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Summary

Carbon from both organic and inorganic sources is found in Earth’s oldest rocks. The purpose of the present grant has been to develop criteria distinguishing between these sources and thus making it possible to determine if life was present at the age levels represented, going back to 3,800 million years. The technique found most promising for this purpose is high resolution transmission electron microscopy (HRTEM) combined with electron diffraction analysis and supplemented with lower resolution scanning electron microcopy (SEM).  X-ray diffraction analysis was found to contribute useful integrating information on diagnostic defects. Interpretation of the environment in which the rocks and their carbon component were formed are based on optical-microscopic, chemical and isotopic analysis of the host rocks and studies of their associations in the field (Lepland et al. 05, van Zuilen et al., 03, 05)
The choice of relying on HRTEM analysis for the structural part of the carbon study stems from the pioneering work by Buseck and collaborators (Buseck et al. 85, 88, 02, 06) on carbon in Archean rocks. From their work a clear distinction between the microstructure of the abiogenic and organogenic forms of carbon appeared evident. In the first case carbon was consistently found in its fully crystalline phase as graphite with long- as well as short range order, and with characteristic atomic spacing and unique electron diffraction patterns and a relatively rare presence of defects. In contrast, the microstructure of carbon present in rocks with a clear biogenic origin appeared systematically different, with highly disordered fringes forming characteristic curls, closed concentric shells (‘onions’) and subparallel structures. Particularly since the fractionation of the light isotope 12C, generally relied on in the past was proved also to have abiogenic sources (see Final Report for Grant NAG5-10667; van Zuilen 02, Lepland et al, 05), HRTEM appears to remain as the superior method for determining the origin of carbon in metasedimentary rocks as long as the metamorphism has not obliterated the characteristic defect structures.  Isotopic fractionation remains of indicative value in cases where, as in McKeegan et al. (07), absence of transition element carbonates excludes the formation of fractionated carbon by carbonate disproportionation.   

Introduction

As a major part of research under the present grant we studied the ultrastructures of carbon particles isolated from Archean sedimentary rocks ranging in age from 2.5 to 3.8 billion years, the latter being the oldest known sedimentary formations known on Earth. They occur in the Isua Supracrustal Belt (ISB) in southern West Greenland which also contains other (metasomatic) types of carbon containing rocks, shown in research under a parallel grant (NAG5-10667 )  ) not to be sedimentary, and their carbon to be formed by an inorganic process (disproportionation of iron carbonate at high temperature and pressure deep in the Earth’s crust). 

In contrast, a banded carbonaceous shale in the ISB bears the hallmarks of a sedimentary origin and an organogenic origin has been proposed for the carbon contained in it (Rosing 99). It would represent the residues of the oldest known life on Earth and demonstrate the existence of autotrophic life already 3,800 million years ago, some 300 million years before previously established life in rocks from the Barberton Tract in S.Africa and from the Pilbara Formation in Western Australia and only 600 million years after the formation of the Earth

In view of the novelty of this discovery and the possibility of life existing this far back in time we have focused much of the attention in our work on the physical properties of the carbon contained in this rock which has never previously been investigated with high resolution techniques. For comparison we have included in our analysis also a series of younger Archean and Proterozoic formations containing known biogenic and abiogenic forms of carbon for comparison, including some from the Archean terrains of Barberton, South Africa, Hamersley in western Australia and Shunga in Karelia as well as fluid deposited carbons from occurrences in Spain, Aracena, Ronda and Huelma (Luque et al., 92).

Technical limitations and remedies

The use of TEM and in particular HRTEM for the identification of organogenic
 vs. inorganic carbon is limited by the very nature of TEM, being an extremely
 localized technique. Hence, in order to evaluate the relative proportions of different structural types, it was necessary to carry out extensive and time consuming   gathering of images.  In addition, the sample preparation is

 critical; residual undissolved mineral particles had to be identified and excluded.

This process will in the future be much improved with the use of analytical
 HRTEM equipped with currently available EDX and EELS as tools for chemical
 analysis of the substances analyzed. 

Other difficulties arose in the distinction between natural features and artifacts. One example is given by Fig. 1, showing sharp bends in an otherwise highly ordered graphitic structure. 
[image: image1.emf]
Figure 1. Bends in an otherwise highly ordered graphite particle. The carbon in this image is from a carbon fluid deposit in Aracena, Spain.  By control described in the text these bends were shown to be natural defects and not artifacts from grinding. 
Such nicks and bends could be either primary features introduced by stress or strain in the Earth’s crust or as artifacts arising from percussion grinding in the sample preparation. In critical cases this uncertainty was avoided by dissolution without grinding of pieces of rock several cm in size, showing that in this case the bends are natural. This approach is, however, practically limited by the time involved, of the order of a year in samples dominated by refractory minerals. New attempts have begun, disintegrating the rocks by freeze-thawing the rock and thereby already initially exposing a large surface area to acid attack 
. 
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Figure 2. Bright field (a) and (c) and dark field) (b) and (d) images of amorphous or turbostratic regions. (a) and (b) are from the fluid deposited graphite vein at Huelma. The images (c) and (d) are from disseminated carbon particles in the Isua carbonaceous shale (Rosing 99), important as hosting the possibly oldest known organogenic carbon. While the bright field image (c) shows the characteristic structural features of organogenic carbon, the dark field image (d) reveals incipient graphitization which is advanced to completion of fully crystallized graphite in major parts of samples from this formation. We speculate that the progressive and extensive graphitization in the3,800 Myr old Isua carbonaceous shale is the effect of the record long exposure of organogenic sedimentary carbon to high temperature and pressure while buried in the Earth’s crust. In the fluid deposited carbon vein (Huelma) the extensive graphite formation probably occurred upon precipitation of the solid from the organogenic solutes in the C-H-O crustal fluid. Such an origin in the Isua carbonaceous shale is held less likely because of the physical distribution of the carbon particles in the rock   
Fig.2 illustrates difficulties that arise in the identification of the structures in regions appearing fully amorphous, found in several of the analyzed rocks. In cases like the ones shown it was possible to identify regions of partially graphitized carbon within a substantial fraction of an amorphous component, believed to indicate an origin from organic compounds. Such revelation of occult crystalline domains was made possible by dark field imaging, showing the extension of ordered graphite as brighter, speckled regions in the images (Fig.2 b and d, above). The dark field imaging mode has been found informative in a wide range of applications including the characterization of carbon black and the ultrastructure of soots (e.g. Palotas et al. 96).
A related complication in the characterization of biogenic vs. inorganic origin of the carbon derives from the geological history of the rocks analyzed. It was shown (Buseck and Huang, 85 and others) that under condition of high temperature, pressure and dynamic deformation the organically generated 'amorphous' carbon begins to undergo crystallization, showing growing domains of graphite. In rocks - younger or old - exposed to extreme temperatures and pressures (granulite facies) graphitization has progressed even further and erased the characteristic defect structures entirely or almost completely (Grew,74). In such highly metamorphosed rocks it is therefore necessary to search systematically for traces of remaining defect domains in a sea of holocrystalline graphite such as represented in Fig.2 by the Isua carbonaceous shale. 

Organogenic deposits that have not been completely carbonized (‘kerogen’) may also become partly fluidized, either thermally as petroleum and bitumen or partly dissolved by crustal C-H-O fluids, migrating and depositing carbon compounds in adjacent rock formations, often propagated by seismic shock (Mathez 87). This may introduce uncertainty in the age of the carbon relative to the receiving host rock. Such is the case for the fluidized carbon deposits shown in Fig. 3a-b and 7, but less so in what appears stratigraphically as only locally displaced coeval bitumen in the Shunga and Barberton carbon containing rocks (e.g. Fig.3c-d; 5 and 6).
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Figure 3. Low magnification images of carbon particles of different genetic origin (a) Planar sheets of fully graphitized, fluid deposited carbon from Ronda, Spain; (b) fluid deposited graphite sheet from Huelma, Spain; (c) non-crystalline carbon from shungite, Karelia, this sample thought to possibly be a sediment-invading bitumen; (d) graphitic carbon sheets from the  Isua carbonaceous shale, possibly a largely graphitized organogenic carbon. Scale bars: 100 nm.
Sample preparation.  
The samples were in most cases prepared by grinding the rocks to bring a substantial portion of particles into the size range of a few micrometers, liberating a fraction of the component carbon particles. The dry powder was wetted with a small amount of toluene and sonicated. High purity water was added and the sonication repeated. Carbon particles wetted by the toluene float to the surface and after evaporation of the solvent  tend to remain there, held by  surface tension, a preparative technique introduced by Rosing (1999) The hydrophobic carbon particles tend to aggregate into  thin film islands floating on the water. They are visible in inclined incidence reflected light and can be fished up on coated electron microscopy grids.  In other cases, ground or bulk samples of the parent rocks were dissolved by treatment with hydrochloric and hydrofluoric acid, leaving the acid resistant carbon behind together with residual insoluble fluorides which were removed    by digestion with boric acid (van Zuilen, 2003).

The suspensions of separated carbon particles were sonicated for 10-15 seconds and the homogenized suspensions so obtained deposited by pipette on holey carbon TEM grids. The microscope used for the investigation was a JEOL 3010 operated at 300kV at the National Center for Electron Microscopy (NCEM) at the Lawrence Berkeley National Laboratories. 
The application of X-ray diffraction analysis to the study of order-disorder features in Archean carbon deposits was pioneered by Hayes et al (83) in their seminal studies of Precambrian rocks. The present investigations were carried out with a Rigaku Miniflex II diffractometer system utilizing monochromatic CuKα radiation and JADE software, permitting quantitative measurement of defect induced line shape.
Experimental results
The results obtained from this phase of our work confirmed TEM analysis combined with electron- and X-ray diffraction as advantageous techniques for investigating differences in atomic structure, thought to distinguish between different genetic origins of the carbon.  Some of these structural differences could be seen already upon operating the microscope at low magnification or in SEM mode.  Here crystallinity, indicating graphitization of the carbon or primary
 crystal growth was evidenced by the holohedral shape of the carbon particles, perfect fringe parallelism and minimal diffraction spot or line broadening.

 Fig.3 above and Fig.5 show some typical micrographs at low magnification.
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Figure 4. Characteristic forms of carbon found in the analyzed sedimentary rocks. (a) Typical fringe image of crystalline graphite from rock AL 43, Isua carbonaceous. shale (age 3,780 Myr); (b) amorphous area with onion structure and subparallel fringes, Hamersley (biogenic) carbon shale Western Australia (2,500 Myr); (c) curls and turbostratic carbon in shungite, Karelia, a massive biogenic deposit, (~2,000 Myr) (d) wavy subparallel fringes, from the same shungite deposit. Scale bars: 5 nm.

 In samples with low structural order and characteristically diffuse 
diffraction rings or streaks, high resolution analysis was required for recognition of molecular defects such as  subparallel merging or diverging fringes, curls ‘onions’ or amorphous areas not easily identifiable at lower magnifications.  

Fig.4 shows some of the typical features in the various carbon forms imaged at high resolution: ordered crystalline graphite (Fig.4a) and characteristic defects such as amorphous regions with incidental carbon onion structure (Fig.4b) curls and turbostratic misalignment (Fig.4c) and wavy subparallel fringes (Fig. 4d). Defect structures such as in b, c and d were discovered by Buseck and collaborators (85, 88) to be typical of organogenic carbon from sedimentary rocks. The mechanisms of formation of such disordered structures in organogenic carbon are discussed in the theoretical section below.
We also find that in the gradual crystallization transition from the highly defect organogenic carbon, a fraction of metastable rhombohedral graphite with a-b-c-a-b-c stacking order, appears in some samples together with the thermodynamically stable hexagonal graphite with a-b-a-b a-b stacking. 

Experimental results

The results of our structural investigation of the analyzed rocks are summarized below. 
 The acknowledged biogenic deposits, Shunga 2.1, Hamersley 2.5, and Barberton 3.5x109 years old, all show a characteristic texture consisting of irregular tubular networks or crumpled flakes (Fig.4). The networks may consist of bitumen, impregnating sediments whose mineral components have purposely been dissolved away in the sample preparation process. Some particle features may retain distorted shapes of bioorganic remains but this can not be made sure until model experiments have been carried out carbonizing unicellular organisms at elevated temperature and pressure.
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Figure5. Low magnification images of the carbon texture in acknowledged biogenic deposits. (a) Hamersley, (b) Barberton, (c) Shunga. 

At high magnification such irregular textures prove to be constructed of subparallel and curved graphene (see Fig.6).  X-ray diffraction shows low intensity, broadened graphite bands. Follow-up work on these rocks will focus on topographic secondary electron imaging of isolated carbon particles, backscattered electron mineral mapping on polished rock surfaces, search for residual phosphorus on polished rock surfaces using e-microprobe for enhanced sensitivity, carbon isotope ion microprobe analysis and ultra-high resolution lattice imaging by low temperature atomic force microscopy.
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Figure 6.  High resolution images of carbon texture in acknowledged biogenic deposits. (a) Hamersley, (b) Barberton, (c) Shunga. Scale bar: 5 nm. 

The organogenic fluid carbon deposits, Aracena, Huelma and Ronda (Luque et al., 92), have been confirmed to consist mainly of graphite with sharp but occasionally streaked  electron- (Fig. 7) and X-ray  diffractograms. True to their organic origin, they also contain notable amounts of subparallel graphene and amorphous carbon (fig 4a and b).   The distinction between these three rocks and those described in Fig. 6 is clear already at low magnification (see, for example, Figs. 3a and b as compared to Figs 3c and d and 5a-c). 
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Figure7 7.  High magnification images of the carbon texture in mostly graphitic fluid carbon deposits. (a) Aracena, (b) Huelma, (c) Ronda. Scale bar: 5 nm. 

The carbon from the Isua carbonaceous shale, R 460 531 + R 460 258 and AL43 was found to be predominantly in the form of well ordered graphite (Fig 8), but also to contain rare domains with curls and subparallel fringes and fringe free amorphous domains (Fig. 2). We speculate that some of the observed regions of fringe free carbon could either be due to non-diffractive orientation of graphite or to amorphous pre-crystalline carbon, the latter together with other defects indicating that the graphite may be formed metamorphically from an organogenic precursor of which the structureless and defect carbon would be a remnant organogenic structure. Due to the age related importance of this deposit (oldest sedimentary carbon known, and the question if it constitutes remnants of life), further studies are required, including analysis by HRTEM of additional occurrences of non-diffractive and defect domains and establishing their proportional abundance. Dark field images from this material (Fig. 2) shows the occult presence of ordered graphite within characteristically disordered domains, also suggesting the possibility of metamorphically induced recrystallization of carbon from an organogenic precursor.  

Backscattered electron analysis and elemental analysis in scanning mode on polished and on etched rock surfaces would help indicating the way in which the carbon grains were emplaced in the rock. Search for calcium hydroxyphosphate (apatite) and its spatial relation to the carbon may also be informative – phosphate being a component of all living matter.
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Figure 8.  Low (a) and high (b) magnification images of crystalline graphite from the Isua carbonaceous shale. Such graphite forms the dominant part of the three samples analyzed from this formation. Domains of occult graphite growing within much less frequently occurring disordered carbon (Fig 2) may suggest the latter as an (organogenic) precursor phase, largely transformed to graphite by advanced metamorphism.

Theoretical studies of observed defects
As part of this investigation, we aimed at clarifying the physical processes that lead to the different carbon structures observed in the rocks, with emphasis on the atomic structure and dynamic causes of subparallel fringes, curls and onions that characterize organogenic carbon. Understanding their formation may shed light on the genetic relation to the structure of the precursor organic material and on the characteristic features distinguishing inorganic, organic and thus biogenic origins. In the future this effort will be enhanced by study of the defect structures at an atomic level, taking advantage of the high resolution obtainable with low temperature atomic force microscopy (e.g. Hembacher et al. 03). 
Graphite is the most commonly found form of crystalline carbon in nature. In its defect-free state it consists of sheets of aromatic rings, with hexagonal symmetry of the carbon atoms, in parallel stacking. Several types of defects have been shown (Ubbelohde 57, Dasgupta and Sathiyamoorthy, 03) One (turbostratic structure) affects the normal a-b-a-b stacking registry of the parallel graphene sheets by their random rotation around an axis normal to the sheet plane. This defect is assisted by the weak bond between the sheets and is common among layered structures such as clay minerals and carbon black. 
Defects within each constitutive graphene layer can form in various ways, either as single or multiple carbon vacancies or as inclusions of foreign atoms, or a combination of any of the above. Indeed, the literature reports extensively both theoretical and experimental investigations of such structures. They include pentagon–heptagon pairs or Stone-Wales defects; (Stone and Wales, 86), mono-vacancies and multivacancies (Tanabe and Muto, 99, Telling et al., 03, Ewels et al., 03) and adatoms (Nordlund  et al. 1996) - all typical stable graphene defects that have been predicted. The presence of adatoms and pentagon/heptagon defects are generally believed to be the causes for the formation of nonplanar features (puckering) in graphene such as curls, onions, subparallel fringes and weakening of interplanar bonds and thus contributing to turbostratification. The well known C60 molecules (fullerenes) are stabilized by regular interspersion of pentagonal connections in the hexagonal carbon network (Melker, et al.00, Khan and Ahmad, 06). 
Questions remain open on the mechanistic origin of these defects, characteristic of organogenic deposits of carbon such as the Karelian shungites that are reported to even contain fully grown buckyballs (Buseck 02). Several suggestions have been made such as a fraction of sp2 bonds being replaced by sp3, induced by adatoms and (this work) generation of pentagonal defects in analogy with the formation of coronenes  (Seiders et al., 96, 99, 01). 
Corannulenes (also known as buckybowls), represent fragments of the fullerene molecules and contain a five membered C ring or conjunction of five six membered rings with the resulting strain responsible for their curved shape (Seiders, 96, 99, 01, Shaltout, 98, Sygula, 98). Analogous defects although obviously with a different synthetic path are believed to be among the most important defects responsible for the non-crystalline structures observed in the rocks. Although they have so far not been directly observed by atomic resolution imaging of the curled carbon structures in the sediments, Buseck (85) drew attention to their potential role in destabilizing the planar graphite structure. We speculate that this type of defect arises in the process of metamorphism ‘maturing’ of the organic matter (‘kerogen’) by gradual elimination of heterocyclic atoms; hydrogen, nitrogen, oxygen and sulfur, from six membered rings leading to increasingly pure carbon and inducing the curled carbon phase found to dominate the kerogen in all sedimentary rocks at less than extreme state of metamorphism, probably also coupled to other forms of defects described above. To understand in more detail the role and types of lattice defects in these various curly, subparallel structures with in general a lower level of geometrical and planar order of the C-stacks, we are planning further studies employing techniques such as low temperature atomic force microscopy with resolution at the atomic level.
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