12.  Fossil Fuels

Fuels are energy supplies.  Carbohydrates in our diet are fuels.  Enriched uranium is a nuclear fuel, a special category tapped by mankind starting about a half century ago.  Wood is a fuel.  But distinguished from these are what are termed “fossil fuels”:  coal, petroleum, and natural gas.  They are labeled with the adjective “fossil” because they accumulated eons ago, as geologists have believed for a long time.

Origins

The source of fossil fuels is ultimately photosynthetically driven, although there is a controversial alternative viewpoint we’ll discuss later.   Evolution of plant life on land presumably led to a burgeoning growth of species, especially of the “vascular” type, like trees with trunks.  Both leaves and trunk-like material accumulated in vast quantities.  Through chemical transformation in buried, not environs from which oxygen is one way or another exluded, coal, oil and natural gas would form.  This is most convincingly argued by recognizing fossil remains in coal such as the fern leaves strikingly visible below.
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The ferns, many of them gigantic, grew in or near swamps where they accumulated and after expiring would undergo anaerobic decomposition.  Ultimately, the nature of the starting material (non-living organisms), the degree of lack of oxygen, and the temperature history determine what results.  Non-living organisms exposed to air just return carbon dioxide to the atmosphere as the result of oxidative decay.

In talking about coal first, most people know that there are different kinds.  But there is a relationship among these varieties.  In order of increasing carbon content we have lignite, subbituminous, bituminous, and anthracite.  The same sequence gives the order of increasing hardness, and decreasing ease with which fossil remains can be found.  A rational and fitting explanation is that their production involves, in the same order, increasing time, higher temperature, and higher pressure.

There are both terrestrial and marine origins for fossil fuels.  In either case, fuel production begins with settling or sedimentation of organic matter.  It may be mixed with settling minerals as well.  The average global carbon content of carbon in sediments is 2%.  That amount varies between 0% and 100%, the latter being associated with coal deposits.  Most carbon is in the form of carbonates though.  Deposited organic matter begins to undergo “diagenetic” alteration.  Source beds, organic-rich sediments, that undergo subsidence experience slowly rising temperatures.  Composition changes, due to loss of hydrogen and of oxygen relative to carbon, occur slowly with time.

In the Middle East, algae, bacteria and vascular plants degraded and were flushed or fell into flowing water ultimately settling on top of previous sediment.  The runoff process can abrade older debris along with the freshly deposited mass.  Analysing sediment to unravel historic details though can be daunting.  In the Arabian Gulf, for example, seasonal winds or monsoons can cause upwelling of waters, redistributing nutrients.  This can drive photoplankton production sharply upward, altering oxygen content of the marine environment, shifting feed material for living marine microorganisms.  Near-surface blooms can block light needed by deeper living microorganisms for photosynthesis.

Initial mixtures that ultimately give rise to oil and natural gas are very complex in nature, and referred to collectively as kerogen.  Kerogen is organic matter, the altered remains of marine and other water-body microorganisms  disseminated in sediments.  The alteration happens as degradation reactions at the bottom of a water column or at tops of sediment layers before their total burial.  Kerogen ad is the most abundant organic carbon there is.  It’s a thousand times more plentiful than coal.  Even in laboratory experiments, kerogen can be made to expel hydrogen and oxygen as water and more oxygen as carbon dioxide in a process called diagenesis.  For temperatures between 60 (C  and 130 (C, the usual result is to transform kerogen into liquid oil.  That is almost the definition of diagenesis, the microbial and chemical transformation of organic matter at “low” temperature.  Long times help brew the material.  Millions to tens of millions of years can be required.  

The beginning of diagenesis, at depths greater than 1 km, is frequently (but not always) the breaking of non-covalent interactions.  This results in the formation of bitumen.  The next step is to decompose the macromolecules to smaller, more stable pieces, ultimately “natural” gas.  But for temperatures that we would consider uncomfortably warm yet which are low by geological standards (<40 (C) even extremely long times won’t break down kerogen.

Controlled studies in the laboratory have demonstrated that the presence of water during bitumen degradation increases yields and stability of hydrocarbon products.  Carbon dioxide is also abundantly produced in the process.  The lighter hydrocarbons and oils are buoyant – less dense – and the increased volume helps them separate from residual bitumen, migrating away and pooling.  Water seems to aid in the separation process by its association with the bitumen which then becomes less miscible with the oil that is separating.  

Diagenesis commences already in newly deposited sediments.   Sediments from diatomaceous and microbial detritus have perhaps a couple of percent organic carbon.  These sediments, though, deposit at rates of two meters per millennium and can be 500 meters deep.  If diagenesis were to continue for long periods at higher temperature, between 100 (C and 200 (C, natural gas results.  Interesting compositional trends imply something more detailed about origin.  In fact, the persistence of hydrocarbons such as ethane, propane and butane in lab studies despite the temperatures used and the amount of time allowed for reaction suggests that natural gas production mechanisms are far from simple.  For fuels containing concentrations of odd-carbon hydrocarbons in the range C15-C21, the interpretation is that these were made from marine plants.  For C27-C35, the source is terrestrial plants.  Carbohydrates and lignins require more extensive “brewing” for conversion into hydrocarbons and usually end up as coal.

Interestingly, the porosity of minerals where the oil sources are depends on the carbon dioxide produced and the acid pH that results.  These chemically weather (corrode) the pores, widening them and consequently facilitating the migration and pooling of oils.  In trapped oil deposits, 80% of the pores are filled with oil and the remainder with water.  The presence of water in contact with oil and at the correct temperature leads to microbial biodegradation of the oil brought about by the presence of deep, subsurface prokaryotes (q.v.).  More than half of the planet’s oil is biodegraded heavy oil or tar sand deposits.  The largest accumulation is not under the Arabian Peninsula but in a Venezuelan belt (nearly 200 billion cubic meters) and the second largest deposit is in western Canada at about three-quarters the quantity in the Venezuelan belt.  The deep reservoirs (down to 4 km) of petroleum often are associated with high temperatures since temperature increases a couple of degrees centigrade for every 100 m in depth.  

Under anaerobic conditions, methanogen bacteria (one kind of prokaryote) can convert CO2 to methane.  This process is also favored by high pressures.  However, for this to be viable, sulfate must not be very prevalent because it is toxic to the microbes.
As the temperature of the deep reservoirs exceeds 80 (C and approaches 120 (C, biodegradation becomes more difficult and eventually ceases.  Living species can’t exist at higher temperatures.  There is fairly general agreement that biodegradation in deep reservoirs is by anaerobic microbial metabolism.  However, despite a lot of searching, the culprits have not yet been identified.

In commercial processes for petroleum, higher temperature are required to “crack” the mixtures, breaking them down into useful derivatives such as gasoline (octane).  The natural cracking in sediments at lower temperatures is explained by the long times involved and by the probably role of co-mingled clays acting as catalysts.  Bacteria might play a role as well.  

If the sediments undergo subduction as a result of which they experience higher temperatures, kerogen can break down to form oil and gas by catagenesis in which the possible role of catalysis by minerals can be influential.  Liquid oil can pool and flow out of the sediments during diagenesis and tectonic motion.  If the oil doesn’t release at this stage, further subduction and consequential temperature increases leads to cracking of the hydrocarbons to form natural gas and other light molecules.  Catagenesis is generally regarded as the process mainly responsible for formation of oil and gas.  Time and temperature are the empowering factors.  The composition of the kerogen and the structural properties of the source beds are also very influential.  In recent years, the additional role of water (yet again) and minerals has been recognized.  These indirect influences serve as reactants, catalysts and, as mentioned before, controllers of porosity and permeability of source beds.  Much of these ancillary influences are newly conceived and remain controversial.
There are also petroleums generated hydrothermally at sea vents.  The oil and gas brewed there arises via hot circulating water, between 100 (C and 300 (C, depending on location, and at pressures up to 200 atmospheres.  The action is actually more rapid than the diagenesis in sediments undergoing subduction that we just discussed.
Alternative Source
Not everyone is convinced that diagenesis is the origin or lone origin of petroleum and natural gas.  Thomas Gold, a geologist from Cornell University, has argued for years( that these are naturally occurring substances with an inorganic (as opposed to organic) derivation.  The “deep earth gas theory”, briefly, is that hydrocarbons formed through inorganic processes at mantle-like depths and then migrate towards the surface.
The most recent activity with this viewpoint emerged from a joint American-Russian effort in 2002 to demonstrate, successfully, that petroleum products could be made from mineral carbonates, water, and iron oxide at high temperature (1500 (C) and high pressure (50,000 atmospheres).  Geologists agree the chemistry is possible, but insist that most commercial petroleum is organic and site the “biomarkers” we mentioned earlier, the hydrocarbon signatures of marine plants or terrestrial plants.  The inorganic-route advocates note that these could simply be contaminants in inorganic hydrocarbons.  Further evidence in support of the inorganic process is the abundance of methane – the lightest, most abundant component of natural gas – in volcanic ocean vents where there are insignificant amounts of biological sediment.  Also noted is the ubiquitous presence of a class of compounds called porphyrins frequently associated with a metal component and abundant in plants.  The metals, though, are nickel and vanadium, two metals rarely associated with porphyrins from living matter.  The latter are invariably magnesium or iron.  Yet there aren’t any magnesium or iron porphyrins found in petroleum.

Finally, analysis of the hundreds of variations in structure of hydrocarbons in  petroleum from a collection of oil fields around the world indicates they have a common origin with formation temperatures of 700-1000 (C and very high pressure, conditions corresponding to depths of the upper mantle and way too high to be ascribable to a sedimentary origin.

Coal Fires

Maybe one thousand miles northwest of the Nyos and Monoun volcanoes of Cameroon, in the northern part of Mali, are some areas of ground that are exceedingly warm.  They’ve been known to western scientists for over a hundred years and logically assumed to be the result of underlying volcanic activity.  Not all logical deductions necessarily pan out under detailed investigation though.  Norwegian investigators dug an exploratory trench into the hottest seared ground and found an enflamed layer of peat at 830 (C buried below at only a meter’s depth.  Digging deeper though, the peat temperature dropped to 40 (C, contradicting the though that subterranean volcanic activity was the cause.  Compounding the finding was recognition that the heat, common during dry periods, would fade away during wet seasons.  The understanding the emerged is that the underground peat fire is caused by heat from bacterial respiration, facilitated by oxygen permeating through the peat that has become porous during arid conditions (when water-filled pores open up again).

More impressive are coal fires, many of which ignite spontaneously or from lightening strikes.  Coal seams tens of meters underground are known to have been burning for decades or centuries.  Baked shale above coal seams has been “dated” by geologists to millions of years ago.  Despite the fact that many current underground coal fires have human causes too, it’s clear this is a natural phenomenon.  Major sites are in China, India and Australia.  The latter has been estimated to be between five and six millennia old with temperatures reaching 1700 (C underground.  In China, evidence suggests ages of more than a million years.  Coal production in China, amounting to a billion tons a year, meets three-quarters of the country’s energy demand.  Yet the fires consume about 10-20% of that annually, releasing 300-400 million tons of CO2.  The broad expanse of the fires is seen in the map below.
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“Change is scientific, progress is ethical; change is indubitable, whereas progress is a matter of controversy.”

BERTRAND RUSSELL
( Thomas Gold and Freeman Dyson, “The Deep Hot Biosphere:  The Myth of Fossil Fuels”, Copernicus Books (2001)
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