
Organic carbon oxidation is an  
Energy yielding process 

C(H2O) + Xox          CO2 + Xred 

ΔG = Δ G0 + RT ln (Xred/Xox) 

ΔG > -40 Kcal/mole C  
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Competition for acetate and hydrogen between 
Desulfobacter postgatei and Methanosarcina bakerii 
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ΔGrxn	
  =	
  ΔG(T)
o	
  +	
  RT	
  ln	
  (	
  {Xred}m/{Xox}m	
  (PH2)2n)	
  

and…	
  

	
   	
  PH2	
  =	
  ({Xred}m/{Xox}m	
  e(ΔGrxn-­‐ΔG(t)
o/RT))1/2n	
  

Molecular	
  hydrogen	
  as	
  a	
  control	
  on	
  organic	
  maEer	
  	
  
oxidaFon	
  in	
  anoxic	
  sediments	
  

(CH2O)n	
  +	
  nH2O	
  	
  -­‐-­‐>	
  nCO2	
  +2nH2	
  

2nH2	
  +mXox	
  	
  -­‐-­‐>	
  	
  mXred	
  +	
  zH2O	
  

(e.g.	
  Xox	
  =	
  SO4
2-­‐	
  	
  Xred	
  =	
  S2-­‐)	
  

Is	
  C	
  oxidaFon	
  in	
  anoxic	
  sediments	
  under	
  thermodynamic	
  
	
  regulaFon?	
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Hoehler	
  et	
  al.	
  (and	
  others…)	
  developed	
  a	
  headspace	
  analysis	
  
To	
  measure	
  hydrogen	
  in	
  cores.	
  	
  Cores	
  were	
  manipulated	
  
By	
  adding	
  a	
  TEA	
  or	
  ΔT,	
  Δ	
  pH,	
  Δ[TEA],	
  etc.	
  and	
  measured	
  	
  

Steady	
  state	
  concentraFon	
  of	
  hydrogen	
  	
  

PH2	
  =	
  ({Xred}m/{Xox}m	
  e(ΔGrxn-­‐ΔG(t)o/RT))1/2n	
  

	

 	

 	

ΔG (KJ/mol)	



NO3
-	

 	

 	

N2 	

 	

 	

       -448	



Mn(IV) 	

 	

 	

Mn(II) 	

 	

-349	



Fe(III) 	

 	

 	

Fe(II) 	

 	

-114	



SO4
2- 	

 	

 	

S2- 	

 	

 	

  -77	



CO2	

 	

 	

 	

CH4	

 	

 	

  -58	
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Effect	
  of	
  TEA	
  on	
  H2	
  concentraFons	
  

TEA 	
   	
   	
  	
  [H2]	
  (nM) 	
   	
  ΔG(kJ	
  mol-­‐1)	
  
Nitrate	
  redn	
   	
   	
  0.031	
   	
   	
  <-­‐180	
  
Sulfate	
  redn	
   	
   	
  1.64 	
   	
   	
  	
  	
  -­‐23	
  
Methanogenesis 	
   	
  13.0 	
   	
   	
  	
  	
  -­‐20	
  
Acetogenesis 	
   	
  	
  133 	
   	
   	
  	
  	
  -­‐18	
  

CO
2	
  r
ed

uc
*
on

	
  

ac
et
og
en

es
is
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Effect	
  of	
  temperature	
  on	
  H2	
  concentraFons	
  

TheoreFcal	
  
effect	
  

ΔT	
  from	
  10	
  to	
  30oC	
  
Will	
  affect	
  ΔGrxn	
  by	
  

+15	
  kJmol-­‐1	
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Dependence	
  of	
  [H2]	
  on	
  [SO4	
  2-­‐]	
  

PH2	
  =	
  ({Xred}m/{Xox}m	
  e(ΔGrxn-­‐ΔG(t)
o/RT))1/2n	
  

2(CH2O)	
  +	
  SO4
2-­‐	
  	
  	
  	
  	
  2CO2	
  +	
  4H2O+	
  S2-­‐	
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Profiles	
  of	
  hydrogen	
  and	
  sulfate	
  in	
  CLB	
  sediments	
  

Aug	
   Nov	
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Profiles	
  of	
  hydrogen	
  and	
  sulfate	
  in	
  CLB	
  sediments	
  

5-­‐7x	
  

5-­‐7x	
  

Aug	
   Nov	
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Effect	
  of	
  TEA	
  on	
  H2	
  concentraFons	
  

TEAP 	
   	
   	
  	
  	
  	
  [H2]	
  (nM) 	
  	
  	
  	
  	
  ΔG(kJ	
  mol-­‐1)	
  
Nitrate	
  redn	
   	
   	
   	
  0.031	
   	
   	
  <-­‐180	
  
Sulfate	
  redn	
   	
   	
   	
  1.64 	
   	
   	
  -­‐23	
  
Methanogenesis 	
   	
   	
  13.0 	
   	
   	
  -­‐20	
  
Acetogenesis 	
   	
   	
  133 	
   	
   	
  -­‐18	
  

CO
2	
  r
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*
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en
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Effect	
  of	
  temperature	
  on	
  H2	
  concentraFons	
  

TheoreFcal	
  
effect	
  

ΔT	
  from	
  10	
  to	
  30oC	
  
Will	
  affect	
  ΔGrxn	
  by	
  

+15	
  kJmol-­‐1	
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Profiles	
  of	
  hydrogen	
  and	
  sulfate	
  in	
  CLB	
  sediments	
  

5-­‐7x	
  

5-­‐7x	
  

Aug	
   Nov	
  

2.8x	
  meas	
  vs	
  2.7x	
  predicted	
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Effect	
  of	
  sulfate	
  on	
  H2	
  in	
  CLB	
  sediments	
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Profiles	
  of	
  hydrogen	
  and	
  sulfate	
  in	
  CLB	
  sediments	
  

5-­‐7x	
  

5-­‐7x	
  

Aug	
   Nov	
  

2.8x	
  meas	
  vs	
  2.7x	
  predicted	
  

exp	
  =	
  -­‐0.30	
  vs	
  -­‐0.26	
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Hydrogen	
  as	
  a	
  control	
  on	
  organic	
  maEer	
  oxidaFon	
  
In	
  anoxic	
  sediments	
  (fresh	
  and	
  marine)	
  

Hydrogen	
  is	
  a	
  by-­‐product	
  of	
  fermentaFon	
  and	
  is	
  essenFal	
  
for	
  sulfate	
  reducFon	
  and	
  methanogenesis.	
  	
  

Hydrogen	
  concentraFons	
  respond	
  to	
  T,	
  [X],	
  pH.	
  	
  
laboratory	
  changes	
  correspond	
  well	
  to	
  field	
  observaFons.	
  

VariaFons	
  in	
  H2	
  suggest	
  maintenance	
  of	
  constant	
  
ΔG	
  values	
  of	
  -­‐10	
  to	
  -­‐15	
  kJ	
  mol-­‐1	
  .	
  

H2	
  has	
  a	
  very	
  short	
  lifeFme	
  in	
  sediments-­‐	
  makes	
  an	
  
excellent	
  E	
  regulator.	
  	
  Small	
  changes	
  in	
  H2	
  concentraFon	
  

results	
  in	
  large	
  changes	
  in	
  ΔG.	
  

Intense	
  compeFFon	
  by	
  bacteria/archea	
  regulate	
  [H2]	
  

19.15 



It	
  was	
  also	
  recognized	
  very	
  soon	
  aker	
  sedimentary	
  
methane	
  profiles	
  were	
  compiled	
  that	
  methane	
  consumpFon	
  appeared	
  

to	
  be	
  occurring	
  in	
  marine	
  systems	
  

[methane] 

[sulfate] [methane] 
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Anaerobic	
  methane	
  oxidaFon…where	
  has	
  all	
  
the	
  methane	
  gone?	
  

Oceans	
  have	
  a	
  huge	
  reservoir	
  of	
  methane	
  in	
  sediments,	
  but	
  
Contribute	
  only	
  2%	
  of	
  the	
  global	
  atmospheric	
  flux	
  of	
  methane.	
  

EnergeFcally	
  favorable,	
  but	
  depends	
  criFcally	
  on	
  the	
  
concentraFon	
  of	
  hydrogen.	
  	
  Only	
  favorable	
  in	
  CLB	
  	
  

sediments	
  when	
  [H2]	
  <	
  0.29	
  nM!	
  

Anaerobic	
  methane	
  oxidaFon	
  probably	
  occurs	
  
as	
  a	
  consorFa	
  between	
  SRB	
  and	
  MO	
  Archea	
  

CH4	
  +	
  SO4	
  2-­‐	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
  HCO3	
  -­‐	
  +	
  HS-­‐	
  +H2O	
  	
  -­‐25	
  kJ/mol	
  

CH4	
  +2H2O	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
   	
  HCO3
-­‐	
  +	
  4H2	
  

SO4
2-­‐	
  +	
  4H2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
   	
   	
   	
  HS-­‐	
  +	
  	
  2H2O	
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Coupled	
  methane	
  oxidaFon	
  and	
  sulfate	
  reducFon	
  in	
  
CLB	
  sediments	
  

Hydrogen	
  concentraFons	
  are	
  <	
  nM	
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Coupled	
  methane	
  oxidaFon	
  and	
  sulfate	
  reducFon	
  in	
  
CLB	
  sediments	
  

summerFme	
  

Hydrogen	
  concentraFons	
  are	
  a	
  few	
  nM	
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We	
  can	
  use	
  molecular	
  probes	
  to	
  idenFfy	
  sulfate	
  
reducing	
  baceria	
  (green)	
  and	
  methane	
  oxidizing	
  
Archea	
  (red)	
  to	
  visually	
  examine	
  the	
  consorFa	
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AOM consortia of different shapes 

by A. Boetius, K. Knittel & A. Gieseke 

AOM consortium above gas 
hydrates at Hydrate Ridge, 
Cascadia Margin. 

aggregate-structure "tissue"-structure 

AOM consortium above gas 
seeps in the anoxic Black 
Sea. 

Archea 

SRB 

Archea 

SRB 
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The History of AOM 

In 2001 Walter Michaelis et al. 
found out, that such AOM-consortia 
are able to build up a huge biomass 
above methane seeps in the anoxic 
part of the Black Sea. These reef-
like structures are up to 1 m in 
diameter and 4 m high. 

photos: GHOSTDABS, Jago-Team 
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Molecular identification reveal that a microbial 
consortium is responsible for AOM in the reef 

by K. Knittel & A. Gieseke 

30 cm 

GHOSTDABS, Univ. Hamburg 

cells stained blue 

fluorescence in situ 
hybridization (FISH) 
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scheme by K. Nauhaus 

The AOM symbiosis 

Gashydrates /  Seeps 

Hydrogen 
Acetate 
Formate 
Electrons 
…… 
…… 

Methanotroph Sulfate reducer CH 4 

Biomass 

8 [H] 

SO 4 2- 
SO 4 2- 

H 2 S 

H 2 S 
Electrons 

Biomass 

CO 2 CO 2 

CO 2 

CH4  +  SO4
2- + Ca2+    CaCO3

  +  H2S  + H2O  
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Carbon	
  isotopic	
  changes	
  in	
  atmospheric	
  methane	
  

19.25 



Date	
   	
   	
  Temp 	
  CO2 	
   	
  acetate 	
  total	
   	
  %total	
  producFon	
  

7/21/83 	
  	
   	
  26.5 	
   	
  0.70 	
  	
  	
   	
  	
  0.18 	
   	
  0.88 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  20	
  

8/7/83 	
  	
   	
  	
  27 	
   	
  1.02 	
  	
  	
  	
   	
  	
  0.33 	
   	
  	
  1.35 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  24	
  

8/29/83 	
  	
   	
  27.5 	
   	
  1.10 	
  	
  	
  	
   	
  0.46 	
   	
  1.56 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  29 	
  	
  

Methane	
  producFon	
  rate	
  profiles	
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Differences	
  in	
  carbon	
  isotope	
  fracFonaFon	
  between	
  	
  
freshwater	
  and	
  marine	
  systems	
  

Freshwater	
  

Marine	
   19.27 



Differences	
  in	
  carbon	
  isotope	
  fracFonaFon	
  between	
  	
  
freshwater	
  and	
  marine	
  systems	
  

Freshwater	
  

Marine	
  

-­‐48‰	
  

-­‐67‰	
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marine	
  

freshwater	
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Freshwater	
  

CH3COOH	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CH4	
  +	
  CO2	
  

α	
  =	
  -­‐48‰	
  

Marine	
  

CO2	
  +	
  4H2	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  CH4	
  +	
  2H2O	
  

α	
  =	
  -­‐70‰	
  

Carbon	
  isotope	
  fracFonaFon	
  with	
  methanogenesis	
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ProducFon	
  of	
  methane	
  from	
  acetate	
  and	
  CO2	
  
in	
  CLB	
  sediments.	
  	
  14C	
  tracer	
  studies.	
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Seasonal	
  changes	
  in	
  13C	
  for	
  methane	
  and	
  CO2	
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summer	
   summer	
  

Changes	
  in	
  Δ13C	
  in	
  CLB	
  methane	
  

Δ	
  =	
  -­‐50	
  ‰	
  

Δ	
  =	
  -­‐60	
  ‰	
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summer	
   summer	
  

Changes	
  in	
  Δ13C	
  in	
  CLB	
  methane	
  

Δ	
  =	
  -­‐50	
  ‰	
  

Δ	
  =	
  -­‐60	
  ‰	
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