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Fate of Organic Matter over Geologic Time
Reading list

Any general petroleum geochemistry text book
Killops S.D. and Killops V.J. (1993) An introduction to Organic Geochemistry. 265 pp. Longman 
Hunt J.M. (1996) Petroleum Geochemistry and Geology, 2nd Edition. Freeman and Co. San 
Francisco.
Tissot and Welte (1984) Petroleum formation and occurrence. Springer-Verlag, New York, 699 pp.
Engel M.H. and Macko S.A. (1993) Organic Geochemistry: Principles and Applications. Plenum 
Press, NY
Peters K.E. and Moldowan J.M (1993) The Biomarker Guide. Prentice Hall.

Organic sulfur geochemistry
Francois R. (1987) A study of sulfur enrichment in the humic fraction of marine sediments during 
early diagenesis. Geochim. Cosmochim. Acta 51, 17-27. 
Sinninghe Damste J.S., Rijpstra W.I.C., Kock-van Dalen A.C., de Leeuw J.W. and Schenck P.A. 
(1989) Quenching of labile functinalized lipids by inorganic sulfur species: Evidence for the 
formation of sedimentary organic sulfur compounds at an early stage of diagenesis. Geochim. 
Cosmochim. Acta 53, 1433-1455. 
Sinninghe Damste J.S., Kok M.D., Koster J., and Schouten S. (1998) Sulfurized carbohydrates: an 
important sedimentary sink for organic carbon? Earth Planet. Sci. Lett., 164, 7-13.
Werne J.P., Hollander D.J., Behrens A., Schaeffer P., Albrecht P. and Sinninghe Damste J.S. 
(2000) Timing of early diagenetic sulfurization of organic matter: A precursor-product relationship in 
Holocene sediments of the Cariaco Basin, Venezuela. Geochim. Cosmochim. Acta 64, 1741-1751.
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Biogeochemical Sedimentary Sulfur Cycle 

(e.g., elemental sulfur, polysulfides)

= sinks

(e.g., S-containing amino acids in proteins)

(Carried out by strictly anaerobic bacteria
e.g., Desulfovibrio, Desulfobacter)
2CH2O + SO4

2- → H2S + 2HCO3
-

Performed by several groups of bacteria 
- Colorless S-oxidizing bacteria   
(microaerobes), e.g. Thioploca, beggiatoa.
- Green S-oxidising photosynthetic bacteria    
(obligate anaerobes), e.g., Chlorobium.

- Precipitation of gypsum (Ca2SO4.2H2O) 
- Reaction of hydrogen sulfide with reactive iron minerals to form monosulfides (FeS) and pyrite (FeS2) 
- Reaction of reduced sulfur species (e.g. H2S) with organic matter leading to formation of organically-
bound sulfur in sediments.

(ultimately pyrite)

Early diagenetic incorporation of sulfur into organic matter

Peru “kerogens”

Francois, 1987 Patience et al., 1990
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Formation of organically-bound sulfur in sediments

• Studies of gross elemental composition of organic matter provide strong evidence 
that the majority of organically-bound sulfur in sediments is the result of an abiogenic
reaction of reduced sulfur species with organic matter during the early stages of 
diagenesis. 

• Mass balance calculations and sulfur isotopic analysis indicates that biogenic sulfur 
(e.g. proteins such as cysteine, methionine) is a negligible component of organically-
bound sulfur in sediments. 

• It is generally considered that reactive iron species (e.g. ferrihydrite, haematite) out-
compete organic matter for reduced sulfur species because OM reacts more slowly 
than do detrital Fe minerals. 

• The onset of "sulfurization" of organic matter therefore controlled by reactive Fe 
content. Commences after conversion of reactive iron oxides to iron sulfides. 

Mechanism for formation of OSC
• Lipids and carbohydrates appear to be major targets for sulfur attack 
• The position of sulfur linkages is related to the positions of former functional groups (e.g. double 

bonds) in precursor compounds 

Sulfur species reacting with OM
• Three major sulfur species believed to be possible reactants with OM: 

– H2S (Nissenbaum and Kaplan, 1972) 
– Polysulfides (Aizenshtat et al., 1983; Lalonde et al., 1987) 
– Elemental sulfur

• The majority of compounds identified are consistent with H2S as major reactant 
• Kohnen et al. (1989) identified C20 isoprenoid compounds with heterocycles containing two or three 

sulfur atoms. Implies incorporation of inorganic polysulfides

Proposed mechanism of OSC formation
• Addition of H2S (or other reduced sulfur species) to double bonds or other functionalities. 
• Vairavamurthy and Mopper (1987) provided evidence for formation of 3-mercaptopropionic acid 

(virtually ubiquitous in coastal marine sediments) from abiotic reaction between hydrogen sulfide 
and acrylic acid (a cleavage product of the common algal osmolyte, β-dimethyldisulphoproprionate). 

• Fukushima et al. (1991) performed simulation experiments using phytol and hydrogen sulfide in 
aqueous solution at close to ambient temperatures and produced C20 alkylthiophenes. 
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Early diagenetic formation of thiols in sediment pore-waters

Biscayne Bay, Florida

glutathione
methane thiol

Vairavamurthy & Mopper, 1987

3-mercaptopropionic acid

CH2=CHCOOH + HS- → HSCH2CH2COOH
3-mercaptopropionic acidacrylic acid

Depositional settings favoring the formation of sulfur-rich 
sedimentary OM

Depositional env. Contemporary Ancient
Carbonate platforms Blake Bahama Plt. Brown Limestone Fm. 
Evaporites Abu Dhabi Mediterranean 
Upwelling systems Peru Margin Monterey Fm. 
Restricted marine basins Black Sea Kimmeridge Fm. 
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Modes of formation of OSC

Two possible modes of OSC formation: Intra-
and Inter-molecular addition:

Intramolecular sulfur incorporation/addition
• Reaction of sulfur within a single molecule to 

form acyclic or cyclic sulfur compounds 

Intermolecular sulfur incorporation
• Reaction of sulfur between molecules giving 

rise to sulfur linkages or bridges. 
• These reactions provide a pathway for the 

formation of large macromolecules through 
sulfur bridges (cross-linking). 

• This has been proposed as a mechanism for 
kerogen formation in sediments (Sinninghe
Damste et al. 1989; Kohnen et al. 1991). 

Molecular-level evidence for abiotic formation of Organic 
Sulfur Compounds (OSC) in sediments

• Identification of a C35 hopanoid
thiophene in immature Cretaceous 
black shales (Valisolalao et al. 1984) 

• Inferred origin: reaction of sulfur with 
bacteriohopane tetrol. 

• Identification of C20 isoprenoid
alkylthiophenes in immature sediments 
and crude oils (Brassell et al., 1986; 
Sinninghe Damste et al., 1986; 
Rullkotter et al., 1988) 

• Inferred origin: reaction of sulfur with 
chlorophyll derived phytol. 

• Now many hundreds of OSC have 
been identified with very strong 
product-precursor relationships. 

Bacteriohopane tetrol
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Formation of organic 
sulfur compounds

Reaction with C37:3 ketone

Reaction with C25 HBI alkene

Evidence for reaction of polysulfides with OM

Kohnen et al.
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Organic sulfur formation in Cariaco Basin sediments

Werne et al. 2000 GCA 64, 1741-1751

Possible relationship between sulfur cross-linking and 
molecular size of organic matter

Analysis of macromolecularly bound S in 
sediments
- Analytical pyrolysis
- Selective chemical degradation methods 
- X-Ray spectroscopy 
- Sulfur Isotopic Analyses
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Pyrolysis-GC of Peru kerogens

FID FPD

Sulfurization of polysaccharides 

Sinninghe Damste et al. 1998 EPSL 164 7-13
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Importance of organically-bound sulfur

Sinninghe Damste et al. 1998 EPSL 164 7-13

Sulfur-selective chemical degradation methods
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Modes of occurrence of phytane carbon skeleton

Sequestration of organic compounds via reaction with sulfur

Raney Ni desulfurization
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Biases in biomarker 
records due to formation 
of organically-bound 
sulfur

Sulfur X-Ray absorption spectroscopy

sulfate

elemental sulfur
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Sulfur speciation in Peru margin sediments

Geochemical Implications of Organically-bound Sulfur

• Role of anoxia in organic carbon preservation.
• Importance as a sink for sulfur (may have been more significant in geologic past).
• Potential biases in interpretation of lipid biomarker distributions as a result of natural 

sulfurization.
• Influence on the timing of petroleum generation
• Influence on petroleum composition



13

O2-depleted environments associated with deposition of 
OC-rich sediments

Marine and lacustrine benthic environments
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Fossil fuel reserves and source rock age

Evolution of important sedimentary organic matter precursors



15

Marine transgressions/regressions & coal/source rock formation

Organic matter evolution during burial and thermal maturation
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The composition of disseminated organic matter in ancient 
sedimentary rocks

Approaches to kerogen & petroleum 
source rock characterization

• Elemental Analysis
• Rock-Eval pyrolysis
• Organic petrography
• NMR spectroscopy

The Van Krevelen diagram and OM evolution

Type I 

Type II 

Type III 

Type IV 

Also Type II-S, etc.
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Temperature-programmed (“Rock-Eval”) pyrolysis

Organic petrography
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Coals, Coal Macerals, & the Van Krevelen Diagram

Variations in maceral reflectance
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General scheme of hydrocarbon generation from source rock

50 °C

Generalized kerogen structures

Oil-generating kerogen

Gas-generating kerogen

Increasing therm
al m

aturity
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Examples of hydrogen transfer reactions during catagenesis

Maturity-related changes in vitrinite reflectance

Vitrinite reflectance increase during 
laboratory heating

wood

brown coal
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Maturity-related changes in 
kerogen/coal aromaticity

fa’ = [Caromatic]/
[Caromatic+Caliphatic]

(from NMR)

Coals

Atomic H/C
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Vitrinite
pyrolysis

Typical down-core geochemical logs

Oxidized organic matter

Thermally immature source rock w/ Type II kerogen

Non-source interval

Mature source rock w/ Type II kerogen

Petroleum reservoir

Overmature (spent) source rock
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Burial history and thermal maturation

Influence of sulfur on the timing of petroleum generation

bitumen

kerogen

Heating experiments
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The composition of petroleum

Whole oil

Saturates

Aromatics

Petroleum distillates
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Molecular Thermal 
Maturity parameters

hopanes

steranes

Reaction pathways for sterols
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Biomarker isomerization

Biologically produced
epimer

Geologically stable
epimer

Biomarker maturity 
parameters
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Simulating petroleum generation in the laboratory

Artificial maturation of Kimmeridge shale

Petroleum explusion, migration and accumulation
Anticlinal trap Fault trap
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Molecular proxies of oil migration

Subsurface biodegradation of petroleum
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The Global Organic Carbon Cycle (ca. 1950)
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Petsch et al, 2001, Science, 292, 1127-1128

14C-dead living biomass:
Evidence for microbial assimilation of kerogen during shale 

weathering

25 µm

-29.5-990Kerogen
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δ13CFancient carbon∆14CPLFA


