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Approach  

Å1) based on understanding of why life does what it does  

ðWhat is life? 

ðWhy does it make any gas/volatile?  

ðWhat would it make in another (chemical) environment?  

Å2) based on admitting we do not really know why life does what it 

does (mostly)  

ðExhaustive list 

ðStart on rational identification of candidates  

Bains 2013 
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Biochemistry of gases 

ÅWhy do organisms make volatile compounds (=gases...)?  
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ÅClassified on why life makes them  

ðType I: byproduct of energy capture  

 

ðType II: byproduct of biomass capture  

 

ðType III: no chemical òreasonó at all 

H2S + 3/ 2O2 Ÿ SO2 + H 2O 

CO2 + H 2O + hn Ÿ [CH2O] + O2 

C6H14N4O2 + 2O2 + 3[H] Ÿ NO + C6H13N3O3  + 2H 2O 

Seager et al 2012, 2015 

Biosignature gases 
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Type I 

ÅGenerated from exploitation of geochemical redox couples 

Reductant  Oxidant Products 

H2  NO3
-   NO2

-, H2O  

H2   NO2
-    NO, H2O 

H2   NO   N2O, H2O 

H2   N2O   N2, H2O 

Fe2+   NO3
-   NO2

-,Fe3+  

Fe2+   NO2
-   NO, Fe3+ 

Fe2+   NO    N2O, Fe3+ 

Fe2+   N2O   N2, Fe3+ 

NH3 /NH4
+

  NO2
-    N2 , H2O 

 

Reductant  Oxidant Products 

Organics  SO4
2-    SO3

2- or SO2, H+  

H2   SO4
2-    SO3

2- or SO2, H+ 

H2   SO3
2-   S2O3

-, H+ 

H2   S2O3
-    S°, H+ 

H2   S°    H2S, H+ 

CH4   SO4
2-    H2S, CO2 

 Oxidised Reduced 

Carbon Dioxide (CO2) Hydrogen (H2) 

Formic acid (HCO2H) Methane (CH4) 

 Methanol (CH3OH) 

 Ethanol (C2H5OH) 

 Lactate (CH3.CHOH.CO2H 

 Acetone (CH3.CO.CH3) 

 Butyric acid (C3H7CO2H) 

 

 Seager et al 2012 

Input Molecules Photon  Outputs 

H2O    hv   O2 

H2S    hv   S 

S2O3
-
   hv   H2SO4 

S, H2O  hv   H2SO4 
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Type I prediction  

Hu et al 2012 
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Type I products on H 2-dominated worlds  

ÅPlausible substrates 

ÅVolatile products  

Å25oC temp 

 

ðCH4, H2S, H2O, NH3 

 

 

Element  Reaction  
DGo 

(kJ/mol)  

Carbon 

CO + 3 H2 Ÿ CH4 + H2O -205.6 

CO2 + 4H 2 -> CH4 + 2H 2O -194.5 

CO2 + H 2 -> CO + H 2O +11.5  

CO3
2- + 4H 2 -> CH4 + H 2O + 2OH- -129.42 

Nitrogen 
½ N 2 + 1½ H 2 Ÿ NH3 ī62.61 

½ N 2 + ½ H 2 + H 2O Ÿ NH2OH +183.8  

Phosphorus 

H2 + HPO4
2ī Ÿ HPO3

2ī + H 2O +27.2  

H2 + HPO3
2ī + H +  Ÿ H2PO2

ī + H 2O +84.3  

½H 2 + H 2PO2
ī + H +  Ÿ P(s) + 2H 2O +52.8  

P(s) + 1½H 2 Ÿ PH3 +5.4  

Overall 4 H2 + HPO4
2ī + 2H +  Ÿ PH3 + 4H 2O +169.8  

Sulfur 

SO4
2ī + H 2 Ÿ SO3

2ī + H 2O +12.45  

SO3
2ī + 2H 2 +2H+  Ÿ S(s) + 3H 2O ī248.29 

S(s) + H 2 Ÿ H2S ī44.81 

Overall SO4
2ī + 2H +  + 4H 2 Ÿ H2S + 4H2O ī280.8 

Iron 
½ H 2 + Fe3+ + OHī Ÿ Fe2+  + H 2O ī125.8 

H2 + Fe2+ + 2OHī Ÿ Fe(s) + 2H 2O ī6.1 

Manganese 
Mn3+ + ½ H 2 + OHī > Mn 2+  + H2O ī273.3 

H2 + Mn 2+ + 2OHī Ÿ Mn(s) + 2H 2O ī24.9 

Silicon 

2H2 + H 4SiO4 (s) Ÿ Si(s) + 4H 2O +384.5  

2H2(g) + SiO2(s) > Si (s) + 2H 2O +382.1  

Si(s) + 2H 2(g) Ÿ SiH4 (g) +56.9  

Aluminium 3H2 (g) + Al 2O3 (s) Ÿ 2Al(s) +3 H 2O +871.0  

Copper 
Cu2+ + ½H 2 Ÿ Cu+  + H +  ī19.4 

Cu+  + ½ H 2 Ÿ Cu(s) + H +  ī57.8 

Vanadium 

H2VO4
ī +2H+  + ½H 2 Ÿ HVO2

+  + 2H 2O ī113.8 

HVO2
+  + ½H 2 Ÿ VO+  + H 2O ī243.5 

VO+  + ½ H 2 Ÿ VOH+  17.5 

VOH+  + H 2 Ÿ V(s) + H +  + H 2O 122.7 

 

Seager et al 2013a 
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Type I 

ÅAtmospheric 

chemistry  

 

 

ÅReaction chemistry 

and Maintenance 

Energy  
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ÅBiosignature gas 

constantly removed  

 

 

ÅBiomass needed to 

maintain a 

detectable gas level  

 

 

 

 

ÅFlux needed to 

maintain a 

detectable gas level  

 

 

ÅIs that reasonable?? 

 

 

Seager et al 2013b 
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Live biomass densities 

50 ð 1000 g/m 2 10 - 50g/m 2 0.01g/m 2 

 Sun -like star  Active M star  Quiet M star  

Thermal emission  4.0 x 10 -4 (g/m 2) 8.0 x 10 -6 (g/m 2) 9.5 x 10 -6 (g/m 2) 

Transmission  -  1.1  (g/m 2) 1.8 x 10 -9 (g/m 2) 

 

1/ 2 N2 + 3/ 2 H2 Ÿ NH3 

  

Seager et al 2013b 
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Problems 

ÅFalse positives 

ðGeochemistry has same 

chemicals to work with  

ðE.G. methane on Mars? 

ÅFalse negatives 

ðN2 + O2 + H 2O  HNO3  

ðabundant source gas 

ðBEQ  

Krissansen-Totton et al 2016, Amend and Shock (DG values),  Hoehler 2004 (BEQ) 

From Krissansen-Totton et al 2016 Table 7 
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Redox signature necessary  

[H]  [O] 

CH4 CO2 

Reduced environment  Oxidized environment  

ÅôProblemõ for life 

ÅTo access large chemical space, need molecules Rr 0.5 ð 0.9 

ÅEnvironmental carbon in dense bodies  

Bains and Seager 2012  

CH2O 
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Redox signature in presence of H 2 

 

 

 

 

 

ÅType II signature 

ÅCH4 + H 2O + energy ­ [CH2O]n + [H]  

ÅMost plausibly  

ÅCH4 + H 2O + energy ­ [CH2O]n + H2 

 

 

Element  Reaction  
DGo 

(kJ/mol)  

Carbon 

CO + 3 H2 Ÿ CH4 + H2O -205.6 

CO2 + 4H 2 -> CH4 + 2H 2O -194.5 

CO2 + H 2 -> CO + H 2O +11.5  

CO3
2- + 4H 2 -> CH4 + H 2O + 2OH- -129.42 

Nitrogen 
½ N 2 + 1½ H 2 Ÿ NH3 ī62.61 

½ N 2 + ½ H 2 + H 2O Ÿ NH2OH +183.8  

Phosphorus 

H2 + HPO4
2ī Ÿ HPO3

2ī + H 2O +27.2  

H2 + HPO3
2ī + H +  Ÿ H2PO2

ī + H 2O +84.3  

½H 2 + H 2PO2
ī + H +  Ÿ P(s) + 2H 2O +52.8  

P(s) + 1½H 2 Ÿ PH3 +5.4  

Overall 4 H2 + HPO4
2ī + 2H +  Ÿ PH3 + 4H 2O +169.8  

Sulfur 

SO4
2ī + H 2 Ÿ SO3

2ī + H 2O +12.45  

SO3
2ī + 2H 2 +2H+  Ÿ S(s) + 3H 2O ī248.29 

S(s) + H 2 Ÿ H2S ī44.81 

Overall SO4
2ī + 2H +  + 4H 2 Ÿ H2S + 4H2O ī280.8 

Iron 
½ H 2 + Fe3+ + OHī Ÿ Fe2+  + H 2O ī125.8 

H2 + Fe2+ + 2OHī Ÿ Fe(s) + 2H 2O ī6.1 

Manganese 
Mn3+ + ½ H 2 + OHī > Mn 2+  + H2O ī273.3 

H2 + Mn 2+ + 2OHī Ÿ Mn(s) + 2H 2O ī24.9 

Silicon 

2H2 + H 4SiO4 (s) Ÿ Si(s) + 4H 2O +384.5  

2H2(g) + SiO2(s) > Si (s) + 2H 2O +382.1  

Si(s) + 2H 2(g) Ÿ SiH4 (g) +56.9  

Aluminium 3H2 (g) + Al 2O3 (s) Ÿ 2Al(s) +3 H 2O +871.0  

Copper 
Cu2+ + ½H 2 Ÿ Cu+  + H +  ī19.4 

Cu+  + ½ H 2 Ÿ Cu(s) + H +  ī57.8 

Vanadium 

H2VO4
ī +2H+  + ½H 2 Ÿ HVO2

+  + 2H 2O ī113.8 

HVO2
+  + ½H 2 Ÿ VO+  + H 2O ī243.5 

VO+  + ½ H 2 Ÿ VOH+  17.5 

VOH+  + H 2 Ÿ V(s) + H +  + H 2O 122.7 

 

Outgassing Other process Atmospheric carbon  

CO2 / CO - H2 + 10:1 CO2:CH4 

CO2 / CH4 - H2 + 50:50 CO2:CH4 

CO2 / CH4 CO2 + H 2 Ÿ CH4 H2 + 1:99 CO2:CH4 

Bains et al 2014 
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Photon energy  

Å¼ CH4 + H + + eĬ  Ĳ CH2O + ½H 2  E° = 0.63 V 

  ½ H 2O          H+ + eĬ + ¼O 2    E° = 1.23 V 
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Absorption in NIR 

 no ôRed Edgeõ? 

Bains et al 2014 
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Type III 

ÅRange terrestrial Type III gases. 

ÅAssume maximum terrestrial emission rates / gram biomass  

 Biomass needed to maintain detectable levels of Type III gases in atmosphere of 1bar 
H2-dominated atmosphere planet in óhabitable zoneô around different stars (g/m

2) 

Compound Thermal emission Transmission 

Sun-like Active M-
star 

Quiet M-
star 

Active M-
star 

Quiet M-
star 

CH3Cl 2800 77 0.013 860 0.014 

DMS 190 82 0.0001 260 0.00036 

CS2 5.5 x 107 2.3 x 107 37 1.5 x 107 24 

OCS 1.3 x 105 5500 0.67 9.9 x 104 12 

 

Seager et al 2013b 
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Type III 

ÅRange of studies on terrestrial Type III gases.  

ÅAssume maximum terrestrial emission rates / gram biomass  

 Biomass needed to maintain detectable levels of Type III gases in atmosphere of 1bar 
H2-dominated atmosphere planet in óhabitable zoneô around different stars (g/m

2) 

Compound Thermal emission Transmission 

Sun-like Active M-
star 

Quiet M-
star 

Active M-
star 

Quiet M-
star 

CH3Cl 2800 77 0.013 860 0.014 

DMS 190 82 0.0001 260 0.00036 

CS2 5.5 x 107 2.3 x 107 37 1.5 x 107 24 

OCS 1.3 x 105 5500 0.67 9.9 x 104 12 

 

CF ... 
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But ... 

ÅWhat is collected? 

 

 

ÅWhat is known? 
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But ... 

ÅWhat is collected? 

 

 

ÅWhat is known? 
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EG halomethanes 

Å There are 34 possible 

halomethanes (excluding F). 22 

are produced by Earth's life. 12 

are not known to be produced. 

Whyy? 

 

Å Why not CFCs? 

 

ÅTerrestrial life rarely handles F  

 

Å2.4Gya rarely handled O êê 

Made by life  
Not known to 

be made by life  
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Figure credit: J. Petkowska 

All Small Molecules project  


