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We have now achieved the goals of this project as illustrated in this summary document.  The 
PRF grant was instrumental in attaining these goals.  

In Figure 1 we show  ~ 170 natural CH4 samples analyzed and vetted in our laboratory at 
UCLA to date as well as microbe culture experiments and several high-temperature FTT 
experiments in Δ12CH2D2 vs. Δ13CH3D space on the left and in the traditional Schoell plot (δD vs. 
δ13C) on the right.   Based on the clumping diagram, three groups of samples are selected as 
examples of “process endmembers” as a sort of test of the efficacy of considering process as a 
means of deducing provenance.  Two of the three groups are easily defined and substantiated by 
laboratory experiments.  The first of these are the natural samples that represent purely microbial 
methanogenesis based on their similarity to the combination of Δ12CH2D2 and Δ13CH3D values 
obtained in our in-vitro culture experiments (in most cases these are from boreal wetlands).  The 
second group comprises gases produced at high temperatures  (meaning > 100 oC) that lie at or 
near to isotopologue thermodynamic equilibrium.  While many of these gases are thermogenic, 
we are purposefully avoiding the traditional classification terminology at this stage because these 
terms can connote both process and the sources of carbon and hydrogen (e.g., Sherwood Lollar et 
al. 2006; Etiope and Sherwood Lollar 2013).  The third group represents “abiotic” methane.  
Here we have immediately deviated from the strategy outlined in the previous sentence and 
introduced a measure of circularity into the classification by convolving it with source material. 
This is justified because of the overwhelming geological and geochemical evidence suggesting 
that the Kidd Creek mine gases owe their origin to abiotic processes deep in the crust.  

The three endmember processes are well separated on the left-hand panel of the Figure 1.  
Those same data points, with the same color coding, are plotted on the classical “Schoell plot” on 
the right in the Figure. I have added two major methane source fields, biotic and abiotic, as 
inspired by the fields shown in Etiope and Schoell (2014) and Etiope (2017).  The microbial and 
thermogenic process subfields of the biotic field are also shown.  Overall, the microbial gases as 
defined by the isotopic bond ordering plot in the microbial subfield for biotic gases in the Schoell 
plot.  The high-T equilibrium gases tend to plot in the thermogenic subfield of the biotic field in 
the Schoell plot, and the Kidd Creek abiotic gases are at the lower edges of the abiotic field in 
the Schoell plot.  Have we learned anything? 

However, critically, we note that our new isotopologue fields separate process from source 
material unambiguously. For example, the vertical (δD) positions of boreal wetland microbial 
methanogenesis data in the Schoell plot are lower than those for many “typical” microbial gases 
because the water δD values for these arctic environs are ~ −200 ‰ (e.g., Douglas et al. 2016 
and references therein), rather lower than for waters from lower latitudes.  Our kinetic models 
predict a downward shift in δD of ~160 ‰ relative to the source hydrogen, yielding bulk dD 
values of about −360 ‰, consistent with the boreal wetland data in the Figure.  The breadth of 
the microbial field in the Schoell plot is therefore dictated in part by the range of source 
hydrogen and carbon samples independent of process.  In isotopic bond ordering space, this 
effect is normalized out.   

The importance of normalizing away reactant bulk isotopic compositions is best exemplified 
by the fact that there are instances where data falling squarely in the microbial field in Δ13CH3D 
– Δ12CH2D2 space are not in the Biotic field on the Schoell plot.  A glaring example is the 
highest δ13C point from the Oman ophiolite that is evidently microbial in origin despite it’s 
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abiotic bulk isotope characteristics in the Schoell plot (Figure 1).  The reasons can be traced to 
unexpected source materials (as enumerated in publications in preparation).  Similarly, gases 
equilibrated at relatively high temperatures as evidenced in the Δ13CH3D – Δ12CH2D2 plot span 
the biotic and abiotic fields in the Schoell plot. 

Most of the other data points that appear in the attached Figure (undifferentiated data are 
shown in grey) that do not fall within one of the fields in Δ13CH3D – Δ12CH2D2 space are the 
result of mixing, fractionation by molecular mass (e.g., Giunta et al. 2018), or possibly processes 
that are still under study (see next section). 
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Figure 1.  Comparison of data categorized by process in  Δ12CH2D2 vs. Δ13CH3D space (left 
panel) to their positions in the bulk isotope “Schoell” plot (right panel).  Details are discussed 
in the text. Fields on the left are from the mass-18 isotopologue work while the fields in bulk 
isotope space are from Etiope and Schoell (2014) and Etiope (2017).  Grey symbols are data 
not categorized explicitly in this plot.  The data labeled “Microbial methan.” are dominantly, 
although not entirely, from Boreal lakes.    
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