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Global Redox Cycle
This cycle is driven by solar 
energy;
Solar energy is converted into 
thermodynamically manically 
unstable chemical species;
Electron transfer from H20 to CO2;
Organic matter is electron-rich 
and O2 electron-poor;
The heterophic organims restore 
the system in equilibrium by 
catalyzing the oxidation of 
organic matter;
Electron from organic matter reduce O2, nitrate, sulfate, and   CO2 to 
H2O, N2, H2S, and CH4, respectively;
In present O2, the above reduced compounds is regenerated to the
oxidized species (NO3-, SO4

2-, and CO2) for the cycle.
Marine sediments are one part of the global geochemical cycle.
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Definition
Diagenesis – the sum total of processes that bring about changes in a sediment or 
sedimentary rock subsequent to its deposition in water (Berner, 1980). 

Oxic environments (sediments) – contain measurable dissolved oxygen, and 
diagenesis occurs via aerobic metabolisms. 

Anoxic environments (sediments) – contain no measurable dissolved oxygen, 
and diagenesis proceed via the secondary oxidants through anaerobic 
metabolism. 

Suboxic environments (sediments) – contain no measurable dissolved sulphide
(common in many deep-sea sediments).  Under this condition, nitrate, manganese 
oxides, and iron oxides are used as secondary oxidants. 

Pelagic sediments – deposited at very slow rates and have organic carbon contents 
that usually are only ~ 0.1-0.2%.  The oxic layer extends to depths well below 1 m. 

Hemi-pelagic sediments – these have intermediate sedimentation rates, and organic 
carbon contents that are typically around 2%.  The thickness of the oxic layer in 
these deposits ranges from a few centimeter to around a meter. 

Oxygen Penetration
Oxic zone in sediments - defined by O2 penetration depth
a. Oxic zone is the single most important redox boundary in sediment-pore 

water systems and regulated by organic carbon degradation and the transport 
(diffusion and advection) of O2 from bottom water into the sediment.

b. The top few decimeters of sediments are oxic and O2 is by far the dominant 
electron acceptor for organic carbon diagenetic degradation (Jahnke & 
Jackson, 1992)

Water column



3

Oxygen Penetration  (cont’d)

c. On the continental margin, the O2 penetration is limited 
(from mm to less than 10 cm)  and other oxidants can 
account for a significant part of organic carbon diagenesis
(Reimers et al., 1991, 1992; Cai et al, 1995, Sayles et al., 
1995).

d. O2 penetration depth controls the depth distribution of 
many redox reactions in sediments, including the fates of 
metal and trace elements in marine sediments (Cai et al, 
1996; Di Toro, 1990; Nielson et al, 1990, Shaw et al. 
1990).

Zonation Model

Anoxic zone

Oxic zone

suboxic zone

Oxic zone

suboxic zone
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Zonation Model (cont’d)
1. The above vertical biogeochemical zonation model applies to deep-sea 

(pelagic and hemi-pelagic) sediments (Burdige, 1993).
2. Biogeochemical processes of bioturbated and/or bioirrigated marine 

sediments is more complicated (see the following figure)

Sequence of Microbe-Mediated Redox
Reactions 

5(CH2O)106(HN3)16(H3PO4) + 690O2→ 530CO2 + 
80HNO3 + 5H3PO4 + 610H2O

Aerobic metabolism (oxic diagenesis)

1) Most of the remains of dead animals and 
plankton are destroyed at this stage in the 
diagenetic sequence (>90% of the organic carbon 
that reaches the seafloor is oxidized via this 
process, Bender & b Heggie, 1984).

2) O2 is the primary oxidant involved in the 
destruction of organic matters.

3) Once O2 is depleted, organic matter 
decomposition can continue using oxygen from 
secondary oxidant sources (suboxic diagenesis).
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Microbially Mediated Redox Reactions 
(cont’d) 

5(CH2O)106(HN3)16(H3PO4) + 472HNO3→ 276N2 + 52CO2 + 5H3PO4 + 866H2O

Anaerobic metabolism (suboxic diagenesis)

1) The above reaction occurs when the dissolved oxygen levels fall to ~5% 
(Berner, 1980).

2) It is not clear that the reducing sequence of manganese oxide and nitrate.  If 
the nitrogen is released as ammonia and is not oxidized into N2, MnO2 is 
reduced before nitrate (gray area).

Nitrate (dentrification)

5NH3 + 3HNO3 → 4N2 + 9H2O

Manganese oxides

(CH2O)106(HN3)16(H3PO4) + 236MnO2 + 472 H+ → 236Mn2+ + 106CO2 + 8N2 + H3PO4 + 
336H2O

Sequence of Microbially Mediated Redox
Reactions (cont’d) 

5(CH2O)106(HN3)16(H3PO4) + 212Fe2O3 + 848 H+ → 424Fe2+ 106CO2 + H3PO4 + 530H2O

Iron oxides

Sulphate
(CH2O)106(HN3)16(H3PO4) + 55SO4 → 106CO2 + 16NH3 + 55S2- +  H3PO4 + 530H2O

Methane (see the last lecture for biogenic mathane)

Diagenesis proceeds in a general sequence in which the oxidants are utilized 
in the following order in marine sediments.  It assumed that these are the 
only electron acceptor.

Oxygen (O2) > Nitrate (NO3
-) ≥ manganese oxides (MnO2) > iron oxides 

(Fe2O3) > sulphate (SO4
2-)

The diagenetic processes are not always sequential.  For example, sulphate
reduction and methane formation can occur simultaneously, i.e. they are not 
mutually exclusive (last lecture).



6

Major Remineralization Processes

oxic
suboxic

anoxic

Carbon remineralization

General concept that POC remineralization through DOC 
intermediate proceeds through a series of processes that lead to
increasingly smaller DOC molecules.  Eventually, they produce a 
limited number of monomeric low molecular weight compounds 
that are used by the terminal respiratory microbes in the sediment.

Pore-water size/reactivity (PWSR) model.  

(or oxidative cleavage)

pLWM-DOC: polymeric low 
molecular weight compounds
mLMW-DOC: monomeric low 
molecular weight compounds
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General Trends of Organic Matter 
Remineralization

Water Column Depth

1) In general, the flux of reactive, or metabolizable, 
organic matter to the sediments controls the 
occurrence of specific remineralizaiton processes 
mediated by microbes.

Depth-integrated sediment carbon oxidation rates (Rcox) versus water 
column depth, along with the partitioning of sediment CO2 into the 
remineralization processes of aerobic respiration, denitrification, metal oxide 
reduction (Mn + Fe reduction) and sulfate reduction.

2) Fluxes of organic matter to marine sediments 
generally decrease with water column depth 
(Fowler & Knauer 1986).  Other factors also affe
the carbon fluxes to sediments.

3) Aerobic respiration dominates  (95%) organic 
matter remineralization in deep sea (below 
1,000 m) because of a relatively small flux of 
organic matter and enough oxygen transport 
into the sediment.

~10%~20%

~10-20 % more 
work to be 
done!

~95% 
(deep-sea 
scenario)

General Trends of Remineralization (cont.) 
Oxygen availability (Pelagic vs hemipelagic)

1) In pelagic sediments, O2 consumption can be used 
to estimate rates of sediment carbon 
oxidation/respiration;

2) Oxygen availability and the carbon rain rate to 
sediments play role in carbon content or 
preservation in pelagic sediments; 
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General Trends of Remineralization (cont.) 

3) In hemipelagic sediments, water column depths decrease and fluxes of 
organic matter to the sediments increase.  Oxidation rates increase and 
eventually lead to a situation in which O2 consumption exceeds its input.  In 
this case, O2 penetration depths decreases (several centimeters to 
millimeters).  Therefore, suboxic and anoxic remineralization processes 
become increasingly important, in a relative sense, in overall sediment 
carbon oxidation.

4) In this scenario,  the reduced metabolic end-products are produced and 
hence, some fraction of the total O2 uptake begins to be used for processes 
other than aerobic respiration, e.g. chemolithotrophic reactions.  In 
nearshore and coastal sediments, ~50%  or more of the sediment oxygen 
uptake is used in such nonrespiratory oxidation reactions.  

DOC in Marine Pore Waters 
Determination by high-temperature oxidation (for details, see Martin and 
McCorkle, 1993 (Limnol. Coeanogr. 38:1464) (sites are at depths of 2,000-2,700 
m near the base of the continental slope in the New York Bight region)

(dissolved inorganic carbon)
(dissolved inorganic 
nitrogen) NO3- + NO2-
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Impact of Biotic and Abiotic Disturbance on Sediment 
Microbial Communities 

Abiotic disturbance (microcosms) (Findlay et al. 1990) 

1) Sample 9 cores were taken from the first quadrat
2) 3 replicate cores were randomly assigned to each of 3 assays
3) The top 2 cm (approximately) of sediment was taken from the second 

quadrat for sieving through 998 μm sieve.
4) The sieved sediment were thoroughly mixed by hand and placed into 48 

numbered 250 ml Kimax beakers.
5) The microcrosms were maintained in a laboratory greenhouse in a 20 cm of 

flowing seawater (1000 ml/min)

1 m2

1 m 2 10 m

10 m
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Ester-linked phospholipid
fatty acids (PLFA)/Poly-beta-
hydroxyalkanoates (PHA)

acetate Methyl-thymidine

Biotic and Abiotic Disturbance on Sediment 
Microbial Community 

Abiotic (seiving) disturbance (microcosms) (cont.) 

The abiotic disturbance affected 
microbial community structure, growth 
rates,  and metabolic status.

Total Ester-linked phospholipid
fatty acids (PLFA)

Total phospholipid phosphate

Muramic acid
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Biotic and Abiotic Disturbance on Sediment 
Microbial Community 

Biotic (seiving) disturbance (Findlay et al. 1990)
Sting ray (Dasyatis sabina) feeding – translocation of sediment involving 
abrasion, mixing and exposure of the sediments to oxygenated water

Redox-stratification on distribution of sediment 
microbial communities  

(Gao et al, in review)
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Main Points

1. Oxygen penetrations, biological zonation, and 
redox gradient in marine sediments.

2. Biogenetic process and reaction sequence.
3. Effect of depth and oxygen availability on 

remineralization and carbon preservation.
4. Microbially mediated remineralization processes 

and redox gradient in marine sediments.
5. Impact of redox gradient on the distribution of 

sediment microbial communities.


