Differentiation of Biotic and Abiotic CH,:
Lessons from terrestrial analogs

B. Sherwood Lollar, U. Toronto

bslollar@chem.utoronto.ca .



mailto:bslollar@chem.utoronto.ca

=
What can we learn from Earth

analogs about differentiation?
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Many overlapping definitions



Overlapping 813C Signatures - Biotic
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Overlapping 613C Signatures - Abiotic
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Biotic vs Abiotic CH,

613C (or 64H) value alone not diagnostic

Abiotic CH, will have a 8'3C value that
reflects the local carbon source

Enriched — if mantle-derived

Wide possible range of 8'3C values in
crustal environments

Mantle-derived = abiotic
Abiotic is not necessarily mantle-derived
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Multiple Lines of Evidence

1. Isotopic signatures: including C & H source
signatures and reaction products

2. Associated species (DIC, H,0O, H,, higher
hydrocarbons, N- or S- compounds)

3. Conservative tracers (e.g. noble gases) &
3. Geologic and hydrogeologic context .
4. Evaluate end-members and mixing
5. Post-genetic alteration and sinks

6. New breakthrough technologies
(e.g. clumped isotopologues)
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What is clear is that if on this planet we want a place soaked in “rock juice” – closest thing we might have to a system where abiotic reactions still remign supreme as they may have on the early ewearth – this might be the place



Ed Young in his lab. .
Researchers are developing

SO U R(E (0 D E. instruments to determine
‘W where molecules come from —

The Methane Ra(e revealing everything from the

origins of natural gas on Earth
to whether there is life on Mars.

Caltech geochemists Rob
Eagle (left) and John Eiler
used carbon dioxide isoto-
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microbial A new geothermometer
for methanogenesis
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Figure 2: Methane clumped isotope thermometry
scale.

The A5 value measures the deviation of the ratio
BCH;D/M*CH, from that expected for a statistical
(1.e., high temperature) distribution. For methane
clumped 1sotope system, A,g equal to (K-1)x1,000,
where K 1s the equilibrium constant for 1sotope
exchange reaction (R2). Also shown in the figure are
T-A,5 relationships expected for various methane
sources based on “typical” ranges of formation
temperatures.
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Figure 2: Methane clumped 1sotope thermometry
scale.

The A5 value measures the deviation of the ratio
BCH;D/M*CH, from that expected for a statistical
(1.e., high temperature) distribution. For methane
clumped 1sotope system, A,g equal to (K-1)x1,000,
where K 1s the equilibrium constant for 1sotope
exchange reaction (R2). Also shown in the figure are
T-A,5 relationships expected for various methane
sources based on “typical” ranges of formation
temperatures.

A new geothermometer
for methanogenesis:

- Deeper levels of
iInformation available

3 complications and/or
opportunities

Low to moderate T Abiotic
organic synthesis from
water-rock reaction

Mixing (e.g. 1°CH,D,)
Kinetic effects of microbial
methanogenesis vs.

equilibrium geothermometry
(e.g. Wang et al., 2015)



Outline

Overlapping Definitions and Signatures

Success requires multiple lines of
evidence, and contextual evidence

New technologies (e.g. clumped
isotopologues, PSIA) enabling a
renaissance in the field

For Mars - helps to consider the
Parsimonious approach

Test case from Earth analogs for
differentiating biotic and abiotic CH,

Conclusions


Presenter
Presentation Notes




Origin of Methane On Mars?

Parsimonious approach — what measurement(s)?



Parsimonious approach

Associated Gases

1. H, levels

2. Ethane (C,H;) levels

3. CH,/H, and CH,/C,H,
(CH,/C,*) ratios
Conservative noble gases

— constrain origin & sinks

— constrain production rates &
flux for reactive reduced gases
(e.g. H,/He)

oO®mO
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Assocliated Gases (gas ratios)

1. Abiotic end-members from low T water-rock *
reaction (e.g. serpentinization) are
characteristically H,-rich

2. Microbial metabolisms (sulfate-reducers,
methanogens) drive down H, concentrations

3. Abiotic end-members from low T water-rock
reaction (e.g. serpentinization) are often rich in
ethane in addition to CH, — resulting in low

CH,/C,* ratios (< 100)
4. Microbial methanogens produce little ethane @
and hence high CH,/C,* ratios (>>1000) %
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Can CCS reduce (solve) Global Climate Change


Test Case: Ongoing reduced
Gas production from billion(s)
year old rock with (some)
relevant minerology — the
Precambrian Shields
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In particular the Terr versus the marine. IN part the PC. Perhaps because extent of PC typically massively underestimated (unless happen to be Canadian, Scan, Aus, Zimbabwe, SA)


Precambrian > 72% of surface area

of Earth’s continental crust
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Analogs of ongoing processes of %
water-rock reaction relevant to Mars e

« Water-rock reactions such as radiolysis (L/n et al.,

2005) and serpentinization (Sherwood Lollar et al,
2006) producing H,

* Drives the Deep Carbon cycle e.g. methanogenesis

. Abiotic Organic Synthesis Microbial Methanogenesis
CO, +4H, - CH, + 2H,0 CO, +H, - CH, + H,O
Surface catalyzed CO, reduction

Fischer Tropsch-Type
(Sabatier) Reactions
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Picture: Komatiite sample collected from the Abitibi greenstone belt near Englehart, Ontario, Canada. Specimen is 9 cm wide. Bladed olivine crystals are visible, though spinifex texture is weak or absent in this sample.  (from Wikipedia Commons April 14 2012)
Komatiite IS primarily forsterirre (Mg rich olivine) so can just say olivine for this talk.


Test Case: Assoclated Gases

Carry out this test for biotic
vs. abiotic CH, on this global
database

1. H, levels

2. Ethane (C,Hg) levels
3. CH,/H, and CH,/C,H,
(CH,/C,*) ratios

4. Focus: South Africa where

greatest contextual evidence
gathered over past 20 years
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Associated gases (H,, C,H;) successfully
Identify sites with microbial CH,

Consistent with sites where multiple lines of
evidence (including culture and genomic data)
support dominance of microbial methanogenesis
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And at least one of these places Life – SA most invetsiagted to date and most weel known but very few sites investigated in any detail – a lot to 1.5 km (SA, Fennoscan) but > 1.5 km not so much


Multiple Lines of Evidence

1. Isotopic signatures: including carbon
source and reaction products

2. Associated species (DIC, H,0O, H,, higher
hydrocarbons, N- or S- compounds)

3. Conservative tracers (e.g. noble gases) = &

3. Geologic and hydrogeologic context
4. Evaluate end-members and mixing
5. Post-genetic alteration and sinks

6. New breakthrough technologies
(e.g. clumped isotopologues)
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Conduits to Surface

KIMBERLITE PIPE

TUFF CONE

REDBE!

SEDIMENTS

Kirkland Lake
kimberlite field

SHALES

QUARTZITE

Reduced gases (H,

and CH,) exsolving

Rl  {rOM groundwaters

e e above kimberlite
ipes

Modified from Sader et al 2007
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Kimberlite groundwaters collected in November 2012 from A4 and B30
Gas samples collected from
     B30 in 2012
     A4 in 2010
Due to a lack of time only 2/5 kimberlite sites were sampled both from the Kirkland Lake site.
Sampling of the other sites could be for future work.
This video is from another sampling trip we did 3 weeks ago, it shows you inside the boreholes were we take water and gas samples from.

pH
Specific Conductivity
Temperature
ORP 
Measurements were done during water and gas sampling
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