Fate of Organic Matter over Geologic Time
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Biogeochemical Sedimentary Sulfur Cycle

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

assimilatory organically-bound
sulphate sulphur
reduction in biomass desulphurylation

organically-bound
'sulphur In sedimentary
organic matter

dissimilatory sulpate reduction ydrogen

Iron monosulphides
(ultimately pyrite)

intermediate and chemically
sulphur species mediated oxidation .
(e.g., elemental sulfur, polysulfides) 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.

e.g., Desulfovibrio, Desulfobacter)
2CH,0 + SO4* — H,S + 2HCO3
partly oxidized lologloally and

O = sinks

- Precipitation of gypsum (Ca,S0,4.2H,0)
- Reaction of hydrogen sulfide with reactive iron minerals to form monosulfides (FeS) and pyrite (FeS,)

- Reaction of reduced sulfur species (e.g. H,S) with organic matter leading to formation of organically-
bound sulfur in sediments.

Early diagenetic incorporation of sulfur into organic matter
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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.

» ltis 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:
—  H,S (Nissenbaum and Kaplan, 1972)
— Polysulfides (Aizenshtat et al., 1983; Lalonde et al., 1987)
—  Elemental sulfur
+  The majority of compounds identified are consistent with H,S as major reactant
+  Kohnen et al. (1989) identified C,, isoprenoid compounds with heterocycles containing two or three
sulfur atoms. Implies incorporation of inorganic polysulfides

Proposed mechanism of OSC formation

+  Addition of H,S (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, -dimethyldisulphoproprionate).

+  Fukushima et al. (1991) performed simulation experiments using phytol and hydrogen sulfide in
aqueous solution at close to ambient temperatures and produced Cy alkylthiophenes.




Early diagenetic formation of thiols in sediment pore-waters
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Fig. 2 Pseudo first-order reaction kinetics for the formation of
3-MPA with excess bisulphide (5 mM) and limiting acrylic-acid
concentrations. The reaction was carried out in de-aerated, filter-
sterilized sea water (salinity 35 and pH B.4) at 23 °C. Acrylic acid

ions were calculated by g the amount reacted
to form 3-MPA from the starting concentration, The straight line
had an equation; y = —0.00011; x, +4.6058 and r* = 0.993 (r* is the

coefhicient of determination).

Depositional settings favoring the formation of sulfur-rich
sedimentary OM
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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.

R ———=-(CH} =R

= F=

sulfur-rich

high molecular welght /l\/sj\ -l |
substances R R R 5 A

+  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).

w T

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 C, isoprenoid
alkylthiophenes in immature sediments
and crude oils (Brassell et al., 1986;
Sinninghe Damste et al., 1986; oM OH
Rullkotter et al., 1988)

Bacteriohopane tetrol

Inferred origin: reaction of sulfur with 2

chlorophyll derived phytol. m

Now many hundreds of OSC have Intermealecular
incorporation of

been identified with very strong
product-precursor relationships.

sulphur

sulphur
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Formation of organic
R e —coe o sulfur compounds
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Organic sulfur formation in Cariaco Basin sediments
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Possible relationship between sulfur cross-linking and
molecular size of organic matter

Model 1
(no intermatecular S bridge)
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Model 2
(single intermolecular S bridge)
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sediments
- Analytical pyrolysis

model 1

model 2

Analysis of macromolecularly bound S in

- Selective chemical degradation methods
- X-Ray spectroscopy
- Sulfur Isotopic Analyses




Pyrolysis-GC of Peru kerogens

(a) Perusurface| | FPD (a) mm

Intarnal standard

T T S o s .'l':'

kulh. - 3

(b) Peru92.88m

Xty g gy gy

0 AL 20 = W s 4« 45 50 55 &0 -3 L 10 5 = = 30 35 40 a5 L L)
Retaeicn tima FRetantion ime

Sulfurization of polysaccharides L .
Prasccysis
.
< 3K
T & iy
blank agal materia ”;"'iﬂ” - l L EB»—'
L
fresh wopolymifides || | otrniides,
B wks, e, N, | |4 whe ST N, o b
<r o
centndy i "
esaelyag - — o XX
(i ] - a L~
step | - ultrasonic extrattion (MeOH, DEM) [] Pt v
. . HE WA, W T
[euact ] Lr:z‘uﬂ s [ 0ty pesmsies . <7
o B é (v e ¢
ep2: s Mortaey
ey § o =
[emat] [esidue | macus W e
{7l E arsbsismrie
step 3 - HO) hydrolysis
— ]
I extact § I Imiéu} Imc,g
GOMS
sepd Iiﬂo,lmhvlyu's
eatractd [Lresidec 4 Jorceus — =
e [reg————]
Fig. 1. Analytical scheme. Fig. 4. Absalule smounts (wi%) of hydrobyzable carbohydrate moso-
mers peescnd n the blank, contral, snd sulfurized slgal maserial

Sinninghe Damste et al. 1998 EPSL 164 7-13




Importance of organically-bound sulfur
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Modes of occurrence of phytane carbon skeleton
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Figure 7.8, The distribution of the phytane carbon skeleton over the different modes of
occurrence in the Vena del Gesso Marl-7A3. It is evident that the major portion of the
amount of phytane carbon skeletons is present as macromolecularly sulphur-bound maoieties.
Di- or polysulphide bound phytanyl moieties with the sulphur-linkages a1 C-1, C-2, C-3,
C-4 and C-17 comprise ca. 40 wt.% of all macromolecularly sulphur-bound phytanyl
moieties and the the ones with the sulphur-linkage located at C-3 are by far dominant (ca.
B0 wi. %). The particular compounds were analysed quantitatively by GC using internal
as described previously (Kohnen et al., 1990c).

Sequestration of organic compounds via reaction with sulfur
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Sulfur X-Ray absorption spectroscopy
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Sulfur speciation in Peru margin sediments

Peru margin sediments
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Figure 1. Bulk geochemical analyses of Peru margin sediments: Atomic 5/C and N/C ratios determined for total solvent extracts (lefty; salfur
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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




O,-depleted environments associated with deposition of

upwelling

OC-rich sediments

= | tratified

goonal, freshwater

Outer shelf deltaic and” ]::sﬁm ¢ Basins of
O;-minimum coastal swamps restricted
layer under circulation

on continental

shelves Silled, deep-

water basins
on continental
slope and rise

—

Marine and lacustrine benthic environments
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Marine and lacustrine benthic environments. Oxygen contents in ml/l H,O are oxic
greater than |, suboxic | to 0.1,and anoxic less than 0.1 OM. Types | to IV are defined
in Chapter 6.




Fossil fuel reserves and source rock age
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Evolution of important sedimentary organic matter precursors
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Marine transgressions/regressions & coal/source rock formation

Dvsondl wend Extimated roul
im v bevel
Ape Gological Main ool Main prolific . phyteplsnkicn sbundance
M) pernal degenits il semarce rucks 0 a0 - —
i Undonesia, California, Venensels, Caucasn Thatoms.
[ Sl
= Peosgene Neath Americs, Far Esst
Mkl Fam, |ibya, Camada, Fopaator,
190 Cretacrom W, Amesica, USER. Chine USA, Venerucls, Colombes, Mesia
- iy Mikdle East, Mevico
Morik Ses, Maddle Eau, Mevicn,
Jurasanc USSR, Auia, Australia Siberia, Awsaraba, Cemral Ases
200
e
- Gl wasa, LSS, China
T Wit Teass, Rocky Mountsing
300 North America, Furape
Carbansferous
- Sabara, Volga-Ural,
Canada, West T
== anada, o
o
= Sahara, West Texms
Ordavician
500
| Cambeian

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

Total rock

Minerals

-

Total organic matter

Bitumen fraction
{ Saluble in organic solvents)

/

sedimentary rocks

Approaches to kerogen & petroleum
source rock characterization

* Elemental Analysis
* Rock-Eval pyrolysis
« Organic petrography
* NMR spectroscopy

Heavy molecules

containing C,4,0,5,.
Vg Molecular weigh!
Asphaltenes usually over 500
+ Resins
Aromatl iydrocarbons (HC)
g e containing only CH.
Saturated Molecular werght
HC usuolly <600

The Van Krevelen diagram and OM evolution

Aiomic WC
&
PR B e e e e |

o

=TT L

HIC atomic ratio

| A T R O |

Also Type II-S, etc.

0.5

-—
Mean evolutionary
pathways

1 L
00 0

1
[F] 0.20 025

OVC atomic ratie
Flaod: evolced Zome Stape
[ carbem dienide and water Immatare Disgenesis
. Liquid hydrocarbos ol ] Catagrmds
B Gascous hydrocarbams (€€ Wet g (condensate)

[0 Methane

Dry pas Mectapencsis




8, (mg HC/g rock)

Temperature-programmed (“Rock-Eval”) pyrolysis
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Organic petrography
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Coal maceral groups Liptinite (exinite) Vitrinite Inertinite
Coal macerals Alginite Telinite Fusinite
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Source Marine, Lacustrine, Terrestrial and
Terrestrial Recycled
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Coals, Coal Macerals, & the Van Krevelen Diagram
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General scheme of hydrocarbon generation from source rock
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Examples of hydrogen transfer reactions during catagenesis

Hydrogen-generating reactions

Cyclisation:

—

Aromatisation:

L

Hydrogen-utilising reactions

Dealkylation:

2H
{—R 55 I H4+RH

Ring opening:

J= L

Cracking:

R—r 8, Ry rH

Maturity-related changes in vitrinite reflectance
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Vitrinite Reflectance (%R,)

Atomic H/C

Maturity-related changes in
kerogen/coal aromaticity
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Burial history and thermal maturation

(1,00 U014 “wideq

Figure &1

Lisasn)
Burial history curves of hypothetical source rocks A and B overlain with 3 grid of

isotherms at 10°C intervals.

Figure &-15

Burial history curve of the Santonian Brown Limestone in the DDB3- | well in the Gulf
of Suez. [Chowdhary and Taha 1987)

Influence of sulfur on the timing of petroleum generation
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The composition of petroleum
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Biomarker isomerization
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Simulating petroleum generation in the laboratory

Artificial maturation of Kimmeridge shale
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Molecular proxies of oil migration

Benzofajcarbazole
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FIG. 3 Vanation in the relative concentration of benzocarbaroies as 3
function of relative migration distance for oils in data sets 1-5 (see Fig. 2
legend) and cils from the Miller Field—all orignating from marnne source
rocks fich in type Il organic matter, The Miller field data was generated
using the procedura described for data sets 1. 2 and 3. The migration
distances for the Miller Fiedd oils are measured from the main il point of
the structure. To facilitate comparison, the concentrations for each data
st have been normalized (o that of the oil in each cata set with the highest
concentration of benzolajcarbazole.
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The Global Organic Carbon Cycle (ca. 1950)
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14C-dead living biomass:
Evidence for microbial assimilation of kerogen during shale

weathering
PLFA A™C | Fancient carbon | 8'°C
Ciso -711 | 0.744 -25.5
Cigo =773 10.802 -26.2
Cig1%Cigs -882 |0.901 -26.5
cyc-C 7 otcyc-Cigo |-922 |0.937 -26.9
Kerogen -990 -29.5

Petsch et al, 2001, Science, 292, 1127-1128




