ga. Hence, it is the subject of detailed 

studies because it may be useful as an analogue for carbonaceous materials, e.g. technical 

bitumens, that are currently being considered for the encapsulation and storage of 

anthropogenic radioactive waste. 

Chemical and structural analyses of the uraniferous CM associated with the 

natural fission reactors indicate that it is a polymer-like solid composed mainly of 

polycyclic aromatic hydrocarbons (PAHs) that are randomly oriented (turbostratic) and 

vary in size from several to several tens of A. Short-chained aliphatic hydrocarbons and 

oxygen-bearing moieties are attached to the PAH sheets and fi^uently bridge adjacent 

sheets. The Oklo uraniferous CM exhibits very high free radical concentrations, which 

can exceed 10^^ free radicals/g organic carbon. The organic free radicals are stable PAH 

moieties located at or very near the surfaces of these organic solids, mainly on the internal 

surfaces of pores. Despite their presence, these pores could not have served as effective 

conduits for the transport of radionuclides by aqueous solutions through and out of the 

CM matrix. This is because of the very small average size of the pores, together with the 

CM's non-wettability by aqueous solutions. 

The Oklo CM has endured oxidation-reduction reactions during uranium 

mineralization, exposure to ionizing radiation, and alteration associated with the radiolysis 

products of water during and after natural reactor operation, perhaps up until the present 

time. Still, the CM acted as an effective barrier to radionuclide migration out of the CM-



1 1  

rich natural fission reactors. Properties, including its aromatic composition, resistance to 

alteration by ionizing radiation, and its non-wettability to aqueous solutions, make the 

Oklo uraniferous CM an effective barrier to radionuclide migration. These properties 

should be incorporated into man-made carbonaceous materials currently being considered 

for use in the storage of radioactive waste. 
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CHAPTER 1 

INTRODUCTION TO THE DISSERTATION 

The majority of radioactive waste produced by the power and defense industries 

is slated for internment in geologic repositories. At the time of this writing, we do not yet 

have a time-tested, reliable means to dispose of these materials in a safe and cost-effective 

way. With many questions as to the reliability of geologic repositories, scientists 

continue to explore other avenues for the storage of radioactive waste. These avenues 

include the study of natural analogues for radioactive waste disposal. Such a natural 

analogue is a natural system that is comparable in some respect to an aspect, or aspects, 

of anthropogenic radioactive waste disposal. For example, observations of the long-term 

stability of uraninite under reducing conditions at the Cigar Lake uranium deposit 

(Saskatchewan, Canada) are being used to support the assertion that spent nuclear reactor 

fuel should be stable under reducing groundwater conditions in a geologic repositoiy. 

Perhaps the most famous examples of natural systems being evaluated as 

analogues for radioactive waste disposal are the ~2 Ga-old Oklo natural fission reactors in 

southeastern Gabon, West Afnca. The seventeen known natural reactors are small bodies 

of concentrated uranium ore in which nuclear fission reactions began 1.97 Ga ago. After 

burning their available fuel, chiefly in the form of fissionable the natural reactors 

shut down after nearly 1 Ma of operation. In the nearly 2 Ga since their formation and 

operation, depleted 235u and a number of fission products were retained together in 

uraninite within the natural reactors. The depleted together with fission products in 

uraninites make Oklo a unique geologic system for natural analogue studies. For this 

reason, numerous natural analogue studies of Oklo have been performed or are ongoing at 

the present time. 
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This study focuses on Oklo natural fission reactors 7,8,9 and 10 as well as the 

Bangombe and Oklelobondo reactors. These reactors all contain significant amounts sdid 

carbonaceous matter (CM), a material similar to asphalt. The CM is commonly observed 

enclosing uraninite grains that contain depleted and numerous fission products. It 

has been suggested that the CM acted as a physical barrier to radionuclide migration, 

helping to retain its incorporated radionuclides in the CM-rich natural reactors. There is 

evidence to support this assertion; for example, analyses of uraninite grains encapsulated 

in CM indicate that these uraninites have lost virtually no fissiogenic lanthanide isotopes. 

For this reason the Oklo CM may be an effective natural analogue for materials being 

evaluated for use in the encapsulation of man-made radioactive waste. Thus, detailed 

studies of the Oklo CM are important, particularly to facilities that are evaluating 

analogous man-made carbonaceous materials, e.g. technical bitumens, for use in the 

encapsulation radioactive waste. 

In order to evaluate the Oklo CM as a natural analogue for the encapsulation of 

man-made radioactive waste, it is first necessary to elucidate the physical and chemical 

nature of this material. Therefore, the objectives of this study are (1) to affect the 

detailed physical and chemical characterization of the Oklo CM collected from a variety 

of geological environments within and at various distances away from the Oklo natural 

fission reactors, (2) to synthesize the collected data to produce a comprehensive 

structural model of the Oklo CM, (3) to relate the composition and structure of the CM 

to the geochemical environments in which it evolved, and (4) to evaluate the Oklo CM in 

light of physical and chemical characteristics desirable for carbonaceous materials 

currently under consideration for use in the encapsulation of radioactive waste. 

This dissertation is presented in four parts. The first part summarizes the 

important results and conclusions obtained in this study (CHAPTER 2). The second 
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part introduces the reader to the general geology of the Oklo ore deposits and its 

associated natural fission reactors (CHAPTER 3). The remainder of the dissertation is 

presented as two appendices, which are briefly summarized below. 

APPENDIX A is entitled "Chemical structure of solid graphitic carbonaceous 

matter at the Oklo natural fission reactors and uranium ore deposits, Gabon" This article 

summarizes data collected on physical and chemical characteristics of the CM associated 

with uranium minerals in the Oklo natural fission reactors and uranium ore deposits. 

These data are integrated into a comprehensive structural model of the Oklo CM. At the 

time of this writing, this manuscript has not yet been submitted for publication. 

However, it will soon be submitted in two parts for consideration for publication in 

Geochimica et Cosmochimica Acta, the Journal of the Geochemical Society. 

APPENDIX B is entitled "Organic free radicals and micropores in solid graphitic 

carbonaceous matter at the Oklo natural fission reactors, Gabon" It investigates the 

presence, concentration, and distribution of organic free radicals and their relationship to 

the microporosity of the Oklo carbonaceous matter. At the time of this writing, this 

manuscript has been accepted for publication in Geochimica et Cosmochimica Acta and 

the copyright has been transferred to the publisher. Since copyright has been transferred. 

The University of Arizona requires permission from the publisher, in this case Elsevier 

Science Ltd., to reproduce the manuscript in this dissertation. Such permission has been 

secured in the form of a letter, included in this dissertation as part of the preface to 

Appendix B. 
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CHAPTER 2 

PRESENT STUDY 

Carbonaceous matter (CM) associated with the Oklo ore deposits and natural 

fission reactors of Gabon is typically referred to as solid bitumen, a cmce-labile organic 

substance that rapidly became a solid through the action of heat and radiation in the 

reactor and ore deposit environments (Gauthier-Lafaye et al., 1989; Nagy et al., 1991, 

1993). The Oklo CM played a number of important roles in the origin and evolution of 

the Oklo natural fission reactors and associated uranium ore deposits; (1) CM reduced 

uranium from aqueous solutions, resulting in the precipitation of uraninite and its 

accumulation to form the uranium ore deposits (Gauthier-Lafaye and Weber, 1989), (2) 

CM also helped to concentrate uranium in sufficient quantities to initiate nuclear fission 

reactions in several of the natural reactors (Nagy et al., 1991,1993), and (3) CM 

encapsulated uraninite grains containing depleted and a number of fission products, 

preventing the major loss of these radionuclides fi-om the CM-rich natural reactors for 

neariy 2 Ga (Nagy et al., 1991,1993; Nagy and Rigali, 1993). 

The purpose of the present study is to effect a detailed physical and chemical 

characterization of the Oklo uraniferous and non-uraniferous CM. A variety of analytical 

methods, including reflected light microscopy, elemental composition determinations, ^^C 

cross-polarization magic angle spinning nuclear magnetic resonance spectroscopy (^^C 

CP-MAS NMR), microfocused laser Raman spectroscopy, powder X-ray diffraction 

(XRD) analyses, Fourier transform infrared (FTIR) spectroscopy, gamma-ray 

spectroscopy, electron spin resonance (ESR) spectroscopy, Brauneur Emmitt and Teller 

(BET) specific surface area determinations, and BET pore size determinations were 

utilized in the characterization of these materials. The data obtained from these analyses 
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and previous studies (Cortial, 1985; Cortial et al., 1990; Leventhal et al., 1989; Nagy et 

al., 1991; 1993; Mossman et al., 1993; Nagy and Rigali, 1993; and Landais, 1996) were 

used to develop a comprehensive structural model of the Oklo CM. The acquired data 

were also used to evaluate uranium-CM interactions and the roles CM played in the 

accumulation of uranium in the ore deposits and several of the natural fission reactors. In 

addition, these studies provided insights into the evolution of the Oklo CM throughout 

its 2 GA history. The detailed characterization of analogous natural materials, such as the 

Oklo CM, may ultimately lead to the production of useful materials for the encapsulation 

and storage of radioactive waste. Characterization of the Oklo CM is particularly 

important as similar man-made carbonaceous materials, including solid asphalts and 

bitumens, are currently being considered for use in the storage of low- and medium-level 

radioactive waste (Choppin et al., 1995). 

The results and conclusions obtained in the present study are presented in two 

manuscripts appended to this dissertation. The following is a summary of the important 

elements of these manuscripts. 

Observations obtained by reflected light microscopy revealed basic differences 

between the uraniferous and non-uraniferous Oklo CM. All of the non-uraniferous 

samples exhibit relatively high reflectance and few observable mineral inclusions. In 

contrast, the uraniferous samples contain numerous mineral inclusions, including 

uraninite, galena, illite, and, in a few cases, small amounts of quartz. The measured 

reflectances of uraniferous CM samples are typically lower as compared to the non-

uraniferous CM samples (Mossman et al., 1993). Petrographic observations also indicate 

that, in some of the natural reactors, CM appears to have enclosed uraninite with its 

associated fission products after these grains were fi'actured and/or altered and perhaps 

partially replaced by clay minerals. The loss of fission products from uraninites 
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exhibiting such alteration textures (e.g., embayments) is likely to have occurred before 

their enclosure by viscous bitumen. However, in cases where well-crystallized, unaltered 

uraninites are enclosed by CM, a variety of radionuclides are well-retained in these 

uraninites (Holliger, 1992; Nagy et al., 1993) 

Average chemical compositions of the Oklo CM was determined by C, H, O, and 

S elemental analyses. Sulfur contents are very low in all of the samples examined. 

However, the Oklo CM contains substantial amounts of H and O incorporated in its 

structure. The observed H/C ratios range between 0.21 and 0.56, and the 0/C atomic 

ratios vary widely between 0.01 and 0.33 in samples of the Oklo CM. For comparison, 

the uraniferous samples have H/C and 0/C ratios at least an order of magnitude higher 

than those typically observed for crystalline graphite (e.g., H/C = 0.02 and 0/C = 0.01 for 

graphite from Sonora, Mexico). The non-uraniferous samples have lower H/C ratios than 

their uraniferous counterparts, but their 0/C ratios are notably lower, approaching the 

values observed in graphites. Oxidation of the uraniferous CM apparently took place 

during uranium mineralization. This probably occurred as a result of oxidation-reduction 

reactions in the presence of aqueous solutions similar to those proposed by Leventhal et 

al. (1989) and Meunier et al. (1990). Additional alteration of the Oklo uraniferous CM 

probably also occurred as a result of reactions of the CM with hydrogen and hydroxy 1 

radicals produced by the radiolysis of water. Such reactions likely resulted in the addition 

of both hydrogen and oxygen to the uraniferous CM, producing the elevated H and O 

contents observed in this and previous studies (Cortial, 1985; Leventhal et al., 1989; 

Cortial et al., 1990). 

Chemical structural analyses utilizing ^^C CP-MAS NMR and FTIR indicate the 

Oklo uraniferous CM is composed mainly of polycyclic aromatic hydrocarbon (PAH) 

sheets. In addition, aliphatic hydrocarbons and oxygen-bearing moieties (including 



1  8  

carbonyl, carboxyl, phenolic, and ether groups) are present acting as bridges between 

adjacent PAH sheets. These sheets range in size from several to several tens of A in 

length and width as indicated by transmission electron microscopy (Cortial et al., 1990). 

In contrast, non-uraniferous samples examined in this study are composed almost entirely 

of PAH sheets. These sheets are lO's of A in size and oriented into larger domains on the 

order of several hundred A (Cortial et al., 1990). 

Microfocused laser Raman analyses and X-ray diffraction analyses of the non-

uraniferous CM indicate that it is a poorly ordered material similar to kerogen and coals. 

Similar analyses on the uraniferous CM reveal it is even more disordered then the non-

uraniferous CM. Laser Raman microanalyses also allowed the observation of microscale 

chemical and structural variations within individual samples of the uraniferous CM. 

Several of these samples contain at least two distinct types of CM as distinguished by 

the laser Raman analyses. This confirms the suspected chemical and structural 

heterogeneity of the Okie uraniferous CM suggested by reflected light microscopic 

observations (Nagy and Kigali, 1993; Eberly et al., 1994), and microfocused infrared 

spectroscopy (Landais, 1996). 

Studies by ESR spectroscopy revealed that the uraniferous CM exhibits high 

concentrations of organic free radicals as compared to modem fulvic and humic acids. 

ESR spectroscopic measurements of the Oklo bitumens exposed to O2, a paramagnetic 

gas, revealed the distribution of organic free radicals in these carbonaceous solids. Bulk 

free radicals (those below the surface of the CM) and surface free radicals (those 

associated with the external surfaces and internal pore surfaces of the CM) can be 

distinguished based on the nature of their interactions with paramagnetic 02- These 

interactions, as indicated by ESR spectral line broadening, demonstrate that a majority if 

not all the organic free radicals reside at or near the external and internal surfaces of the 
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microporous and uraniferous Oklo CM. Line broadening of the ESR spectra of these 

carbonaceous solids is the result of physical interactions (physical adsorption, collision-

and-rebound) and not chemisorption of Oi- The organic free radicals detected by ESR 

spectroscopic analyses may have participated in uranium mineralization as well as the 

polymerization and subsequent solidification of CM in the ore deposit and organic 

matter-rich natural fission reactors. The intimate association of uranium and its 

incorporated fission and daughter products with the Oklo carbonaceous matter is 

particularly important in the consideration of its high organic free radical concentration. 

Ionizing radiation from the decay of the incorporated radionuclides may have resulted in 

the continued formation of organic free radicals in the Oklo carbonaceous matter through 

out their 2 Ga history. 

The fairly high BET specific surface areas and the shape of the BET isotherms 

point to the presence of porosity in the uraniferous CM. Porosity, together with 

wettability, should be considered in the performance assessment of radionuclide 

containment by the solid CM of the natural fission reactors. The BET data indicate that 

the uraniferous CM contains pores in the tens of A range. In addition, the Oklo CM is 

not water wettable. The entrance of aqueous solutions into the Oklo CM and subsequent 

leaching of radionuclides is expected to be hindered due to the very small pore diameters 

together, with the nonwettability of this carbonaceous solid. 

The differences in structure and chemical composition in the Oklo CM can 

ultimately be attributed to the different geochemical, hydrothermal, and radiological 

environments present at Oklo. The CM in the natural fission reactors and U-ore deposits 

has endured significant alteration during its 2 Ga history including; (1) oxidation-reduction 

during mineralization, (2) direct radiolysis of the CM and (3) reactions of the CM with 

the radiolysis products of water. Despite this alteration, CM still acted as an effective 
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barrier to radionuclide migration out of the several of the natural fission reactors. The 

CM exhibits a number of physical and chemical properties that contributed to its 

effectiveness as natural barrier to radionuclide migration. For example, it is composed 

principally of PAHs, which exhibit good stability to ionizing radiation. In addition, as 

noted above, it is not wettable by aqueous solutions. Such properties should be 

incorporated into the technical bitumens and asphalts being evaluated for the 

encapsulation of anthropogenic radioactive waste. 
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CHAPTERS 

INTRODUCTION TO THE GEOLOGY OF THE OKLO NATURAL REACTORS 

AND ASSOCIATED URANIUM ORE DEPOSITS, GABON 

General Geology 

The uranium ore deposits and associated natural fission reactors at Oklo, 

Okelobondo, and Bangombe are located in the Francevillian Basin of Gabon, West Afnca 

(Figure 1). The ore deposits and natural reactors are hosted in sedimentaiy rocks of the 

2.15 Ga old Paleoproterozoic Francevillian Series (Gauthier-Lafaye and Weber, 1989). 

This series is a 1000-4000 m thick sequence of clastic and volcaniclastic sediments that is 

divided into five formations, FA through FE, as shown in Figure 2 (Weber, 1968). It 

represents a mar^nal marine to marine depositional sequence in which the FA Formation 

is a prograding deltaic environment that was transgressed by black shales of the FB-FD 

formations (Gauthier-Lafaye and Weber, 1993). 

The FA Formation is 100 -1000 m thick and consists of deltaic deposits overlying 

fluvial sediments (Gauthier-Lafaye and Weber, 1989). The fluvial deposits consist of 

poorly sorted sandstone and conglomerate. Important among these deposits are 100 -

200 m thick radioactive conglomerates that contain altered thorite and uraniferous thorite 

minerals. These conglomerates are likely the source of the uranium in the ore deposits 

(Gauthier-Lafaye, 1986). All of the uranium ore deposits are located in the deltaic plain 

sediments of the upper FA, which consist of beach deposits, prodeltaic sediments, delta 

front sediments, and marine shales (Gauthier-Lafaye and Weber, 1993). At Oklo and 

Okelobondo, located at the edge of the Francevillian basin, these deltaic sediments are 

restricted to the uppermost 10 m of the FA formation, known as the "CI layer." The CI 
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layer consists of beach sands and tidal deposits of fine-grained sandstone, mudstone, and 

shale (Figure 3). Stratigraphically, the CI layer exhibits a basal conglomerate overlain by 

a fine-grained clastic unit, typically siltstone or shale, which is in turn overlain by a 

coarser-grained clastic unit such as a sandstone. This sequence is typically repeated 

several times within the C1 layer. At the Bangombe ore deposit, located in the central 

part of the basin, the deltaic sediments are considerably thicker (Gauthier-Lafaye and 

Weber, 1989). However, the uranium mineralization is again restricted to rocks of the 

uppermost FA Formation. 

The FB Formation lies slightly discordantly upon the FA Formation (Gauthier-

Lafaye and Weber, 1989). It is 400-1000 m thick and consists mainly of black shales, 

which are fine-grained to silty sediments and fi'equently rich in carbonaceous matter 

(CM). Total organic carbon (TOC) determinations of samples from the FB Formation 

typically exhibit values between 2% and 5% by weight and can be as high as 15% by 

weight (Cortial, 1985). In addition, the FB Formation contains dolomite and well-sorted 

sandstone units. The FC Formation (10-150 m thick) is composed of massive dolomite 

and banded chert. The FD is made up of black shale and ignimbrite tuffs. The TOC 

content of black shales in the FD formation averages ~ 8% and can be as high as 20% by 

weight (Cortial, 1985). At the top of the Francevillian, the FE formation consists of 

volcaniclastic sandstone and interbeds of black shale. Finally, the FE is overlain 

unconformably by kaolinitic sandstones of the Mesozoic age known as the Stanley Pool 

Formation. 

Geology and Formation of the Uranium Ore Deposits 

Post-depositional tectonic events played an important role in the evolution of the 

Oklo uranium ore deposits. Following burial and lithification, the Francevillian sediments 
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were tilted and uplifted approximately 1000 m (Gauthier-Lafaye, 1986). The rocks that 

host Oklo, Okelobondo, and related uranium deposits dip to the southeast and rest 

against Archean-age rocks of the Mounana basement horst. These tilted rocks are part of 

a wide monoclinal fold with an axis parallel to a north-south fault along which the 

Mounana basement horst occurs (Gauthier-Lafaye and Weber, 1993). The mmoclinal fold 

is a important structural feature affecting uranium mineralization. NW-SE trending faults 

intersect this monoclinal fold, producing drag folds with high dip axes. At Oklo, the high-

grade uranium ores and the natural fission reactors are associated with these faults and 

drag folds. 

These local structural features at Oklo are linked to tectonic events associated 

with the Ogooue mobile belt, located -200 km to the west of the Francevillian Basin 

(Gauthier-Lafaye and Weber, 1989). Ledru et al. (1989) suggested that the Ogooue 

metamorphic belt represents the remnants of an eaiiy Proterozoic collision belt. Gabon is 

believed to have been at the boundary of the Congo and Guyama cratons which collided 

to form the belt around 2 Ga ago. The collisional episode would have generated east-west 

compressional stress and likely influenced the tectonic evolution and uranium 

mineralization within the Francevillian basin. In fact, this is likely the case since the 

timing of metamorphic events in the Ogooue mobile belt and uranium mineralization in the 

Francevillian basin appears to have been contemporaneous (Gauthier-Lafaye and Weber, 

1989). 

As noted above, the uranium ores at Oklo and their associated natural fission 

reactors are hosted in deltaic sediments of the upper FA Formation. There are two types 

of uranium ore observed at Oklo, Okelobondo, and Bang(»nbe (Gauthier-Lafaye and 

Weber, 1993). The first type is a commonly occurring low-grade ore with a uranium 

content of 0.1 to 1%, referred to as the "common ore." It is typically associated with 
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nodules of CM in secondary pore voids within the clastic host rocks. The second type of 

ore is observed in localized bodies (S to 20 m in length, S to 10 m wide, and 0.3 to 2 m 

thick) with a uranium content ranging from 1.0 to 10% and as high as 60 %. This is 

referred to as the "high-grade ore." It may or may not be associated with carbonaceous 

matter. The high-grade ore is typically found in highly fi^ctured rock associated with 

local the tectonic structures. It is believed that the two ore types relate to at least two 

distinct episodes of uranium mineralization (Gauthier-Lafaye and Weber, 1989). Initially, 

the low-grade ore was precipitated when oxidized uranium-bearing fluids met and were 

reduced by viscous petroleum fluids in the upper FA Formation sandstones (Figure 4). 

The subsequent uplift and tilting of the Francevillian sediments resulted in faulting and 

fracturing of the host rock. This fracturing provided migration pathways for oxidizing 

fluids, which mobilized portions of the low-grade ore. The uranium was again reduced 

and reprecipitated in high-grade ore bodies within intensely fractured zones of the CI 

sandstone adjacent to faults and folds. While the bulk of the uranium occurs as the low-

grade ore, the high-grade ore is of great interest because some of these ore bodies achieved 

criticality to become natural fission reactors. 

Geology, Formatioii, and Operation of the Natural Fission Reactors 

The Oklo natural reactors occur as small bodies within the uranium ores, typically 

less than I m thick and 10 to 20 m in length and width (Gauthier-Lafaye et al., 1989). 

They are located in hydrothermally altered, highly fractured, and often folded rocks of the 

CI layer (Gauthier-Lafaye and Weber, 1989). The reactors contain 20 to 60% uranium, 

mainly in the form of uraninite, UOj. Each reactor is surrounded by an envelope of 

argillaceous rocks composed principally of illite and Mg-Al chlorite. This clay-mineral 

envelope formed as a result of hydrothermal alteration of the sediments adjacent to the 
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reactors during their operation. In addition to the uranium and clay minerals, small 

quantities of galena, other sulfides, and hematite are also present in the natural reactors. 

They also contain variable amounts of CM. Oklo natural reactors 1 to 6 at contain only 

trace amounts of this substance and the uraninite is associated mainly with clay minerals. 

The other reactors are typically rich in CM, containing as much as 66% organic carbon by 

weight. The CM apparently originated as liquid bitumen, a viscous petroleum, by the 

reaction of hydrothermal solutions with kerogen and precursor solid bitumens in the 

reactors and adjacent rocks (Nagy et al., 1991,1993). The viscous bitumen then rapidly 

solidified through the action of heat and radiation to form the solid CM observed in the 

reactors. 

The evolution and operation of natural fission reactors requires a number of 

special conditions as noted by Cowan (1976). Fission takes place when a fissile nuclide 

(e.g., 235u) absorbs a neutron, causing its nucleus to split. This produces two or more 

fission product atoms, usually of unequal mass, along with gamma rays and several 

neutrons. If other fissile nuclei are nearby they can absorb these neutrons and also 

undergo fission, releasing more neutrons. These fission reactions can be sustained if 

enough fissile nuclei are present to absorb the neutrons produced by previous fissions. 

Significant amounts of fissile material are required in order to start and maintain fission 

reactions. Based on calculations by Naudet (1991) fission reactions at Oklo could have 

started in 1 cm^ of highly fractured rock with an average uranium content of 10%. The 

natural reactor fiiel was chiefly in the form of Its high relative abundance 2 Ga ago, 

together with the high concentrations of uraninite, helped to meet the fuel requirement for 

sustainable fission reactions in the natural reactors. A second important requirement to 

for natural reactor operation is the presence of a neutron moderator. Moderators "slow 

down" or lower the energy of the energetic neutrons emitted from the fission of so 
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they are more readily absorbed by other nuclei, sustaining fission reactions (Knief, 

1981). At Oklo, the neutron moderator was water that was present in the porous and 

fractured rocks that host the reactors. A third requirement is the absence of certain 

elements, the so called "neutron poisons" (e.g., B and Li), which can readily capture 

neutrons, thereby preventing the fission of At Oklo, neutron poisons were not 

present in sufficient quantities in the natural reactors to interfere with fission reactions. 

Criticality and natural fission reactor operation began 1968 ± 50 Ma ago (Holliger, 

1993). Water acted as a moderator and temperatures varied between 250-450 ®C (Holliger 

et al., 1978; Holliger and Devilliers, 1981). The natural reactors operated for 10^ to 10^ 

years. During this time, fissionable 239pu was produced from the abundant isotope of 

uranium, by neutron capture and subsequent beta (b) decay reactions. Some of the 

239p„ created by neutron capture participated in fission reactions at Oklo. However, the 

majority of the 239pu did not fission but became 235u by a-decay. Thus Oklo natural 

nuclear reactors produced additional to sustain fission reactions. In fact, as much as 

45% of the total amount of 235u consumed in fission reactions was produced by the 

decay of 239pu (Holliger and Devilliers, 1981). Taking into account the additional 235u 

produced by the decay of 239pu, it is estimated that a total of 6 tons of 235u were 

consumed by fission reactions in the natural reactors (Naudet, 1991). The reactors finally 

shut down when they no longer contained sufficient amounts of 235u to sustain fission 

reactions. 
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APPENDIX A 

CHEMICAL STRUCTURE OF SOLID GRAPHmC CARBONACEOUS MATTER 

AT THE OKLO NATURAL FISSION REACTORS AND U-ORE DEPOSITS, 

GABON 

Abstract 

In the Oklo natural fission reactors of Gabon (West Afiica) carbonaceous matter 

(CM) is heterogeneously distributed within the clay and uraninite-rich natural reactor 

matrix. Parts of the natural reactors may contain little or no CM while other parts can 

contain greater than 60% organic carbon by weight. In the CM-rich regions of the natural 

fission reactors this material immobilized uraninite crystals and a number of fission 

products. This facilitated radionuclide contaiimient in the reactors. For this reason the 

Oklo natural fission reactors are currently the subjects of detailed studies because they 

may be useful analogues to radionuclide containment at anthropogenic radioactive waste 

repository sites. In particular, the CM may be a useful natural analogue as a waste form 

for the encapsulation of anthropogenic radioactive waste. 

CM-rich samples from the 1.968 Ga-old natural fission reactors and the associated 

Oklo, Oklelobondo and Bangombe uranium ore deposits were studied by several 

analytical methods. The information obtained using these methods was used to develop a 

comprehensive structural model for the carbonaceous matter. The CM associated with 

the natural fission reactors is mainly a polycyclic aromatic solid. The polycyclic aromatic 

moieties that constitute the carbonaceous matrix are randomly oriented and vary in size 

from several to several tens of A. Individual moieties are bridged by short aliphatic 
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hydrocarbon chains. Oxygen is present as carbonyl, carboxyl, phenolic, and ether 

functional groups attached to the edges of the polycyclic aromatic hydrocarbon sheets. 

For comparison, several samples of non-uraniferous CM were also examined by the 

methods mentioned above. These samples contain little oxygen. They are composed 

almost exclusively of relatively large polycyclic aromatic hydrocarbon sheets several tens 

of A in size. This CM also exhibits a turbostratic structure, though it is more ordered 

than the uraniferous CM. 

The CM in the natural fission reactors and U-ore deposits has endured significant 

alteration during its 2 Ga year history. These alteration processes include oxidation-

reduction reactions during uranium mineralization and alteration by radiolysis of water 

during and after natural reactor operation, perhaps up until the present time. Despite the 

alteration, this material acted as an effective barrier to radionuclide migration out of the 

CM-rich natural fission reactors. The Oklo uraniferous CM exhibits several properties 

that could be incorporated in bituminous waste forms currently under study for the 

encapsulation of anthropogenic radioactive waste. For example, it is composed 

principally of polycyclic aromatic hydrocarbons which are relatively stable to ionizing 

radiation. In addition this carbonaceous material is not water wettable, and has extremely 

low solubility in aqueous solutions. 

Introduction 

The 1.968 Ga-old Oklo and associated uranium ore deposits in the Republic of 

Gabon host the world's only known natural fission reactors. In addition to their being 

curiosities as unique geologic phenomena, the Oklo natural reactors may have practical 
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utility as analogues for the storage of anthropogenic radioactive waste (Curtis et al, 1989; 

Loss et ai., 1989; Nagy et al., 1991, Naudet, 1991; Hemond et al., 1992; Menet et al., 

1992; Petit, 1992 Petit and Landais, 1992; Nagy et al., 1993; Nagy and Kigali, 1993; 

Hidaka et al., 1994; Janeczek and Ewing, 1995). The seventeen known natural reactors 

are heterogeneous in both texture and composition. For example, many of the natural 

reactors are rich in carbonaceous matter (CM) whereas 1 to 6 contain little (Nagy and 

Kigali, 1993). This material is of particular interest to recent studies of the natural 

reactors as analogues for the storage of radioactive waste. This is because CM appears to 

have been an effective medium for the containment of uranium and a number of its 

associated fission products (Nagy et al., 1991, 1993; Holliger, 1993; Gauthier-Lafaye et 

al., 1996). Although some evidence suggests that CM is an effective barrier to 

radionuclide migration, little is known about the nature of this material. The purpose of 

the present study is to develop a detailed chemical and structural model of the CM 

associated with the natural reactors and uranium ore deposits. The results presented in 

this paper have been integrated with results of previous studies to produce a 

comprehensive chemical-structural model. Finally, the observed physical and chemical 

characteristics of the Oklo CM have been evaluated in light of desirable qualities such as 

resistance to ionizing radiation, and undesirable qualities, such as flammability, for 

anthropogenic waste forms. This is a first step in determining the applicability of solid 

carbonaceous substances as containment media in anthropogenic radioactive waste storage 

facilities. 

The natural fission reactors and associated uranium ore deposits are hosted in the 

2.1 Ga old Francevillian Series (Bonhomme et al., 1982). This series is a 1000-4000 m 

thick sequence of clastic sedimentary rocks with subsidiary dolomites, cherts, and 

volcaniclastics (Weber, 1968). After burial and subsidence the rocks were uplifted with 
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concomitant faulting and folding (Gauthier-Lafaye and Weber, 1993). The U-ores and 

natural reactors are hosted in the uppermost FA Formation, a 7-10 m-thick unit 

composed of beach sands and tidal deposits, known as the CI layer. The mineralized CI 

is immediately overlain by black shales of the Francevillian FB formation. The uranium 

ore deposits formed in fractured rocks of the CI layer when uranium-bearing aqueous 

solutions met and were reduced by CM (Gauthier-Lafaye and Weber, 1989; Cortial et al., 

1990). The CM in the natural reactors and U-ore deposits was chiefly in the form of 

liquid bitumen, a viscous petroleum fluid (Gauthier Lafaye and Weber, 1989; Cortial et 

al., 1990; Nagy et al., 1991). The highest concentrations of U-ore, up to 60% and more 

by weight, are found in the highly fractured rocks associated with faults and folds. It is in 

these rocks that the natural fission reactors evolved. 

The seventeen known natural fission reactors reached criticality 1.97 Ga ago 

(Holliger, 1992). Criticality was facilitated by several factors in addition to the high 

concentrations of uranium. These include (1) the high relative abundance of fissionable 

235u which was 5 times higher during the time the natural reactors operated than at 

present; (2) the presence of significant amounts of water, which acted as a neutron 

moderator helping to sustain fission reactions; and (3) the absence of neutron poisons, 

elements such as Li and B, which readily capture neutrons, thereby inhibiting fission 

reactions. 

The natural fission reactors operated for 10^ to 10^ years (Holliger, 1992,1993; 

Holliger and Devillers, 1981). In reactors 1 to 6, which contain little CM, a total of 6 tons 

of 235u participated in nuclear fission reactions, producing 16,500 MW yr of energy 

(Naudet, 1991). In the CM-rich reactors 7, 8, and 9, only 480 Kg of fissioned, 

producing 1300 MW yr of energy (Gauthier-Lafaye et al., 1996). The temperatures of 

the reactors have been estimated at 280 ± 50° C(Holliger and Devillers, 1981) and as high 
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as 400 to 500° C (Gauthier-Lafaye et al., 1996). The reactors eventually shut down when 

there was no longer enough fissicmable material present to sustain nuclear fission 

reactions. 

During their operation, the circulation of hot aqueous solutions led to 

hydrothermal alteration of the rocks within and in the immediate vicinity of the natural 

reactors (Gauthier-Lafaye et al., 1996). The most obvious effect of this alteration is the 

replacement of the quartz sandstone and fine-grained clastics by hydrothermal clay 

minerals (Gauthier-Lafaye et al., 1989, 1996). The hydrothermal activity would also have 

had a notable effect on the CM present in the reactors and adjacent rocks (Nagy et al., 

1993; Nagy and Kigali, 1993). CM-rich natural reactors 7-9 are located only a few meters 

to centimeters away from kerogen-rich black shales of the FB Formation (F. Gauthier-

Lafaye, personal communication, 1994). In these and several other CM-rich natural 

reactors, additional liquid bitumen was generated by hydrous pyrolysis of kerogen and 

precursor solid bitumens in the natural reactors and the rocks in their vicinity (Nagy et al., 

1991, 1993). The liquid bitumen, generated by hydrothermal alteration of precursor 

organic substances, soon polymerized into solid CM enclosing uraninite, with its 

incorporated fission products, within the natural reactors (Nagy and Kigali, 1993). 

The CM-rich natural fission reactors are of practical scientific interest because of 

their potential utility as analogs for anthropogenic radioactive waste containment 

strategies. In these reactors solid CM is found enclosing uraninite. Nagy et al. (1991, 

1993) concluded that the solid CM immobilized uraninite and its associated fission-

generated radionuclides, preventing the major loss of uranium and fission products from 

the natural reactors . This conclusion was based on qualitative and quantitative 

observations of uraninite grains enclosed in CM from several of the natural reactors. 

Qualitative evidence for the retention of uranium and fission products was observed in ion 
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m^s made using a CAMECA IMS3f microprobe-mass spectrometer ( Holliger, 1992; 

Nagy et al., 1993). These images, with sub-micron lateral resolution, showed the 

distribution of radionuclides including 235u, 238u, and as well as the fission 

products ^^"^Sm, and in individual uraninite crystals enclosed by CM. The 

radionuclides are retained within uraninites and absent in the surrounding CM. Other 

fission products, including '^Ru, ^Zr, and ^o^Rh, were lost from the uraninite grains but 

trapped within the CM in the immediate vicinity of the uraninite (Holliger, 1992). In 

addition, quantitative evidence for the retention of fission products in uraninite crystals 

was obtained from Sm/U and Nd/U fissiogenic isotope ratios (Nagy et al., 1993). Using 

these data, an age corresponding to the time of natural reactor criticality was calculated 

using the methods of Holliger and Devillers (1981). The calculated lanthanide fission 

product age was 1.96 Ga, which agrees, within experimental error, with the 1.97 Ga U-Pb 

age of the uraninite crystals. The agreement of these two ages is interpreted to indicate 

that the uraninites enclosed by CM retained their lanthanide fission products for neariy 2 

Ga, the age of the natural fission reactors. A fission-product age different fi-om the U-Pb 

uraninite age would indicate the loss of fission products from the uraninite. In addition, 

the containment of fissiogenic alkali and alkali earth elements was also enhanced by CM. 

(Hidaka and Holliger, 1992; ICdaka et al., 1992,1993). Substantially more Cs, Sr, Rb and 

Ba were retained in CM-rich natural reactor 10 as compared to natural reactor 2, which 

contains little CM, and in which uraninite is enclosed by clay minerals. 

All of the observations noted above indicate that CM is an effective barrier to the 

migration of a variety of radionuclides in several of the Oklo natural reactors. This has led 

to the proposition that man-made CM, analogous to the Oklo CM, may be an effective 

medium for the encapsulation of anthropogenic radioactive waste (Nagy et al., 1991, 

1993; Nagy and Kigali, 1993). Currently, man-made CM, e.g. technical bitumen, is being 
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considered for use in the encapsulation of radioactive waste (Choppin et al., 199S). 

Unfortunately, as noted by Miller et al. (1994), there is no ideal natural analog for these 

technical bitumens because few studies have attempted to characterize natural bitumens, 

e.g. the Oklo CM, in sufHcient detail for comparison to such man-made bitumens. The 

purpose of the present study is to effect the detailed chemical and structural 

characterizaticxi of the Oklo CM using petiographic and a variety of organic geochemical 

techniques as suggested by Gize (1993). This will help to facilitate the development of 

analogous man-made CM in the search fen* materials that are effective in the encapsulation 

and storage of radioactive waste. In addition, the chemical and structural evolution of the 

Oklo CM is considered with respect to the prevailing geochemical and radiological 

environments at Oklo before, during, and after the operation of the natural fission 

reactors. 

Experimental Methods 

Sample Descriptions 

Thirteen representative CM-rich samples from Oklo and the related Okelobondo 

and Bangombe U-ore deposits were examined in this study (Table Al). Four samples 

were collected within and adjacent to the cores of CM-rich natural fission reactors at 

Oklo, Okelobondo, and Bangombe. Six samples were collected fi'om the U-ore deposit at 

various distances away from the natural reactors. Amongst these six is sample GL-3090, 

collected 3 m from natural reactor 8. This sample appeared to contain two different 

types of solid CM which were hand-separated for individual study and labeled GL-

3090V and GL-3090A. GL-3090V is a hard vitreous solid and is surrounded by GL-

3090A a dull grayish-black friable solid. Both D-75 and GL-2753 contain the dull and 
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vitreous CM, similar to those described in sample GL-3090. However only the vitreous 

CM was studied from these two samples. All of the uraniferous CM samples usually 

contain various amounts of galena, irm sulfides, clay minerals and quartz in addition to 

the fine grained uranium minerals (Mossman et al., 1993). 

Three non-uraniferous samples that are not part of the U-ore deposits were also 

examined in this study. These samples are free of uranium minerals and contain only 

trace amounts of quartz, iron sulfides and clay minerals. Two of the three samples, OK-

133 and OK-212, were collected from rocks stratigraphically above the ore deposit. The 

third sample, LN-12, was collected from a borehole located ~ 6 km nc^east of the Oklo 

ore deposit. 

Two additional samples were also examined in this study. Sample D-73 (90.1 m) 

was studied by reflected-light petrography and sample Acess OD-15 was studied by 

reflected-light petrography and laser Raman spectroscopy. 

Sample Preparations 

The Oklo samples examined in this study are mildly radioactive. A typical Oklo 

sample delivers a radiation dose of ~ 0.1 mrem/hr, as measured at the sample's surface. 

The maximum cumulative dose received in handling such samples for 100 hr is 10 mrem. 

Over a period of three years, the time frame over which this research was completed, this 

dose averages out to -3.3 mrem/yr. To put this exposure in perspective, the maximum 

permissible dose equivalent for occupational exposure to the hands is 75 rem/year (Kneif, 

1981). The dose delivered from handling the Oklo samples for 33 hr in one year is a very 

small fraction (0.0004%) of the maximum allowed yearly dose. 3.3 mrem is less than a 

1% increase over the average yearly dose of360 mrenu^ear due to natural background 

radiation (D. Silvain, personal communication). University, state, and federal guidelines 
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were followed for the safe handling and disposal of radioactive materials under the 

supervision of the University of Arizona, Radiation Control Office. To minimize the 

radiation exposure while working with the samples some simple precautions were taken. 

Disposable gloves and surgical masks were worn at all times while working with the Oklo 

samples. In addition, all sample preparation work (e.g. powdering, mineral separations) 

was performed in a fume hood dedicated to the study of the Oklo CM samples. 

Prior to sample preparation, all laboratory glassware, metal instruments (e. g. 

spatulas) and ceramic-ware utilized during were cleaned using an 8S/15 (v./v.) mixture of 

hot nitric and sulfuric acids (Ogino and Nagy, 1981). In addition, all of the organic 

solvents were distilled prior to use and their purity verified using a Hewelett Packard HP-

3980A gas chromatograph equipped with a Carbowax 20 m by 0.3S mm i.d. fused-silica 

capillary column. 

Samples were initially separated into two ~ equal portions, one for the structural 

and elemental analyses and the second for the preparation of petrographic thin sections. 

In preparation for the NMR and elemental analyses, each of the 13 Oklo CM samples 

was ground to an average grain size of ~ 10 ^ using an agate mortar and pestle. Many of 

the powdered solid bitumens contained significant quantities of minerals as indicated by 

the petrographic observations. An attempt to remove these minerals was made before 

proceeding with the structural and elemental analyses for the following reasons. First was 

to improve the signal-to-noise ratio of the spectra obtained during the NMR experiments. 

By concentrating the CM through the removal of its associated minerals the signal-to-

noise ratio can be improved decreasing the time required to obtain useful spectra. The 

second reason concerned safety during the performance of the NMR experiments. 

Because the ceramic sample containers (rotors) are spun at tremendous speeds, the 

associated stresses on these rotors can occasionally cause them to shatter (R. Nieman, 
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personal communication). This could spread finely powdered CM and radioactive 

minerals through out the instrument and the surrounding lab. Prior removal of the mineral 

matter would prevent such an event. 

It is often veiy difficult to obtain mineral-free CM owing to the presence of 

chemically resistant minerals and minerals enclosed and protected by coatings of CM 

(Whelan and Thompson-Riser, 1993). Although effective at removing minerals, chemical 

methods involving the use of acids (e.g., HF), reducing (e. g., LiAULt), and oxidizing 

reagents (e. g., HNO3) can also chemically alter the CM (E)urand and Nicaise, 1980). For 

these reasons, a physical separation method was used. Physical separation methods 

involve placing the CM in a heavy liquor with a density slightly greater than the CM but 

lower then the associated minerals. The CM will float on the heavy liquid's surface and 

the minerals will sink, effecting the separation. The advantages of the heavy-liquor sink-

float method are that the CM is not chemically altered and its residual mineral content can 

be reduced to less than 10% by weight (Robinson, 1969). The main disadvantage is the 

possibility of fi-actionation by losing some of the CM, which adheres to sinking minerals 

with higher densities than the heavy liquid. 

In this study, the heavy liquid 1,1,2,2-tetrabromoethane (TBE) was mixed with 

acetone to produce a liquor with a density of-2.42 g/cm^ (Allman and Lawrence, 1972). 

A hydrometer was used to verify that the liquor remained at 2.42 g/cm^ during the 

separation procedure. The graphitic CM is expected to have a density less than or equal 

to graphite (2.40 g/cm^) and therefore should float on the surface of the acetone-TBE 

mixture. Minerals with a density greater than 2.40 g/cm^, including all those mentioned in 

the above sample descriptions, sink in this mixture. Samples of powdered CM were 

individually placed in centrifuge tubes containing 8 to 10 ml of the heavy liquor and 

centrifuged for 2 h. After centrifligation, the CM that remained floating or in suspension 
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was collected. This CM had a lower uranium mineral content, as evidenced by X-ray 

diffraction analyses. The mineral-separated CM was sequentially extracted with distilled 

acetone and distilled methylene chloride in order to remove any remaining TBE as wdl as 

any recent organic contaminations. Finally, the mineral-separated samples were heated at 

150° C in a vacuum oven fcM* 3 h to remove any remaining solvent residues. 

The mineral-separated samples proved to be adequate for the NMR studies. 

However, this was not the case for the powder x-ray diffraction studies. A preliminary 

X-ray diffraction examination of the samples separated by the heavy-liquid techniques 

indicated the presence of small amounts of mineral matter. To remove the remaining 

minerals, a portion of each of the 14 mineral-separated samples was treated with 

hydrofluoric acid (HF) and hydrochloric acid (HCl). This was necessary because some 

silicate minerals, in particular quartz, can inhibit or prevent the detection of graphite by 

X-ray dif&action techniques (Wedeldng and Hayes, 1983). To minimize mineral 

interference in these analyses, each of the samples was treated sequentially with 50/50, 

25/75, and 0/100 (v./v.) mixtures of HF and HCl. In each step of the mineral digestion, 1 

ml of the appropriate acid mixture was added to each sample in individual 3 ml Kel-F 

reaction vessels. The acid-sample mixtures were left standing at room temperature for 

two hours and then heated in an oven at 80 °C overnight. After each digestion step the 

samples were heated on a hot plate in air at ~ 80 °C until dry. In the final step, the 

samples were washed with IN HCl followed by triple-distilled H2O and dried at ~ 80 °C 

in air. The samples were then X-rayed to determine if detectable amounts of minerals 

remained. Three samples (GL-2753, GL-3090V, and GL-3165) contained a neo-formed 

lead chloride mineral known as cotunite (PbCh). The cotunite is a Pb salt which appears 

to have formed subsequent to the dissolution of galena (PbS) during the acid digestion 
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procedure. Subsequent washings with hot triple-distilled water and dilute HCl removed 

this neo-formed mineral. 

Reflected Light Microsa ŷ 

The petrographic descriptions were made based on the study of polished thin 

sections of the CM-rich samples. A Nikon AFX DXn petrographic microscope equipped 

with a Nikon NFX 35 mm camera was used for all the provided descriptions, 

measurements, and reflected-light photomicrographs. 

Elemental Analyses 

Elemental analyses for C, H, O, S, and residue content determinations were 

performed on a portion of each of the mineral-separated samples by Desert Analytics, 

Tucson, Arizona. A Perkin Elmer Model 240B C, H, N Analyzer was used to obtain the 

total carbon (TC), total organic carbon (TOC) and hydrogen contents by combustion with 

oxygen. TOC and TC values were acquired with and without prior digestion of the 

samples for 24 h. with 4N HCl respectively. The oxygen content was determined 

directly and not by difference, using a modified Peridn-Elmer combustion analyzer. 

Individual samples were heated with platinized carbon in the absence of oxygen at 975°C. 

The oxygen liberated from these samples was quantitatively measured as CO2. A Peridn 

Elmer Model 240C C, H, S, Analyzer was used to determine total sulfur (TS) content by 

combustion in the presence of a catalyst; all of the sulfur present in the samples was 

measured quantitatively as SO2. 
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CP'MAS NMR Spectroscopy 

In the presence of an external magnetic field, (x-ganic molecules can absorb eneigy 

in the radio frequency (RF) region of the electromagnetic spectrum (Silverstein et al., 

1991). The absorption of RF radiation is due to the presence of magnetic nuclei with 

spin, 1^0. This includes nuclei such as and In modem NMR 

spectroscopy, pulses of RF radiation, held at a constant frequency, are delivered to the 

sample in the presence of a extemal magnetic field which is also held constant. The 

resulting time-domain signal is stored and then Fourier transformed to produce a 

frequency-domain NMR spectmm. 

The variation in the position of absorption of the RF radiation in an NMR 

spectrum is dependent on the chemical environment of the individual nuclei being 

measured. The chemical environment of an individual nucleus is influenced by the 

electronic and magnetic properties of its bonded and neighboring atoms. Thus the various 

types carbon chemical bonds present in an organic molecule can be discerned in NMR 

spectroscopy. Such information can also be obtained on different types of carbon bonds 

present in the macromolecular matrix of CM. For example, aromatic carbons comprising 

polycyclic aromatic rings can be distinguished from aliphatic carbons, which comprise 

saturated hydrocarbons. The positions of absorption of the nuclei in a NMR 

spectmm are reported as chemical shifts from the peak position of a standard reference 

compound, usually tetramethylsilane (Whelan and Thompson-Riser, 1993). Table A2 

provides a summary of the carbon chemical bond types that are commonly observed in 

CM, as a function of their measured chemical shift 

In practice, the analysis of solid CM by '^C NMR spectroscopy is complicated 

by factors that affect peak broadening as well as signal intensity. Peak broadening can 

render the spectmm of a solid difficult to interpret if not unusable (Axelson, 1985). The 
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problem has been rectified to a significant extent with the development of magic-angle 

spinning (MAS) techniques (Pines et al., 1973; Peersen et al., 1993). In this technique, 

the sample is spun rapidly at an angle of 54.7*^ to the applied magnetic field. This 

dramatically reduces spectral broadening, producing usable spectra. Signal intensity is 

affected by the low relative abundance of which makes up only 1.1 % of carbon 

atoms. Because of this low relative abundance, the acquisition of traditional NMR 

spectra of carbonaceous solids can take days to weeks. However, the development of 

cross-polarization (CP) experiments, in which H nuclei, are made to exchange their 

magnetization with adjacent nuclei, strongly enhances the signals of the nuclei 

(Pines et al., 1973). This technique greatly reduces the acquisition time of spectra, 

allowing usable spectra to be obtained in minutes to several hours. 

In this study, all of the NMR experiments were performed on a Varian 400 MHz 

NMR spectrometer equipped with a 5 mm Varian magic-angle spinning (MAS) sample 

probe. The samples were placed in 5 mm o.d. ceramic rotors with torion caps and spun 

at the magic angle of 54.7° at rates of 6,500 and 11,500 Hz. Variable-amplitude cross-

polarization (VACP) experiments were performed on each of the 14 mineral-separated 

bitumen samples. The VACP experiment (Peersen et al., 1993) is a modification of the 

conventional cross-polarization experiment of Pines et al. (1973). The advantage of this 

experimental modification is that it substantially reduces or prevents the loss of signal 

intensity commonly observed at high spinning speeds (> 6 KHz) in the conventional CP 

experiment (Sardashti and Maciel, 1987). 

To obtain high-quality ^^C VACP-MAS NMR spectra for the Oklo samples, a 

series of VACP experiments was performed in order to maximize the observed signal 

intensity at spin rates 4 and 11.5 KHz. A ^^c VACP-MAS NMR spectrum was then 

obtained for each sample using these optimized conditions. The lower spin rate (4 KHz) 
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permitted the observation of the distribution and intensity of spinning side bands and the 

higher spin rate (11.5 KHz) substantially reduced the spinning side bands so that the 

isotropic absorption peaks were observable. 

Powder X-Rt̂  Diffracdon 

X-rays exhibit wavelengths on the same order as the interatomic distances in 

crystals (Hurlbut and Klein, 1977). When X-rays are passed through a crystal with an 

ordered, three-dimensional structure they are scattered, or diffracted, by planes of 

regularly spaced atoms present in the crystal. The angles of diffraction of the incident X-

rays by the various atomic planes are related to the interatomic distances between 

successive, parallel atomic planes within the crystal structure by an equation known as 

Bragg's Law; nX = 2dsin6. This is used to calculate the distances (d) from the measured 

angles (6) of diffraction. The constant 1 is the wavelength of the incident X-rays and n is 

an integer (l,2,3,...,n). The evaluation of these interplanar atomic spacings can be utilized 

in the determination of the three dimensional structure of a crystalline sample. In 

addition, information can be obtained on the degree of crystallinity of a sample based on 

these analyses. 

In powder X-ray diffraction (XRD), a commonly used technique for the 

identification of crystalline materials, including minerals and organic polymers, a finely 

powdered sample is randomly oriented on a thin glass or aluminum slide. The sample is 

then exposed to and rotated in the path of a collimated beam of X-ray radiation of 

constant wavelength. During this operation, all possible reflections of the atomic planes 

intrinsic to the crystal structure of the sample are occurring simultaneously. However, 

the detector is maintained in an appropriate geometrical relationship relative to the sample 

and the X-ray source to receive and record the individual reflections one at a time. 
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Powder XRD analyses are most often used in studies of CM to distinguish well-

crystallized graphites from disordered and amorphous carbonaceous materials (Wopenka 

and Pasteris, 1993). Such studies have been performed on a variety of carbonaceous 

materials, including graphites, coals, bitumen, and kerogens (French, 1964; Grew, 1974; 

Wedddng and Hayes, 1983; Kribek et al., 1994). The general trend observed in all of 

these studies is the decrease in d-value and peak half-width of the 002 reflection in the 

XRD powder patterns of CM samples with increasing metamorphic grade. Thus these 

XRD parameters appear to have some utility as indicators of the metamorphic grade of 

the rocks hosting the CM. 

A Siemans Model D-SOO X-ray diffractometer with a Cu Ka radiation source and 

a graphite monochrometer was used for the detection of graphite in the Oklo samples. 

Aluminum slides were used instead of glass during the X-ray analyses because the broad 

peak often observed with glass substrates also overlaps the basal reflection (</= 3.37 A) 

of graphite and CM (Wedeking and Hayes, 1983). X-ray powder diffractograms were 

obtained on each of the 13 mineral-separated samples before and after HF digestions. 

FTIR Spectroscopy 

In IR spectroscopy, the infrared radiation absorbed by organic moieties is 

converted into molecular vibrational energy (Wilson et al., 1980; Silverstein et al., 1991; 

Smith, 1996). The wavelength at which absorption occurs is dependent on several 

factors, including the masses of the individual atoms composing the molecule, the 

strengths and types of bonds between the atoms, and the geometric arrangement of the 

atoms. Thus, the IR spectra of organic molecules are usually characteristic of the entire 

molecule. Infrared absorption-band positions are reported as wavenumbers, in units of 

inverse centimeters (cm*'). This unit is reciprocally related to the wavelength of the IR 
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radiation and is pr(^ortional to the various vibration energies of the organic moieties. Not 

all of the molecular vibrations, which include stretches and bends, are observed in IR 

spectroscopy. Only those vibrations that result in a change in the bond dipole moment of 

a chemical bond or the molecule as a whole (e.g., a change in the dipole moment) are IR 

active. 

Infrared spectroscopy can reveal the chemical bond types and functional groups 

(specific arrangements of atoms) present within the matrix of CM. For example, the 

presence of alcohol flmctional groups (OH) can be distinguished from carbonyl (C=0) 

and ether (C-O-C) functional groups. This is because each of these functional groups 

absorbs IR radiation at a different frequency and is thus observed in different regions of 

the IR spectrum. A summary of the useful IR spectral absorption regions for the 

structural analysis of CM is presented in Table A2. 

The powdered CM samples (after TBE and HF-treatments to remove the 

majority of mineral matter) were heated overnight at 140® C in a vacuum oven to remove 

adsorbed moisture. The dried samples were then mixed with pure dry potassium bromide 

and cold pressed into pellets for IR measurements. The analyses were performed on a 

Perldn-Elmer Model 1800 Fourier Transform Infrared Spectrometer. The time of 

acquisition for individual spectra was 2 minutes. 

Microfocused Laser-Raman Spectroscopy 

Laser-Raman spectra are produced by the inelastic scattering of laser light as a 

result of the interchange of energy between the incident laser radiation and the molecules 

composing the sample (Freeman, 1974; Wilson et al., 1980). This interchange produces 

vibrational and/or rotational changes in the molecules that scatter the light. In the Raman 

technique, like IR spectroscopy, we observe the effects of radiation on the vibrational 
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states of molecules. The two techniques are complimentary and often the vibrational 

modes that are not observed (inactive) in one technique will be observed (active) in the 

other (Silverstein et al., 1991). 

Laser Raman spectroscopy is used in studies of CM to distinguish its degree of 

crystallinity and structural order. The first-order laser Raman spectra of fully-crystalline, 

well-ordered graphites exhibit a single sharp band, known as the order band or 0-band. It 

is centered at ~ 1582 cm'^ and is the result of in-plane vibrations, that is, vibrations that 

occur within the planes of individual graphitic or polycyclic aromatic sheets. This band 

has been assigned to the doubly degenerate E2g vibration modes of graphite (Tuinstra and 

Koenig, 1970). The term doubly degenerate refers to the occurrence of two vibrations of 

approximately equivalent energy within the hexagonal rings of adjacent graphitic sheets. 

Disordered graphites, kerogens, and coals exhibit a second spectral band, referred to as the 

disorder or D-band. This band is typically centered near 1360 cm-i in disordered 

graphites (Tuinstra and Koenig, 1970; Lespade et al. 1982) and at lower wave numbers, 

between 1340 and 1350 cm-^, in coals and kerogen (Wopenka and Pasteris, 1993). 

Lespade et al., (1982) noted the increase in the intensity (and area) of the D-band with 

decreasing graphite crystallite size. The presence or absence of the D-band, the widths of 

both bands, and the relative intensity and area ratios of the two bands can all be useful 

parameters in determining the degree of structural order of CM (Wopenka and Pasteris, 

1993). A third band at 1620 cm^' is commonly observed in association with the band at 

1360 cm-^ The 1620 cm'^ band is also considered a disorder band but in a different sense 

than the 1360 cm'^ band. Its appearance is related to graphites that exhibit variations in 

the stacking height, Zc, of their sheets. Its appearance has been related to the 

"delamination" of the layered planes (McCreery and Packard, 1989) resulting in a 

turijostratic structure. 
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Microfocused laser Raman spectra were obtained from polished thin sections of 

several of the solid-bitumen samples. Excitation of the Raman scattering was achieved 

using the 488 nm line from a Coherent Model 90-S Argon (Ath) laser. The laser focusing 

and collection optics were built in a backscattering geometry (180°) around a modified 

Olympus BH-2 petrographic microscope. The Raman spectra were obtained using an S. 

A. Instruments triple spectrometer equipped with a 600 grove/mm grating which 

dispersed the Raman scattered light onto a Princeton Instruments CCD PI-1100 detector. 

The spectral window scanned was set between 400 and 1800 cm'^ in order to examine the 

first-order Raman spectral lines at -1590 and ~1350 cm"^ typically observed for 

carbonaceous solids. An acquisition time of 120 s was adequate for the collection of 

spectra with an acceptable signal-to-noise ratio. The peak positions of the Raman spectra 

were calibrated using the known frequencies of Ne gas emission lines shifted from the 488 

nm excitation line of the Ar laser (Savoie and Pigeon-Gosselin, 1983). The Ne emission 

lines were produced by a Neon gas lamp placed in front of the Olympus microscope 

optics. The spectra of several samples were calibrated using a secondary quartz standard. 

The quartz peak positions had been previously calibrated using Ne gas emission lines 

(McMillan et al., 1992). 

The laser spot size on the surface of the samples was 3 to 5 microns. Low laser 

powers of ~2 mW or less were used to excite Raman scattering in all of the Oklo samples 

studied. This was necessary as higher powers caused the samples to bum, producing 

observable discolorations or pits on the surface of the CM. The resulting Raman spectra 

are considered unreliable because of the damage to the structure of the CM induced by the 

laser beam (Wang et al., 1989). To avoid obtaining spectra from heat damaged CM 

surfaces, the analyzed surfaces were carefully checked for discolorations and pits after 

each acquisition. 
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Standard thin-section polishing procedures can increase structural disorder in the 

resulting polished carb<xiaceous solids (Wang et al., 1989; Pasteris, 1989; Wopenka and 

Pasteris, 1993; Kribek et al., 1994). This polish-induced disorder can affect the Raman 

spectra of these solids. By focusing the laser beam on CM beneath the thin section's 

surface through a transparent mineral such as quartz, spectra on unpolished CM can be 

obtained (Pasteris, 1989). This can be done where CM extends beneath the surface of an 

adjacent transparent silicate grain. Several attempts were made to obtain spectra in this 

manner on Oklo CM in order to evaluate polishing effects on the laser Raman spectra. 

Results 

Reflected-Light Microscopic Analyses 

Representative photomicrographs showing the mineralogy and textures of the 

samples examined in this study are presented in Figures A2-A9. The majority of these 

samples are similar petrographically to those described previously by Mossman et al. 

(1993). Note that the non-uraniferous sample LN-12 exhibits a homogeneous reflectance 

and no observable mineral inclusions (Figure A2). All of the non-uraniferous samples 

exhibit relatively high reflectance. For example, sample LN-12 has a mean maximum 

reflectance of Ro max = 4.95 %, n = 25 measurements (Mossman et al., 1993). 

In comparison, the uraniferous samples contain numerous mineral inclusions, 

including uraninite, galena, illite, and in a few cases, small amounts of quartz. The 

reflectance of the uraniferous bitumens is typically lower compared to the uraniferous 

CM. For example, sample GL-3165 exhibits a mean maximum reflectance of Romax = 

2.49 %, n = 38 measurements (Mossman et al., 1993). The uraniferous samples away 
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from the natural reactors (GL-3S41) exhibit micron-sized grains of uraninite disseminated 

in a solid caibonaceous matrix (Figure A2). Samples firom within and adjacent to the 

natural reactors exhibit more complicated textures (Figures A4, A5, and A6). Here the 

uraninite grains have veiy irregular shapes and grain boundaries that are often embayed. 

Such textures are commonly observed in uraniferous CM-rich samples from the Oklo 

natural reactors (Mossman et al., 1993; Eberiy et al., 1994). These textures suggest that 

the uraninites have been corroded and replaced by clay minerals as well as CM. In some 

cases uraninite grains appear to have been pushed apart by CM, as illustrated in Figure 

AS. If CM has pushed apart uraninite grains it likely enclosed the uraninite after the 

uraninite and clays precipitated. Just such a mineral-CM paragenesis is indicated by the 

photomicrographs of sample D-73 from the core of CM rich natural reactor 10. These 

photomicrographs (Figure A8) show euhedral and subhedral uraninite crystals enclosed 

by both clays and CM. In many cases the uraninites are fractured or pushed apart by 

clay minerals where CM is absent. Where CM is present uraninites are fractured and 

filled with clay minerals and then enclosed in CM. This suggests that uraninite 

crystallized first and was subsequently fractured. Clay minerals filled in these fractures 

(Figure A8 A and B). CM is then observed enclosing the fractured, clay filled uraninite 

grains. In many cases these aggregates of clay and uraninite are pushed apart and 

surrounded by solid CM which appears to have formed last (Figure A8 C). 

Nagy et al. (1991, 1993) and Nagy and Kigali (1993) proposed that liquid bitumen 

enclosed uraninite in the reactors after it had crystallized with its associated fission 

products. This assertion is supported by the petrographic observations presented in this 

paper. In reactor samples GL-2753, GL-3165 and D-73, CM appears to have become 

incorporated into the rock after the crystallization of uraninite and clay minerals. In some 

cases anhedral uraninite crystals are present, exhibiting corroded and embayed grain 
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boundaries. Such textures indicate that these grains may have been partially altered before 

they were enclosed by bitumen. This has important implications for U and fission-

product retention in the CM-rich natural reactors. During the period of time in which the 

uraninite grains were corroded, radionuclide migration from the reactors occurred. 

However such radionuclide loss ceased when viscous bitumen enclosed uraninite grains 

and solidified, immobilizing the uraninite and its incorporated fission products (Nagy et 

al., 1991, 1993). 

A number of the uraniferous samples exhibit more than one type of bitumen based 

on measured reflectances. This is shown clearly in the photomicrographs of samples GL-

3541 and Acess OD-15 (Figure A7). Both these samples contain a relatively low-

reflectance CM with observable uranium inclusions. In addition, a second, relatively high-

reflectance CM is also present, with no observable mineral inclusions. 

The presence of domains of high-reflectance bitumen devoid of uranium minerals 

in close association with low-reflectance uraniferous CM, has been related to the origin of 

the Oklo uranium ore deposit. Small amounts of the high-reflectance CM similar to the 

non-uraniferous solid bitumen (e.g. LN-12) have been observed in the U-ore deposits 

(Cortial, 1985; Cortial et al., 1990). However, it never contains uranium mineral 

inclusions; the uranium minerals are associated only with the low-reflectance CM (F. 

Gauthier-Lafaye, personal communication, 1993). This low-reflectance CM appears to 

have been altered by the oxidizing uranium bearing fluids to produce a solid bitumen with 

relatively high oxygen contents (Cortial, 1990; Gauthier-Lafaye and Weber, 1989). The 

high reflectance CM is believed to be the remnants of bitumen unaltered by the ore-

bearing fluids. If this is the case, then it is expected to be different compositionally and 

structurally from the uraniferous CM and perhaps similar to the non-uraniferous CM 

observed away from the ore deposit and natural reactors. Microfocused laser Raman 
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studies reveal that the high-reflectance CM associated with the ore deposits is indeed 

different from the U-mineralized CM and similar to the non-uraniferous CM (e. g. LN-12 

and OK-133) located away from Oklo (see below). 

Etemenial Anafyses 

C, H, O, S elemental abundances, along with H/C, 0/C, and S/C atomic ratios of 

the mineral-separated solid bitumens, are presented in Table A3. In several samples total 

organic carbon (TOC) values are slightly higher than the samples respective total carbon 

(TC) values. However, in these cases the TC and TOC values are actually the same 

within the experimental error of the analyses, 0.6% (R.C. Johnson, personal 

communication, 1996). Treatment of the samples with HCl to remove inorganic carbon 

(e.g. calcium carbonate) produced no observable evolution of gas. This observation alcxig 

with the close agreement of the TC and TOC values indicate that inorganic carbon is 

virtually absent in all of the samples. 

The observed H/C ratios range between 0.21 and 0.56 and the 0/C atomic ratios 

vary widely between 0.01 and 0.33 in samples of the Oklo CM. All of the uraniferous 

samples have H/C and 0/C ratios at least an order of magnitude higher than those 

typically observed for crystalline graphite (e. g. H/C = 0.02 and 0/C = 0.01 for graphite 

from Sonora, Mexico (Kigali and Nagy, in press). In fact, the Oklo CM, in particular the 

uraniferous CM, contains substantial amounts of hydrogen and oxygen incorporated in its 

structure as compared to other occurrences of graphitic CM with similar ages (Wedeking 

and Hayes, 1983). The non-uraniferous samples have lower H/C ratios than their 

uraniferous counterparts, but their 0/C ratios are notably lower, approaching the values 

observed in graphites. Sulfur contents are fairly low in all of the samples examined. The 

small S/C ratios provided in Table A3 indicate there is less than 1 sulfur atom per 100 



5 8  

carbon atoms in the uraniferous CM. S/C ratios in the non-uraniferous CM are even 

smaller, in most cases containing less then 1 S atom per 1000 carbons. The residue 

content of the 10 uraniferous samples after mineral separation averages 10.2% by weight. 

For comparison, the residue content of several Oklo uraniferous samples which were not 

subjected to mineral extraction including D-75, OP-34, GL-2753, GL-3090A, and GL-

30390V, averaged 42.9% (Kigali and Nagy, in press). This indicates that a substantial 

portion of the residue is mineral matter, the majority of which was removed by the TBE 

extraction procedure. 

Amongst the samples examined in this study, the uraniferous CM exhibits higher 

H/C, 0/C, and S/C ratios than the non-uraniferous CM. However, note that the residue 

content of the uraniferous samples is also higher than the non-uraniferous samples. This 

points to the possibility, as noted by Kigali and Nagy (in press), that residual minerals in 

these samples may be affecting their measured elemental abundances. In this connection, 

recall that small amounts of hydrous clay minerals (e. g. illite) and sulfide minerals (e. g. 

galena) were observed in the petrographic thin sections of several of the uraniferous 

samples. To evaluate possible contributions of such residual minerals to the measured 

elemental abundances, the HF-treated fractions of four of the CM samples were subjected 

to elemental analyses subsequent to their examination by X-ray diffraction (Table A4). 

The samples chosen exhibited moderate to high residue contents in their mineral-separated 

fractions but contained no detectable minerals by XRD in their HF-treated fractions. The 

four HF- treated fractions examined contained significantly less residue matter then the 

mineral-separated fractions, averaging less than 1% residue by weight. A comparison of 

the mineral-separated and HF-treated fractions show there is little or no change in the S/C 

ratios even though the residue content was reduced. However, H/C ratios decreased 

slightly as compared to the mineral-separated fi-actions but remained high overall as 
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compared to graphite. This may indicate a small contribution from clays and other 

hydrous minerals to the measured hydrogen content in some of tiie uraniferous CM. 

With one exception, the 0/C ratios showed small or no changes over the mineral-

separated fractions and also remained high as compared to graphite. The exception, 

sample D-75-HF, showed a substantial increase in its oxygen content (14.12 %) as 

compared to the mineral-separated fraction (7.56%) and the untreated fraction (8.9 %). 

However, in the absence of significant quantities of residual minerals, the hydrogen and 

oxygen contents of the Oklo CM still remain high indicating the overall contribution of 

these elements from minerals is small. 

The presence of significant amounts of hydrogen and oxygen in the structure of 

the Oklo uraniferous CM is supported by elemental analyses obtained by Cortial et al. 

(1990) and Rock-Eval data obtained by J. S. Leventhal (written communicaticHi, 1989). 

Their results confirm that the Oklo uraniferous CM exhibits high O contents. Elemental 

analyses of the HF-treated samples that contain no detectable minerals still exhibit high O 

contents indicating the oxygen is not originating from minerals present in the CM. 

Therefore, it seems likely that the oxygen is present in the CM matrix. 

CP-MAS NMR Spectroscopic Analyses 

'^C CP-MAS NMR spectra of several samples (LN-12, GL-3541, OP-34, and D-

75) are presented in Figure A9. These experiments revealed that all of the Oklo CM 

samples exhibit a broad resonance absorption peak centered near 125 ppm, which spans 

the spectral region between 100 and 160 ppm. This peak represents aromatic carbons. In 

addition to the aromatic carbons, a second resonance absorption peak was observed in 

some of the uraniferous samples centered near ~30 ppm, spanning the region between 60 

and -10 ppm. This peak occurs in the aliphatic region of the spectrum, indicating the 
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presence of some saturated hydrocarbon moieties together with the aromatic moieties 

within the solid matrix of these samples. 

Two additional peaks are present centered near 240 ppm and 0 ppm, respectively. 

These peaks can be seen cleaiiy in the spectrum of sample LN-12 (Figure A9). Th^ 

represent spinning side bands or satellite bands of the aromatic peak that are separated by 

a distance equal to the spinning frequency, in this case ~11.5 KHz, from the main 

aromatic peak. In some of the samples, for example D-75 and OP-34, the spinning side 

band at 10 ppm is obscured by the broad overlapping aliphatic resonance peak. 

Several of the samples (e.g., GL-3541) show additional broad absorption peaks 

centered near 80 and 40 ppm. However, part if not all of each of these peaks is a 

background signal produced by the SiN rotor and its Torlon cap. A spectrum obtained on 

the empty rotor and cap is presented together Avith the spectrum of GL-3541 in Figure 

AlO. The cap spectrum was subtracted from the spectrum of GL-3541 to produce a 

third spectrum. The resulting spectrum shows that the absorptions centered near 80 ppm 

and 40 ppm are barely discernible above background. 

Background-subtracted spectra of several of the samples (BA-145, ES-13, and D-

75) are presented in Figure All. This figure is presented to illustrate the change in 

individual spectra once the background signal is removed. All of these spectra show little 

or no resonance absorption in the spectral regions near 80 ppm and 40 ppm, with the 

exception of sample D-75. This sample, along with OP-34 and GL-2753, still exhibits 

significant absorption in the 40-50 ppm region after the background subtraction. This 

suggests the presence of aliphatic carbon bonded to oxygen, e.g. CH3-O- (Axelson, 1985). 

The relatively high oxygen contents of the uraniferous samples, as indicated by 

the elemental analyses, suggest the presence of oxygen in the CM matrix. The NMR 

data give some indication of its distribution in the spectra of the samples shown in Figure 
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A12. Samples BA-14S, ES-13, and GL-316S exhibit small peaks at between 190 and 

200 ppm. Peaks in this region correspond to catboxylic (COOH), aldehyde (RHC=0), 

and ketone (RR'C=0) functional groups. In addition, note the small shoulder on the 

broad aromatic peak between ISO and 160 ppm in samples GL-316S, ES-13, and GL-

3090A. Resonance absorption in this region suggests the presence of oxygen bonded to 

aromatic moieties (e.g. Ar-O-Ar and Ar-O-H). 

The presence of H in the carbonaceous matrix of both the uraniferous and non-

uraniferous samples is confirmed by the VACP-MAS NMR experiment. Cross-

polarization experiments on hydrogen-deficient carbonaceous materials such as graphite 

and amorphous carbon will not produce usable signals (Hatcher et al., 1986). Thus the 

absence of protons in the Oklo CM samples would render the '^C VACP-MAS NMR 

experiments ineffective and little or no resonance absorption would be observed. This is 

clearly not the case as these experiments show strong resonance absorption peaks in the 

spectra of the Oklo CM (Figures Al 1-A13). 

The hydrogen, or protons, present in most of the Oklo samples are mainly 

associated with aromatic carbons as indicated by the ^^C NMR. The aromatic protons 

associated with polycyclic aromatic sheets are located only on the edges of these 

polycyclic aromatic sheets. Likewise, the aliphatic moieties present in the uraniferous 

samples (D-75, OP-34, and GL-2753) are also located on the aromatic sheet edges. In 

some cases such moieties bridge or connect adjoining aromatic sheets. The protons, 

aliphatic moieties, and aliphatic bridges which are all located on the edges of polycyclic 

aromatic sheets, represent a loss of the symmetry and ordering of the aromatic carbons in 

the sheets. The presence of increasing amounts of these moieties in graphitic CM would 

result in increasing disorder in the graphite structure. 
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There appear to be at least two types of uraniferous CM present in the ore 

deposit and associated natural fission reactors based upon the structural analyses 

presented in this paper. These structural types are also distinguished from the non-

uraniferous CM found within and away from the ore deposits. Both the uraniferous CM 

structural types contain polycyclic aromatic hydrocarbons, but they differ in the amount 

of aliphatic moieties present. Three samples D-7S, GL-27S3, and OP-34 contain a strong 

aliphatic signal in addition to the aromatic signal. Note that these three samples also 

exhibit the highest H/C atomic ratios of the samples analyzed. The relatively high H/C 

ratios are consistent with presence of the strong aliphatic absorption because aliphatic 

moieties have higher H/C atomic ratios than polycyclic aromatic moieties. Samples GL-

3090A, GL-3090V, GL-3165, GL-3541, ES-13 Nord, and BA-145 contain small amounts 

of or no aliphatic moieties in addition to their aromatic components. They contain H/C 

ratios intermediate between the aliphatic CM and the non-uraniferous CM. Based on the 

^^C VACP-MAS NMR studies, the non-uraniferous CM samples OK-133, OK-2I2, and 

LN-12 are composed of polycyclic aromatic hydrocarbons only. These samples have the 

lowest H/C ratios, consistent with polycyclic aromatic CM. The H/C ratios and NMR 

spectra of these samples are comparable to those of anthracite coals (Wilson et al., 1984) 

which are composed almost entirely of aromatic carbon arranged in stacked sheets. There 

is no clear distinction between the highly aromatic uraniferous CM and the aromatic non-

uraniferous CM by the ^^C VACP-MAS NMR experiments employed in this paper. 

However, the structural differences between the two types of CM are indicated by other 

techniques and data from previous studies. 

A number of the ^^C CP-MAS NMR spectra of the uraniferous CM exhibit 

observable resonance peaks in the spectral regions indicative of oxygen-bearing moieties 

(Figure A12). However these resonance peaks are weak when observed, in some cases 
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only slightly above the spectral background. This is surprising considering the relatively 

high oxygen contents of some of the samples. Similar results have been obtained on 

several samples of oxygen-rich uraniferious CM in the Morrison Fcxination of the San 

Juan Basin, New Mexico (Hatcher et al., 1986). Despite O contents of more than 20% 

by weight in some of the unweathered uranium-bearing CM, the NMR spectra of these 

samples showed minimal amounts organic oxygen functicmality. In the case of the Oklo 

uraniferous samples the ^^C NMR and IR data indicate that oxygen is distributed in 

several difTeroit chemical environments including carbonyl, carboxyl, phenolic, and 

perhaps 0-bearing heteroatomic aromatic moieties. Such a heterogeneous distribution of 

oxygen means that the relative amount of O in any one specific chemical environment 

(e.g., phenolic) is low, despite the high overall O abundances in the uraniferous samples. 

^^C CP-MAS NMR experiments with long runtimes, on the order of 40-80 hours, would 

reduce the signal-to-noise ratios to levels where the individual oxygen environments could 

be clearly resolved. 

Powder X-Ray Di/jfraction Analyses 

Powder X-ray diffraction patterns were obtained on the mineral-separated 

bitumens before and after HF-treatment. The diffractograms on the samples before HF-

treatment reveal the presence of small amounts of residual mineral matter, which remained 

in the samples after using the heavy-liquid mineral-separation technique. The minerals 

that remained and were identified by x-ray dif&action include uraninite, galena, and in 

some samples, quartz, feldspars, and dolomite. 

The XRD powder patterns of several of the HF-treated uraniferous and non-

uraniferous solid bitumen samples are shown in Figure A13. For comparison, 

difTractograms of graphite and the aluminum slide substrate are also shown, together with 
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the representative sample dif&actograms. bi addition, peak centroid positions, J-values, 

and peak full widths at half maximum (FWHM) for ail of the samples studied are 

summarized in Table A4. The peak centroids were determined using a geometric 

technique as shown in Figure A14 (Wedeking and Hayes, 1983). 

The powder diffiactograms reveal a single broad peak that is observed in all of the 

Oklo samples. The additional peak at 38.47° 26 is the 111 reflection of aluminum. A 

c<Mnparison of the XRD data reveals some basic dififerences between the uraniferous and 

non-uraniferous samples. The non-uraniferous samples exhibit a broad peak centered 

between 25.7® and 25.5® 20, corresponding to of 3.47 to 3.49 A 

respectively. These samples exhibit an average FWHM value of 4.3® 20. In 

comparison, the uraniferous samples exhibit even broader peaks with 

between 3.73 - 4.04 A and an average FWHM of 8.1® 20. Based on its 20 position and 

calculated </-value these broad peaks appear to be a very poorly developed 002 graphite 

reflection (Figure A13). The observed in the Oklo samples are shifted from 

the prominent basal 4x)2 reflection observed for well-ordered graphite at 26.52® 20 (3.37 

A). They do not indicate presence of well-ciystallized graphite, like that of the Sonoran 

graphite standard, shoAvn for comparison in Figure A13. 

X-ray diffraction studies are commonly employed in the characterization of many 

types of CM including asphaltenes (Yen et al., 1961; Lugay, 1962), coals (Ergun, 1968), 

coal chars (Johnson et al., 1986), kerogen (French; 1964; Grew, 1974; Wintsch et al., 

1981; Wedeking and Hayes, 1983; Kribek et al., 1994). These studies showed that many 

types of CM typically contain carbon bonded together to form polycyclic aromatic 

hydrocarbon molecules. Stacked sheets of polycyclic aromatic hydrocarbons can form a 

three-dimensional graphite-like structure in CM. Such stacked sheets are capable of 

producing an X-ray or electron diffraction pattern (Bonijoly et al., 1982). The XRD data 
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can be used to estimate the dimensions of these graphite crystallites and polycyclic 

aromatic hydrocarbon sheets in coals and kerogen (Eigun, 1968; and Wintsch et al., 1981). 

The dimension parallel to the graphite or pdycyclic aromatic hydrocarbon layers is 

known as La (Ruland, 1968). It can be estimated from the measured peak broadening of 

the 110 reflection of graphite. The dimension perpendicular to the graphite or polycyclic 

arcMnatic layers is defined as Lc, and its size can be estimated fi'om the measured peak-

broadening of the 002 reflection of graphite. There are a number of complications with 

using XRD data to estimate graphite ciystallite dimensions. XRD peak widths are 

dependent on the grain size distribution and grain orientation of the powdered samples as 

well as on instrumental broadening effects (Wopenka and Pasteris, 1993). A major 

assumption in studies that use XRD data alone to estimate graphite crystallite dimensions 

is that the observed reflections are produced only by graphite-like structures (Ergun, 

1968). This is not necessarily a valid assumption. For example, Ergun and Tiensuu 

(19S9) calculated that cubic and hexagonal diamond-like carbon structures produce 

reflections that overlap those produced by the graphite ciystallites and polycyclic 

aromatic structures present in CM. Coals, kerogen, and solid bitumen can contain 

significant amounts of other elements including H, O, S, and N. These elements can also 

affect the scattering of X-rays while making a considerable contribution to the CM 

structure (Ergun, 1968). Ergun (1968) concluded that, as a general rule, many XRD-

determined parameters such as la, Lc, average carbon bond lengths, and layer-size 

distributions may invalid or have no true physical meaning for CM samples containing 

less than 90% caibon by weight. Note in this connection that the Oklo uraniferous 

samples all contain less than 90% carbon by weight and significant amounts of elements 

other than carbon that may also be contributing to the CM structure and the observed 

XRD reflections. 
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Only the non-uraniferous samples contain carbon in amounts appropriate for the 

estimation of crystallite dimensions using the XRD data. In addition, the NMR analyses 

of these samples indicate they are composed almost entirely of aromatic carbon. An 

estimate of the crystallite dimension Lc of the non-uraniferous samples can be calculated 

without correcting for instrumental broadening effects using the following equation, 

modified from Ergun (1968); 

(X)Lc = Y^xBd 

where Lc is the crystallite dimension, Hd is the FWHM value of the 002 reflection in A 

and K is a constant called the shape factor and assigned a customary value of 0.9. 

Sample LN-12, with an H/C ratio of 0.22 has an average Lc of 17 A and sample OK-133 

with a H/C ratio of 0.21, has an average Lc oi 20 k This is in good agreement with Lc 

value of 14 A calculated for an anthracite coal with an H/C ratio of 0.203 (Ergun, 1968). 

The crystallite dimension La, or sheet size, can be calculated from the 110 reflection but, 

as noted above, the 110 reflection was not observed in the XRD powder patterns of any 

of the Oklo uraniferous samples. The absence of this peak in the XRD powder patterns 

of amorphous and poorly crystalline CM is not uncommon (Lugay, 1962; French, 1964; 

Wintsch et al., 1981; Kribek et al., 1994). However, a reasonable estimate of La for the 

non-uraniferous CM can be made using the H/C ratios and ^^C CP-MAS NMR data 

presented in this study (see below). 

It has been observed that H/C ratios decrease with decreasing dbo2 spacing and 

FWHM values in CM during progressive metamorphism and the development of an 

ordered graphite structure (Grew, 1974; Wedeking and Hayes, 1983). A well-ordered 

graphite structure typically appears at H/C ratios of less than 0.1 and corresponds with 

the disappearance of chlorite and the transition from low- to medium-grade 

metamorphism at temperatures of 350-400 °C (Wedeking and Hayes, 1983). CM from 
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unmetamorphosed sediments is not crystalline graphite but is instead a poorly crystalline 

or amorphous aggregate of high-molecular-weight hydrocarbons (French, 1964). In light 

of these observations it appears the Oklo CM is not well-ciystallized graphite but a 

poorly crystalline to amorphous carbonaceous material. Qualitatively, the powder x-ray 

difi&actograms of the uraniferous CM are comparable to those observed for asphalts 

(Lugay, 1962). The XRD data and H/C ratios of the Oklo samples can be compared to 

similar data obtained on a suite of CM samples from rocks of known metamorphic grade 

(Wedeking and Hayes, 1983). Recall that the non-uraniferous sample LN-12 exhibits an 

H/C ratio of 0.2 and the presumed 002 reflection is centered at 25.3° 2Q (d = 3.51 A) with 

a FWHM of 4.7° 2Q. This is similar to samples of CM from the 2.2 Ga-old Transvaal 

Dolomite ( H/C = 0.21,ti^ = 3.56 A, FWHM = 4.96) and the 2.1 Ga-old Belcher 

Supergroup (H/C = 0.26, tiboz" 3-57 A, FWHM = 4.88). These rocks are considered 

only minimally metamorphosed. This is consistent with the observations of 

metamorphic rank in the rocks of the Francevillian Series, which host the Oklo ore 

deposit. Based on fluid-inclusion data from quartz overgrowths in the sandstones that 

host the ore deposit, Gauthier-Lafaye and Weber (1989) estimated a maximum 

temperature of ~200° C and a burial depth of4000 m corresponding to a pressure of 400 

bars. This study, coupled with the lack of petrologic evidence for metamorphism, led to 

their conclusion that the rocks that host the Oklo ore deposit have undergone severe 

diagenesis but show little or no evidence of metamorphism. Interestingly, the samples 

that are expected to have been exposed to the highest temperatures, those from the reactor 

cores (GL-2753, BA-145, and D-75) and the sample collected adjacent to a 10 cm-thick 

dolerite dike (OP-34) are the most disordered and pooriy crystalline as evidenced by the 

broad weak 002 reflection. However, recall that these samples contain significant 

amounts of hydrogen and oxygen, which could be contributing significantly to the broad 
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reflection. The difTerences in the geochemical, radiological, and gedogical environments at 

Oklo likely account for the differences observed in the XRD studies of the Oklo samples. 

FTIR Spectroscopic Anafyses 

Typical IR spectra of several of the samples are shown in Figure A18. A number 

of analytical difiRculties had to be overcome in order to obtain ER spectra of the Oklo solid 

CM. The first involved producing a KBr pellet with CM that would transmit infixed 

light. Even small amounts of CM mixed with KBr produced a black pellet after cold 

pressing, which did not transmit visible or IR light. Small amounts of sample, ~ 0.1 mg or 

less, mixed with ~lg of KBr, produced a pellet that transmitted enough infhu^d light to 

obtain a spectrum. Many of the samples also show the effects of IR light scattering off 

individual grains of CM. This results in a sloping spectral background that increases from 

low to high wavenumbers. This scattering effect was minimized by grinding the CM 

samples to a smaller average grain size. 

Most of the detected IR absorption peaks in the samples are weak and broad due 

to low transmissivity of the samples to IR light. A substantial portion of the CM, in 

particular the interiors of the individual grains, may not be penetrated and sampled by the 

ER. radiation. It is likely that most of the IR radiation received by the detector is 

transmitted at the edges of the CM grains where they are the thinnest and most 

transparent. A consequence of this is that even small amounts of surface-adsorbed 

substances such as water may be observed in such non-transparent materials. Even after 

precautions were taken to remove adsorbed moisture, all of the samples, including those 

of a Sonoran graphite standard, showed the presence of adsorbed water. The strong broad 

band at 3400 cm*^ and a second adsorption band centered at 1640 cm*^, are indicative of 

surface-adsorbed water (Rouxhet et al., 1980). The band at 3400 cm*^ interferes with the 
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observation of the alcohol C-O-H region of the IR spectrum. For this reason, it is not 

possible to confirm the presence (x* absence of alcohol functional groups in the matrix of 

the Oklo CM. The band observed near 1710 cm-^ typically observed on the shoulder of 

the 1640 cm~i band, is likely due to the presence of some carbonyl (C=0) functional 

groups in the samples (Rouxhet et al., 1980). This peak occurs as a distinct shoulder on 

the 1640 cm-l band in sample GL-3090A, which has the highest oxygen content of all the 

samples examined. The peak centered near 1175 cm-' occurs in the region of the IR 

spectrum typically assigned to ether (C-O-C) functional groups. 

The IR studies provide functional-group information on the bulk samples. They 

indicate the presence of small amounts of aliphatic carbonyl functionality. In addition the 

broad peak near 1100 cm-^ may be indicative of ether (C-O-C) functionality. Micro-

infrared studies on the Oklo uraniferous CM indicate the presence of aliphatic, aromatic, 

and carbonyl functionality as well as the carbonyl functionality observed in this study 

(Landais, 1996). Interestingly, the intensity of the aromatic and carbonyl bands was 

observed to increase at the expense of the aliphatic band in close proximity to individual 

uraninite grains. This is interpreted to be a result of radiolytic alteration as well as 

oxidation of the carbonaceous matter in close proximity to the uraninite grains. 

Microfocused Laser Raman Spectroscopic Anafyses 

^ficrofocused laser Raman spectra of several of the Oklo non-uraniferous and 

uraniferous CM samples are shown together in Figure A15. Similar to Precambrian coals 

and kerogens (Wopenka and Pasteris, 1993), the laser Raman spectra of the Oklo CM 

exhibit two broad bands. The first band, centered near 1350 cm"^ is the disorder or D-

band. The D-band owes its origin to the presence of graphite and polycyclic aromatic 

sheet boundaries or "edges", which increase as the average sheet size decreases (Wang et 
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al. 1990; Wopenka and Pasteris, 1993). The second, sharper band at -1600 cm'^ is 

known as the order or 0-band. In CM such as kerogen and coal, the 0-band exhibits a 

change in shape and is significantly broader and shifted to higher wavenumbers than in 

graphite (Wopenka and Pasteris, 1993). These 0-band changes result from overlap of the 

two bands centered near 1582 and 1620 cm~^ respectively. In very disordered graphitic 

structures, such as those of coal and kerogen, the two bands cannot be resolved, resulting 

in a single broad band centered at ~1600 cm*'. 

Note that both of the O- and D-bands are considerably broader in the spectra of 

the uraniferous CM as compared to the non-uraniferous CM (Figure AIS). This 

difference in band width can be quantified by a comparison of the band full width at half 

maximum intensity (FWHM) values presented in Table AS. The average FWHM in cm-' 

of the D-band for the non-uraniferous CM is 156.7, as compared to 219.8 for the 

uraniferous CM. Similarly, for the 0-band the average FWHM in cm-^ is 46 for the non-

uraniferous CM, which is much smaller than the value, 80.3, exhibited by the uraniferous 

CM. There are also small differences in the peak positions of the two types of CM. The 

non-uraniferous CM shows 0-band positions from 1334-1339 cm*l and D-band 

positions from 1598 to 1606 cm-^ The uraniferous CM shows the same peaks at 1347-

1353 cm-i and 1587-1593 cm'^, respectively. The uraniferous CM exhibits broader peaks 

that are closer together in their scattering energies as compared to the non-uraniferous 

CM. 

Differences in the Raman spectra of uraniferous and non-uraniferous CM, which 

occur together in the thin sections of samples Acess OD-15 and GL-3541, can be 

observed in Figure A16. As noted above in the petrographic studies, both samples 

contain small amounts of high-reflectance, non-uraniferous, solid bitumen in association 

with the low-reflectance, uraniferous CM. A comparison of peak positions and peak 



7 1  

widths of the non-uraniferous CM in GL-3S41 and OD-15 shows it is similar to the non-

uraniferous CM samples away from the ore deposit and natural reactors (LN-12 and OK-

133). 

The 13S0 cm*' peak is prominent in all of the spectra obtained in this study. The 

presence of this peak and its intensity may be an artifact of the thin-section polishing 

process (Fastens, 1989). For this reason, attempts were made to obtain Raman spectra 

on unpolished CM using the method of Pasteris (1989) as described above. Numerous 

attempts were made to obtain spectra on CM through transparent quartz grains by 

varying the laser beam's depth of focus in several regions for samples OK-133 and Acess 

OD-15. The resulting spectra commonly exhibited peaks at 464, 510, 808 and 1082 cm'^ 

These peaks correspond in both position and relative intensity to those observed in the 

Raman spectrum of unshocked single crystalline quartz (McMillan et al., 1992). A 

representative spectrum of unpolished CM in sample OK-133 is presented in Figure 

A17, along with a spectrum obtained on the surface of the adjacent polished CM. Note 

that there is very little difference in the spectra of the polished and unpolished CM in this 

sample. However, the FWHM values of the D-band in the spectra of the unpolished CM 

in OK-133-11 and OK-133-15 indicate the 0-band is narrower than the spectrum of 

polished CM (Table A5). The 0-band is only slightly narrower in unpolished CM. The 

positions of the D- and 0-band are shifted 4 and 6 wavenumbers higher, respectively, in 

the unpolished CM than in the polished CM. Despite these small differences the spectra 

of the polished and unpolished CM of sample OK-133 are very similar. Thus it appears 

that polishing effects on die Raman spectra are minimal in the Oklo samples. 

Similar to the kerogen and coal samples examined by Wopenka and Pasteris 

(1993), the Oklo samples exhibit broad 0-bands, which are shifted to higher 

wavenumbers. As is the case for the disordered coals and kerogens, the 1582 cm-' and 
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1620 cm~^ bands strongly overly and cannot be resolved. In particular, the uraniferous 

samples show very broad 0-bands centered near 1590 cm'^ with FWHM values of 

between 74 and 88 cm'^ This indicates the Oklo samples exhibit strong stacking disorder 

similar to kerogens and coals, hi addition, the strong broad D-band centered between 

1340 and 1350 cm'^ indicates the presence of significant amounts of edge carbons. A 

qualitative comparison to the Raman spectra of cryptocrystalline graphites of known 

crystallite size (Lespade et al., 1982) suggests that the average crystallite size. La, of all 

of the Oklo samples is less than 70A in size. 

The microfocused laser Raman studies show some basic differences between the 

uraniferous and non-uraniferous CM. One difference between the uraniferous and non-

uraniferous CM laser Raman spectra is in the widths of both of the first-order bands. 

The non-uraniferous CM exhibits band widths that are substantially broader then the 

Raman spectra of the uraniferous samples. In addition, a comparison of the ratio of the 

band heights, I1360 / Ii600> for the uraniferous and non-uraniferous CM shows that the 

uraniferous CM has a smaller band height ratio. Both the smaller band height ratio and 

the broader band widths for the uraniferous CM are indicative of a more disordered 

structure (Wang et al., 1990; Wopenka and Pasteris, 1993). 

The 0-band and D-band positions of the uraniferous CM are shifted compared to 

the non-uraniferous CM. The 0-band position is shifted to lower wavenumbers, for 

example, from ~1600 cm*^ (LN-12) to -1590 cm*^ (OP-34). The D-bands, on the other 

hand, are shifted to higher wavenumbers firom 1334 cm-^ (LN-12) to 1352 cm*i (OP-34). 

The bands broaden and shift towards each other in their relative scattering energies. This 

behavior has been observed previously in the laser Raman spectra of CM, which broaden 

considerably and shift in position with a decrease in ciystallite or polycyclic aromatic 

sheet size, as illustrated in Cottinet et al. (1988). Broadening and band position shifts are 
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indicative of a more-random, less-ordered structure, as well as a decrease in the average 

size of the polycyclic aromatic or graphitic sheets. These changes are similar to the 

differences observed between the Oklo uraniferous and non-uraniferous CM and indicates 

that the uraniferous CM exhibits a smaller crystallite size and a less-ordered structure 

compared to the non-uraniferous CM. 

Discussion 

The discussion section of this manuscript is presented in three parts. First, The 

data obtained by the detailed chemical and structural analyses of Oklo CM in this and 

previous studies (Cortial et al., 1989; Nagy et al., 1991; 1993; Landais, 1993; Nagy and 

Kigali, 1993; Kigali and Nagy, 1995) are utilized to develop a comprehensive structural 

model of these carbonaceous materials. N sxt, the evolution of the Oklo CM and the 

observed differences in structure and composition between the uraniferous and non-

uraniferous CM are considered in light of the prevailing geochemical and radiological 

environments at Oklo. Finally, the CM is evaluated as a radioactive waste form and 

compared to an example of the technical bitumens currendy being considered for the 

encapsulation and storage of anthropogenic radioactive waste. 

Structural Models of the Oklo CM 

The elemental analyses, XRD, '^C CP-MAS NMR, and FTIR analyses 

performed in this study are bulk chemical techniques that provide information on the 

average structural and chemical composition of these samples. Therefore the structural 

models presented here must be considered average structural models. However, the laser 
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Raman microanalyses performed in this study, as well as micro-FTIR studies of Landais 

(1996) and the transmission electron microscopic (TEM) work of Cortial (1985) and 

Cortial et al. (1990), help to elucidate the microscale chemical structural variability of the 

uraniferous CM. This information will also be incorporated into the discussion of the 

chemical structure models of these materials. The non-uraniferous CM will be discussed 

first, as it exhibits a relatively simple and homogeneous composition and structure. The 

chemical structural model of the non-uraniferous CM will serve as a starting point for the 

development of a structural model for the uraniferous CM associated with the natural 

reactors and U-ores. 

Sample LN-12, representative of the non-uraniferous samples examined in this 

study, is a relatively homogeneous carbonaceous material. For example, it exhibits a 

uniform texture and reflectance of plane polarized light (Figure Al). Multiple laser 

Raman spectra obtained in several different regions of the thin sections of LN-12 and OK-

133 showed no variation in the individual spectra obtained. In addition, the ^^C CP-MAS 

NMR experiments indicate LN-12 is homogeneous in composition as it is composed 

almost entirely of aromatic carbons (Figure A9). The thermal breakdown the Oklo non-

uraniferous CM (LN-12) by pyrolysis and subsequent analysis of the breakdown 

products by gas chromatography-mass spectrometry indicated the presence of only a few 

pyrolysis products, principally aromatic hydrocarbons, including toluene, xylenes, and 

naphthalene (Leventhal et al., 1989; Nagy et al., 1991, 1993). However, the pyrolysis 

experiments also revealed the presence of small amounts of methane and short-chained 

normal-alkanes in the carbonaceous matrix of LN-12 (Leventhal et al., 1989). In addition, 

Leventhal et al. (1989) used laser Raman data to obtain an estimate of size of the 

polycyclic aromatic and graphitic moieties in sample LN-12. The average size of these 

moieties was determined to be less than 1000A. This estimate was based on a qualitative 



7 5  

comparison of the spectra of the Oklo samples to the Raman spectra of graphites of 

known crystallite size (Lespade et al., 1982). Studies utilizing transmission electron 

microscopy (TEM) yielded information on the size, morphology, and orientation of 

polycyclic aromatic moieties in the Oklo CM (Cortial, 1985; Cortial et al., 1990). These 

moieties, called basic structural units (BSU), can be randomly distributed or coalesced and 

stacked to form larger, oriented domains known as local molecular orientations, LMO 

(Oberlin et al., 1980; Jehlicka and Rouzaud, 1993). The TEM observations of the non-

uraniferous CM show large numbers of BSUs, which are several tens of A in size. In 

addition, these BSUs are not randomly oriented but have coalesced into larger LMOs, on 

the order of 1 SO to 300 A in sample LN-12. In some cases the LMO size can be up to 

lOOO's of A in the non-uraniferous CM. 

Taking into consideration its high aromatic carbon content and the low H/C and 

0/C ratios, a structural model of the polycyclic aromatic hydrocarbons, which comprise 

the non-uraniferous CM, can be developed. Generally, as the H/C ratios of aromatic 

molecules decrease, the size and number of rings increase. This relationship is illustrated 

in Figure A19. The H/C ratios of coronene and ovalene are approaching those observed in 

some of the Oklo samples. Sample LN-12 has an even lower H/C ratio of 0.20 and an 

0/C ratio of 0.02. To obtain a H/C ratio of 0.2 in a model sheet the number of rings must 

increase over that observed in ovalene. A possible polycyclic aromatic structure with 

closely similar atomic ratios to those of sample LN-12 is presented in Figure A20. This 

polycyclic aromatic moiety is representative of the basic structural units (BSU) that 

comprise the carbonaceous matrix of LN-12. Consistent with the pyrolysis results of 

Leventhal et al. (1989), the model BSUs also contain a small amount of aliphatic carbon as 

short normal-alkane chains, in addition to the aromatic constituents. The size of this 

model sheet can be estimated based on a value of the bond length, 1.39 A, between carbon 
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atoms in a polycyclic aromatic sheet (Pauling, 1949). Based upon this bond length, the 

width and length of a single ring have been calculated to be 2.4 A and 2.8 A, respectively. 

To obtain the dimensions of the model sheet the number of rings is multiplied by the 

distance across a single ring. The representative structure shown in Figure A20 is ~ 34 A 

in length and ~ 25 A wide. These calculated dimensions of model polycyclic aromatic 

moiety based on the elemental, NMR, and pyrolysis gas chromatography data are in good 

agreement with the direct observati(ms of BSU size of Cortial (198S) and Cortial et al. 

(1990). 

A representative cross section is shown in Figure A20 B. In this perspective, the 

polycyclic aromatic sheets are viewed edge-on and rotated 90° to the perspective shown 

in Figure A2G A. This figure shows the orientation and stacking of the polycyclic 

aromatic moieties. They are connected (bridged) by one or two ringed aromatic 

hydrocarbons and short-chained normal-alkanes. In a similar orientation, the distance 

between adjacent graphite sheets is 3.34 A, which corresponds to the XRD 002 reflection 

of graphite. There is a significant amount of variation in the distance between the model 

polycyclic aromatic sheets compared to graphite. This variation is suggested by the 

broadness of the 002 XRD reflection in the non-uraniferous samples as compared to 

graphite (Figure A12). However, as noted above, XRD peak broadening of the 002 

reflection can also increase with decreasing average ciystallite size in graphites (Wopenka 

and Fastens, 1993). In other words XRD peak broadening is not just a function of the 

variation in the distance between adjacent graphitic or polycyclic aromatic sheets. 

While the XRD data do not provide an unambiguous interpretation, the laser 

Raman data do confimi the presence of variations in the stacking distance between 

adjacent polycyclic aromatic sheets. The relatively broad peak near 1600 cm'^ in the 

Raman spectra of samples LN-12 and OK-133 indicates variations in stacking distance 
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between poly cyclic aromatic and graphitic sheets (McCreery and Packard, 1989; 

Wopenka and Pasteris, 1993). The Raman data of sample LN-12 also indicates the 

presence of significant amounts of edge carbons in as evidenced by the strong D-peak at 

1360 cm-^ Edge carbons are those located on the edges of the polycyclic aromatic sheets 

as shown in Figure A20. In CM and graphite edges can be present as a result of the 

presence of oxides and crystal-lattice damage due to electrochemical oxidation (McCreery 

and Packard, 1989), the presence of organic functional groups (Memagh et al., 1984), and 

the presence of heteroatomic substituants as in boron-doped, highly ordered pyrolytic 

graphite, HOPG (Wang et al., 1990). In addition, hydrogen, like organic functional 

groups, is also bonded to carbons on the edges of polycyclic aromatic sheets. Since the 

non-uraniferous CM contains little O or S most of its edge carbons are bonded to 

hydrogen, short chained aliphatic hydrocarbons, and adjacent polycyclic aromatic sheets, 

PAS (Figure A20). Note that edge carbons make up a substantial portion of the carbons 

(40%) present in the model polycyclic aromatic sheet, which is consistent with the laser 

Raman data obtmned on the non-uraniferous samples. 

The mineralized CM in the ore deposits and natural fission reactors is 

heterogeneous and considerably more complicated in compositicm and structure as 

compared to the n(Hi-mineralized CM. For example, significant variations in reflectance 

are observable, as noted in samples GL-3541 and OD-15 (Figure A7). These reflectance 

variations relate to microscale compositional and structural differences in the uraniferous 

CM samples, as indicated by the laser Raman microanalyses (Figure A15). Bulk 

structural analyses on the Oklo uraniferous CM samples, utilizing pyrolysis-gas 

chromatography-mass spectrometry revealed the presence of numerous pyrolysis 

products including a number of one- to four-ringed aromatic moieties (Leventhal et al., 

1989; Nagy et al., 1991,1993) In addition to the aromatic hydrocarbons, CM from the 
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natural reactors CD-7S) yielded aliphatic pyrolysis products including normal alkanes, 

indane, and cyclohexene (Nagy et al., 1993). The TEM studies of Cortial (1985) and 

Cortial et al. (1990) indicate the presence of polycyclic aromatic sheets on the order of 

several to several tens of A in the Oklo uraniferous CM. These sheets or BSUs are 

randomly oriented in the matrix of the Oklo uraniferous CM and are not oriented in larger 

domains (LMOs), as is the case for the non-uraniferous CM. 

The most consistent model for the structure of uraniferous samples D-75, OP-34, 

and GL-2753 appears to be polycyclic aromatic sheets with a size range of several to 

several tens of A, with very short-chained aliphatic groups bridging adjacent sheets. In 

addition to the aliphatic and aromatic constituents indicated by the pyrolysis-gas 

chromatography-mass spectrometry experiments, the ^^C NMR experiments, FTIR 

experiments, and the microfocused IR experiments of Landais (1996) revealed the 

presence of oxygen functionality in the uraniferous CM. This includes carbonyl (C=0), 

aromatic O, and carboxylic acid (COOH) functional groups as well as some evidence for 

the presence of ether (C-O-C) groups. In addition, some evidence of oxygen functionality 

was observed in the thermal breakdown products produced during the pyrolysis-gas 

chromatography mass spectrometry experiments (J. S. Leventhal, unpublished data). A 

pyrolysis product identified as creosol, CH3(C6H4)OH, was observed in several of the 

uraniferous CM samples. This pyrolysis product could indicate the presence of alcohol 

or perhaps ether functional groups. These moieties were included in the structural model 

for the uraniferous CM presented in Figure A21. This model is consistent with typical 

H/C, 0/C and S/C atomic ratios calculated from the elemental analyses (Table A3). In 

addition the sizes of the individual polycyclic aromatic hydrocarbons vary from several to 

several tens of A, consistent with the TEM data (Cortial, 1985; Cortial et al., 1990). 
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A representative cross section (Figure A21 B) shows stacks of representative 

polycyclic aromatic sheets edge-on and rotated 90° to the perspective shown in Figure 

A21 A. The aromatic hydrocarbon and polycyclic aromatic sheets are connected mainly 

by aliphatic hydrocarbons as well as by small aromatic rings. There is considerable 

variation in the distance between individual polycyclic aromatic sheets. This 

interpretation is supported by the TEM observations which, as mentioned above, 

indicate a random orientation for these sheets in the uraniferous samples. The XRD data 

obtained in this study shows the 002 reflection is considerably broader for the uraniferous 

samples compared to the non-uraniferous CM. This increase is likely the result of the 

smaller average size of the polycyclic aromatic sheets as well as the random orientation of 

these sheets within the matrix of the uraniferous CM. 

The laser Raman data indicates a more-random disordered structure as well. The 

1360 cm*^ and 1600 cm'^ bands are considerably broader as compared to the non-

uraniferous CM. This indicates substantial variation in the stacking distance as well as 

the presence of edge carbons and is consistent with the TEM observations (Cortial, 1985; 

Cortial et al., 1990). The strong, broad band at ~1360 cm-^, as in the case of the non-

uraniferous CM, indicates the presence of substantial amounts of edge carbons as shown 

in Figure A21. Edge carbons comprise ~ 69% of the carbons in this model polycyclic 

aromatic sheet. Note that in addition to hydrogen and aliphatic hydrocarbons, aromatic 

0, and various O-flinctional groups are bonded to the edge carbons. The large percentage 

of edge carbons and the variety of constituents bonded to these carbons is consistent with 

the broad and intense 1360 cm*^ band observed in the laser Raman spectra of the 

uraniferous CM. 

As mentioned above, the structure of the uraniferous CM is relatively 

complicated. There are notable variations in the elemental composition between 
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individual samples as well as differences in the NMR spectra. For example, sample OP-

34 has an H/C ratio of 0.S6 whereas sample GL-3S41 has an H/C ratio of 0.39. Their 

respective NMR spectra seem to reflect these elemental differences. OP-34 exhibits a 

significantly larger aliphatic resonance absoqMioii peak compared to GL-3541 (Figure 

A8). A decrease in the H/C ratio is reflected in the NMR data as a decrease in the 

aliphatic constituents. Differences in the H/C ratios may therefore be a result of different 

amounts of aliphatic moieties in the individual samples. Note in this connection that the 

non-uraniferous CM exhibits the lowest H/C ratios and contains few aliphatic moieties. 

The variation among individual samples may also be due to sample heterogeneity. Sample 

GL-3S41 exhibits two different types of CM as indicated by the petrographic and laser 

Raman studies. The high-reflectance CM is observed as small domains several hundred 

fim across distributed within the low-reflectance, uraniferous CM. The laser Raman 

signature of the high reflectance CM is very similar to that of the non-uraniferous CM. If 

it is similar in its elemental composition, it would have an H/C ratio significantly lower 

than the uraniferous CM. This is important when we recall that the elemental analyses 

are providing an average elemental composition of the sample and will not provide 

information on compositional variations of individual domains within a sample. Thus the 

lower H/C ratio of sample GL-3541 may be due in part to the presence of two different 

types of CM with significantly different hydrogen contents. These compositional 

variations within individual samples as well as samples, from different locations within 

the ore deposit and natural fission reactors, relate to the evolution of the ore deposit and 

natural fission reactors, as will be discussed below. 
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Evotution of the Oklo CM 

The Oklo, Okelobondo, and Bangombe uranium ore deposits are closely 

associated with solid CM. This close association points to the possibility that the CM 

played an important role in the accumulation of uraniimi to form the ore deposits. 

Uranium mineralization occurred when labile bitumen and associated fluids met oxidized 

uranium fluids in the FA sandstones (Gauthier-Lafaye and Weber, 1989). The bitumen 

reduced uranium from the aqueous solutions, resulting in the precipitation of pitchblende 

and uraninite forming the ore deposits in which the natural reactors evolved (Nagy et al., 

1991,1993). This U-mineralizadon process should have had a notable effect on the solid 

bitumen. Subsequent to mineralization, radiolytic effects also contributed to the 

evolution of the Oklo CM. 

A variety of pathways involving carbonaceous substances has been proposed for 

the accumulation of uranium. For example, there is evidence indicating uranium is 

concentrated by microorganisms (e.g., bacteria) and via microbially mediated pathways 

(Disnar, 1981; Dexter-Dyer etal., 1984; Lovely etal., 1991). Laboratory studies have 

shown the uranyl ion (U02)^^ is reduced to UO2 by coal (Nakashima et al., 1984). 

Simple organic compounds such as alcohols and n-alkanes have also been shown to reduce 

(U02)2^ to UO2 (Nakashima, 1991). The proposed reactions involve the 

dehydrogenation of the coal or organic compound as the uranium species is reduced: 

(1) R1R2CHOH + (U02)2+ —> RIR2C=0 + H2 + UO2 

(2) RCH2CH3 + (U02)2+ —> RHC=CH2 + 2H+ + UO2. 

Alternative reactions have been proposed based on chemical and structural analyses of 

uraniferous CM. Several studies have noted high oxygen contents in uraniferous CM at 

Cluff Lake, Saskatchewan (Rouzoud et al., 1979; Bonnamy et al., 1982), and the Grants 

uranium district, USA (Leventhal et al., 1986). These studies have led to the hypothesis 
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that uranium reduction took place in the presence of aqueous solutions resulting in the 

concomitant oxidation of the CM (Meunier et al., 1990). For example, Leventhal et al. 

(1986) found that the oxygen content of CM samples increased with increasing uraninite 

content. They proposed the following reaction: 

(3) (U02)2+ + RCHO + H2O —> UO2 + RCOOH + 2H+. 

Note that oxygen is added to the organic molecule as the uranyl ion is reduced in the 

presence of water. Recall in this context that the uranium-bearing bitumens of Oklo 

exhibit high oxygen contents as indicated by this and past studies (Cortial, 1985; Cortial 

et al., 1990; Leventhal et al., 1989). The high oxygen contents of the uraniferous CM is 

likely a consequence of the reduction and precipitation of uranium minerals during the 

formation of the ore deposit. This is supported by the micro-infrared analyses of the 

Oklo uraniferous CM (Landais, 1996). These analyses indicate the presence of oxygen in 

the form of carbonyl functional groups in the CM adjacent to an incorporated uraninite 

grain. This suggests oxidation may have taken place during mineralization or afterwards 

as a result of the radiolytic degradation of the CM. 

Additional alteration of the CM within and adjacent to the natural reactors may 

have occurred as a consequence of their operation. During this time hydrothermal 

solutions circulated in the reactor zones and adjacent rocks. The action of radiation (e.g., 

g-rays and neutrons) on water results in radiolysis yielding H2, H2O2, O2, H^, OH*, and 

e- as well as the free radical species H* and OH*. In aqueous solutions oxidation 

reactions involving the hydroxyl radical (OH*) and reduction reactions involving hydrogen 

radicals (H*) are the most common reactions observed (Choppin et al., 1995). Hydrogen 

and hydroxyl radicals can react with CM (Zumberge et al., 1978). At Oklo, such 

reactions may have resulted in the addition of hydrogen and oxygen to the uraniferous 

CM, producing the elevated H and O contents observed in this and previous studies. 
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This hypothesis is supported by fluid inclusicxi studies on samples from the Oklo natural 

fission reactors (Dubussy et al., 1988). Evidence for the radiolysis of water and CM is 

supported by the observaticm of hydrogen and high H2/CH4 ratios within fluid inclusions 

in samples from Oklo natural reactors 7-9 . In addition, Dubussy et al. (1988) concluded 

that the radiolysis of water generated oxidizing radicals which lead to the high O/C ratios 

of the CM in these same reactors. 

Subsequent to mineralization the Oklo bitumen soon turned into solid CM (Nagy 

et al., 1991,1993). Bitumen also solidified enclosing uraninite and many of its associated 

fission products in several of the natural fission reactors (Nagy and Kigali, 1993). CM 

and radioactive elements were closely associated for two billion years in the Oklo ore 

deposits and natural fission reactors. This means that the CM was exposed to relatively 

large doses of ionizing radiation for a long period of time. This exposure can be quantified 

using the following example. Eleven samples of uraniferous CM from the Oklo ore 

deposit average -6% uranium by weight (Cortial, 1985). A U-content of 6% would 

produce an average of ~4 x ICpo a and -2.9 x lO^o p particles per gram of organic carbon 

in 2 Ga as a result of the decay of 235u, 238u, and their radioactive daughter products. 

Summing the energy of the individual a and b decays for an atom of and its 

subsequent daughters decaying to stable gives an average value of -46 MeV. For 

238U and its daughter products decaying to 206pb an average value of -50 MeV is 

expected. In 2 Ga CM averaging 6 wt % uranium was subjected to a total of ~ 1.6 x 10'® 

ergs (1 X 10^2 MeV) of energy from the decay of and ^3^. The radiation absorbed 

dose or rads (1 rad = 100 erg/g) of energy deposited per gram of the Oklo material is -1.6 

X 10^4 rads. CM that may have been present in the natural reactors during their operation 

would have been exposed to additional radiation, including neutrons from the fissioning of 

and a and p particles from the decay of radioactive fission products, in addition to 



8 4  

that resulting from the radioactive decay of uranium. The noitron fluence in CM-rich 

natural fission reactor 9 was calculated to be S.03 x 10^° neutrons / cm^ during the time 

this reactor operated (Nagy et al., 1993). What effects would this radiation have had on 

the CM? 

When a and b particles collide or interact with organic materials they can produce 

organic free radicals (Zumberge, 1975). These are paramagnetic species, that is, they are 

species that contain an unpaired electron in their structures. The Oklo CM exhibits high 

free radical concentrations, in some cases exceeding 1 x 10^^ fi-ee radicals per gram of 

organic carbon (Kigali and Nagy, in press). The free radicals present in the Otdo CM are 

liicely stable PAH moieties. The stability of such moieties is directly related to the 

observation that unpaired electrons can be delocalized over an extensive conjugated 

system of double bonds as is found in PAHs (Zumberge et al., 1978). 

Early in the evolution of the Oklo CM, irradiation and free radical fomiation may 

have played an important role in the polymerization and solidification of this CM in the 

ore deposits and natural reactors. The irradiation of almost all organic compounds 

produces tar-like residues and solids in the form of organic solids with high boiling points 

and true high molecular weight polymers (Newton, 1963). The irradiation of complicated 

mixtures of organic compounds such as petroleum commonly results in aromatization and 

polymerization (Carroll and Bolt, 1963). In fact, the primary radiolytic product of 

aromatic compounds is polymers. This polymerization process likely occurs via a free 

radical mechanism (Odian, 1981). A free radical pdymerization takes place when an 

initiator, in this case ionizing radiation, produces a free radical by bond scission as 

described by Zumberge (1975). This radical can then transfer its free radical to another 

organic species, which becomes a monomer radical. A monomer is the basic building 

block of a polymer. For example, styrene is the monomer molecule of polystyrene. The 
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free radical polymerization is propagated when a mcmomer radical reacts with another 

monomer molecule to produce a dimer radical. As this process is repeated the polymer 

adds monomer molecules and grows larger until terminaticm reactions occur. Such 

reactions involve the combination of two radicals to form a non-radical product. The 

formation of polymers such as polystyrene involve the polymerization of a single 

monomer, styrene. In fact, commercial methods of polystyrene production involve a free 

radical polymerization of styrene (Pine, 1987). The free radical polymerization of a 

petroleum liquid would likely proceed through a complicated free radical mechanism 

involving a number of different constituents acting as monomers to produce a 

heterogeneous polymeric solid. The viscous petroleum which reduced uranium in the 

Oklo ore deposits and CM rich natural fission reactors may well have polymerized and 

solidified by a similar fi^ radical mechanism. It should be noted that laige high free 

radical populations appear to be retained in CM after polymerization (Zumberge, 1975) 

and that free radicals may have continued to form subsequent to polymerization and 

solidification through the continued irradiation of the CM over its 2 Ga history (Kigali 

and Nagy, in press). Continuous irradiation for 2 Ga could also have resulted in structural 

damage to the CM. This radiation bombardment may have affected the structure of the 

uraniferous CM through bond breakage. This could have led to a large-scale disruption of 

the structure of the CM matrix, producing the pooriy ordered carbonaceous solid we 

observe today. 

The Oklo Uraniferous CM: An Analogue for Man-Made Radioactive Waste Forms? 

Bitumen and asphaltic materials are currently being evaluated as immobilizing 

matrices for the encapsulation and storage of low- and medium-level radioactive waste 

(Balseyro-Castro, 1976; Bumay, 1987; Choppin et al, 1995) The solid bitumens 
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currently being utilized in radioactive waste containment facilities are distilled from crude 

oil at several hundred °C. A typical bitumen used in the encapsulation of radioactive 

waste is composed of 84% C, 10.3% H, 4.1% 0,1.2% S and 0.4% N (IAEA, 1993). It 

exhibits a H/C ratio of 1.47, an 0/C ratio of 0.01, and a S/C ratio of 0.04. The individual 

distillates present in this bitumen include various aromatic compounds, which compose 

-54% of the bitumen by weight. These aromatics are chiefly in the form of aromatic 

hydrocarbons (e.g., benzene, toluene, naphthalenes) naphtheno-aromatics (e.g., indanes, 

tetralins), and asphaltenes (high-molecular-weight aromatic compounds). Heteroatomic 

compounds, which contain S, O, and N in addition to C and H, make up -30 % of the 

bitumen components by weight. They also contain substantial amounts of aliphatic 

hydrocarbon components, ~16 % by weight. The elemental abundances of the Oklo solid 

bitumens (Table A3) and man-made bitumens can be compared. Compositionally the 

Oklo solid carbonaceous matter exhibits substantially lower hydrogen contents and H/C 

atomic ratios and higher oxygen and 0/C contents compared to the technical bitumen 

listed above. The lower H/C ratios indicate that the Oklo CM contains a higher 

proportion of polycyclic aromatic moieties, compounds with low H/C ratios, compared 

to the distilled bitumen. The higher oxygen contents indicate that the Oklo solid bitumens 

likely contain higher amounts of heteroatomic oxygen moieties compared to the man-made 

bitumens. 

Bitumens offer several advantages for the encapsulation of radioactive waste. 

First, they are hydrophobic, and very resistant to dissolution by aqueous solutions 

(Choppin et al., 1995). Second, bitumens are resistant to radiation. Technical bitumens 

have been shown to be stable to radiation exposures as high as 10 1° rad (Phillips et al., 

1984). Third, bitumenized waste forms are inexpensive and relatively easy to process, as 

radioactive waste can be readily incorporated into bitumen in a single step. 
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Unfortunately, in some cases man-made bitumens have been shown to degrade and lose 

strength after 10-20 years (Choppin et al., 1995). Irradiation of bitumens can cause 

swelling and can modify their molecular structure, resulting in the release of hydrogen gas 

and light hydrocarbons (Kosiewicz, 1980; Phillips et al., 1984; Bumay, 1987). For these 

reasons resistant bitumen materials need to be developed for the storage of radioactive 

waste. 

Such resistant materials should be based on the composition and chemical 

structure of the Oklo CM. It exhibits many properties that are desirable in waste forms 

currently being considered in man-made radioactive waste containment strategies. Solid 

graphitic CM immobilized uranium, lead, and many fission products in several of the 

natural fission reactors for nearly 2 Ga (Nagy et al., 1991,1993; Janeczek and Ewing, 

1995). Similar to the man-made bitumens, the Oklo solid graphitic CM is not wettable 

and is virtually insoluble in aqueous solutions (Nagy and Kigali, 1993). Equally 

important, the Oklo CM appears to exhibit good radiation stability. An estimate of the 

average dose of ionizing radiation absorbed was calculated to be 1.6 x 10^^ rad (see 

above). This is several orders of magnitude higher than a reported value of radiation 

exposure for technical bitumens (lO^o rad). The reason for the remarkable stability of the 

nearly 2 Ga-old Oklo CM is that it is composed mainly of polycyclic aromatic 

hydrocaibons. Studies have shown that the most radiation resistant organic compounds 

and carbonaceous materials contain aromatic rings (e.g., polyphenyls) and condensed-ring 

systems (naphthalene, etc.) (Choppin and Rydberg, 1980; Roder, 1981). Polycyclic 

aromatic hydrocarbons such as pyrene and coronene are even more resistant than smaller 

ringed compounds such as naphthalene and benzene (Roder, 1981). An insoluble man-

made bitumen composed mainly of polycyclic aromatic hydrocarbons may offer the 
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radiation resistance and stability for use in the long-term storage of anthropogenic 

radioactive waste. 

Summary 

The chemical and structural characterization of the Oklo uraniferous carbonaceous 

matter (CM) is deemed important in order to evaluate its role in uranium mineralization, 

uranium and fission product retention in the natural fission reactors, and its merits as a 

natural analogue for the bitumenization of anthropogenic radioactive waste. A variety of 

analytical methods including reflected light microscopy, elemental composition 

determinations, ^^C cross polarization magic angle spinning nuclear magnetic resonance 

spectroscopy (^^C CP MAS NMR), microfocused laser Raman spectroscopy, powder 

X-ray diffraction (XRD) analyses and Fourier transform infrared (FTIR) spectrometry 

were used to effect this characterization. 

When assessing uranium and fission product retention in the natural reactors, 

textural relationships and mineral CM paragenesis must be considered. Petrographic 

observations indicate that in some of the natural reactors CM enclosed uraninite with its 

associated fission products after these grains were fractured and/or altered and perhaps 

partially replaced by clay minerals. The concomitant loss of fission products from 

uraninites exhibiting alteration textures (e.g., embayments) is likely to have occurred 

during these alteration processes but before their enclosure by viscous bitumen. In cases 

where well-crystallized, unaltered uraninites are enclosed by CM, a variety of 

radionuclides are retained in these uraninites (Holliger, 1992; Nagy et al., 1993) 

The '^C CP-MAS NMR, FTIR, and elemental analyses provided average (bulk) 

elemental and chemical compositional data on the Oklo uraniferous and non-uraniferous 
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CM. These analyses indicate the Oklo uraniferous CM is composed principally of 

polycyclic aromatic hydrocarbons, with aliphatic carbon moieties acting as bridges 

between adjacent aromatic constituents. The polycyclic aromatic sheets are randomly 

arranged in the carbonaceous matrix and range in size from several to several tens of A in 

length and width. Oxygen is present in a variety of chemical environments on the edges 

of the polycyclic aromatic sheets. The laser Raman microanalyses and reflected light 

allowed us to observe microscale variations within individual samples. Several of the 

uraniferous samples contain at least two distinct types of CM. These observations are a 

testament to the textural and chemical heterogeneity of the Oklo uraniferous CM. In 

contrast, non-uraniferous samples examined in this study are composed almost entirely of 

polycyclic aromatic hydrocarbon sheets several tens of A in size. These sheets are 

oriented into large domains on the order of several hundred A. Petrographic and 

microfocused laser Raman analyses indicate little microscale compositional or textural 

variations. 

The carbonaceous material we see today in the natural fission reactors and U-ore 

deposits has endured significant alteration during its 2 Ga history. These alteration 

processes include oxidation-reduction during mineralization, alteration by radiolysis of 

water, and subsequent alteration by radiolysis of its constituent organic moieties. Still, it 

acted as an effective barrier to radionuclide migration out of a number of the natural 

fission reactors. The CM exhibits a number of physical and chemical properties which 

contributed to its effectiveness as a natural barrier to radionuclide migration. For example, 

it is composed principally of polycyclic aromatic hydrocarbons, which exhibit good 

stability to ionizing radiation. In addition, it is not wettable by aqueous solutions. Such 

properties should be incorporated into the technical bitumens and asphalts currently 
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utilized for and those under consideration for the encapsulation of anthropogenic 

radioactive waste. 
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Sample Number Sample Location 

LN-12 (113.5 m)* 6 km from the Oklo ore deposit 

OK-133 (213.45 m)^ Stratigraphlcally above Oklo in the FB Formation 

OK-212 (157.4 m)» Stratigraphically above Oklo in the FB Formation 

ES-13 Nord*» 500 m from natural reactors 7-9 

OP-34*^ 200 m from natural reactors 7-9; next to a dolerite dike 

GL-3541** 50 m from natural reactors 7-9 

GL-3090A** 3 m from the natural reactor 8 

GL-3090V** 3 m from the natural reactor 8 
GL-2735»» 10 cm from natural reactor 9 

GL-2753** Adjacent to natural reactor 7 

GL-3165** Adjacent to natural reactor 9 

BA-145 (11.0 m)^ Adjacent to the natural reactor, Bangombe U-ore deposit 

D-75** Within natural reactor 16, Okelobondo U-ore deposit 

Acc^ OD-15** 10 m from natural reactor 16, Okelobondo U-ore deposit 

D-73 (90.1 m) * Within natural reactor 10 

* Sample obtained from a borehole. 

** Sample collected from outcrop or underground mine addit. 

Table Al. Locations of the Oklo non-uraniferous and uraniferous CM samples examined 
in this study. Samples Acces OD-15 and D-73 (90.1 m) were only studied by reflected-
light microscopy. 
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Functional Group Structure 
Infrared Band Position, 
wavenumbers (cm-1) 

13C NMR Peak 
Position, chemical 

shift (ppm) 

Alkanes CH3CH2- -C-H stretch, 3200-2700 
-C-Hbend, 1450-1350 20-45 

Alkenes 2HC=CH- =C-Hbend, 1000-670 100-125 

Alkynes H(X- =C-H stretch, 2300-2100 60-85 

Alcohols -CH2OH 
-O-H stretch, 3600-3200 
C-0- stretch, 1250-1000 
-O-H bend, 1300-1400 

60-80 

Aromatic (»„ Cat-H stretch,2900-3000 
CAr-H bend, 670-1000 

110-170 

Aldehyde RHC=0 C=0 stretch, 1735-1720 185-195 

Amine -CH2NH2 -N-H stretch, 3500-3300 45-55 

Carboxylic Acid -COOH C=0 stretch, 1725-1700 175-185 

Ketone RR'C=0 C=0 stretch, 1710-1680 205-220 

Ether -H2C-O-CH2 C-0 stretch, 1250-1000 40-80 

Ester -COOCH3 C=0 stretch, 1740-1725 165-175 

Nitrile -C^ CSN stretch, 2300-2100 105-120 

Phenolic O"0H 
-O-H stretch, 3350-3400 
C-0 stretch, 1200-1250 150-160 

Table A2. Summary of Infrared and 13C NMR band positions of specific organic 
functional groups. Data was compiled from Rouxhlet et al., 1980; Axelson, 1985; 
Silverstein et al., 1991; Whelan and Thompson-Riser, 1993. 
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Table A3. Chemical characteristics of CM-rich samples in and adjacent to the Oklo 
natural fission reactors, adjacent to a dolerite dike and in a sample 6 km from the natural 
reactors. TC, TOC, H, O, S, and residues are reported in weight percent. H, S, and O 
values have not been corrected for H, S, 0 present in minerals (e.g., clays, galena) 
incorporated within the CM. 



Saiiq>le 
Nun^r 

Total 
Caibon 
(%TC) 

Total 
Oiganic 
Caibon 

(%TOC) 

Hydrogen 
Content 
(m) 

Oxygen 
Content 

(%0) 

Total 
Sulfur 

Content 
(%S) 

Residue 
Content 
(%Res) 

H/Corg 
atomic 

O/Corg 
atomic 

S/Corg 
atomic 

LN-12 90.57 89.53 1.67 2.80 0.39 0.58 0.22 0.02 0.002 
OK-133 92.79 93.26 1.60 1.76 <0.1 0.45 0.21 0.01 <0.001 
OK-212 91.80 92.41 1.65 2.07 <0.1 1.47 0.21 0.02 <0.001 

ES-13 Noid 65.79 65.77 1.77 14.29 2.07 13.42 0.32 0.16 0.012 
OP-34 68.95 69.% 3.19 9.34 0.55 14.02 0.56 0.10 0.003 
GL-3541 66.72 67.17 2.18 12.78 0.87 11.60 0.39 0.14 0.005 
GL-3090A 51.33 51.71 1.93 22.50 2.39 9.38 0.45 0.33 0.017 
GL-3090V 71.84 71.58 2.14 14.20 1.74 5.22 0.36 0.15 0.009 
GL-2735 72.71 72.37 1.92 11.09 1.79 8.8 0.31 0.11 0.009 
GL-3165 64.87 65.0 2.32 12.82 1.03 10.10 0.43 0.15 0.006 
GL-2753 68.48 68.5 2.92 10.43 1.06 10.85 0.51 0.11 0.006 
BA-145 72.09 72.0 1.86 12.25 1.52 6.84 0.31 0.13 0.008 
D-75 73.34 73.26 3.33 7.56 0.90 12.23 0.55 0.08 0.005 

GL-3541-HF 71.91 72.23 2.40 17.07 0.53 1.07 0.40 0.18 0.003 
GL-3090A-HF 64.07 63.34 1.87 23.36 1.33 0.80 0.35 0.28 0.008 
BA-145-HF 75.47 75.79 1.82 12.96 1.64 0.65 0.29 0.13 0.008 
D-75.HF 77.46 77.26 2.85 14.12 0.60 0.10 0.44 0.14 0.003 
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Sample Sample Mass, Peak Centroid, Peak Centroid, FWHM, 
Number grams degrees 2Q A degrees 2Q 
LN-12 0.0141 25.30 3.51 4.7 

OK-133 0.0315 25.70 3.47 4.0 
OK-212 0.0084 25.62 3.48 4.2 

ES-13 Nerd 0.0139 23.44 3.80 7.4 
OP-34 0.0325 22.75 3.79 9.0 

GL-3541 0.0275 22.80 3.90 8.2 
GL-3090A 0.0220 24.12 3.69 8.3 
GL-3090V 0.0192 23.48 3.79 7.4 
GL-3165 0.0163 23.45 3.79 8.0 
GL-2753 n.d. 22.73 3.91 8.3 
BA-145 0.0351 23.00 3.90 7.9 

D-75 0.0276 22.82 3.90 7.8 

Table A4. A summary of the x-ray diffraction data obtained on the uraniferous and non 
uraniferous solid bitumens from the Oklo natural fission reactors, uranium ore deposits, 
and adjacent environments, n.d. = not determined. 
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Table AS. Summary of microfocused laser-Raman data obtained on the Oklo non-
uraniferous and uraniferous carbonaceous matter samples. Peak positions, peak 
intensities, peak areas, and FWHM values were deteraained using the curve-fit program 
available with Spectracalc software. The suffix "V" designates analyses on low- to 
moderate-reflectance carbonaceous matter and "H" designates analyses on high-reflectance 
carbonaceous matter. 



D-Band D-Band D-Band D-Band 0-Band 0-Band 0-Band 0-Band D/0 D/0 
Sample Position Intensity FWHM Area Position Intensity FWHM Area Intensity Area 
Numbo^ (D cm-1) (I1350) (cm-1) (A 1350) (D cm-1) (I1350) (cm-1) (A 1350) Ratio Ratio 
LN-12-H 1334 294.3 164 64355 1598 387.3 46 25649 0.76 2.51 
OK-133-2-H 1339 266.6 134 46821 1606 341.7 39 19725 0.78 2.37 
OK-133-11-H 1339 353.1 132 64963 1606 452.1 40 26518 0.78 2.45 
OK-133.15-H 1334 421.3 153 87497 1602 575.4 42 36640 0.73 2.39 

OP.34-V 1352 374.6 247 99800 1590 437.8 75 31501 0.85 n.d. 
GL-3541-V 1352 379.9 214 108824 1593 449.1 74 46026 0.85 2.36 
GL-3541-H 1334 342.2 124 59646 1602 402.1 45 26546 0.85 2.25 
GL-3090-V 1347 238.4 216 68420 1588 273.3 83 29547 0.87 2.31 
GL-3165-V 1351 282.4 234 83447 1589 320.8 75 31673 0.88 2.63 
GL.2753-V 1353 197.9 227 58982 1587 233.5 81 25049 0.85 2.35 
D-75-V 1350 285.3 214 80892 1588 343.7 81 35755 0.83 2.26 

0D-15-V 1347 255.1 214 74388 1587 297.9 88 34684 0.86 2.14 
0D-15-H 1337 342.8 153 72807 1600 405.5 51 30962 0.85 2.35 
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Figure A1. Reflected-light photomicrograph of sample LN-12. Note the relatively high 
reflectance of this CM (CM) which is free of mineral inclusions. The low reflectance 
material in fractures (Q) between CM grains is quartz. Magnification = 200x. Field of 
view is 640 ^m. 
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Figure A2. Reflected-light photomicrograph of uraniferous sample GL-3541 showing |am 
sized grains of uraninite (U) distributed in CM (CM). The black areas are pits in the thin 
section. Magnification = 200x. Field of view is 640 jim. 
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Figure A3. Reflected-light photomicrograph of uraniferous sample OP-34 exhibiting 1-10 
^m sized grains of uraninite distributed in CM. The dark areas are pits in the thin section. 
Magnification = 200x. Field of view is 640 ^m. 
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Figure A4. Reflected-light photomicrograph of uraniferous sample GL-3090. 5-50 jam 
sized uraninite grains (U) are surrounded by CM (CM). Several uraninite grains contain 
sub-micron sized grains of galena (bright gray). Sub-micron-sized galena and other 
sulfides are also disseminated within the CM. The dark areas are pits in the thin section. 
Magnification = 200x. Field of view is 640 |im. 
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Figure A5. Reflected-light photomicrograph of uraniferous sample GL-3165 from the 
core of Oklo natural reactor 9. The two large uraninite grains (U) rimmed by dark gray 
clay minerals appear to have been part of a single large grain that was forced apart by the 
now solid CM. This texture suggests the CM solidified after the precipitation of the 
uraninite and clays m this natural reactor. Such a paragenetic sequence is clearly seen in 
photomicrographs of Oklo natural reactor sample D-73 (Figure A8). The dark areas are 
pits in the thin section. Magnification = 200x. Field of view is 640 ^m. 
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Figure A6. Reflected-light photomicrograph of uraniferous sample GL-2753 from a 
fracture adjacent to natural reactor 8. This sample contains 5-100 jim-sized grains of 
uraninite (U) rimmed by clay minerals, principally illite, and enclosed by solid CM. The 
small, bright gray grains on the edge of the uraninite grain labeled "U" are micron to sub-
micron sized grains of galena. The dark areas are pits in the thin section. Magnification = 
50x. Field of view is 2.56 mm. 
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Figure A7. A) Photomicrograph of uraniferous sample GL-3541 showing the low-
reflectance CM (L) with ~|im sized inclusions of uraninite surrounded by higher 
reflectance CM (H) free of visible uraninite grains. B) Photomicrograph of OD-15 
exhibiting high-reflectance CM (H) adjacent to low reflectance CM (L). Again, the 
low-reflectance CM contains uraninite inclusions which appear to be absent in high-
reflectance CM. However, sub-micron sized grains of galena are observable in the 
high-reflectance CM. The CM is in secondary porosity in a quartz sandstone (Q). 
The round black areas in the low-reflectance CM are bum marks created by the laser 
during laser Raman analyses. The other dark areas are pits in the thin section. 
Magnification of both photomicrographs = 200x. Field of view is 640 |im. 
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Figure A8. Reflected light photomicrographs of uraniferous sample D-73 from the 
core of CM-rich natural reactor 10. These three images help to elucidate the mineral-
CM paragenesis in the natural reactors. A) Uraninite grains (U), which appear to fit 
together like "puzzle pieces", are separated by matrix siUcates (S) composed mainly 
of clay minerals and small amounts of quartz. B) A large uraninite grain (U, center) 
exhibits fractures filled by clay minerals (S). A second uraninite grain (U, upper left) 
is separated from the large uraninite grain (U, center) by CM. C) Four large uraninite 
grains rimmed with clay minerals are separated by CM, which appears to have 
pushed the grains apart. These textural relationships indicate the following paragenetic 
sequence: (1) Uraninite crystallized first followed by (2) fracturing, (3) the 
crystallization of clay minerals, and (4) additional fi^cturing and filling with viscous 
bitumen, which solidified and enclosed the uraninite and clays. Magnification = 200x. 
Field of view is 640 ^m. 
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Figure A9. VACP-MAS NMR spectra of the uraniferous and non-uraniferous solid 
bitumens. NMR analyses revealed that all of the Oklo samples exhibit a strong resonance 
absorption peak centered near 125 ppm, corresponding to the presence of aromatic 
carbons. In addition to the aromatic carbons the uraniferous samples GL-3S41, OP-34, 
and D-7S show a second peak centered near 40 ppm, corresponding to aliphatic carbons. 
The small peaks centered near 250 ppm and 10 ppm, clearly visible in sample LN-12, are 
spinning side bands of the aromatic peak centered at 125 ppm (see text for explanation). 
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Figure AlO. VACP-MAS NMR spectrum of uraniferous sample GL-3541, 
illustrating the background subtraction procedure to remove the signal produced by the 
sample rotor and cap. The cap and rotor spectrum was obtained under the same 
operating conditions as the sample spectrum. It was then subtracted from the spectrum 
of sample GL-3541 to produce the difference spectrum. Note that the small broad peaks 
near 80 ppm and 40 ppm, present in the rotor and cap spectrum and the samples 
spectrum, are significantly reduced in intensity in the difference spectrum after 
performing the background subtraction. This indicates that these peaks are background 
signals originating from the cap and rotor. 
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Figure All. VACP NMR spectra (after background subtraction) of uraniferous 
samples BA-145, ES-13, and D-75. Note that most of the signal between 50 and 100 
ppm has been removed. This indicates that the resonance absorption of this region was 
from the cap and rotor and not the sample. 
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Figure A12. VACP NMR spectra of uraniferous samples BA-145, GL-3090A, ES-
13, and GL-3165. These spectra all show evidence for the presence of organic oxygen 
within the CM matrix as indicated by the arrows. BA-14S exhibits a weak absorption 
peak centered near 190 ppm. GL-3090A exhibits a shoulder centered near 160 ppm. 
These absorption peaks are likely due to the presence of COOH and oxygen bonded to 
aromatic moieties (e.g. phenolic) functional groups respectively. ES-13 and GL-3165 also 
exhibit a small absorption peaks centered near 1% ppm, indicating carbon bonded to 
oxygen, most likely COOH. The shoulder observable between 150 and 180 ppm is also 
attributable to the presence of oxygen-caibon bonds, most likely phenolic and carbonyl 
functional groups. 
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Figure A13. Powder X-ray diffiactograms of tiie uraniferous and non-uraniferous solid 
bitumen samples. The pe^ at ~ 48.5° 2Q is produced by the aluminum slide. All of the 
uraniferous solid bitumens exhibit a broad reflection similar to that observed in the X-ray 
powder patterns of petroleum asphaltenes. The non-uraniferous samples (LN-12) exhibit 
sharper peaks closer to the position of the principal 002 reflection of graphite. The 
diffiactograms resemble those observed for anthracite coals (Ergun, 1968). 
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Figure A14. IllustraticMi of the method for determining the XRD peak centrdds using a 
geometric technique after Wedeking and Hayes (1981). In this technique (J. M. Hayes, 
personal communication) two lines are drawn parallel to the diffractogram's baseline at 
33% and 67% of the peak height, respectively. Two additional lines are drawn connecting 
the parallel lines at their intersections with the peak to form an "X", which crosses at the 
peak's center A vertical line, the peak centroid, is then drawn through the intersection, or 
center of the "X". The position of this vertical line in degrees 20is the value of the peak 
centroid. The peak width is a measure of the distance in degrees 26 across the peak 
(perpendicular to the baseline) at 50% of the peak height. The measured peak centroids 
and peak widths are presented in Table A4. 
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Figure A15. Microfocused laser Raman spectra of the Oklo solid CM. The spectra of 
samples LN-12 and OK-133 are representative of the non-uraniferous CM at Oklo. 
Samples GL-3165, OP-34, and D-75 #22 are representative of the uraniferous CM. Note 
that the spectra of these three samples exhibit broader peaks compared to the spectra of 
the non-uraniferous CM. This indicates that the non-uraniferous samples contain a more-
ordered structure with larger ciyptocrystalline graphite domains. 
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Figure A16. A comparison of low- and high-reflectance CM in two of the uraniferous 
CM samples from Oklo. The laser Raman spectra of high-reflectance CM GL-3S41 HR 
and OD-IS HR exhibit sharper peaks compared to the low reflectance CM (as shown in 
spectra GL-3541 LR and OD-15 LR). The high-reflectance CM contains no visible 
uranium minerals as shown in Figure and their spectra are similar to those of the non-
mineralized CM (LN-12 and OK-133) collected away from the U-ore deposits. The 
difiTerence between the Raman spectra of the low and high reflectance CM likely reflects 
the alteration of the uranium bearing low-reflectance CM as a result of the mineralization 
process. 
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Figure A17. Microfocused laser Raman spectra (xi a polished CM grain on the surface 
(OK-133-2) and an unpolished CM grain beneath the polished surface (OK-133-11) of a 
thin section of sample OK-133. The laser beam was focused on the unpolished CM 
through transparent quartz grains following the recommendations of Fastens (1989 ). A 
comparison of the two spectra reveals only slight differences in peak broadness, with the 
polished grain exhibiting slightly broader peaks by 2 to 4 wavenumbers. This in^cates 
that polishing effects are minimal on the laser Raman spectra of this sample. 
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Figure A18. Represendtive FITR spectra of die Oklo uianiferous and non-
uraniferous CM. The spectra of both samples exhibit relatively weak absorption 
bands. The bands caitered near 3400 and 1640 cm*^ in both spectra are likely due to 
the presence of small amounts of water in the saiiq)le-KBr pellets. ES-13 e^^bits a 
shoulder centered near 1700 cm-1, which suggests the presence of carbonyl 
functional groups. The peak centered near 1150 cm-^ may indicate the presence of 
edier functional groups in diese saiiq)les. 
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Figure A19. Structural model of representative aromatic hydrocarbons 
and their respective H/C ratios. Note that as the size and number of rings 
increases the H/C ratio decreases. 
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Figure A20. A) A structural model of the non-uraniferous CM. This model has 
H/C, 0/C, and S/C ratios similar to the non-uraniferous samples LN-12, OK-133, 
and OK-212. B) A cross sectional view of the uraniferous solid bitumen structure, 
rotated 90® with respect to A. This shows an edge-on view of sheets of polycyclic 
aromatic hydrocarbons (arrow PAH) bridged by aliphatic and aromatic 
hydrocarbons, as shown by the arrow BR. 
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Figure A21. A structural modd of the Oklo uraniferous CM. A) Apolycyclic 
aromatic moiety with H/C, 0/C, and S/C atomic ratios similar to the uraniferous CM. 
B) A cross-sectional view of the uraniferous solid bitumoi structure, rotated 90® with 
respect to A This shows an edge-on view of polycyclic aromatic hydrocarbons 
(arrow PAH) bridged by aliphatic and aromatic hydrocarbons, as shown by the arrow 
BR. 
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APPENDIX B 

ORGANIC FREE RADICALS AND MICROPORES IN SOLID GRAPHITIC 

CARBONACEOUS MATTER AT THE OKLO NATURAL HSSION REACTORS. 

GABON 

Abstract 

The presence, concentration, and distribution of organic free radicals as well as 

their association with specific surface areas and microporosities help characterize the 

evolution and behavior of the Oklo carbonaceous matter. Such information is necessary in 

order to evaluate uranium mineralization, liquid bitumen solidification, and radionuclide 

containment at Oklo. 

In the Oklo ore deposits and natural fission reactors carbonaceous matter is often 

referred to as solid graphitic bitumen. The carbonaceous parts of the natural reactors may 

contain as much as 65.9% organic carbon by weight in heterogeneous distribution within 

the clay-rich matrix. The solid carbonaceous matter immobilized small uraninite crystals 

and some fission products enclosed in this uraninite and thereby facilitated radionuclide 

containment in the reactors. Hence, the Oklo natural fission reactors are currently the 

subjects of detailed studies because they may be useful analogues to support performance 

assessment of radionuclide containment at anthropogenic radioactive waste repository 

sites. 

Seven carbonaceous matter rich samples from the 1968 ± SO Ma old natural 

fission reactors and the associated Oklo uranium ore deposit were studied by electron 

spin resonance (ESR) spectroscopy and by measurements of specific surface areas (BET 
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method). Humic acid, flilvic acid, and fiilly crystalline graphite standards were also 

examined by ESR spectroscopy fcM* comparison with the Oklo solid graphitic bitumens. 

With one exception, the ancient Oklo bitumens have higher organic free radical 

concentrations than the modem humic and frilvic acid samples. The presence of carbon 

free radicals in the graphite standard could not be determined due to the conductivity of 

this material. 

Oklo solid bitumen samples were subjected to various pressures of O2, a 

paramagnetic gas. Oroiganic free radical interactions, as revealed by ESR spectral line 

broadening, indicate that the organic free radicals of the Oklo sdid bitumens are, with one 

exception, accessible to O2. This indicates that the organic free radicals are located at or 

very near the surfaces of these organic solids, including the internal surfaces of pores. 

The presence of pores was deduced from the BET analyses. The presence of porosity 

and related permeability has important implications for fluid flow through the uraniferous 

graphitic bitumen affecting radionuclide containment at Oklo. However, the very small 

average pore sizes (18.5-38.1 A) together with the uraniferous graphitic bitumen's non-

wettability by aqueous solutions indicate that the pores did not serve as effective 

conduits for the transport of radionuclides by aqueous solutions through and out of the 

solid bitumen matrix. The ESR data obtained from the O2 experiments is comparable to 

the BET N2 adsorption data indicating that the ESR O2 experiment reflects physical 

adsorption, and not chemisorption, of O2 on the Oklo bitumen surfaces. 
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Introduction 

The Oklo, Okelobondo, and Bangomb^ fission reactors in Gabon are the Earth's 

only known natural nuclear reactors. The seventeen known natural fission reactors have 

been and are currently studied in detail by various investigators because they could be 

useful analogues to anthropogenic nuclear waste containment strategies (Brookins, 1976; 

Gauthier-Lafaye, 1986; Curtis et al., 1989; Loss et al., 1989; Nagy et al., 1991; Naudet, 

1991; Chapuis and Blanc, 1992; Hemond et al., 1992; Menet et al.,1992; Petit, 1992; Petit 

and Landais, 1992; Hoiliger, 1993; Mossman et al., 1993; Nagy and Kigali, 1993; Nagy et 

al., 1993; Hidaka et al., 1994; Janeczek and Ewing, 199S). The natural fission reactors are 

heterogeneous in both composition and texture (Nagy and Kigali, 1993; Eberly et 

al.,1994). Consequently, to determine their utility for modem repository designs, not 

only the nature of the constituents but more importantly the relationships and 

interactions between these constituents (i.e. textures), must be determined. This is 

important in the overall performance assessment of radionuclide containment in the 

natural reactors and in their environments. 

The natural fission reactors are associated with uranium ore deposits in 

hydrothermally altered and texturally heterogeneous sandstones and shales of the 2.1 Ga 

old (Paleoproterozoic) Francevillian Series (Gauthier-Lafaye et al., 1989; Gauthier-Lafaye 

and Wd)er, 1989). The natural reactors occur as small pockets of high-grade ore, several 

meters in length and width and less then I meter in thickness, containing 20 to 60 wt % 

UO2 (Gauthier-Lafaye et al., 1989). Criticality began 1968 ± 50 Ma ago (Hoiliger, 1993). 

Water acted as a moderator and temperatures varied between 250 - 450 °C (Hoiliger et al., 

1978; Hoiliger and Devilliers, 1981). The natural reactors operated for 10^ to 10* years 
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and ceased when too little fissile material (e. g. remained to sustain nuclear fission 

reactions ^olliger and Devilliers, 1981). 

Eleven of the seventeen natural fission reactors contain abundant carbonaceous 

matter. This substance has been characterized as solid graphitic bitumen and was at one 

time a viscous petroleum-like fluid (Gauthier-Lafaye and Weber, 1989; Cortial et al., 

1990; Mossman et al., 1993). The solid bitumen is intermixed and also closely associated 

with fine grained minerals (Cortial et al., 1990; Nagy et al., 1991; Mossman et al., 1993). 

At Oklo, this solid bitumen played several roles; for example, radionuclides incorporated 

in uraninite grains were enclosed and immobilized in bitumen that soon became a solid 

after criticality (Nagy et al., 1991; Nagy et al., 1993). Approximately 1.2 Ga after 

criticality, the general area of the natural reactors and uranium ores was intruded by a 

dolerite dike swarm (Bonhomme et al., 1982); two of these dikes are in close proximity to 

the natural reactors. Still, substantial amounts of and fission products were retained 

in several of the carbonaceous matter-rich natural reactors and some of these radionuclides 

are still preserved in the natural reactors today (Nagy et al., 1991; Holliger, 1992; Hidaka 

et al., 1994). 

In order to understand the roles that the solid graphitic bitumen has played in the 

accumulation of uranium and retention of uranium and its fission and daughter products at 

Oklo, it is necessary to elucidate the physical-chemical properties of this organic solid. 

Electron spin resonance (ESR) spectroscopy was used to characterize the nature of the 

indigenous organic fi-ee radicals, i.e. organic compounds or mdeties possessing one or 

more unpaired electrons, in various carbonaceous substances (Retcofsky et al., 1968; Yen 

and Sprang, 1977; Petrakis and Grandy, 1978; Aizenshtat et al., 1986; Silbemagel et al., 

1986; Mrozowski, 1988 a, 1988 b; Premovic, 1993). Note that in the present 

investigation the organic free radical content of the solid bitumens was examined as it 
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occurs in situ with minerals. The reason for this approach was to attempt to characterize 

the organic free radicals in the solid Oklo bitumens as closely as possible to their natural 

habitat with intermixed mineral matter. A thorough search was also made for inorganic 

free radicals at room and liquid helium temperatures. 

Organic free radicals present in carbonaceous sdids, including coal (Austen et al., 

1966; Shklyaev et al., 1971), kerogen, (Marchand and Connard, 1980; Connard, 1984) and 

synthetic carbons (Austen et al., 1958; Armstrong et al., 1964; S^mour and Wood, 

1971), have been shown to interact with paramagnetic gases such as O2, NO, and NOj. 

The interactions between a paramagnetic gas and organic free radicals occur over short 

distances, typically on the order of a few A, and often result in measurable broadening of 

ESR spectral lines (Subczynski and Hyde, 1984). Because of this short interaction 

distance, free radicals accessible to O2 are expected to be located on or just beneath the 

external and internal (i.e. pore) surfaces of carbonaceous solids. 

ESR spectral line broadening, as a result of 02-organic free radical interactions, can 

be evaluated by measuring changes in peak to peak width, AHpp. AHpp is the difference 

in magnetic field strength in Gauss where the maxima and minima of the first derivative 

ESR absorption line occur (Fig. B1). It is a function of the magnetic and chemical 

interactions of free radicals with each other and their enviroiunent (Wertz and Bolton, 

1986). A second ESR spectral parameter is the peak to peak derivative amplitude (App), 

which is the difference in height between the maxima and minima of the absorption line 

derivative expressed in arbitrary units of intensity (Fig. Bl). App corresponds to Wertz 

and Bolton's (1986) peak to peak derivative amplitude which is designated as 2Y'max for 

symmetrical spectral lines. Following Wertz and Bolton (1986) AHpp and App can be 

used to calculate Ipp, a term which they define as the approximate relative intensity, by 

the following relationship: 
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(1) Ipp = (AHpp)"(l/2App) 

Ipp provides an estimate of the area under the ESR derivative spectra. A change in the 

value of Ipp during spectral line broadening can indicate a change in spectral line shape. 

Conversely, when Ipp remains constant during broadening the overall spectral line shape 

generally remains constant. It should be noted that a line shape change is not the same as 

line broadening. Line shapes, which refer to the overall shape of the ESR spectral line, are 

typically described by comparison to Gaussian (y = ae"*"^) and Lorentzian (y = a / [1 + 

bx^]) functions. Line broadening can occur without a corresponding change in line shape. 

For example, if the initial and Orbroadened spectral lines of an organic free radical species 

can both be fit to a Lorentzian function then line broadening has occurred but the 

lineshape has not changed. Line broadening (as noted above) is defined by an increase in 

the value of AHpp. 

In the present ESR spectroscopic study, 02-organic free radical interactions were 

evaluated over a range of O2 pressures in order to elucidate the distribution of organic free 

radicals in the solid Oklo bitumens. O2 interactions with the solid bitumen surfaces, as is 

the case with gas-solid interactions in general, may include; collision and rebound, 

physical adsorption with varying degrees of surface mobility, and chemical adsorption 

(Adamson, 1967; Gregg and Sing, 1982; Gasser, 1985). ESR spectral data were correlated 

with specific surface areas and average pore sizes obtained by the Brunauer, Emmett and 

Teller (BET) method (Brunauer et al., 1938; Brunauer, et al, 1940) and following 

subsequent lUPAC conventions (Sing et al., 1985). 
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Experimental 

Sample Descripdons 

For this study seven representative solid bitumen samples were chosen from the 

organic matter-rich Oklo natural reactors, the U-ore bodies, and their vicinity. Th^r 

contained minerals and have been preserved in different geochemical environments over 

geological time. These include varying chonical, physical, gedogical, and hydrologjcal 

environments within the natural reactor cores, adjacent to the reactor cores, adjacent to an 

igneous intrusion, and at distances away from the natural reactors. One example is the 

periodic alteration of uraninite and concomitant loss of lead which was controlled by the 

accessibility of solutions to the natural fission reactors, and their associated fissiogenic 

elements (Holliger, 1993; Janeczek and Ewing, 1995). 

All the uraniferous solid bitumens samples contain uraninite inclusions which 

occur as irregularly shaped 10 to >100 ^m sized grains. They usually also contain 

various amounts of galena, iron sulfides, clay minerals and quartz in addition to the fine 

grained uranium minerals. Texturally and mineralogically these uraniferous solid bitumens 

are similar to the uraniferous organic matter previously described by Mossman et al. 

(1993). 

With one exception, D-73 (90.10 m), the solid bitumen samples examined in this 

study were physically separated from their enclosing rock matrix by hand. Sample D-73, 

from the core of natural reactor 10, is composed of an intimate mixture of solid bitumen 

and clay minerals (illite and chlorite) which could not be effectively separated by hand. 

Uraninite grains occur in both the solid bitumen and the clay mineral matrix. Sample GL-

3090 is part of a uraniferous bitumen nodule (10 cm in diameter) which was collected 3 m 

from natural reactor 8. This sample contains two different types of solid bitumen which 
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were hand separated for individual study. These are labeled GL-3090V and GL-3090A. 

GL-3090V is a hard vitreous solid and is surrounded by C3.-3090A a dull grayish-black 

fnable solid. Sample D-75 #22 is part of a single large solid uraniferous bitumen nodule 

(~10 cm in diameter) from the core of natural reactor 16. GL-27S3 was collected from an 

~S cm thick solid uraniferous bitumen vein adjacent to the core of natural reactor 7. Both 

D-7S #22 and GL-2753 contain the dull and vitreous solid bitumens, similar to those 

described in sample GL-3090. However only the vitreous solid bitumen was studied 

from these two samples. OP-34 is a portion of a large solid uraniferous bitumen nodule 

(~ 30 cm in diameter) collected adjacent to a 10 cm wide dolerite dike located in the 

Okelobondo U-ore deposit. Sample Niv 235 Ro.33 JC is from the Boyindzi U-ore 

deposit, located 5 km north of the natural fission reactors. It contains 2-10 millimeter 

sized uraniferous bitumen nodules which were removed from its fine grained sandstone 

host rock. An eighth sample, LN-I2 (114.65 m), is a solid bitumen which contains small 

amounts of quartz, calcite, iron sulfides, and clay minerals but is free of U-minerals. 

Sample LN-12 is part of a drill core collected from borehole LN-12 at a depth of 114.65 

m. It is located ~6 km from the Oklo natural reactors; it is not part of the Oklo uranium 

ore deposits. 

In addition, three other naturally occurring carbonaceous samples were studied by 

ESR spectroscopy for comparison to the Oklo solid graphitic bitumens. These include 

fulvic and humic acids extracted from the surface waters of a bog associated with the 

Pleasant River, Maine (Nagy et al., 1988) and a graphite sample from San Jose de 

Madillas, Sonora, Mexico, provided by The University of Arizona Mineral Museum 

(mineral catalog # 6935). 
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Sample Preparadon 

Approximately one g of each of the eight Oklo solid bitumens and the Sonoran 

graphite standard were ground to a fine powder in an agate mortar and pestle. The humic 

and flilvic acids were recovered as fine powders (provided by E. M. Thurman, U. S. 

Geological Survey) before elementary analyses. The powdered bitumens and the graphite 

standard were divided into fractions for gamma-ray spectroscopy, C, H, O elemental 

analyses and ash content determinations, ESR spectroscopic measurements, and BET 

specific surface area determinations. Boy Ro.33 JC, D-73, and the humic and fulvic acid 

samples were not studied by the BET method because of insufficient amounts of sample. 

The solid bitumens could not be quantitatively separated from their mineral 

inclusions because these two components were intimately intermixed. An attempt to 

physically separate mineral matter using heavy liquids (1,1,2,2-tetrabromoethane) did not 

remove all of the uraninite from several Oklo bitumen samples as was shown by the 

radioactivity of both fractions which sank and floated after centrifugation (Kigali and 

Nagy, manuscript in preparation). In addition, conventional chemical methods using acids 

(EiF, HCl, HNO3, H2SO4, and HCIO4) often failed to remove all the minerals coated by 

organic matter and there is the additional possibility of chemically altering the otganic 

matter (Durand and Nicaise, 1980) as well as the associated organic free radicals 

(Marchand and Connard, 1980). Shibaoka and Steven (1977) observed that the treatment 

of several coal and kerogen samples using HCl and HF results in a change in the free 

radical content of the acid treated samples. Shibaoka and Steven (1977) also reported that 

the mineral matter present in coal and kerogen samples has little effect on the 

determination of fi'ee radical content of kerogens and coals. For these reasons mineral 

matter was not separated from the samples. Another reason for this approach was to 
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attempt to characterize organic free radicals in the solid Oklo bitumens as closely as 

possible to their natural state where they are intermixed with mineral matter. 

To remove any recent organic contaminations (e. g. amino acids from human 

contacts and hydrocarbons resulting from mining operations at Oklo) in/on the bitumen, 

the samples were thoroughly extracted with solvents by ultrasonification. Four of the 

Oklo solid bitumen samples LN-12, OP-34, D-75 and GL-2753 were each extracted 

sequentially first with water, then distilled methanol, and benzene. All oiganic solvents 

were distilled and the purity of each was verified by gas chromatography (GC). The 

water used in the extractions was triple distilled and checked for amino acids (none were 

found) prior to extraction. All laboratory glassware and the agate mortars and pestles 

were cleaned with hot, concentrated H2SO4-HNO3 (85:15, v/v) and rinsed with deionized 

water. The water extracts of the samples were examined for amino acids by gas 

chromatography (GC) following the procedures for the analyses of amino acid 

contaminations (Nagy, 1982; Er, et al., 1987; Nagy et al., 1988). The methanol and 

benzene extracts were also analyzed by GC for other extractable organic compounds, e.g. 

for hydrocarbon contaminations. Trace amounts of solvent extractable components of 

ancient organic solids in rocks are suspect, because if they can be extracted with solvents 

they may well have entered the rocks in solution relatively recently. Analyses of the 

solid bitumen solvent extracts were performed using a Hewlett-Packard HP 5880A gas 

chromatograph with a flame ionization (FID) detector. Chirasil-Val 30 m by 0.2 mm i.d. 

and Carbowax 20 m by 0.35 mm i.d. fused silica capillary columns were used for the 

amino acid and hydrocarbon GC analyses, respectively. 
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Gamma-ray Spectroscopy 

Qualitative gamma-ray spectroscopic measurements were performed on samples 

LN-12, OP-34, D-75, GL-2753 and Boy Ro.33.FC using an Oxford Instruments Model 

CPV 35180 high purity intrinsic germanium detector. Signals were counted for 15 h using 

a PCA n board with 8196 channels and processed by PCAII software. The detected 

spectral peaks were identified using GDR software. 

Elemental Anafyses 

The elemental analyses for C, H, O, and the residue were performed by Desert 

Analytics, Tucson, Arizona. A Perldn-Elmer Model 240B C,H,N Analyzer was used to 

determine total carbon (TC), total organic carbon (TOC), and hydrogen content of the 

Oklo bitumen samples, the graphite standard, and the humic and fulvic acids by 

combustion with oxygen. TOC and TC values were obtained with and without prior 

digestion of the samples for 24 h with H3PO4, respectively. The oxygen content was 

determined directly, and not by difference, using a modified Perkin-EImer combustion 

analyzer. Individual samples were heated with platinized carbon in the absence of oxygen 

at 975°C. The oxygen liberated from these samples was quantitatively measured as CO2. 

ESR Analyses 

All ESR spectra were obtained cm a Bruker ESP-300E Electron Spin Resonance 

spectrometer with an operating frequency of -9.6 GHz. The solid bitumen samples, each 

weighing between 40 and 70 mg, were placed in 4 mm o.d. quartz tubes for measurement. 

The free radical content, or number of spins, of the samples were obtained by determining 

the area beneath each sample's ESR absorption line and comparing this value to the 

corresponding area of the nitroxide free radical standard 2,2,6,6-tetramethyl-l-



151 

piperidinyloxy (TEMPO). The free radical concentrations of the samples studied were 

obtained by dividing the free radical content of each sample by its mass (spins/g sample). 

Since the Oklo samples contain variable amounts of mineral matter in the solid bitumen, 

the organic free radical concentrations of these samples have been normalized to their total 

organic carbon content and reported as organic free radicals per gram of total oi^ganic 

carbon (TOC) i.e. as spins/g TOC. 

A glass vacuum system was used to sequentially expose each of four powdered 

and solvent extracted solid bitumens to increasing pressures of O2 at room temperature. 

First, samples in ESR quartz tubes were evacuated to 10"^ torr and heated at 150°C for 2 

h in order to remove adsorbed atmospheric gases, water, and organic sdvents from the 

powdered bitumen surfaces. ESR spectra were first obtained for the evacuated samples 

without the addition of oxygen. Oxygen at known pressures was then introduced into 

each of the individual sample tubes through a flow regulator and a series of vacuum 

stopcocks. ESR spectra were measured at room temperature and various oxygen 

pressures from 0.6 torr to 640 torr. AHpp values were obtained from individual ESR 

spectra at the various O2 pressures introduced into the sample tubes. 

A computer program written by A. V. Astashkin (and provided by A. 

Raitsimring) was used to analyze line broadening, line shapes, and variations in line 

shapes of the ESR spectra with increasing pressures of oxygen. 

BET Analyses 

BET specific surface area measurements were made at The University of Arizona, 

Arizona Materials Laboratory, Copper Research Center on a Micromeritics Accelerated 

Surface Area and Porosimetry System Model 2000 using N2 as the adsorbent gas. Prior 

to the measurements, each sample was heated in vacuo overnight at 250®C. Mtrogen gas 
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adsorption and desorption volumes were measured for various pressures of nitrogen at a 

temperature of 77 K. These volumes were corrected to standard temperature and 

pressure (STP). The resulting adsorption isotherms, desorption isotherms, and specific 

surface areas were obtained for six of the seven solid bitumen samples and the graphite 

standard. BET average pore sizes were calculated based on the adsorption isotherm data 

obtained on individual samples. 

Results 

The water extracts of the four Oklo solid bitumen samples LN-12, OP-34, GL-

2753, and D-7S exhibit no detectable amino acids. In addition, GC analyses of the 

methanol and benzene extracts did not reveal the presence of any other organic 

compounds. 

The Oklo solid bitumens are mildly radioactive. Gamma-ray spectroscopy 

confirmed the presence of uranium and a number of its daughter products in Oklo natural 

reactor samples OP-34, GL-2753, D-75 as well as sample Ro,33.FC from the Boyindizi 

U-ore deposit. "^Th, ^°Th, ^"Ac, ^®Ra, and ^^^i were among 

the radionuclides detected in these uraniferous bitumen samples. No uranium or uranium 

daughter products were detected in sample LN-12, located 6 km from Oklo. 

Elemental analyses and H/C and 0/C atomic ratios are given in Table Bl. With 

the exception of sample D-73, the ancient Oklo solid bitumens have lower H/C and 0/C 

ratios as compared to the modem humic acid sample. In fact, D-73 exhibits much higher 

H/C and 0/C ratios than the other Oklo samples analyzed as well as the values reported 

by Cortial (1985) and Cortial et al. (1990) on numerous Oklo samples. Cortial et al. 



153 

(1990) reported that the Oklo bitumens acquired oxygen as a result of water circulation 

during uranium precipitation before the bitumen became a solid. However, in addition to 

the elevated H/C and 0/C ratios, note that D-73 exhibits a high residue content indicating 

the presence of substantial amounts of mineral matter. An explanation for these elevated 

ratios in sample D-73 could be, in part, a result of the presence of abundant mineral 

matter, particularly clays, intermixed with the solid bitumen. The elemental analyses for 

C, H, and 0 were performed by combustion at 97S°C. At this temperature, H and 0 

should have been liberated by the breakdown of the hydrous layer structures of the clay 

minerals (Grim and Bradley, 1940; Caillere and Henin, 1957; etc.). This could result in 

elevated hydrogen and oxygen contents of the samples analyzed. The high residue 

contents of D-73 and most of the other Oklo bitumens analyzed reflects the abundance of 

intermixed minerals including various amounts of clays. This mineral content distribution 

(clays, uraninite, pyrite, other sulfides and oxides) is shown by transmitted and reflected 

light microscopy (Mossman et al., 1993), backscattered electron microscopy, and electron 

microprobe analyses (Kigali and Nagy, unpublished results). 

Organic free radical concentrations per g organic carbon are also reported in Table 

B1 for the Oklo samples as well as for the humic and flilvic acids. Note that there is an 

approximately two orders of magnitude difference among the free radical concentrations 

of the Oklo graphitic bitumens. In addition, the Oklo solid graphitic bitumens have, with 

one exception, higher free radical concentrations than the humic and fulvic acids. This is 

shown by the present study and also by other investigations of humic and fulvic acids 

(Steelink, 1966; Salehetal., 1991; Senesi etal., 1991). 

The BET specific surface areas and average pore diameters of the Oklo solid 

bitumens are shown in Table B1. The BET surface areas of the samples range between 

2.0 mVg (LN-12) and 150.7 m^/g (OP-34). The BET average pore diameters of the 
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samples vaiy between 18.4 and 106 A. By lUPAC conventions, these carbonaceous 

solids exhibit average pore diameters in the micropore (<20 A) to mesopore (20 to 500 A) 

size range (Gregg and Sing, 1982). Note that the non-uraniferous sample LN-12 has the 

lowest specific surface area and the highest average pore diameter. In contrast, the 

uraniferous samples OP-34, GL-2753, and D-7S have higher specific surface areas and 

lower average pore sizes. 

The ESR spectra, obtained at room temperature, of the Oklo solid bitumens 

consist of single symmetric lines (Fig. Bl). These spectra do not show the presence of 

inorganic free radicals or the interference of mineral matter (e. g. pyrite) as described by 

Marchand and Coimard (1980); and Cormard (1984). An ESR spectrum for the powdered 

Sonoran graphite standard could not be obtained because of strong absorption of 

microwave energy due to the high conductivity of the graphite sample. 

The results of the ESR Oj experiment show changes in the AHpp of each of the 

four solid bitumen's ESR spectra. In the case of the non-uraniferous sample LN-12, 

AHpp increases linearly with increasing oxygen pressures below 40 torr. At pressures 

above 40 torr, AHpp appears to be independent of O2 pressure and remains constant at 

~9 Gauss. Although AHpp increases linearly with O2 pressures, the line shapes remain 

constant at pressures of 40 torr and below. This is shown by the closely similar values of 

Ipp. Each of the LN-12 spectra also exhibit approximately Lorentzian line shapes at 

pressures of 40 torr and below. Above 40 torr there is an apparent change in line shape 

of the ESR spectra (Fig. B2). 

In contrast to sample LN-12, the spectra of the ESR-O2 experiment with the 

uraniferous sample OP-34 show only a relatively small line broadening and no line shape 

change. AHpp increases from 6 to 8 gauss between pressures of 0.6 to 80 torr. At 

pressures above 80 torr, AHpp changes little with increasing pressure and approaches a 
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value of only 9 Gauss. The line shapes of the ESR spectra of OP-34 are Lorentzian and 

they remain as such over the entire O2 pressure range. Furthermore, the Ipp values of the 

ESR spectra remain constant indicating these spectra have a constant line shape. 

For the uraniferous sample GL-2753, MIpp increases from 1.3 to 6.0 Gauss 

between O2 pressures of 0.6 to 80 torr. As is the case for OP-34, the AHpp values of 

GL-2753 change litde, approaching a value of 8 Gauss above pressures of 80 ton*. But, in 

contrast to OP-34, all line shapes of the ESR spectra of GL-2753 are slighdy asymmetric 

and are neither Lorentzian nor Gaussian. 

Uraniferous sample D-75 also shows behavior similar to the uraniferous sample 

OP-34 as AHpp increases from 3 to 8.6 Gauss over the entire O2 pressure range while 

Ipp remains close to constant. D-75 exhibits approximately Lorentzian line shapes for all 

its O2 broadened spectra. 

Next, the AHpp-02 data was compared to the BET N2 adsorption isotherms. 

Each of the AHpp values was normalized to AHpp at O2 pressures of ~320 torr. The 

BET data was normalized to the volume of N2 adsorbed at ~320 torr (Figs. B3-B6). ESR 

spectral characteristics with O2 were evaluated with respect to the relative adsorption 

processes of O2 and N2 on the external and internal (micropore) surfaces of the solid 

bitumens. The normalized AHpp data of the O2 broadened spectral lines are similar to the 

normalized BET N2 isotherms for corresponding pressures of O2 and N2 for each of the 

bitumens studied. 
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Discussion 

The humic and flilvic acid samples are modem examples of natural polymer-like 

organic matter (Steelink, 1985; Nagy et al., 1988; Senesi and Steelink, 1989; Saleh et al., 

1991; Senesi et al., 1991). Generally, they have lower free radical concentrations than the 

Oklo solid bitumens. This is to be expected given the thermal history and ionizing 

radiation exposure of the Oklo bitumens for ~2 Ga. A comparison to ESR studies on the 

3 Ga dd Witwatersrand uraniferous solid organic matter (Zumberge et al., 1978) shows 

that the Oklo uraniferous solid bitumens have free radical amcentrations approaching 

those observed in the Witwatersrand samples (10^° / g organic carbon). At 

Witwatersrand, Zumberge et al. (1978) noted that free radical formation may have 

persisted throughout the entire history of the U-bearing carbonaceous matter as a result of 

radiation from the continuous decay of uranium and its daughter products. 

At Oklo, organic free radicals likely played a number of roles in the chemical and 

structural evolution of the solid bitumens in the ~2 Ga old uranium ore deposit. One 

example is their possible role in mineralization. Uranium mineralizati(Mi occurred at Oklo 

when viscous liquid bitumen reduced U^ from aqueous solutions resulting in the 

precipitation of uraninite (Cortial et al., 1990; Nagy et al., 1993). Organic free radicals 

may have participated in the reduction of uranium and the enclosure of the resulting 

uraninite in the solidifying bitumen (Nagy et al., 1991; Gize, 1993). Conversely, the 

ionizing radiation produced by the radioactive decay and fission reactions of uranium 

could also have had a notable effect on the bitumen. Ionizing radiation is known to 

initiate the polymerization of various organic substances including petroleum lubricants 

through reactions which involve the formation and participation of organic free radicals 

(Charlsby, 1960; Swallow, 1960; Bolt and Carroll, 1963; Odian, 1981). At Oklo, the 
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irradiation of viscous bitumen by closely associated uranium minerals may have resulted 

in the bitumen's solidification via a free radical polymerization mechanism. 

Neutron and ionizing radiation, in addition to heat, in the Oklo natural fission 

reactors and surrounding ore deposits likely facilitated the generation of organic free 

radicals after the solidification of the viscous bitumen. Ionizing radiation is known to 

produce organic free radicals in carbonaceous solids including coals (Friedel and Breger, 

1959; Austen et al., 1966), and kerogen (Zumberge et al., 1978). In addition, the heating 

of polymers also produces carbonaceous materials with detectable free radical 

concentrations (Armstrong et al. 1964). Amongst the Oklo samples, note that the 

concentration of organic free radicals is generally higher in the solid bitumens obtained 

from the natural reactors as well as the sample adjacent to the dolerite dike (Table Bl). 

Note that the non-uraniferous sample LN-12 contains no uranium minerals and it exhibits 

a lower organic firee radical concentration as compared to most of the uraniferous solid 

bitumens. The observed free radical concentration of the non-uraniferous sample LN-12 

may be related to the thermal history of the Francevillian Basin. Temperatures of 200°C 

and above were reached during burial and diagenesis of the Francevillian formaticm 

(Gauthier-Lafaye and Weber, 1989). While heat alone may be responsible for the free 

radical content in the non-uraniferous carbonaceous matter, ionizing radiation together 

with heat is likely to have produced the observed organic free radical concentrations of the 

uraniferous solid bitumens at Oklo. 

Structurally, the organic free radicals which persist in sdid bitumen, kerogen, and 

coal are believed to be stable aromatic, though not necessarily only hydrocarbon, moieties 

(Austen et al., 1966; Retcofsky et al., 1968; Yen and Sprang, 1977; Zumberge et al., 1978; 

Aizenshtat et al., 1986). The Oklo solid bitumens are composed of abundant« 1 ^m 

sized poorly ciystalline graphite moieties and polycyclic aromatic hydrocarbons 



158 

connected by aliphatic and aromatic bridges (Nagy and Kigali, 1993). At Oklo, these 

minute graphite and aromatic hydrocarbon moieties have been subjected to radiation 

damage for approximately 2 Ga. It is conceivable that radicals were created in the 

cryptocrystalline graphite as well as the aromatic hydrocarbon moieties. This suggests 

that there could be two different types of free radicals in the Oklo graphitic bitumen 

samples; organic free radicals associated with the polycyclic aromatic hydrocarbons; and 

carbon free radicals associated with the poorly crystalline graphite moieties. However, no 

evidence has been found to demonstrate the presence of two types of carbonaceous free 

radicals in the room temperature ESR experiments performed in this study. 

The spatial distribution of the free radicals in the Oklo solid bitumens (as well as 

other types of carbonaceous matter) can be elucidated by the ESR O2 experiments. This 

is based on the effect of O2 on ESR line shape and line broadening of the organic free 

radical spectra. It should be noted that these effects are not caused by the bonded oxygen 

which may be present in the structure of the organic free radical moieties in the Oklo 

bitumens. The oxygen present in these free radical moieties is not paramagnetic. 

The non-uraniferous sample LN-12 provided a greater variety of ESR spectral 

information then the uraniferous bitumen samples; therefore, LN-12 will be discussed 

first and in some detail. One possible explanation for the apparent change in line shape 

observed of LN-12 above O2 pressures of 40 torr is that chemisorption occurred (Fig. 

B2). However, this is considered unlikely. The original Lorentzian line shape is restored 

when the oxygen is removed from the sample after the completion of the oxygen 

experiment. Thus, the observed deviation from Lorentzian line shape is reversible. 

Chemical reactions of the organic free radicals with O2 would not be reversible. 

Armstrong et al., (1964) demonstrated that chemisorption of oxygen is not a reversible 

process, and O2 could only be removed from carbonaceous surfaces as oxides of carbon. 
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An alternative explanation for the apparent change in line shape for sample LN-12 

is the result of two closely overiapping spectra. The first spectral line was continuously 

observed from 0.6 to 640 torr, and it broadened from 2 to » 160 Gauss. The amplitude 

of this first spectral line decreases as AHpp increases and a second spectral line appears 

at O2 pressures above 40 torr. The AHpp values of this second spectral line remain close 

to constant at 9 to 10 Gauss. An estimate of the intensity of the second spectral line was 

obtained by matching and subtracting a computer simulated Lorentzian line from the 

measured spectra of both the overlapping lines (Fig. B7). This resolved the second 

spectral line and its intensity is ~30% of the oxygen broadened line. 

The presence of this second unbroadened line indicates that O2 did not have access 

to all of the organic free radicals of sample LN-12. Consequently, these free radicals may 

be on the surfaces of isolated pores to which O2 cannot gain access. Alternatively, they 

may be located away from the surface inside the solid bitumen's matrix. Note in this 

connection that the BET specific surface area of sample LN-12 is small (2.0 mVg 

sample) and suggests only minimal amounts of pore space are present. In addition, the 

BET adsorption isotherm of sample LN-12 (Fig. B3) is comparable to those observed for 

non-porous carbon blacks (Carrott et al., 1987) as well as the characteristic isotherm for 

non-porous solids known as the Type H isotherm (Brunauer et al., 1940 and Sing et al., 

1985). 

ESR spectral line broadening of non-uraniferous sample LN-12 is reversible as 

AHpp returns to its initial value after oxygen is removed from the sample. Austen et al. 

(1958) suggest that reversible line broadening by oxygen is the result of collision and 

rebound of O2 from the carbonaceous surfaces. Alternatively, Armstrong et al. (1964) 

propose that the physical adsorption with subsequent mobility of O2 on the 

carbonaceous surfaces is responsible for reversible line broadening. Both of these O2 
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interactions with carbonaceous surfaces can result in spin-spin exchange between oxygen 

and organic free radicals leading to ESR spectral line broadening (Arnold Raitsimring, 

personal communication). However, note that there is a linear increase in broadening of 

the first spectral line with increasing pressures of Oj (Fig. B3). This indicates that the 

bitumen surfaces of LN-12 are not fiilly covered by O2. Full or significant coverage of the 

surface by O2 would make AHpp of the initial line independent of O2 pressure, which is 

not the case for this sample. This is not a typical physical adsorption or chemical 

adsorption, rather it indicates collision and rebound between O2 and the surface free 

radicals as suggested by Austen et al. (19S8). 

In contrast to sample LN-12, the uraniferous sample OP-34 shows no change in 

line shape during the oxygen experiment. The normalized AHpp O2 and BET N2 

adsorption isotherms of OP-34 are shown in Fig. B4. The change in AHpp with 

increasing O2 pressures to 80 torr reflects the physical adsorption of oxygen onto the 

solid bitumen surfaces and is in basic agreement with the BET data. AHpp at 80 ton-

indicates the approach of full coverage by O2 gas of the bitumen's surfaces. Once the 

external and internal surfaces ^proach full monolayer coverage with O2, additional 

oxygen has no direct access to the surface organic free radicals. Thus \^en monolayer 

coverage of the bitumen surface is approached, AHpp will no longer increase with 

increasing O2 pressure. 

The normalized BET N2 isotherm for OP-34 exhibits characteristics similar to 

both the Type I isotherm of microporous solids and the Type IV isotherm of 

mesoporous solids (Brunauer et al., 1940; Gregg and Sing, 1982). Microporous solids 

which contain mesopores can produce BET isotherms which have the characteristics of 

both Type I and Type IV isotherms (Gregg and Sing, 1982). Similar behavior has been 

observed for some activated carbons which contain micro-sized (< 20 A) and meso-sized 
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(20 to SOO A) pores (Sell^Per^ and Martin-Martinez, 1991). Recall that the BET 

average pore size of sample OP-34 is 22.8 A. This value is veiy close to the defined pore 

width limit, 20A, which distinguishes micropores from mesopores. It is reasonable that a 

sample with this average pore size would exhibit the BET isotherm characteristics of both 

microporous and mesoporous solids. 

The MIpp O2 isotherm is comparable to the N2 BET isotherm at low to 

intermediate pressures for this microporous solid. This uraniferous sample, OP-34, does 

not show collisional line broadening as does LN-12. Consequently, the ESR spectral data 

can be construed to represent a type of physical adsorption corresponding to the gradual 

but eventual full coverage of the graphitic bitumen surface with O2, according to the model 

of Armstrong et al. (1964) and in contrast to the non-uraniferous sample LN-12. 

The normalized AHpp-02 and BET N2 adsorption isotherms of uraniferous 

samples GL-27S3 and D-7S are shown in Figs. S and 6 respectively. Both samples 

behave similarly to OP-34. Evidence for chemisorption of O2 was not observed in these 

samples either. The adsorption of O2 on the bitumen surfaces of these samples is similar 

to the model of physical adsorption described for sample OP-34. The normalized BET 

N2 adsorption isotherms of GL-2753 and D-75 are also similar to materials exhibiting 

micro- and meso-sized pores. 

The external and internal surface areas should be considered as significant factors 

affecting the organic free radical concentrations in the Oklo samples as shown in Table 

B1. The uraniferous Oklo bitumen sample OP-34 has the highest free radical 

concentration and the highest specific surface area. Conversely, the non-uraniferous 

sample (LN-12) has a low free radical concentration and the lowest specific surface area. 

One exception is the uraniferous sample E)-75 \^ch has a high free radical concentration 

but a relatively small specific surface area. This demonstrates that surface area is not the 
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sole controlling factor of surface organic free radical concentrations for the Oklo bitumens. 

These exceptions are likely the result of ioiizing radiation from radionuclides in minerals 

enclosed in the solid bitumens, neutron radiation from the fission of ^^Pu, and 

during natural reactor operation, and elevated temperatures to which the uraniferous 

samples have been subjected to during and after criticality (Nagy et al., 1991). 

The BET data suggest that the uraniferous solid bitumens contain pores with 

average sizes in the range of several tens of A. Porosity in the uraniferous Oklo bitumens 

may have been caused by heat which fragmented the solid macromdecular matrix after 

solidification and consequently removed volatile moieties from the remnant bitumen. 

Additional studies of the Oklo solid bitumens, in particular visual examinations of the 

pores by transmission electron microscopy (TEM), may help resolve the origin of these 

pores as well as providing direct information on their size, geometry, distribution and 

interconnectivity. 

In order to understand radionuclide containment in solid graphitic bitumen and its 

applicability to man-made radioactive waste repository designs an understanding of the 

effective porosity and related permeability needs to be elucidated. The presence of 

micropores and mesopores may affect the escape of gaseous radionuclides and fission 

products ( e. g. and ^^'Xe) from the solid microporous matrix of these bitumens. 

More importantly, the entrance of aqueous solutions into the solid bitumen through pore 

channels also needs to be considered. This could lead to the leaching of uraninite grains 

enclosed in bitumen with subsequent removal of radionuclides. However, the flow of 

aqueous solutions through porous networks in kerogen is prohibited by the strong 

interfacial forces which exist between the water and the nonwettable carbonaceous matter 

(McAuIifFe, 1979). In addition, the flow of aqueous solutions can also be ineffective in 

water wettable pores, which are less than 100 A in size, such as the voids between clay 



163 

minerals (Dickey, 1986). At Oklo, the removal of radionuclides does not appear to have 

occurred to any significant ^ent because of the very small average pore diameters of the 

solid bitumens together with the fact that the Oido bitumens are not wetted by water 

(Nagy and Kigali, 1993). This is consistent with previous studies of Oklo which indicate 

that uraninite enclosed in the solid bitumen retains uranium and various fission products 

and that this mechanism hinders their loss from the organic matter-rich natural reactors 

(Nagy et al., 1991; Nagy et al., 1993). 

Conclusions 

Electron spin resonance (ESR) spectroscopy of organic fi'ee radicals and specific 

surface area analyses by the Brunauer Emmett and Teller (BET) method elucidate some of 

the chemical and physical properties of the Oklo solid graphitic bitumens. The ESR data 

indicates the presence of high organic free radical concentrations in these carbonaceous 

solids. Organic fi-ee radicals may have participated in uranium mineralization as well as 

the polymerization and subsequent solidification of bitumen in the ore deposit and 

organic matter-rich natural fission reactors. The fairly high BET specific surface areas and 

the shape of the BET isotherms point to the presence of porosity in the uraniferous solid 

bitumens. These properties are important as they defme part of the nature of the 

carbonaceous matter and certain containment parameters of uranium and fission products 

in the Oklo natural reactors. 

ESR analyses of eight Oklo solid bitumen samples indicated a high oi^ganic free 

radical content in the carbonaceous matter as compared to modem fulvic and humic acids. 

The intimate association of uranium and its incorporated fission and daughter products 
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with the Oklo carbonaceous matter is particularly important in the consideration of its 

high organic free radical concentration. loniaang radiation from the decay c£ the 

incorporated radionuclides may have resulted in the continued formation of organic free 

radicals in the Oklo carbonaceous matter over gedogic time. 

ESR spectroscopic measurements of the Oklo bitumens exposed to O2 revealed 

the distribution of organic free radicals in these graphitic solids. Bulk free radicals (those 

below the surfaces of the solid bitumen matrix) and surface free radicals (those associated 

with the external surfaces and internal pore surfaces of the bitumens) can be delineated 

based on the nature of their interactions with O2. These interactions, as indicated by ESR 

spectral line broadening, demonstrate that a majority if not all the organic free radicals 

reside at or near the external and internal surfaces of the microporous and uraniferous 

Oklo solid bitumens. Line broadening of the ESR spectra of these carbonaceous solids is 

the result of physical interactions (physical adsorption, collision and rebound) and not 

chemisorption of O2. 

Porosity together with wettability, should be considered in the performance 

assessment of radionuclide contaiimient by the solid graphitic bitumen of the natural 

fission reactors. The BET data suggest that the uraniferous solid bitumens contain pores 

in the tens of A range. In addition, the Oklo solid bitumens are not water wettable. The 

entrance of aqueous solutions into the Oklo solid bitumen and subsequent leaching of 

radionuclides is expected to be hindered due to the very small pore diameters together 

with the nonwettability of the solid bitumen. 
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Table B1. Chemical characteristics, organic free radical concentrations, specific surface 
areas and average pore diameters of CM within and adjacent to the Oklo natural fission 
reactors, adjacent to a doierite dike, 6 km fix)m the natural reactors, humic and fiilvic acids 
from Pleasant River, Maine, and Graphite fix)m Sonora Mexico. TOC, H,0, and residue 
contents are reported in weight percents. H and O values have not been corrected for H 
and 0 present in clays for the Oklo samples. The BET data was obtained using nitrogen 
gas as the adsorbant at 77^. Free radical concentrations are presented as free radicals 
(spins) per gram of organic carbon (TOC) and represent the radical concentration of 
each sample normalized to their respectiveorganic carbon contents. n.d.= not determined. 



Sample No. Sample Location 

Total 
Organic 
Caibon 
(%TOC) 

Hydtogen 
Content 
(%H) 

Oxygen 
Content 
(%0) 

Residue 
(% Res.) 

H/C 
atomic 

0/C 
atomic 

Nonnalized 
Organic 

Ftee Radical 
Concentration 
(spinVg TOC) 

BET 
Specific 
Surfixx 

Area 
(m2/K) 

BET 
Average 

Pore 
Size 
(in A) 

GL-2753 Next to reactor 7 39.70 1.33 8.92 48.58 0.42 0.18 6,9x10^9 27.6 26.3 

D-75 (#22) Within reactor 16 65,93 2.50 6.94 22.85 0.46 0.08 9.4x10^9 10.3 38.1 

OP-34 Next to Dolerite Dike 59.29 3.03 9.06 27.94 0.62 0,12 1.1x10^0 150.7 22.8 

LN-12 6 km from reactors 88.80 1.54 5.93 3.31 0.21 0.05 2.9x1019 2.0 106.0 

D-73 (90.1 m) Within reactor 10 6.34 1.39 9.17 82.08 2.57 1.1 1,3X1020 n.d. n.d. 

Boy Ro33FC S km from reactors 64.26 2.32 9.33 20.32 0.43 0.11 7,4X1019 n.d. n,d. 

GL.3090A 3 m from reactor 8 24.56 0.87 14.73 57.61 0.43 0.46 7.1x10^7 25.3 36,2 

G1^3(»0V 3 m friom reactor 8 45.14 1.31 9.64 41.16 0.35 0.16 5,5X1019 62.1 18.5 

Gn^jhite Sonora, Mexico 81.61 0.10 0.98 16.57 0.02 0.01 n,d. 17.3 180.0 

Humic Acid Pleasant Rivo-, ME 48.93 3.34 47.76 0.0 0.82 0.73 8,5X10^'' n.d. n.d. 

Fulvic Acid Pleasant River. ME 52.19 3.38 n.d. 0.0 0.78 n.d. l.lxlO^S n,d. n.d. 

-vj 
L/l 
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Figure B1. First derivative ESR spectra of several Oklo solid bitumens. Shown frcxn top 
to bottom are the spectra of samples LN-12, OP-34, GL-2753, and D-75. Prior to ESR 
spectral measurements, all four samples were heated for 2 hours at ~100°C and a pressure 
of 10-4 torr. The ESR spectral parameters sweep width, peak amplitude (App), and 
peak to peak width (AHpp) are illustrated at the bottom of this diagram. Numerical 
values of AHpp are shown next to each of the spectra. 
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Figure B2. ESR spectra of the non-uraniferous solid bitumen sample LN-12. These 
spectra were recorded at increasing Oj pressures as shown from top to bottom. The O2 
pressures, recorded sweep widths, and peak to peak widths (AHpp) are shown next to 
each of the spectra. Note the change in line shape which can be seen for the ESR spectra 
recorded at 62 pressures of 86 and 166.8 torr. Tliis line shape change is due to the 
appearance of a second spectral line, better seen in the ESR spectrum recorded at 166.8 
torr. The spectra were recorded with increasing sweep widths to observe line broadening. 
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O2 Pressure = 20.8 torr 
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O2 Pressure = 42.6 torr 
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O2 Pressure = 86.0 torr 
Sweep Width = 400 Gauss 
AHpp = 10.9 Gauss 

Second spectral line O2 Pressure = 166.8 torr 
Sweep Width = 1200 Gauss 
AHpp = 9.4 Gauss 
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Figure B3. Plot of the normalized ESR AHpp-Os and BET N2 adsorption data for the 
non-uraniferous sample LN-12. The ^pp-02 data is normalized to the AHpp value of 
316.4 Gauss obtained from an ESR spectrum recorded at an Oj pressure of 328 ton*. 
AHpp increased from 2.66 to » 316 Gauss between O2 pressures of 0.6 to 640 torr. 
Above O2 pressures of 320 torr, AHpp could no longer be determined accurately because 
of excessive line broadening. The BET N2 adsorption data is normalized to the volume of 
N2 (0.773 cm3 / g sample) adsorbed at a N2 pressure of327.4 torr. During the BET 
experiment, the volume of N2 adsorbed increased from 0.212 to 7.15 cm3 / g sample 
between N2 pressures of 6.67 to 687.86 torr. Between pressures of ~6 and 320 torr, the 
two normalized data sets are similar. This suggests that, like the BET N2 data in this 
pressure range, the ESR data reflects the adsorption behavior of O2. 
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Figure B4. Plot of the normalized ESR AHpp-Oj and BET N2 adsorption data for the 
uraniferous sample OP-34. The AHpp-02 data is normalized to the AHpp value of 8.69 
Gauss obtained from an ESR spectrum recorded at an O2 pressure of 316 torr. AHpp 
increased from 6.1 to 8.98 Gauss between O2 pressures of 0.6 to 635 torr. The BET N2 
adsorption data is normalized to the volume of Nj adsorbed (47.43 cm3 / g sample) at a 
N2 pressure of 321.1 torr. The volume of N2 adsorbed increased fix)m 19.53 to 60.05 cm3 
/ g sample between N2 pressures of 6.5 to 683.2 torr. Between pressures of ~20 and 320 
torr the ESR and BET curves have similar shapes indicating, as in the case of sample LN-
12, that the ESR data is reflecting the adsorption of O2 on the solid bitumen surfaces. In 
contrast to LN-12, substantial amounts of N2 and O2 are adsorbed on the external and 
internal surfaces of this microporous solid bitumen. 
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Figure BS. Plot of the normalized ESR AHpp-02 and BET N2 adsorption data of 
uraniferous sample GL-27S3. The ^pp-Oj data is normalized to the AHpp value of 
7.73 Gauss obtained from an ESR spectrum recorded at an O2 pressure of 315 torr. 
AHpp increased from 1.26 to 8.09 Gauss between O2 pressures of 0.6 to 635 torr. The 
BET N2 adsorption data is normalized to the volume of N2 adsorbed (8.08 cm3 / g 
sample) at a N2 pressure of 312.51 torr. During the BET experiment, the volume of N2 
adsorbed increased from 2.054 to 12.83 cm3 / g sample between N2 pressures of 13.91 to 
685.48 torr. Note that the ESR and BET curves of this uraniferous and microporous 
sample are similar to those of sample OP-34 below pressures of400 torr. 
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F^g^^e B6. Plot of the normalized ESR AHpp-02 and BET N2 adsorption data of the 
uraniferous sample D-7S from within natural reactor 16. The AHpp-Oj data is 
normalized to a AHpp value of 7.42 Gauss which was obtained at an O2 pressure of 311.5 
torr. AHpp increased from 3.08 to 8.11 Gauss between O2 pressures of 0.6 to 639 torr. 
The BET N2 adsorption data is normalized to the volume of N2 adsorbed (3.39 cm3 / g 
sample) at a N2 pressure of 312.51 torr. During the BET experiment, the volume of N2 
adsorbed increased from 1.33 to 10.13 cm3 / g sample between N2 pressures of 6.93 to 
687.91 torr. Note the close overlap of the BET and ESR isotherms for this microporous 
uraniferous sample. 
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Figure B7. (a) First derivative ESR spectrum of sample LN-12 recorded at an O2 pressure 
of 40 torr (represented by the solid line) and a computer simulated first derivative 
Lorentzian line (represented by the dashed line). As is shown, the simulated spectrum 
was matched to the outer portion or "Avings" of the recorded spectrum of LN-12. The 
simulated spectrum was subtracted from the recorded spectrum which then resolved a 
second spectral line b. This second spectral line has a AHpp value of 9 Gauss and an 
integral intensity (area under the spectral line) of ~30% of Ae recorded spectrum. 
Computer simulated Lorentzian lines were generated and matched with each spectrum of 
LN-12 at each O2 pressure. 


