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	 2	

ABSTRACT	19	
The	concentration	of	atmospheric	methane	(CH4)	has	more	than	doubled	over	the	industrial	20	
era.	To	help	constrain	global	and	regional	CH4	budgets,	inverse	(top-down)	models	incorporate	21	
data	on	the	concentration	and	stable	carbon	(δ13C)	and	hydrogen	(δ2H)	isotopic	ratios	of	22	
atmospheric	CH4.	These	models	depend	on	accurate	δ13C	and	δ2H	end-member	source	23	
signatures	for	each	the	main	emissions	categories.	Compared	with	meticulous	measurement	24	
and	calibration	of	isotopic	CH4	in	the	atmosphere,	there	has	been	relatively	little	effort	to	25	
characterize	globally	representative	isotopic	source	signatures,	particularly	for	fossil	fuel	26	
sources,	since	the	1980s.	Most	global	CH4	budget	models	have	so	far	relied	on	outdated	source	27	
signature	values	derived	from	globally	non-representative	data.	To	correct	this	deficiency,	we	28	
present	a	comprehensive,	globally	representative	end-member	database	of	the	δ13C	and	δ2H	of	29	
CH4	from	fossil	fuel	(conventional	natural	gas,	shale	gas	and	coal),	modern	microbial	(wetlands,	30	
rice	paddies,	ruminants,	termites,	and	landfills/waste)	and	biomass	burning	sources.	Alkane	and	31	
permanent	gas	molecular	chemistry	for	fossil	fuel	categories	are	also	included	with	the	32	
database.	The	database	comprises	10,706	samples	(8,734	fossil	fuel,	1972	non-fossil)	from	190	33	
published	references.	Mean	(unweighted)	δ13C	signatures	for	fossil	fuel	CH4	are	significantly	34	
lighter	than	values	commonly	used	in	CH4	budget	models,	thus	highlighting	potential	under-35	
estimation	of	fossil	fuel	CH4	emissions	in	previous	CH4	budget	models.	This	living	database	will	36	
be	updated	every	2-3	years	to	provide	the	atmospheric	modeling	community	with	the	most	37	
complete	CH4	source	signature	data	possible.	Database	Digital	Object	Identifier	(DOI):	38	
https://doi.org/10.15138/G3201T.	39	
	40	
	41	
	 	42	
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1.	INTRODUCTION:		43	
Methane	(CH4)	is	a	potent	greenhouse	gas	that	accounts	for	approximately	20%	(0.48	W	m-2)	of	44	
anthropogenic	greenhouse	gas	radiative	forcing	in	the	lower	atmosphere	(Ciais	et	al.	2013).	45	
Atmospheric	CH4	levels	have	more	than	doubled	over	the	industrial	era,	increasing	from	about	46	
700	ppb	in	the	year	1750	to	>	1800	ppb	today	(Etheridge	et	al.,	1992).	Atmospheric	CH4	47	
stabilized	from	2000	to	2006	and	increased	again	after	2007	(Nisbet	et	al.,	2014,	Dlugokencky	48	
et	al.,	2011).	Specific	contributions	of	natural	and	anthropogenic	sources	of	CH4	to	this	renewed	49	
increase,	and	to	the	global	CH4	budget	in	general,	remain	unclear	(Kirschke	et	al.	2013;	Saunois	50	
et	al.	2016).	Wetlands	and	agriculture	have	been	suggested	as	dominant	sources	of	renewed	51	
increases	in	CH4	emissions	(Dlugokencky	et	al.,	2009;	2011;	Bousquet	et	al.	2011;	Bloom	et	al.	52	
2010;	Nisbet	et	al.	2014;	Patra	et	al.	2016;	Schaefer	et	al.	2016).	The	recent	surge	in	53	
unconventional	oil	and	gas	development	in	North	America	and	growing	awareness	of	CH4	54	
emissions	from	oil	and	gas	infrastructure	(Howarth	et	al.	2011;	Karion	et	al.	2013;	Brandt	et	al.	55	
2014)	informs	alternative	explanations	for	the	increase	in	atmospheric	CH4	(Hausmann	et	al.	56	
2016;	Helmig	et	al.	2016;	Rice	et	al.	2016).	Increasing	emissions	of	coal-related	CH4,	particularly	57	
from	China,	is	yet	another	possible	source	of	increasing	CH4	emissions	(Bergamaschi	et	al.	2013;	58	
Nisbet	et	al.	2014).		59	
	60	
Current	global	CH4	emission	estimates	rely,	in	part,	on	inverse	(top-down)	models	that	61	
incorporate	data	on	the	concentration	and	stable	carbon	(δ13C)	and	hydrogen	(δ2H)	isotopic	62	
ratios	of	atmospheric	CH4	(e.g.,	Quay	et	al.	1991;	Lowe	et	al.	1994;	Bousquet	et	al.	2006;	63	
Whiticar	and	Schaefer,	2007;	Neef	et	al.	2010;	Monteil	et	al.	2011;	Rice	et	al.	2016;	Schwietzke	64	
et	al.	2014a;	Schwietzke	et	al.	2016;	Schaefer	et	al.	2016).	Ethane	(C2H6)	to	CH4	mixing	ratios	65	
have	also	been	used	as	an	additional	constraint	on	fossil	fuel	CH4	emissions	(Simpson	et	al.	66	
2012;	Schwietzke	et	al.	2014a;	Hausmann	et	al.	2016;	Helmig	et	al.	2016).	These	models	are	67	
highly	sensitive	to	the	choice	of	δ13CCH4,	δ2HCH4,	and	C2H6:CH4	end-member	signatures	for	each	68	
of	the	various	emissions	sources,	broadly	defined	as	microbial	(wetlands,	rice	paddies,	69	
ruminants,	termites,	and	landfills/waste),	fossil	fuel	(coal,	oil,	natural	gas	and	geological	70	
seepage),	and	biomass	burning.	For	example,	a	5	‰	downward	adjustment	in	the	fossil	fuel	71	
δ13CCH4	source	signature	increases	anthropogenic	fossil	fuel	emissions	of	CH4	from	72	
approximately	100	to	150	Tg	yr-1		(Schwietzke	et	al.	2016).		73	
	74	
Despite	the	critical	importance	of	accurate	source	signature	data,	there	has	been	no	recent	75	
comprehensive	effort	to	define	CH4	source	signatures	for	the	atmospheric	modeling	community	76	
(Table	1).	Early	studies	from	the	1980s	and	early	1990s	provided	tables	of	average	values	for	77	
each	of	the	various	CH4	source	categories,	typically	with	little	or	no	metadata	on	sample	size	or	78	
geographic	origin	(Deines,	1980;	Quay	et	al.	1988;	Stevens	and	Engelkemeir,	1988;	Whiticar,	79	
1989,	1993).	Subsequent	studies	referred	back	to	the	original	data	tables	with	no	accounting	of	80	
sample	size,	error/range,	or	geographic	and	geological	representation	(e.g.,	Fung	et	al.	1991;	81	
Levin	et	al.	1994;	Ferreti	et	al.	2005;	Quay	et	al.	1999;	Mikaloff	Fletcher	et	al.	2004;	Bosuquet	et	82	
al.	2006).	Other	top-down	studies	have	often	assumed	a	set	of	canonical	end-member	values	83	
used	in	previous	modeling	studies,	without	reference	to	the	primary	data,	essentially	a	form	of	84	
self-citation	within	the	atmospheric	modeling	community	(Gupta	et	al.	1996;	Tyler	et	al.	1999;	85	
Houweling	et	al.	2000;	Lassey	et	al.	2007;	Neef	et	al.	2010;	Dlugokencky	et	al.	2011;	Monteil	et	86	
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al.	2011).	For	the	fossil	fuel	category	of	CH4	source	signatures,	there	have	been	virtually	no	87	
original	measurements	since	Levin	et	al.	(1994).	Moreover,	model	sensitivity	to	source	88	
signature	values	is	rarely	tested	(e.g.	Schwietzke	et	al.	2014a,	2016;	Rice	et	al.	2016).		89	
	90	
There	is	in	fact	a	vast	literature	on	the	molecular	and	isotopic	composition	of	natural	and	91	
anthropogenic	sources	of	CH4,	going	back	decades.	The	literature	has	grown	significantly	since	92	
the	early	studies	of	the	1980s	from	which	most	canonical	source	signature	values	originally	93	
were	derived.	This	paper	describes	a	comprehensive	global	database	of	δ13CCH4,	δ2HCH4	and	94	
C2H6:CH4	source	signatures	for	fossil	fuel,	microbial	and	biomass	burning	sources	of	CH4	95	
compiled	from	pubic	domain	sources.	Data	distributions	are	discussed	within	the	context	of	96	
existing	and	evolving	natural	gas	genetic	origin	frameworks	(Schoell,	1983;	Whitcar	et	al.,	1986;	97	
Whiticar,	1989,	1999;	Etiope	2015;	Milkov	et	al.,	2017).	The	database	is	intended	primarily	for	98	
use	by	atmospheric	scientists	working	on	top-down	modeling	of	CH4	emissions	at	regional	to	99	
global	scales.	This	“living”	database	will	be	updated	every	2-3	years	so	that	the	modeling	100	
community	has	access	to	the	most	up-to-date	and	comprehensive	collection	of	CH4	source	101	
signature	data	available.	The	database	may	also	prove	useful	for	petroleum	geoscientists	102	
interested	in	genetic	characterization	of	natural	gas	across	different	basins	and	formations.	103	
Hydrogeochemists	may	use	the	database	for	analyzing	the	origin	and	fate	of	hydrocarbon	gases	104	
in	groundwater	in	specific	oil	and	gas	producing	basins.		105	
	106	
2.	DATABASE	METHODS	AND	DESCRIPTION	107	
2.1	Database	Version	108	
The	2017	version	of	the	source	signature	database	is	accessed	from	the	NOAA	Earth	Systems	109	
Research	Laboratory	with	this	link:	https://www.esrl.noaa.gov/gmd/ccgg/arc/?id=123.	This	110	
version	supersedes	an	earlier	version	(Sherwood	et	al.,	2016)	published	as	a	complement	to	111	
Schwietzke	et	al.	(2016).	Whereas	the	previous	version	reported	values	of	δ13CCH4	only,	the	112	
2017	version	expands	the	range	of	geochemical	parameters,	as	described	in	section	2.4	below.	113	
Other	minor	changes	to	the	database	are	noted	in	the	database	“readme”	file.		114	
	115	
2.2	Types	of	Gas	116	
The	database	is	separated	into	fossil	fuel	and	non-fossil	fuel	sources	of	CH4.	Fossil	fuel	sources	117	
comprise	conventional	natural	gas,	coal	gas	and	shale	gas.	Shale	gas	is	included	as	a	separate	118	
category	because	of	growing	interest	in	CH4	emissions	associated	with	this	form	of	119	
unconventional	gas	production.	Both	conventional	and	shale	gas	include	natural	gas	co-120	
produced	with	oil.	Coal	gas	includes	both	coal	mine	gases	and	coal	bed	methane	(CBM).	All	121	
three	fossil	fuel	gas	types	are	representative	of	reservoir	gases	measured	from	producing	or	122	
previously	producing	oil	or	gas	wells	or	coal	mines.	Data	from	exploratory	wells	were	excluded,	123	
as	these	are	not	broadly	representative	of	atmospheric	emissions.	The	database	does	not	124	
currently	distinguish	between	oil	and	non-oil	associated	gas	or	between	different	ranks	of	coal	125	
(i.e.,	lignite,	bituminous	and	anthracite).	However,	the	database	includes	the	locations	of	each	126	
sample,	which	may	be	used	to	make	this	distinction	based	on	activity	data	(e.g.,	production	127	
based	on	coal	rank	at	a	given	coal	mine).	Pipeline	(processed)	distribution	gases	are	not	128	
included	in	the	database,	primarily	due	to	lack	of	data	availability.	Users	of	this	database	should	129	
be	aware	that,	due	to	preferential	stripping	of	alkane	components,	processed	gases	may	have	130	
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different	molecular	compositions	than	the	reservoir	gases	represented	herein.	Also,	the	131	
molecular	composition	of	distribution	gases	in	any	region	may	change	over	time	(Schwietzke	et	132	
al.,	2014b).	By	contrast,	isotopic	signatures	are	unaffected	by	gas	processing	except	for	mixing	133	
of	2	or	more	isotopic	end-members	(Schoell	et	al.,	1993).	Geological	seepage	gases,	i.e.	the	134	
natural	source	component	of	the	“fossil	fuel”	category	(Etiope	et	al.	2008;	Etiope,	2009;	2015),	135	
are	not	included	in	this	database.	A	global	database	of	onshore	seeps	is	discussed	in	Etiope	136	
(2015)	and	available	by	CGG	(2015).	The	composition	of	seepage	gases	and	their	influence	on	137	
the	global	CH4	budget	is	the	subject	of	ongoing	research.		138	
	139	
Non-fossil	fuel	sources	of	CH4	in	the	database	consist	of	modern	microbial	sources	and	biomass	140	
burning.	Modern	microbial	data	are	from	rice	paddies,	ruminants	(C3-	and	C4-plant	eating	141	
cattle,	sheep,	goats	and	their	manure),	termites,	waste/landfills	and	wetlands	(bogs/peat,	142	
deltas,	estuaries,	floodplains,	lagoons,	lakes,	marshes,	ponds,	rivers,	swamps	and	tundra).	143	
Biomass	burning	data	are	from	brush,	forests/woodlands,	grasses,	and	pastures.		144	
	145	
2.3	Data	Gathering	146	
Data	were	obtained	from	the	peer-reviewed	literature,	conference	proceedings,	graduate	147	
theses,	and	government	reports	and	databases.	Government	databases	include	the	U.S.	148	
Geological	Survey	Energy	Geochemistry	Database	149	
(http://energy.usgs.gov/GeochemistryGeophysics/GeochemistryLaboratories/GeochemstryLab150	
oratories-GeochemistryDatabase.aspx),	the	Geological	Survey	of	the	Netherlands	“NLOG”	151	
database	(available	by	request	through	http://nlog.nl/en/gas-properties),	and	the	Geoscience	152	
Australia	“ORGCHEM”	database	(available	by	request	through	153	
http://www.ga.gov.au/search/index.html#/).	Google	Scholar,	Web	of	Science,	the	American	154	
Association	of	Petroleum	Geologists	(AAPG;	http://www.datapages.com/),	and	the	Society	of	155	
Petroleum	Engineers	(SPE;	www.spe.org)	were	used	to	search	for	data.	Use	of	English	language	156	
search	tools	presented	an	unavoidable	bias	in	data	gathering.	Searches	focused	on	publications	157	
with	gas	isotopic	data.	Since	gas	compositional	analysis	is	a	pre-requisite	for	subsequent	158	
isotopic	analysis	in	most	laboratories,	gas	compositional	data	are	included	with	δ13CCH4	and	δ2H	159	
data	if	reported	in	the	original	source.	Note	that	the	literature	contains	far	more	publications	160	
with	gas	compositional	data	alone.	All	of	the	data	can	be	traced	back	to	original	sources	using	161	
the	references	provided.	To	maintain	data	transparency,	industry	proprietary	data	were	162	
excluded.	163	
	164	
The	database	is	separated	into	fossil	fuel	and	non-fossil	fuel	(modern	microbial	and	biomass	165	
burning	sources)	data	tables	for	two	practical	reasons.	First,	the	petroleum	geochemistry	166	
literature	tends	to	report	analyses	for	discrete	samples,	for	example,	production	gas	analyses	167	
from	individual	wellheads	or	analyses	from	discrete	stratigraphic	horizons	in	a	wellbore.	By	168	
contrast,	the	literature	on	non-fossil	fuel	sources	of	CH4	more	commonly	reports	statistical	169	
summaries	(e.g.,	multiple	measurements	at	a	given	location/time)	as	opposed	to	discrete	170	
sample	data.	Second,	fossil	fuel	data	usually	include	gas	composition	of	C2+	alkanes	and	171	
permanent	gases	and	isotopic	compositions	of	C2+	alkanes.	The	non-fossil	fuel	literature	rarely	172	
reports	data	on	these	additional	parameters,	even	though	microbial	processes	in	fact	produce	173	
C2+,	albeit	in	negligible	quantities	(<	0.1%)	compared	to	CH4	(Oremland,	1981;	Ladygina	et	al.	174	
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2006;	Xie	et	al.	2013).	Rather	than	trying	to	fit	these	two	fundamentally	different	types	of	data	175	
into	a	common	table	format,	they	are	presented	separately.		176	
	177	
2.4	Analytical	Parameters	178	
Table	2	lists	analytical	parameters	included	in	the	database.	For	fossil	fuel	gases,	parameters	179	
include	molar	percent	composition	of	permanent	gases	(N2,	O2,	CO2,	Ar,	H2,	H2S,	He)	and	C1	to	180	
C6	alkanes	(CH4,	C2H6,	C3H8,	iso-C4H10,	n-C4H10,	iso-C5H12,	n-C5H12,	C6H14),	and	δ13C	and	δ2H	181	
isotopic	ratios	of	C1	to	C5	alkanes.	Though	not	commonly	used	in	3D	inverse	modeling	studies	of	182	
the	global	CH4	budget,	alkane	compositions	are	important	for	source	attribution	in	regional	air	183	
quality/emissions	studies	(Karion	et	al.	2013;	Pétron	et	al.	2014;	Peischl	et	al.,	2015;	Townsend-184	
Small	et	al.	2016;	Kort	et	al.	2016).	The	δ13C	and	δ2H	isotopic	signatures	of	C2+	alkanes	may	also	185	
prove	useful	as	source	tracers	with	future	advances	in	analytical	instrumentation.	For	non-fossil	186	
fuel	samples,	δ13C	and	δ2H	of	CH4	are	the	only	parameters	provided	in	the	database.	187	
	188	
2.5	Stable	Isotope	Notation	and	Standardization	189	
Stable	isotopic	data	are	reported	in	conventional	delta	notation:	190	
δX	=	(Rsample/Rstandard	–	1)		×	1000,	where	δX	=	δ13C	or	δ2H	and	R	=	13C/12C	or	2H/1H,	respectively.	191	
δ13C	data	are	reported	on	the	PeeDee	Belemnite/Vienna	PeeDee	Belemnite	(PDB/VPDB)	scale	192	
and	δ2H	data	are	reported	on	the	Vienna	Standard	Mean	Ocean	Water	(VSMOW)	scale.	The	193	
“Vienna”	version	of	the	PDB	scale,	signifying	that	the	original	PDB	reference	material	used	to	194	
define	the	scale	ran	out	and	was	replaced	with	the	NBS-19	reference	material,	is	nominally	195	
identical	to	the	predecessor	PDB	scale	(Gröning,	2004).	For	references	in	which	the	scales	were	196	
not	stated	explicitly,	we	assume	the	use	of	PDB/VPDB	and	VSMOW	scales,	based	on	the	fact	197	
that	the	use	of	PDB	to	define	the	δ13C	scale	and	VSMOW	to	define	the	δ2H	scale	goes	back	to	198	
the	1950s	and	early	1960s	(Craig,	1953;	1961)	and	that	the	oldest	reference	in	the	database	199	
(Dubrova	and	Nesmelova,	1968),	postdates	formal	recognition	of	these	scales.		200	
	201	
2.6	Data	Screening	202	
Data	screening	for	the	fossil	fuel	data	consisted	of	the	following	steps.		1)	Location	metadata	203	
(Country,	State/Region,	Basin,	Formation)	were	checked	for	logical	compatibility.	2)	To	aid	204	
searching	for	basin-specific	data,	wherever	possible	fossil	fuel	data	were	assigned	to	a	205	
corresponding	sedimentary	basin	in	the	Robertson	Tellus	Sedimentary	Basins	of	the	World	206	
(available	at:	http://www.datapages.com/gis-map-publishing-program/gis-open-files/global-207	
framework/robertson-tellus-sedimentary-basins-of-the-world-map).	3)	Data	duplicates	were	208	
merged.	This	step	was	particularly	important	for	the	USGS	Energy	Geochemistry	Database	as	it	209	
includes	data	from	several	other	sources	including	the	Gas	Research	Institute	report	on	U.S.	210	
natural	gas	analyses	(Jenden	&	Kaplan	1989),	peer-reviewed	papers,	and	other	U.S.G.S.	data	211	
reports.	For	merged	duplicates,	references	to	both	sources	are	provided.	4)	Obvious	outliers,	212	
such	as	individual	gas	concentrations	greater	than	100%,	O2	concentrations	greater	than	21%,	213	
total	gas	compositions	summing	to	greater	than	100	%	(plus	10%	to	allow	for	analytical	and	214	
rounding	errors),	and	positive	values	of	δ13C	and	δ2H	were	omitted.	For	the	non-fossil	fuel	data,	215	
no	data-screening	steps	were	taken;	data	are	provided	as	originally	reported	in	the	respective	216	
sources.			217	
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	218	
2.7	Data	Quality	219	
This	database	was	not	subject	to	a	data	quality	assessment.	The	data	were	generated	from	220	
countless	laboratories	in	different	countries	over	a	span	of	five	decades.	Source	publications	221	
also	span	a	wide	range	in	academic	rigor,	from	conference	proceedings	to	peer-reviewed	222	
journals.	Milkov	(2010)	analyzed	natural	gas	data	from	the	West	Siberia	Basin	and	found	that	223	
Soviet	Russia	era	papers	from	the	1970s	reported	δ13CCH4	values	that	were	too	negative	by	~7	224	
‰	compared	to	data	generated	in	the	late	1990s	by	U.S.,	German	and	Russian	labs,	while	225	
Soviet	era	papers	from	the	1980s	reported	values	that	were	too	positive	by	~	4.5	‰.	We	make	226	
no	attempts	to	correct	for	these	systematic	errors;	rather	we	caution	users	of	this	database	to	227	
evaluate	and	use	the	data	appropriately.	By	sheer	number	of	samples	(n	=	10,706)	and	data	228	
sources,	systematic	errors	inherent	to	any	single	dataset	average	out	over	the	whole	database	229	
while	random	errors	have	negligible	impact	on	measures	of	central	tendency.		230	
	231	
3.	RESULTS	AND	DISCUSSION	232	
3.1	Data	Summary	233	
Fossil	fuel	sources	comprise	8,734	data	records	from	149	published	sources.	Table	3	provides	a	234	
summary	of	the	number	of	countries,	basins,	fields,	formations,	and	published	source	by	gas	235	
type	(conventional	gas,	coal	gas,	shale	gas)	and	specified	analytical	parameter	(δ13CCH4,	δ2HCH4,	236	
C2H6:CH4).	Non-fossil	fuel	sources	comprise	1,972	data	records	from	41	published	sources.	237	
Table	4	provides	a	summary	of	the	number	of	countries,	regions	and	published	source	by	CH4	238	
source	(rice	paddies,	ruminants,	termites,	waste,	wetlands,	biomass	burning)	and	parameter	239	
(δ13CCH4,	δ2HCH4).	Finally,	Table	5	provides	unweighted	statistical	summaries	by	CH4	source	and	240	
parameter.		241	
	242	
3.2	Data	Representativeness	243	
Fig.	1	shows	global	maps	of	the	number	of	samples	in	each	country	by	gas	type.	These	maps	are	244	
further	broken	down	by	parameter	(δ13CCH4,	δ2HCH4,	C2H6:CH4)	in	Fig.	2.	Representativeness	of	245	
the	fossil	fuel	data	is	assessed	by	comparison	of	sample	counts	from	each	country	to	that	246	
country’s	coal	and	natural	gas	production	volumes	from	the	BP	Statistical	Review	of	World	247	
Energy,	2016	(http://www.bp.com/en/global/corporate/energy-economics/statistical-review-248	
of-world-energy.html)	(Fig.	3).	This	was	done	at	the	level	of	individual	countries	owing	to	249	
difficulty	in	obtaining	production	statistics	at	the	sub-country	level	for	all	the	countries	in	the	250	
database.	We	note	that	reservoir	gases	vary	compositionally	and	isotopically	within	individual	251	
countries,	basins,	fields	and	formations	(Fig.	4).	Within	an	individual	formation,	for	example,	252	
natural	gas	can	range	from	microbial	gas	in	shallow/thermally	immature	areas,	to	oil-associated	253	
gas	in	deeper/thermally	mature	areas,	to	non-associated	dry	gas	in	thermally	over-mature	254	
areas.	Similarly,	the	type	(i.e.	rank)	of	coal	gas	data	presented	for	any	specific	country	may	not	255	
be	representative	of	the	dominant	coal	type	produced	in	that	country.	256	
	257	
Despite	isotopic	and	compositional	variability	within	countries,	country-level	analysis	is	the	258	
finest	practical	spatial	resolution	that	can	be	assessed	for	the	global	dataset.	Shale	gas	was	259	
excluded	from	this	analysis	of	representativeness,	since	shale	gas	production	is	limited	mostly	260	
to	Canada	and	USA.	For	the	parameter	δ13CCH4,	the	database	is	representative	of	84%	of	global	261	
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natural	gas	production	and	80%	of	global	coal	production	for	the	time	period	2000-2015.	For	262	
conventional	gas,	the	countries	with	the	highest	numbers	of	samples	with	δ13CCH4	are	USA	(n	=	263	
2,042),	China	(834),	Russia	(556),	Canada	(402)	and	Australia	(400)	(Fig.	3).	Countries	with	no	264	
conventional	gas	data	include	Algeria,	Malaysia,	Turkmenistan,	United	Arab	Emirates	and	265	
Venezuela,	which	together	account	for	12.2%	of	global	natural	gas	production.	For	coal	gas,	the	266	
countries	with	the	largest	sample	sizes	include	USA	(722),	China	(196),	Australia	(110)	and	267	
Poland	(105)	(Fig.	3).	Countries	with	no	coal	gas	data	representation	include	India,	Indonesia,	268	
Kazakhstan,	Ukraine	and	Columbia,	which	together	account	for	14.5%	of	global	coal	production.	269	
For	the	parameter	δ2HCH4,	the	database	is	representative	of	73%	of	global	natural	gas	270	
production	and	74%	of	global	coal	production.	For	C2H6:CH4	ratio	data,	the	database	is	271	
representative	of	76%	of	global	natural	gas	production	and	31%	of	global	coal	production.	272	
Sample	biases	can	be	mitigated	by	weighting	values	by	each	country’s	fraction	of	global	gas	or	273	
coal	production	(Schwietzke	et	al.	2016)	or	by	other	methods	suited	to	the	specific	data	use.			274	
	275	
Representativeness	is	generally	poorer	for	the	non-fossil	data,	owing	in	part	to	the	smaller	total	276	
sample	sizes	and	the	lack	of	data	for	several	key	areas.	For	example,	there	are	few	microbial	or	277	
biomass	burning	data	from	Southeast	Asia	and	Africa,	two	areas	of	significant	wetlands,	termite	278	
and	biomass	burning	CH4	emissions.	These	areas	constitute	important	data	gaps	that	should	be	279	
targeted	for	more	intensive	data	mining	and/or	future	field	studies.		280	
	281	
3.3	Genetic	Characterization	282	
Fig.	5	shows	a	natural	gas	genetic	characterization	plot	of	δ13CCH4	versus	δ2HCH4,	first	presented	283	
in	Whiticar	et	al.	(1986),	and	modified	in	Whiticar	(1989,	1999).	The	characterization	framework	284	
in	Fig.	5	and	in	other	plots	of	δ13CCH4	versus	alkane	molecular	compositions	(Bernard	1978;	285	
Schoell	1983;	Faber	and	Stahl,	1984)	originally	were	developed	by	researchers	at	the	German	286	
Federal	Institute	for	Geosciences	and	Natural	Resources	(BGR)	in	the	1970s	and	early	1980s.	287	
These	plots	were	derived	largely	from	proprietary	industry	data.	Because	the	data	could	not	be	288	
publicized,	the	characterization	plots	were	published	without	showing	the	underlying	data	used	289	
in	their	development.	These	characterization	schemes	are	still	widely	used	to	this	day,	despite	290	
that	fact	that	the	literature	data	on	gas	isotope	ratios	and	compositions	has	expanded	by	291	
orders	of	magnitude	since	the	1980s.	Fig.	5	shows	the	distribution	of	conventional	gas,	coal	gas	292	
and	shale	gas	in	relation	the	major	genetic	fields:	thermogenic,	microbial	CO2	reduction	and	293	
microbial	fermentation.	It	also	shows	the	field	for	gases	from	geothermal,	hydrothermal	and	294	
crystalline	rocks.	Overall,	the	low	percentage	of	samples	falling	outside	any	of	the	principal	295	
genetic	fields	in	Fig.	5	indicates	that	this	original	classification	scheme	captures	essentially	the	296	
full	range	of	isotopic	variability	in	natural	gases;	however,	the	breakdown	of	sample	counts	by	297	
genetic	origin	changes	with	revision	to	the	classic	characterization	scheme.	For	example,	while	298	
the	canonical	thermogenic	field	assumes	a	δ13C	value	of	-50	‰	or	-55‰	as	the	limit	between	299	
thermogenic	and	microbial	CH4	(Stahl	et	al.	1974;	Schoell	1983;	Whiticar	et	al.	1986),	recent	300	
work	extends	the	thermogenic	field	to	isotopically	lighter	values;	see	below.	301	
	302	
Fig.	6	shows	a	more	recent	version	of	the	δ13CCH4	versus	δ2HCH4	plot,	updated	in	Etiope	(2015)	303	
based	on	a	previous,	unpublished	version	of	a	fossil	fuel	reservoir	dataset.	This	diagram	304	
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distinguishes	more	types	of	thermogenic	gas,	following	Etiope	et	al.	(2013)	and	Hunt	(1996),	305	
and	reports	an	updated	genetic	field	for	abiotic	gas,	i.e.	gas	formed	by	chemical	reactions	of	306	
inorganically	derived	gases	such	as	carbon	dioxide	(CO2),	and	hydrogen	(H2),	and	not	from	307	
degradation	of	organic	matter	(Etiope	and	Schoell,	2014).	The	thermogenic	field	in	Fig.	6	308	
extends	to	δ13C	=	-67	‰	due	to	the	existence	of	low-maturity	thermogenic	gas	(Rowe	and	309	
Muehlenbachs	1999;	Milkov	&	Dzou	2007)	and	secondary	alterations	(biodegradation;	Milkov,	310	
2010;	2011)	that	would	otherwise	be	mistaken	for	primary	microbial	gas.			311	
	312	
Of	the	8,734	fossil	fuel	samples	in	the	database,	a	subset	of	(n=	2861)	have	both	δ13C	and	δ2H	313	
data	and	thus	are	represented	on	the	plot.	For	conventional	gas	(n	=	1951	δ13C	–	δ2H	data	314	
pairs),	a	majority	(78%)	of	the	samples	plot	within	the	thermogenic	field.	A	smaller	percentage	315	
of	samples	plot	within	the	microbial	field	(17%)	or	the	abiotic	field	(5%).	For	coal	gas	(n	=	511),	316	
data	are	more	evenly	distributed	between	thermogenic	(56%)	and	microbial	(39%)	fields,	with	a	317	
smaller	percentage	falling	within	the	abiotic	(2%)	field.	Because	of	overlapping	genetic	fields,	318	
percentages	sum	to	>	100%.	Additionally,	it	is	important	to	outline	that	conventional	or	coal	319	
gases	falling	within	the	“abiotic”	field,	even	where	it	is	not	overlapping	with	the	thermogenic	320	
field,	actually	have	a	dominant	thermogenic	origin.	These	δ13C-enriched	gases	are,	in	fact,	321	
mainly	from	over-mature	(late	stage	catagenesis)	source	rocks	from	NW	Germany	(Rotliegend)	322	
and	China	(Songliao	and	Tarim	basins).	Further	refinement	of	the	genetic	characterization	plot	323	
should	therefore	account	for	these	late	stage	thermogenic	gases.	Shale	gas	data	(n	=	396)	fall	324	
almost	entirely	within	the	thermogenic	field	(91%),	with	the	majority	of	the	data	clustered	325	
toward	the	dry	gas	(“Td”	in	Fig.	6)	end	of	the	thermogenic	maturity	spectrum.	Non-fossil	source	326	
data	(rice	paddies,	ruminants,	waste,	wetlands,	termites)	plot	entirely	within	the	microbial	327	
fermentation	field.	Biomass	burning	has	a	characteristically	enriched	isotopic	signature,	falling	328	
within	the	abiotic	field	despite	a	fundamentally	different	generation	pathway	compared	to	329	
abiotic	natural	gas.	A	revision	of	the	genetic	diagram	is	in	fact	in	progress	(Milkov	et	al.	2017),	330	
and	statistics	of	our	database	will	be	re-adjusted	taking	into	account	this	new	re-assessment	of	331	
microbial	versus	thermogenic	isotopic	genetic	characterization.		332	
	333	
3.4	Importance	of	Isotopically	Light	Natural	Gas	and	Coal	Gas	334	
A	long-standing	view	in	the	petroleum	geochemical	literature	held	that	“more	than	20%	of	the	335	
world’s	discovered	gas	reserves	are	of	biogenic	origin”	(Rice	&	Claypool	1981).	This	“biogenic	336	
gas”	was	loosely	defined	by	cutoffs	of	δ13CCH4	<	-55	‰	and	<	2%	C2+	alkanes	(C2H6	through	337	
pentane	(C5H12)).	For	conventional	natural	gas	in	the	current	database,	14%	of	the	samples	338	
have	δ13CCH4	<	-55	‰	and	23%	have	a	C2H6:CH4	ratio	<	0.02.	These	percentages	envelope	the	339	
original	Rice	&	Claypool	(1981)	estimate.	However,	it	is	now	known	that	natural	gas	within	the	340	
δ13CCH4	and	%	C2+	cutoffs	encompass	primary	microbial	gas	(i.e.	“biogenic”	gas	in	Rice	&	341	
Claypool,	1981;	formed	from	microbial	CO2	reduction	and	methyl	fermentation	in	shallow	342	
sediments),	secondary	microbial	gas	(formed	from	biodegradation	of	thermogenic	343	
hydrocarbons;	Zengler	et	al.	1999;	Head	et	al.	2003;	Jones	et	al.	2008),	and	low	maturity	344	
thermogenic	gas	(Rowe	and	Muehlenbachs	1999;	Milkov	&	Dzou	2007).	Analysis	of	the	δ13C	and	345	
molecular	ratios	of	C2+	alkanes	and	CO2	is	often	the	only	means	of	distinguishing	between	these	346	
three	types	of	gas	(Milkov,	2011).		347	
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	348	
At	the	global	level,	primary	and	secondary	microbial	gas	are	thought	to	account	for	~3-4%	and	349	
~5-11	%,	respectively,	of	conventional	recoverable	natural	gas	reserves	(Milkov,	2011).	350	
Secondary	microbial	gas	accounts	for	a	larger	share	of	global	conventional	gas	production:	giant	351	
Cenomanian	gas	pools	of	secondary	microbial	CH4	(mean	δ13CCH4	=	-51.8	‰)	found	at	depths	<	352	
1500	m	in	the	West	Siberia	Basin	alone	account	for	~17	%	of	the	global	conventional	gas	353	
production	(Milkov,	2010).	354	
	355	
Microbial	methanogenesis	is	even	more	significant	for	coals	(Rice,	1993),	with	an	approximately	356	
even	distribution	between	thermogenic	and	microbial	genetic	origins	(Fig.	5,	6).	The	two	largest	357	
coal	mines	in	the	world	(North	Antelope	Rochelle	and	Black	Thunder	mines)	are	located	in	the	358	
Powder	River	Basin,	Wyoming,	USA.	Coal	gas	from	these	formations	is	microbial	(fermentation)	359	
in	origin	(mean	δ13CCH4	=	-59.1	‰,	n	=	267;	mean	δ2HCH4	=	-309.6	‰,	n	=	118).		However,	as	360	
discussed	above,	we	note	that	some	gas,	traditionally	considered	microbial	because	of	its	low	361	
δ13C	values,	may	actually	have	a	thermogenic	origin.	Coals	can	also	generate	secondary	362	
microbial	gas	(Scott	et	al.	1994).	363	
	364	
3.5	Data	Distributions	365	
Figs.	7	and	8	show	normalized	probability	distributions	of	δ13CCH4	and	δ2HCH4	for	fossil	fuel	and	366	
modern	microbial	processes	(with	their	respective	sub-categories)	and	biomass	burning	sources	367	
of	CH4.	The	distributions	show	wide	overlap	between	different	CH4	source	categories,	thus	368	
highlighting	the	critical	need	for	robust	weighting	schemes	that	result	in	globally	or	regionally	369	
representative	measures	of	central	tendency	(discussed	below).		370	
	371	
Data	distributions	for	modern	microbial	processes	have	relatively	normal	distributions	with	372	
tight	overlap	between	the	different	sub-categories.	The	distributions	for	biomass	burning	show	373	
characteristic	bimodality,	caused	by	differences	between	isotopically	lighter	C3	and	isotopically	374	
heavier	C4	vegetation.	Fossil	fuel	δ13C	and	δ2H	exhibit	left-skewed	(conventional	and	shale	gas)	375	
or	bimodal	(coal)	distributions	arising	from	the	presence	of	microbial	and	low-maturity	376	
thermogenic	gas	as	described	above.	This	also	leads	to	relatively	wider	data	ranges	than	the	377	
non-fossil	categories.		378	
	379	
Fig.	7	also	indicates	the	δ13C	of	atmospheric	CH4	(~-52.6	‰)	before	fractionation	by	380	
photodegradation,	calculated	as	measured	atmospheric	δ13CCH4	(mean	-47.3	‰	in	the	year	381	
2016;	White	et	al.,	2017)	plus	an	average	fractionation	factor	ε	=	-6.3	±	0.8	‰	(Schwietzke	et	al.,	382	
2016).	This	value	represents	the	hinge	point	upon	which	CH4	emissions	fluxes	are	estimated	by	383	
isotopic	mass	balance	(e.g.	Whiticar	and	Schaefer,	2007).	Modern	microbial	processes	have	384	
δ13CCH4	signatures	falling	to	the	left	of	the	hinge	point,	thus	lower	δ13CCH4	requires	lower	385	
emissions	to	isotopically	balance	fossil	fuel	and	biomass	burning	sources;	higher	δ13CCH4	386	
requires	higher	emissions.	Conversely,	fossil	fuel	and	biomass	burning	source	categories	have	387	
δ13CCH4	signatures	falling	to	the	right	of	the	hinge	point,	thus	lower	δ13CCH4	requires	higher	388	
emissions;	higher	δ13CCH4	requires	lower	emissions.	Biomass	burning	falls	furthest	from	the	389	
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hinge	point	(mean	δ13CCH4	=	-26.2	±	4.8	‰,	unweighted	by	proportion	of	C3	and	C4	vegetation),	390	
therefore	it	has	the	most	leverage	on	the	isotopic	mass	balance.	391	
	392	
In	Fig.	8	the	pre-fractionation	hinge	point	is	more	poorly	constrained,	owing	to	greater	393	
variability	in	measured	atmospheric	δ2HCH4	(-95	±	5	‰)	and,	more	importantly,	uncertainty	in	394	
the	estimated	fractionation	factor	ε	=	-235	±	80	‰	(Gierczak	et	al.,	1997).	Modern	microbial	395	
δ2HCH4	signatures	are	within	range	of	the	estimated	pre-fractionation	atmosphere.	Biomass	396	
burning	and	fossil	fuel	signatures	fall	to	the	right	of	the	hinge	“point”,	hence	lower	δ2HCH4	397	
requires	higher	emissions	and	higher	δ2HCH4	requires	lower	emissions	for	both	these	categories.		398	
	399	
Unweighted	mean	δ13CCH4	and	δ2HCH4	for	modern	microbial	processes	and	biomass	burning	400	
(Table	5)	are	generally	within	about	2	‰	of	typical	values	used	in	published	CH4	budget	models	401	
(Schwietzke	et	al.,	2016).	By	contrast,	fossil	fuel	δ13CCH4	and	δ2HCH4	summary	statistics		(Table	5)	402	
show	wider	disparity	with	source	signature	values	used	in	published	CH4	budget	models	(Table	403	
1).	Remarkably,	unweighted	mean	δ13CCH4	for	conventional	natural	gas	(-44.0	±	10.7	‰)	is	404	
identical	to	the	value	(-44	‰)	originally	indicated	by	Craig	et	al.	(1988),	Stevens	and	405	
Engelkemier	(1988;	thermogenic	gas),	Quay	et	al.	(1991;	oil-associated	gas)	and	Whiticar	(1989;	406	
1993).	However,	this	value	is	4-6	‰	lighter	than	the	range	of	-38	to	-40	‰	typically	used	in	407	
more	recently	published	models	(Gupta	1996;	Lassey	et	al.	2000;	2007;	Tyler	et	al.,	2007;	Neef	408	
et	al.,	2010;	Monteil	et	al.,	2011;	Rigby	et	al.,	2012;	Ghosh	et	al.,	2015;	Schaefer	et	al.,	2016).	409	
For	coal	gas,	unweighted	mean	δ13CCH4	(-49.5	‰)	is	even	more	significantly	depleted	compared	410	
to	typical	values	of	-35	to	-37	‰	assumed	in	virtually	all	previous	studies.	These	canonical	411	
values	likely	were	derived	from	bituminous	and	anthracite	coal,	which	is	isotopically	heavier	412	
than	lignite	and	sub-bituminous	coal	(Rice,	1993;	Zazzeri	et	al.	2016),	yet	lignite	and	sub-413	
bituminous	coal	account	for	more	than	half	of	world	coal	production	(World	Energy	Council,	414	
2007).	Similarly,	mean	δ2HCH4	for	natural	gas	(-194	‰)	and	coal	(-232	‰)	is	10-15	‰	and	60-120	415	
‰,	respectively,	lighter	than	literature	values.		Shale	gas,	which	tends	to	be	isotopically	heavier	416	
than	oil-associated	gas	because	of	its	higher	thermal	maturity	(Zumberge	et	al.	2012;	Tilley	&	417	
Muelenbachs	2013),	also	exhibits	lower	mean	δ13CCH4	(-42.5		‰)	and	δ2HCH4		(-167	‰)	than	418	
indicated	in	the	CH4	budget	literature.	For	all	fossil	fuel	data	(uncategorized)	unweighted	mean	419	
δ13CCH4		=	-44.8	±	11	‰		(1	st.	dev.)	and	δ2HCH4	=	-197	±	50	‰.		420	
	421	
These	results	highlight	the	possibility	that	widespread	use	of	too-heavy	δ13CCH4	and	δ2HCH4	fossil	422	
fuel	source	signatures	could	have	led	to	systematic	underestimation	of	fossil	fuel	emissions	in	423	
the	CH4	budget	literature.	Indeed,	Schwietzke	et	al.	(2016)	re-analyzed	the	global	CH4	budget	424	
using	weighted	source	signature	data	calculated	from	an	earlier	version	of	this	database	425	
(Sherwood	et	al.,	2016)	and	showed	that	total	fossil	fuel	emissions	(excluding	geological	426	
seepage)	is	about	50%	higher	than	previously	estimated.		427	
	428	
Database	users	are	encouraged	to	adopt	appropriate	weighting	criteria	for	estimating	spatially	429	
averaged	source	signatures.	For	instance,	at	the	global	level,	Schwietzke	et	al.	(2016)	developed	430	
a	method	to	weight	fossil	fuel	δ13CCH4	data	at	the	country-level	and	non-fossil	fuel	δ13CCH4	data	431	
at	the	emission	subcategory-level.	Weighting	fossil	fuel	δ13CCH4	data	at	the	basin-level	may	be	432	
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practical	for	some	countries	with	sufficient	sample	size.	Basin-level	gas	production	statistics	433	
may	be	used	in	the	weighting	procedure	as	a	proxy	for	basin-level	CH4	emissions.	However,	434	
note	that	basin-level	CH4	emissions	may	be	correlated	with	basin-level	δ13CCH4.	A	basin	with	435	
mature	dry	gas	and	no	associated	oil	production	(and	thus	relatively	heavy	δ13CCH4)	typically	436	
employs	less	gas	processing	infrastructure	than	a	basin	with	associated	gas	production	(and	437	
thus	relatively	light	δ13CCH4).	The	former	is	therefore	likely	to	emit	less	CH4	per	unit	of	gas	438	
production	than	the	latter.	This	is	substantiated	by	CH4	emission	estimates	from	multiple	U.S.	439	
oil	and	gas	basins.	For	example,	the	dry	gas	basins	Marcellus	Shale	and	Fayetteville	are	440	
estimated	to	emit	on	average	0.3%	and	1.9%,	respectively,	per	unit	of	gas	produced	(Peischl	et	441	
al.,	2015),	whereas	the	wet	gas	Denver	and	Uinta	Basins	emit	on	average	4.1%	and	8.9%,	442	
respectively,	per	unit	of	gas	produced	(Karion	et	al.,	2013;	Petron	et	al.,	2014).	Thus,	using	gas	443	
production	statistics	to	weight	individual	basins	without	knowledge	of	the	respective	CH4	444	
emissions	may	introduce	biases.	445	
	446	
4.	CONCLUSIONS	447	
The	database	described	here	is	the	most	comprehensive	CH4	source	signature	database	ever	448	
compiled.	For	the	fossil	fuel	category	(conventional	gas,	shale	gas	and	coal	gas),	the	data	449	
comprise	8,734	unique	records	representing	84%,	73%	and	76%	(respectively	for	δ13CCH4,	δ2HCH4	450	
and	C2H6:CH4	ratio)	of	global	conventional	natural	gas	production	and	80%,	74%	and	31%	451	
(respectively	for	δ13CCH4,	δ2HCH4	and	C2H6:CH4	ratio)	of	global	coal	production	at	the	country	452	
level.	For	the	non-fossil	category	(rice	paddies,	ruminants,	termites,	landfills/waste,	wetlands	453	
and	biomass	burning),	the	data	comprise	1,972	records	from	15	countries	on	5	continents.	454	
While	this	constitutes	the	most	comprehensive	global	data	compilation,	additional	data	may	455	
help	further	reduce	uncertainty	in	the	global	CH4	budget,	especially	for	regionally	distinct	CH4	456	
source	attribution.	In	particular,	additional	wetland	and	ruminant	δ13CCH4	data	are	needed	given	457	
their	large	contribution	to	the	global	CH4	budget.	Database	users	are	encouraged	to	adopt	458	
appropriate	weighting	criteria	to	account	for	variability	in	emissions	specific	to	each	source	459	
category.		460	
	461	
Unweighted	mean	δ13CCH4	and	δ2HCH4	signatures	for	the	non-fossil	sub-categories	are	generally	462	
within	range	of	a	few	per	mil	of	typical	values	used	in	the	CH4	budget	modeling	literature.	463	
Unweighted	mean	δ13CCH4	and	δ2HCH4	signatures	for	the	fossil	category,	by	contrast,	are	464	
significantly	lighter	than	the	canonical	values,	particularly	for	coal	gas.	The	origin	of	this	bias	is	465	
unknown,	but	may	be	caused	in	part,	by	a	tendency	among	CH4	budget	modelers	to	reference	466	
other	modeling	studies	instead	of	the	primary	literature	on	isotopic	characterization	of	natural	467	
gas.	In	addition,	an	evolving	understanding	of	natural	gas	genetic	origins	blurs	the	traditional	468	
cutoffs	between	microbial	or	“biogenic”	and	thermogenic	natural	gas:	fossil	fuel	CH4	is	not	469	
exclusively	thermogenic	and	the	δ13CCH4	of	thermogenic	CH4	can	be	<	-55	‰.		470	
	471	
Finally,	the	database	includes	a	relatively	new	category	of	fossil	fuel	CH4,	shale	gas;	these	data	472	
will	become	more	useful	as	this	resource	assumes	increasing	share	of	global	natural	gas	473	
production.	The	availability	of	gas	molecular	concentrations	will	provide	additional	end-474	
member	constraints	on	fossil	fuel	emissions	at	global	and	regional	scales.	This	“living”	database	475	
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will	be	updated	every	2-3	years	to	provide	a	comprehensive	and	up-to-date	resource	for	the	476	
CH4	modeling	community.		477	
	478	
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Table	1:	Representative	list	of	atmospheric	modeling	studies	in	which	isotopic	ratios	were	used	882	
to	constrain	emissions	from	fossil	fuel	sources	of	CH4,	showing	values	of	δ13CCH4	and	δ2HCH4	used	883	
and	the	source	of	those	values.	884	
	885	

Study	 Sourcea	 δ13CCH4	(‰)	 δ2HCH4		(‰)	 Data	Reference	

Craig	et	al.	1988	
NG	 -44	 na	 Schoell	1980,	Rice	&	Claypool	1981	
Coal	 -37	 na	 Deines,	1980	

Stevens	&	Engelkemeir	1988	
NG	(thermo.)	 -44	(-80	to	-25)	 na	 Schoell	1980;	Rice	&	Claypool	1981	
NG	(oil-assoc.)	 -40	(-30	to	-50)	 na	

Deines,	1980	
Coal	 -37	(-14	to	-60)	 na	

Quay	et	al.	1988	
NG	(thermo.)	 -42	(-76	to	-21)	 na	

Deines,	1980;	Schoell	1980	NG	(oil-assoc.)	 -41	(-60	to	-30)	 na	
Coal	 -37	(-70	to	-15)	 na	

Whiticar	1989,1993	
NG	 -44	 -180	

Unspecified	
Coal	 -37	 -110	

Fung	et	al.	1991	
NG	 -70	to	-41	 na	

Quay	et	al.	1991	
Coal	 -70	to	-15	 na	

Quay	et	al.	1991	
NG	(thermo.)	 -41	(-41	to	-76)	 na	

Deines,	1980;	Schoell	1980	NG	(oil-assoc.)	 -44	(-60	to	-30)	 na	
Coal	 -35	(-70	to	-15)	 na	

Levin	et	al.	1994	 NG	 -40.5	±	6.2	 -185	±	29	 Oringinal	measurements	

Stevens	1993	
NG	 -43	±	4	 na	 Schoell	1980;	Rice	&	Claypool	1981	
Coal	 -37	±	4	 na	 Deines,	1980	

Levin	1994	
NG	 -40	±	2	 na	

Stevens	&	Engelkemier	1988,	Quay	et	al.	1991	
Coal	 -35	±	3	 na	

Gupta	et	al.	1996	
NG	 -38	 na	

Unspecified	
Coal	 -37	 na	

Francey	et	al.	1999	
NG	 -40	 na	

Unspecified	
Coal	 -35	 na	

Quay	et	al.	1999	
NG	 -43	±	7	 -185	±	20	 Stevens	&	Engelkemeir	1988;	Quay	et	al.	1991;	Levin	et	al.	1994;	Stevens	1993;	

Gupta	et	al.	1996	Coal	 -36	±	7	 -140	±	20	

Tyler	et	al.	1999	
NG	 -38	 na	

Fung	et	al.	1991	
Coal	 -37	 na	

Houweling	et	al.	2000	 NG	(thermo.)	 -40	 na	 Levin	et	al.	1994;	Quay	et	al.	1999	
Lassey	et	al.	2000	 FF	 -40	 na	 Unspecified	

Mikaloff	Fletcher	et	al.	2004	
NG	 -44	 na	

Whiticar,	1993	
Coal	 -37	 na	

Ferretti	et	al.	2005	 FF	 -40	 na	 Unspecified	

Bousquet	et	al.	2006	
NG	 -44	 na	

Mikaloff-Fletcher	et	al.	2004	
Coal	 -37	 na	

Lassey	et	al.	2007	
NG	 -35	±	5	 na	

not	specified	
Coal	 -40	±	5	 na	

Tyler	et	al.	2007	 NG	 -38	 -175	
Gupta	et	al.	1996	

	 Coal	 -37	 -175	

Whiticar	&	Schaefer	2007	
NG	 -44	 -180	

Unspecified	Coal	 -37	 -140	
Geol	 -41.8	 -200	

Neef	et	al.	2010	
NG	 -35	 na	

Lassey	et	al.	2007	
Coal	 -40	 na	

Dlugokencky	et	al.	2011	
NG	 -34	to	-50	(±	3)	 -175	±	10	

Unspecified	
Coal	 -35	±	3	 -175	±	10	

Monteil	et	al.	2011	
NG	 -40	 na	

Unspecified	
Coal	 -35	 na	

Rigby	et	al.	2012	 FF	 -40	±	14	 -175	±	20	 Whitcar	&	Schaefer	2007	
Kirschke	et	al.	2013	 FF	 -25	to	-55	 na	 Monteil	et	al.	2011;	Neef	et	al.	2010	

Ghosh	et	al.	2014	
NG	 -40	 na	

Unspecified	
Coal	 -35	 na	

Rice	et	al.	2016	
NG	 -44	 -175	

Whiticar	1993,	Tyler	et	al.	2007	
Coal	 -37.3	 -175	

Schaefer	et	al.	2016	 FF	 -37	 na	 Dlugokencky	et	al.	2011;	Bréas	et	al.	2001;	Whiticar	&	Schaefer	2007	
	886	
a	NG,	natural	gas;	FF,	fossil	fuels;	Geol,	geological	seepage	887	
	 	888	
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Table	2:	List	of	geochemical	parameters	by	gas	type	included	in	the	database.			889	
	890	

Type	of	Data	 Parameters	 Units	

Fossil	Fuel	
Composition:	 Permanent	Gases:	N2,	O2,	CO2,	Ar,	H2,	H2S,	He	

Alkanes:	CH4,	C2H6,	C3H8,	iso-C4H10,	n-C4H10,	iso-C5H12,	n-C5H12,	C6H14	
Mol.	%	

Isotopes:	
δ13CCH4,	δ

13CC2H6,	δ
13CC3H8,	δ

13CiC4H10,	δ
13CnC4H10,	δ

13CiC5H12,	δ
13Cn-C5H12,	δ

13CC6H14	
δ2HCH4,	δ

2HC2H6,	δ
2HC3H8,	δ

2H	iC4H10,	δ
2H	nC4H10,	δ

2H	iC5H12,	δ
2H	n-C5H12,	δ

2HC6H14	
‰	

Non-Fossil	Fuel	 Isotopes:	 δ13CCH4	and	δ
2H	CH4	 ‰	

	891	
	 	892	
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Table	3:	Fossil	fuel	data:	number	of	countries,	basins,	fields,	formations,	and	references	by	gas	893	
type	and	specified	chemical	parameter.	894	
	895	

	
Conventional	Gas	 Coal	 Shale	Gas	

δ13CCH4	 δ2HCH4	 C2H6:CH4	 δ13CCH4	 δ2HCH4	 C2H6:CH4	 δ13CCH4	 δ2HCH4	 C2H6:CH4	

Countries	 43	 27	 36	 13	 9	 10	 2	 1	 2	

Basinsa	 151	 70	 118	 46	 18	 40	 17	 10	 13	

Fieldsa	 1238	 424	 969	 114	 16	 95	 56	 10	 53	

Formationsa	 723	 308	 587	 140	 44	 112	 41	 11	 36	

References	 112	 56	 83	 41	 22	 32	 19	 12	 15	
	896	
a	Does	not	account	for	unknown/unspecified	basins,	fields,	or	formations	897	
	898	
	899	

900	
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Table	4:	Non-fossil	data:	Number	of	countries,	regions	and	references	by	source	and	specified	901	
chemical	parameter.	902	
	903	

	
Rice	Paddies	 Ruminants	 Termites	 Waste	 Wetlands	 Biomass	Burning	

δ13CCH4	 δ2HCH4	 δ13CCH4	 δ2HCH4	 δ13CCH4	 δ2HCH4 δ13CCH4 δ2HCH4 δ13CCH4 δ2HCH4 δ13CCH4 δ2HCH4	

Countriesa	 7	 4	 5	 3	 5	 1	 5	 2	 10	 4	 6	 1	

Regions	 6	 4	 3	 2	 2	 1	 4	 2	 17	 8	 6	 1	

References	 11	 4	 7	 3	 4	 1	 7	 2	 22	 7	 8	 1	
	904	
a	Does	not	account	for	unknown/unspecified	countries	or	regions	905	
	906	
	907	
	 	908	
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Figure 1: Global maps of country-specific sample counts for conventional gas, coal gas, shale gas 
and non-fossil CH

4
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Figure 2: Global maps of country-specific sample counts for conventional gas, coal gas, shale gas 
and non-fossil methane by geochemical parameter. 
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Figure 3: Tornado plots of δ13
C
CH4

  sample counts versus production statistics for a) conventional 
natural gas and b) coal. Shale is gas not included because it is primarily from USA and Canada. 
“Other Asia Pacific” represents Afghanistan, Japan, New Zealand, Taiwan; “Other Africa” 
represents Angola and Tunisia; “Other Europe & Eurasia” represents Austria, France, Hungary, 
Lithuania, and Turkey; “Other South and Central America” represents Barbados; “Other Middle 
East” represents Israel. 
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demostrating high levels of variability within individual basins.   
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Figure 6: Genetic characterization plot of δ2
H

CH4
 versus δ13

C
CH4

, redrawn from Etiope (2015), 
based on thermogenic fields by Hunt (1996) and Milkov (2011) and abiotic gas from Etiope and 
Sherwood Lollar (2013) and Etiope and Schoell (2014). The reversed vertical and horizontal axes 
as compared to Fig. 5 follows conventions established previously to emphasize abiotic fields. M, 
microbial; T, thermogenic; A, abiotic; MCR, microbial CO

2
 reduction; MAF, microbial acetate 

fermentation; ME, microbial in evaporitic environment; TO, thermogenic with oil; TC, thermo-

genic with condensate; TD, dry thermogenic; TH, thermogenic with high-temperature CO
2
–CH

4
 

equilibration; and TLM, thermogenic low maturity; GV, geothermal-volcanic systems; S, serpen-

tized ultramafic rocks; PC, Precambrian crystalline shields.
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Figure 7: Normalized probability density distributions for the δ13
C
CH4

 of microbial, fossil and 
biomass burning sources of CH

4
. The flux-weighted average of all sources produces a mean 

atmospheric δ13
C
CH4

 of ~-52.5 ‰, as inferred from measured atmospheric δ13
C
CH4

 and isotopic 
fractionation associated with photochemical CH

4
 destruction (see text). 
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Figure 8: Normalized probability density distributions for the δ2
H

CH4
 of microbial, fossil and 

biomass burning sources of CH
4
. The flux-weighted average of all sources produces a mean 

atmospheric δ2
H

CH4
 of between -245 and -415 ‰, as inferred from measured atmospheric 

δ2
H

CH4
 and isotopic fractionation associated with photochemical CH

4
 destruction (see text).
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