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Abstract
Meromictic	 lakes	 with	 anoxic	 bottom	 waters	 often	 have	 active	 methane	 cycles	
whereby	methane	 is	 generally	 produced	biogenically	 under	 anoxic	 conditions	 and	
oxidized	in	oxic	surface	waters	prior	to	reaching	the	atmosphere.	Lakes	that	contain	
dissolved	ferrous	iron	in	their	deep	waters	(i.e.,	ferruginous)	are	rare,	but	valuable,	
as	geochemical	analogues	of	the	conditions	that	dominated	the	Earth's	oceans	dur‐
ing	the	Precambrian	when	interactions	between	the	iron	and	methane	cycles	could	
have	shaped	the	greenhouse	regulation	of	 the	planet's	climate.	Here,	we	explored	
controls	on	the	methane	fluxes	from	Brownie	Lake	and	Canyon	Lake,	two	ferrugi‐
nous	meromictic	lakes	that	contain	similar	concentrations	(max.	>1	mM)	of	dissolved	
methane	 in	 their	 bottom	waters.	 The	 order	Methanobacteriales	was	 the	 dominant	
methanogen	detected	 in	both	 lakes.	At	Brownie	Lake,	methanogen	abundance,	an	
increase	 in	methane	concentration	with	 respect	 to	depths	closer	 to	 the	sediment,	
and	isotopic	data	suggest	methanogenesis	 is	an	active	process	in	the	anoxic	water	
column.	At	Canyon	Lake,	methanogenesis	occurred	primarily	 in	 the	sediment.	The	
most	abundant	aerobic	methane‐oxidizing	bacteria	present	 in	both	water	columns	
were	 associated	with	 the	Gammaproteobacteria,	with	 little	 evidence	of	 anaerobic	
methane	oxidizing	organisms	being	present	or	active.	Direct	measurements	at	 the	
surface	revealed	a	methane	flux	from	Brownie	Lake	that	was	two	orders	of	magni‐
tude	greater	than	the	flux	from	Canyon	Lake.	Comparison	of	measured	versus	calcu‐
lated	turbulent	diffusive	fluxes	indicates	that	most	of	the	methane	flux	at	Brownie	
Lake	was	 non‐diffusive.	Although	 the	 turbulent	 diffusive	methane	 flux	 at	Canyon	
Lake	was	attenuated	by	methane	oxidizing	bacteria,	dissolved	methane	was	detected	
in	the	epilimnion,	suggestive	of	lateral	transport	of	methane	from	littoral	sediments.	
These	results	highlight	the	importance	of	direct	measurements	in	estimating	the	total	
methane	flux	from	water	columns,	and	that	non‐diffusive	transport	of	methane	may	
be	important	to	consider	from	other	ferruginous	systems.
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1  | INTRODUC TION

Ferruginous	(Fe‐rich	and	anoxic)	lakes	that	are	meromictic	(i.e.,	per‐
manently	stratified	with	respect	to	salinity)	have	been	noted	for	their	
active	CH4	cycles,	which	includes	the	biological	production	of	CH4 in 
the	anoxic	sediment,	and	diffusion	of	CH4	into	the	overlying	water	
column	where	oxidation	occurs	 (although,	see	Pasche	et	al.	 (2011)	
for	alternative	methanogenic	pathways	in	volcanic	lakes	such	as	the	
reduction	of	geogenic	CO2).	Slow	vertical	mixing	and	anoxic	bottom	
waters	that	are	depleted	of	electron	acceptors	(e.g.,	NO3

‐ and SO4
2‐)	

lead	to	the	accumulation	of	CH4	in	the	water	column.
Methane	 production	 rates	 under	 ferruginous	 conditions	 de‐

pend	 on	 the	 importance	 of	 methanogenesis	 relative	 to	 other	 or‐
ganic	 carbon	 mineralization	 pathways,	 such	 as	 SO4

2‐	 and	 Fe(III)	
reduction.	Thermodynamic	considerations	suggest	the	presence	of	
Fe(III)‐(hydr)oxides	 should	 promote	 Fe(III)	 reduction	 and	 preclude	
methanogenesis	(Reeburgh,	2007).	This	is	due	to	the	relative	energy	
microbes	yield	from	Fe(III)	reduction	coupled	to	organic	matter	ox‐
idation,	which	can	be	10s	of	times	more	than	the	energy	yielded	by	
methanogenesis	(Lovley	&	Chapelle,	1995).	However,	in	ferruginous	
settings	 at	 circumneutral	 pH,	Fe(II)	 is	 several	 orders	of	magnitude	
more	soluble	than	Fe(III)	(Thamdrup,	2011)	and	can	sorb	to	the	sur‐
faces	of	Fe(III)‐(hydr)oxides	that	may	form	at	an	oxic–anoxic	bound‐
ary.	This	 interaction	renders	the	Fe(III)‐(hydr)oxides	 less	accessible	
to	Fe(III)‐reducing	microbes	(Roden	&	Urrutia,	1999,	2002).

In	 general,	 archaea	 mediate	 the	 production	 of	 CH4	 through	
methanogenesis,	and	CH4	production	in	lakes	usually	occurs	in	the	
sediments	 (Rudd	&	Hamilton,	1978).	The	oxidation	of	CH4	 in	 lakes	
has	largely	been	noted	to	occur	at	the	oxic–anoxic	boundary	by	aer‐
obic	methane‐oxidizing	bacteria	(MOB;	Hanson	and	Hanson,	1996),	
with	fewer	observations	of	anaerobic	oxidation	of	methane	(AOM)	
by	anaerobic	methanotrophic	archaea	 (ANME)	 (e.g.,	Eller,	Känel,	&	
Krüger,	2005;	Schubert	et	al.,	2011).	To	date,	the	microbial	cycling	of	
CH4	has	been	investigated	in	only	a	handful	of	ferruginous	meromic‐
tic	lakes,	including	Lake	La	Cruz,	Lake	Matano,	Lake	Svetloe,	Woods	
Lake,	and	Lake	Pavin	(Biderre‐Petit	et	al.,	2011;	Crowe	et	al.,	2011;	
Dupuis,	Sprague,	Docherty,	&	Koretsky,	2019;	Oswald,	Jegge,	et	al.,	
2016a;	Savvichev	et	al.,	2017).

Despite	 the	 permanently	 high	 CH4	 reservoir	 in	 ferruginous	
meromictic	lakes,	CH4	fluxes	to	the	atmosphere	are	estimated	to	be	
low	based	on	vertical	reaction‐transport	modeling	of	water	column	
CH4	concentrations,	which	is	biased	toward	turbulent	diffusion	as	a	
transport	mechanism.	 In	one	 instance	at	Lake	La	Cruz,	 the	aerobic	
MOB	are	suggested	to	mitigate	all	CH4	emissions	(Oswald,	Milucka,	et	
al.,	2016b).	In	other	lakes	(e.g.,	Kabuno	Bay	of	Lake	Kivu,	Lake	Pavin,	
and	Lake	Matano),	the	depth	of	the	water	columns	allows	for	oxida‐
tion	of	diffused	CH4	before	significant	portions	can	reach	the	atmo‐
sphere	(Borges,	Abril,	Delille,	Descy,	&	Darchambeau,	2011;	Lopes	et	
al.,	2011;	Sturm	et	al.,	2018).	In	all	cases,	the	CH4	fluxes	in	these	lakes	
are	estimated	to	be	lower	compared	to	the	lacustrine	global	average	
CH4	flux	(0.11	mmol	m

−2 hr−1;	Aselmann	&	Crutzen,	1989).
Ferruginous	 meromictic	 lakes	 can	 serve	 as	 analogs	 for	

Precambrian	 oceans,	 considering	 the	 accumulating	 evidence	 for	

pervasive	ferruginous	conditions	below	the	mixed	layer	throughout	
much	of	Earth's	history	(Poulton	&	Canfield,	2011).	Understanding	
factors	 that	 control	 CH4	 cycling	 from	 ferruginous	 systems	 can	
help	discern	how	carbon	was	cycled	under	 the	geochemical	 con‐
ditions	of	early	Earth.	The	focus	on	CH4	extends	out	of	the	water	
column	 as	 it	 is	 one	 of	 the	main	 gases	 thought	 to	 have	 regulated	
early	 Earth	 climate	 in	 the	 Archean.	 Paleoatmospheric	 modeling	
suggests	that	CH4	was	an	important	greenhouse	gas,	in	addition	to	
CO2,	that	warmed	Earth	during	the	lower	solar	luminosity	experi‐
enced	in	the	Archean	Eon	(see	Olson,	Schwieterman,	Reinhard,	&	
Lyons,	2018	and	 references	 therein).	As	 soon	as	methanogenesis	
evolved	 ~3.5	 Ga	 (Ueno,	 Yamada,	 Yoshida,	 Maruyama,	 &	 Isozaki,	
2006;	 Wolfe	 &	 Fournier,	 2018),	 CH4	 could	 begin	 to	 accumulate	
in	 the	 reduced	 Archean	 atmosphere.	 In	 the	 absence	 of	 O2,	 CH4 
is	 estimated	 to	 have	 reached	 a	 maximum	 of	 ~50×	 pre‐industrial	
atmospheric	 levels	 (ca.	 700	 ppb;	 Etheridge,	 Steele,	 Francey,	 &	
Langenfelds,	 1998)	 assuming	 pCO2	 near	 upper	 paleosol	 limits	
(Olson	et	al.,	2018).	After	the	“Great	Oxidation	Event”	(ca.	2.4	Ga),	
pCH4	 in	 the	 atmosphere	 is	 estimated	 to	 have	 decreased	 to	 ~25	
ppmv	by	the	mid‐Proterozoic	due	to	microbial	oxidation	mitigating	
CH4	fluxes	(Fakhraee,	Hancisse,	Canfield,	Crowe,	&	Katsev,	2019).	
Specifically,	O2‐induced	continental	sulfide	weathering	introduced	
SO4

2‐	 to	the	oceans	where	SO4
2‐‐based	AOM	diminished	the	flux	

of	CH4	drastically	(Canfield,	2005;	Catling,	Claire,	&	Zahnle,	2007).	
Despite	the	 introduction	of	SO4

2‐,	 ferruginous	oceanic	conditions	
persisted	throughout	most	of	Earth's	history	until	the	oxygenation	
of	the	deep	oceans	around	0.58	Ga	(Canfield,	Poulton,	&	Narbonne,	
2007;	Poulton	&	Canfield,	2011).

What	 ways	 can	 CH4	 be	 emitted	 from	 ferruginous	 meromictic	
lakes?	Substantial	CH4	emission	to	the	atmosphere	via	non‐diffusive	
transport	 has	 been	 shown	 to	 occur	 out	 of	water	 columns	 <100	m	
deep	 (McGinnis,	Greinert,	Artemov,	Beaubien,	&	Wüest,	2006).	Of	
the	ferruginous	meromictic	 lakes	studied	where	the	water	columns	
are	less	than	this	threshold	(Lake	La	Cruz	and	Lake	Svetloe),	the	CH4 
flux	has	not	been	directly	measured.	Further,	does	the	CH4	flux	differ	
among	ferruginous	meromictic	 lakes	where	a	disparity	 in	maximum	
depth	exists?	We	set	out	to	explore	CH4	biogeochemical	dynamics	in	
two	ferruginous	lakes	to	answer	these	questions.	Brownie	Lake	and	
Canyon	Lake	are	two	meromictic	lakes	in	the	Midwest,	U.S.A.,	that	
have	anoxic	and	Fe‐rich	bottom	waters	(>1	mM	dissolved	Fe	below	
the	chemocline;	Lambrecht,	Wittkop,	Katsev,	Fakhraee,	&	Swanner,	
2018).	Our	goal	was	to	evaluate	the	role	of	diffusive	and	non‐diffu‐
sive	CH4	fluxes	to	the	atmosphere	and	quantify	these	CH4	fluxes	in	
our	two	ferruginous	lakes	with	different	SO4

2‐	concentrations.	More	
precisely,	 Canyon	 Lake	 with	 the	 seawater	 SO4

2‐	 concentration	 of	
~	5	µM	and	Brownie	Lake	with	the	seawater	SO4

2‐	of	~	100	µM	can	
be	utilized	as	analogs	to	study	SO4

2‐‐driven	AOM	in	the	low	seawa‐
ter	sulfate	of	Archean	oceans	(Crowe	et	al.,	2014;	Fakhraee,	Crowe,	
&	Katsev,	2018)	and	the	Proterozoic	oceans	(Fakhraee	et	al.,	2019),	
respectively.	We	took	direct	measurements	of	the	surface	CH4	flux	
using	static	flux	chambers	and	measured	CH4	and	DIC	concentrations	
and	carbon	stable	isotopes	throughout	the	water	column	over	multi‐
ple	seasons.	We	investigated	the	role	of	microbes	in	CH4	production	
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and	oxidation	through	16S	rRNA	gene	sequencing.	Our	results	were	
interpreted	 through	 reaction‐transport	 modeling	 to	 determine	 the	
significance	of	non‐diffusional	transport	pathways	for	CH4	emissions	
from	these	lakes.

2  | METHODS

2.1 | Site description and sample collection

Brownie	 Lake	 is	 located	 on	 the	 Chain	 of	 Lakes	 in	 Minneapolis,	
Minnesota	(Myrbo,	Murphy,	&	Stanley,	2011).	It	is	an	anthropogenically	
impacted,	eutrophic	lake	with	a	surface	area	of	5	ha	and	a	maximum	
depth	of	14	m,	with	a	relative	depth	of	5.6%.	Brownie	Lake	became	
meromictic	 in	 the	early	1900s	due	 to	 lake‐level	 lowering,	which	 re‐
duced	its	surface	area	and	increased	its	relative	depth	to	favor	stratifi‐
cation,	and	further	sheltered	it	from	wind‐mixing	(Myrbo	et	al.,	2011).	
The	watershed	area	of	Brownie	Lake	is	approximately	150	ha,	and	the	
residence	time	for	water	within	the	lake	is	2	years	(Minneapolis	Park	
and	Recreation	Board,	2013).	Water	sources	 likely	 include	precipita‐
tion,	 groundwater	 (Goudreault,	 1985)	 and	 storm	 sewer	 runoff	 (City	
of	 Minneapolis	 GIS	Water	 Quality	 Model;	 Barr	 Engineering,	 2019).	
Road	salt,	which	has	been	in	use	since	the	mid‐1900s	(Swain,	1984),	
currently	imparts	additional	stability	against	mixing	(Lambrecht	et	al.,	
2018).	Furthermore,	the	thermocline	and	chemocline	are	at	the	same	
relative	 location	 in	 the	 water	 column	 (~5	 m).	 These	 profiles,	 along	
with	water	sampling	methods,	were	previously	described	(Lambrecht	
et	al.,	2018).	Water	samples	were	collected	from	the	deepest	part	of	
Brownie	Lake	(Figure	1).	Sampling	campaigns	were	carried	out	in	May	
2017,	July	2017,	September	2017,	and	June	2018.

Canyon	Lake	 is	a	pristine	 lake	nestled	 in	the	Huron	Mountains	
in	 the	Upper	Peninsula	of	Michigan.	The	maximum	depth	 is	23	m,	
and	 the	 approximate	 surface	 area	 is	 1	 ha	 (Anderson‐Carpenter	 et	
al.,	2011).	Previous	seasonal	monitoring	of	Canyon	Lake	revealed	a	
thermocline	near	 the	surface	between	3	and	4	m	and	a	persistent	
chemocline	 existing	 at	 ~17	m	 (Lambrecht	 et	 al.,	 2018).	 It	 is	 likely	
naturally	meromictic	 and	 ferruginous,	 due	 to	 its	 great	 depth	 rela‐
tive	to	 its	small	surface	area,	along	with	wind	protection	from	the	
surrounding	20‐m‐high	canyon	walls	(Lambrecht	et	al.,	2018;	Smith,	
1940).	Water	 sources	 to	 the	 lake	 are	 dominated	 by	 precipitation,	
with	 nearby	 seeps	 and	 springs	 supplying	 some	 water,	 and	 equiv‐
ocal	 evidence	 for	 a	 groundwater	 source	 (Lambrecht	 et	 al.,	 2018).	
Canyon	Lake	was	sampled	in	June	2017,	September	2017,	and	May	
2018.	Additional	details	regarding	sample	collection	can	be	found	in	
Lambrecht	et	al.	(2018).

2.2 | Water column profiles

Dissolved	O2	 (LDO	model	1	 luminescent	sensor;	detection	 limit	of	
3	 µM)	 and	 chlorophyll	 a	 were	 measured	 by	 lowering	 a	 Hydrolab	
Series	5	multiprobe	(Hach)	through	the	water	column	of	each	lake.	
Sensors	were	rinsed	with	deionized	water	prior	to	calibration.	The	
dissolved	O2	probe	was	calibrated	using	100%	air‐saturated	water.	
The	chlorophyll	a	sensor	has	a	resolution	of	±	0.01	μg/L.

2.3 | Aqueous geochemistry

Samples	for	dissolved	anions	(NO3
‐,	NO2

‐ and SO4
2‐;	detection	limits	

of	0.1	mg/L)	and	cations	 (dissolved	Fe	and	Mn;	detection	 limits	of	

F I G U R E  1  Map	showing	the	location	of	Minnesota	and	Michigan	within	the	United	States	(inset),	and	bathymetric	maps	of	Brownie	Lake	
(Minneapolis,	MN)	and	Canyon	Lake	(Upper	Peninsula	of	Michigan).	The	“X”	denotes	the	deepest	spot	and	where	samples	were	obtained
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20	nmol)	were	filtered	using	0.45‐µm	polyethersulfone	(PES)	filters	
(Sartorius).	Dissolved	cation	samples	were	preserved	with	HNO3	at	
a	final	concentration	of	1%.	All	samples	were	kept	on	ice	or	at	4°C	
until	 analysis.	 Anions	 were	 analyzed	 using	 an	 ion	 chromatograph	
(IC)	and	cations	were	analyzed	by	inductively	coupled	plasma‐opti‐
cal	emission	spectrometry	(ICP‐OES)	at	the	University	of	Minnesota	
Research	Analytical	Laboratory.

2.4 | Methane and DIC concentration, 
isotopes, and flux

Samples	 for	 dissolved	CH4	 concentrations	 and	 isotopes	were	 fil‐
tered	using	0.45	µm	PES	filters	and	directly	filled	from	the	sampling	
line	 into	 evacuated	 Exetainers	 (Labco,	 U.K.)	 with	 no	 headspace	
using	a	needle	attached	to	the	syringe	filter.	Samples	collected	in	
2018	 were	 additionally	 preserved	 with	 0.5	 ml	 6M	HCl,	 with	 re‐
ported	 concentrations	 corrected	 for	 acid	 addition.	No	 significant	
difference	in	dissolved	CH4	concentration	was	observed	between	
2017	and	2018	samples.	The	field	observation	of	exsolution	in	wa‐
ters	retrieved	from	depth	was	consistent	with	gas	concentrations	
within	the	range	of	CH4	saturation	(e.g.,	Molofsky	et	al.,	2016)	as	
displayed	in	our	reported	values	and	also	consistent	with	previous	
reports	 of	 a	 negligible	 impact	 of	 filtering	 on	 dissolved	 CH4 con‐
centrations	(e.g.,	Alberto	et	al.,	2000).	Dissolved	inorganic	carbon	
(DIC)	concentrations	and	isotopes	were	filtered	(0.45	µm	PES)	and	
injected	into	exetainers	that	were	He‐flushed	and	contained	1	ml	
of	concentrated	phosphoric	acid.	Methane	and	DIC	concentrations	
and	isotopes	were	analyzed	at	the	UC‐Davis	Stable	Isotope	Facility	
compared	 against	 the	 Vienna	 Pee‐Dee	 Belemnite	 international	
reference	 standard,	 with	 standard	 deviations	 of	 0.2	 and	 0.1	‰,	
respectively.

Methane	 gas	 fluxes	 from	 the	 lake	 surface	 to	 the	 atmosphere	
were	measured	with	static	flux	chambers	using	a	foam	base	for	flota‐
tion.	Chamber	lids	(acrylonitrile)	and	collars	(polyvinyl	chloride)	had	
a	diameter	of	26	cm	and	a	height	of	22	cm.	Chambers	were	vented	
using	the	design	of	Xu	et	al.	 (2006)	to	minimize	pressure	gradients	
between	 the	 chamber	 and	 the	 atmosphere	 and	 any	wind‐induced	
pressure	perturbations	due	to	the	Venturi	effect.	Each	flux	measure‐
ment	was	calculated	using	a	time	series	of	five	gas	samples	collected	
every	five	minutes	following	closure	of	the	chamber	over	the	collar.	
Samples	were	collected	by	extracting	20	ml	of	gas	through	a	septum	
with	a	needle	and	gas‐tight	syringe,	which	was	then	injected	into	an	
evacuated	12‐ml	Exetainer	vial.	Five	independent	time	series	were	
collected	per	 sampling	campaign	 for	 the	open	water	 zone	directly	
above	 the	 anoxic	 sediments.	 Methane	 concentrations	 were	 mea‐
sured	by	gas	chromatography	at	Iowa	State	University	using	a	flame	
ionization	detector,	with	a	typical	coefficient	of	variation	<2%	for	re‐
peated	analyses	of	standard	gases	with	CH4	mole	fractions	between	
2	and	10	ppm.	Fluxes	and	standard	deviation	were	calculated	from	
time	series	of	gas	concentrations	by	selecting	 the	optimum	model	
(either	a	nonlinear	diffusion	model	 founded	on	Fick's	 law	or	a	 lin‐
ear	 trend)	based	on	the	estimated	value	of	 the	concentrated	 least	
squares	criterion	fit	using	the	HMR	package	in	R	(Pedersen,	2017).	

Using	this	approach,	individual	chamber	flux	measurements	that	ex‐
hibited	CH4	spikes	consistent	with	ebullition	(Figure	S1)	were	auto‐
matically	fit	to	a	linear	model	for	parsimony.

2.5 | Flux modeling through the water column at 
Brownie Lake

Vertical	 fluxes	 of	 CH4	 through	 the	 water	 column	 by	 local	 (dif‐
fusional)	 processes	 were	 obtained	 from	 a	 geochemical	 reac‐
tion‐transport	model	using	data	from	May	2017	at	Brownie	Lake.	
Transport	rates	by	turbulent	eddy	diffusion	were	determined	by	
the	 balance	 between	 the	 rates	 of	 turbulent	 energy	 dissipation,	
which	reflects	wind	forcing,	and	the	strength	of	the	density	gra‐
dient,	 characterized	 by	 the	 Brunt–Vaisala	 stability	 frequency	N 
(Osborn,	1980).	 In	 turbulent	epilimnion,	 the	vertical	eddy	diffu‐
sion	coefficient	 (KZ,	m

2/s)	often	may	be	phenomenologically	ap‐
proximated	(e.g.,	Katsev	et	al.,	2010)	as	KZ	=	3	×	10

‐10	N‐2.	In	the	
calm,	 stratified	 interior	 the	 less	 vigorous	 energy	 dissipation	 is	
expected	 to	 result	 in	 lower	 values	of	KZ,	with	 turbulence	being	
slightly	higher	in	the	bottom	boundary	layer	(McGinnis	&	Wuest,	
2005).	 In	the	absence	of	physical	 turbulence	measurements,	we	
calculated	KZ	 in	the	epilimnion	from	the	measurements‐based	N 
and	approximated	KZ	below	the	thermocline	by	fitting	the	meas‐
ured	chemical	profiles,	using	multiple	species	to	better	constrain	
the	model	(Figure	S2).	As	this	approach	necessarily	relies	on	the	
chemical	profiles	being	approximately	steady,	seasonal	variations	
and	mixing	by	storms	can	introduce	uncertainty.	We	therefore	re‐
strict	the	analysis	to	Brownie	Lake,	where	the	range	of	the	oxycline	
motion	 is	more	 limited	 than	 in	Canyon	Lake.	A	one‐dimensional	
reaction‐transport	 model	 setup	 in	 MATLAB	 simulated	 vertical	
profiles	of	chemical	species	as	steady‐state	solutions	of	a	bound‐
ary‐value	problem.	Decomposition	of	organic	matter	was	consid‐
ered	throughout	the	water	column	at	a	fixed	volume‐specific	rate	
RC	 (with	a	fitted	value	of	0.425	mmol	m

−3 hr−1)	and	in	sediments	
with	the	average	area‐specific	flux	of	Fsed	(0.416	mmol	m

−2 hr−1).	
The	 sediment	 contribution	was	 apportioned	 to	 the	 correspond‐
ing	water	column	depths	in	accordance	with	the	lake	bathymetry.	
These	 rates	 and	 fluxes	were	 used	 to	 calculate	 the	 correspond‐
ing	 rates	 for	 the	 consumption	 of	O2	 and	 the	 generation	 of	DIC	
and	NH4

+	 (with	 the	C:N	 ratio	of	17).	Boundary	 conditions	were	
prescribed	 flux	 for	DIC	 and	NH4

+	 at	 the	 lake	 bottom	 and	 fixed	
concentration	for	O2	at	the	lake	surface.	The	KZ(z)	was	adjusted	
as	a	function	of	depth	to	fit	all	the	profiles	simultaneously	(Figure	
S2).	The	turbulent	diffusive	fluxes	of	CH4	through	the	water	col‐
umn	were	 then	calculated	 from	 the	CH4	concentration	gradient	
as	F =	−KZ(d[CH4]/dz).

2.6 | Microbiology

Microbial	community	composition	was	assessed	using	high	through‐
put	16S	rRNA	gene	sequencing.	A	total	of	17	depths	(13	whole	meter	
and	4	half	meter	depths)	were	sampled	from	Brownie	Lake	in	2017.	
Sequencing	samples	were	not	collected	at	every	depth	in	May	(2.5,	
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9,	and	13	m	excluded)	and	September	(2.5	and	3.5	m	excluded).	At	
Canyon	Lake,	26	depths	(21	whole	meter	and	5	half	meter	depths)	
were	sampled	in	2017.	Samples	for	sequencing	were	not	collected	at	
9.5	and	21	m	in	June	and	13.5	and	15.5	m	in	September.

2.6.1 | Sample collection, filtering, and preservation

Water	samples	were	collected	from	discrete	depths	using	a	5	L	Van	
Dorn	bottle.	Individual	water	samples	were	subsampled	(volumes	
of	ca.	250	ml)	and	transported	in	sterilized	(10%	bleach)	high‐den‐
sity	polyethylene	plastic	collection	bottles.	Samples	were	stored	
on	ice	in	a	dark	cooler	(max.	two	hours)	to	minimize	microbial	ac‐
tivity	 until	 onshore	 filtration.	 A	 Masterflex	 portable	 peristaltic	
sampler	 (Cole‐Parmer)	was	 used	 to	 concentrate	 cellular	 biomass	
of	particle‐associated	microbes,	and	planktonic	microbes	 (3‐	and	
0.22‐µm	 PES	 filters;	 Millipore),	 respectively.	 Filters	 were	 sub‐
merged	in	a	house‐made	RNA	preservation	solution	(De	Wit	et	al.,	
2012)	in	cryovials	and	stored	on	dry	ice	during	transport	and	then	
a	−80℃	freezer	until	DNA	extraction.

2.6.2 | DNA extraction, amplicon 
sequencing, and processing

Extraction	 of	 DNA	 from	 preserved	 filters	 was	 performed	 using	
modified	 steps	 from	 Lever	 et	 al.	 (2015).	 Filters	 were	 thawed	 and	
aseptically	cut	in	half.	Cellular	lysis	was	performed	using	a	lysis	solu‐
tion	 (30	mM	Tris‐hydrochloride,	30	mM	EDTA,	800	mM	guanidine	
hydrochloride,	0.5%	Triton	X‐100)	at	pH	10,	followed	by	a	round	of	
freeze‐thawing.	Nucleic	acid	extracts	were	purified	using	one	vol‐
ume	 of	 chloroform‐isoamylalcohol	 (24:1).	 After	 purification,	 DNA	
was	precipitated	with	one	volume	of	PEG	6000	(30%	v/v)	and	a	0.5	
volume	of	1.6	M	NaCl.	Two	subsequent	washes	of	the	DNA	pellet	
with	70%	ethanol	were	used	to	remove	the	PEG‐NaCl.	DNA	pellets	
were	dissolved	in	PCR	grade	water.

The	V4	region	of	the	16S	rRNA	gene	was	amplified	and	sequenced	
with	the	primer	pair	515F	(5’‐GTGCCAGCMGCCGCGGTAA‐3’)	and	
805R	 (5’‐GACTACVSGGGTATCTAAT‐3’)	 using	 a	 dual	 index	 ap‐
proach	 (Gohl	 et	 al.,	 2016;	 Kozich,	Westcott,	 Baxter,	 Highlander,	
&	 Schloss,	 2013).	 Illumina	 sequencing	 was	 performed	 on	 the	
amplicons	 at	 the	 University	 of	 Minnesota	 Genomics	 Center	
(Minneapolis,	 MN)	 using	 the	 MiSeq	 platform	 and	 2	 ×	 300	 bp	
chemistry.	Amplicon	 reads	were	 processed	 using	Mothur	 (v1.39)	
following	 the	 standard	 operating	 protocol	 (Schloss	 et	 al.,	 2009).	
Amplicon	pairs	were	checked	 for	quality,	 assembled,	and	aligned	
to	the	SILVA	v132	database	(Pruesse,	Peplies,	&	Glöckner,	2012).	
Chimeras	were	 checked	with	Uchime2	 (Edgar,	 2016),	 and	opera‐
tional	taxonomic	units	(OTUs)	clustered	at	97%	similarity	using	the	
opticlust	 method	 (Westcott	 and	 Schloss,	 2017).	 Representative	
OTU	sequences	were	taxonomically	classified	with	the	SILVA	v132	
database	using	the	Naive	Bayesian	classifier	(Wang,	Garrity,	Tiedje,	
&	Cole,	2007).	Graphs	were	built	using	the	ggplot2	package	 in	R	
(Wickham,	2016).	All	 amplicon	 sequences	were	deposited	 to	 the	
National	Center	 for	 Biotechnology	 Information	 (NCBI)	 Sequence	

Read	Archive	under	Project	Number	PRJNA560450	and	Accession	
numbers	SRR9985080‐SRR9985286.

3  | RESULTS

3.1 | Geochemical conditions

3.1.1 | Brownie lake

Dissolved	O2	was	~250	μM	at	1	m	and	decreased	to	undetectable	
levels	by	3–5	m	(Figure	2a).	The	oxycline	was	located	at	~2–3	m	in	
the	summer	months	versus	~4–5	m	the	spring	and	fall.	The	chloro‐
phyll	a	maximum	was	consistently	 located	at	 the	base	of	 the	oxy‐
cline	 (Figure	 2b).	 Above	 the	 oxycline,	 dissolved	 Fe	 concentrations	
were	 <	 1	 μM.	 Dissolved	 Fe	 concentrations	 increased	 with	 depth	
below	 the	 oxycline,	 reaching	 >	 1	mM	 at	 20	m	 (Figure	 2c).	 Above	
the	 oxycline,	 dissolved	 manganese	 (Mn)	 was	 detected	 (<0.5	 µM;	
Figure	2d).	Manganese	concentrations	peaked	below	the	oxycline,	
and	this	trend	was	observed	in	all	months	besides	June	2018	where	
the	maximum	concentration	(~90	µM)	was	present	at	the	oxycline.	
Sulfate	(SO4

2‐)	concentrations	were	highest	at	or	above	the	oxycline	
for	all	months	sampled	(Figure	2e).	The	maximum	SO4

2‐	concentra‐
tion	was	measured	in	June	2018	(~85	µM).	Below	the	oxycline,	SO4

2‐ 
concentrations	 decreased	 to	 <	 5	 μM	 near	 the	 sediment	 surface.	
Nitrate	(NO3

‐)	was	below	detection	in	all	months	in	2017	(Figure	2f).	
Nitrate	 concentrations	were	maximally	~5	µM	below	 the	oxycline	
in	 June	 2018.	 Concentrations	 of	 nitrite	 (NO2

‐)	 were	 below	 detec‐
tion	(~2	µM)	at	all	depths	measured	throughout	the	2017–2018	field	
sampling	campaign.

3.1.2 | Canyon lake

Dissolved	O2	was	~250	μM	at	1	m	and	decreased	to	undetectable	
levels	at	15	m	in	June	and	11	m	in	September	2017	(Figure	2g).	The	
largest	Chl	a	measurement	in	2017	was	3.9	μg/L	at	2	m	in	June	2017	
(Figure	2h).	The	epilimnion	contained	dissolved	Fe	between	1	and	
2 μM	(Figure	2i).	Dissolved	Fe	concentrations	began	to	increase	at	
15	m	and	were	highest	(>1.5	mM)	above	the	sediment–water	inter‐
face.	Dissolved	Mn	was	present	in	the	oxic	waters	at	submicromolar	
levels	(Figure	2j).	Dissolved	Mn	followed	a	similar	trend	as	Fe	down	
the	water	column	with	a	maximum	concentration	of	~140	μM.	Sulfate	
concentrations	were	~6	μM	in	the	epilimnion	down	to	15	m,	but	then	
decreased	to	undetectable	levels	(Figure	2k).	Nitrate	reached	8	μM 
at	12.5	m	and	17.5	m	in	June	2017,	but	was	usually	at	or	just	above	
detection	throughout	the	water	column	(Figure	2l).	Nitrite	concen‐
trations	were	below	detection	throughout	the	water	column.

3.2 | Methane and DIC

3.2.1 | Brownie lake

In	2017,	the	highest	concentration	of	CH4	above	the	oxycline	was	
1	µM	in	May	and	9	µM	in	2017	(Figure	3a).	Methane	concentration	
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was	high	above	the	oxycline	in	June	2018	(~80	µM).	Concentrations	
of	CH4	generally	increased	steadily	with	depth	below	the	oxycline.	
However,	 the	maximum	CH4	 concentrations	were	 not	measured	
directly	above	the	sediment–water	interface,	but	rather	a	meter	or	
two	above	for	all	months	except	July	2017	(Figure	3a).	The	C‐CH4 
isotopic	 composition	 (δ13CCH4)	 was	 consistently	 around	 −64	‰	
below	6	m	(Figure	3b).	In	May,	a	+	41	‰	excursion	to	less	negative	
values	occurred	between	6	m	and	4.5	m.	Shifts	 to	 less	negative	
values	also	occurred	in	September	2017	between	4.5	and	4	m	(+16	
‰)	and	June	2018	between	3.5	and	3	m	(+8	‰)	(Figure	3b).

The	 concentration	 of	 dissolved	 inorganic	 carbon	 (DIC)	 was	
roughly	1	to	2	mM	at	1	m	for	all	months	sampled	 (Figure	3c).	DIC	
concentrations	increased	deeper	into	the	water	column,	with	similar	
trends	observed	between	sampling	campaigns	in	2017.	DIC	concen‐
trations	were	higher	above	7	m	and	lower	below	7	m	in	June	2018	
compared	to	sampling	campaigns	in	2017.	The	maximum	concentra‐
tion	of	DIC	measured	was	14	mM	in	July	(Figure	3c).	The	δ13CDIC val‐
ues	were	lower	deeper	through	the	water	column	until	5	m	in	2017	
(Figure	3d).	 In	May	and	July,	δ13CDIC	values	exhibited	a	“sawtooth”	
pattern	around	 their	 respective	oxyclines,	whereby	δ13CDIC	values	

became	lower,	then	higher,	then	lower.	Below	5	m,	the	δ13CDIC	values	
trended	toward	less	negative	values	(Figure	3d).

3.2.2 | Canyon lake

In	the	oxic	surface	waters,	CH4	concentrations	varied	between	0.1	
and	 1.5	 µM	 (Figure	 3e	 inset).	 Methane	 concentrations	 increased	
sharply	at	18	m.	The	 reservoir	of	CH4	below	18	m	was	maximally	
1.9	mM	in	May	2018	 (Figure	3e).	The	δ13CCH4	was	roughly	−72	‰	
below	16	m,	except	for	a	small	 increase	to	−65	‰	at	19	m	in	June	
2017	 (Figure	3f).	Above	16	m,	each	month	varied	 in	 their	δ13CCH4 
profile.	In	June	2017,	the	largest	excursion	occurred	between	16	and	
13.5	m	(+	72	‰).	Lower	δ13CCH4	values	were	observed	higher	up	in	
the	water	column,	approaching	atmospheric	values	 (~−47	‰).	The	
δ13CCH4	profile	in	September	2017	included	two	excursions	toward	
less	negative	values	between	12	and	11	m	(+	18	‰)	and	5	and	3	m	(+	
16	‰)	(Figure	3f).	In	May	2018,	the	δ13CCH4	values	were	consistent	
throughout	the	water	column	(~−72	‰).

DIC	concentrations	were	highest	nearest	the	sediment–water	in‐
terface	(~6	mM)	and	decreased	toward	the	surface	(Figure	3g).	Surface	

F I G U R E  2  Physicochemical	profiles	and	distribution	of	dissolved	chemical	species	and	ions.	(a–f)	Brownie	Lake.	(g–l)	Canyon	Lake.	(a,	
g)	Oxygen	(detection	limit	~3	µM);	(b,	h)	Chlorophyll	a	profiles.	Depth	profiles	of	(c,	i)	dissolved	Fe	concentrations	quantified	by	ICP‐OES;	
(d,	j)	dissolved	Mn	concentrations	determined	by	ICP‐OES;	(e,	k)	sulfate	concentrations	quantified	by	IC;	and	(f,	l)	nitrate	concentrations	
quantified	by	IC
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waters	had	DIC	concentrations	between	0.2	and	0.3	mM.	Above	the	
sediment–water	interface	δ13CDIC	values	were	positive,	with	the	high‐
est	δ13CDIC	value	measured	at	20	m	in	June	2017	(1.64	‰)	(Figure	3h).	
The δ13CDIC	values	trended	negative	until	roughly	14	m	(−20	‰),	and	
remained	around	 this	value	until	5	m.	The	surface	waters	exhibited	
δ13CDIC	values	of	~−10	‰	in	2017	and	~−13	‰	in	2018.

3.3 | Methane flux

The	 CH4	 flux	 at	 the	 water–atmosphere	 interface	 measured	 from	
each	 sampling	 campaign,	 determined	 by	 averaging	 the	 value	
of	 the	 five	 independent	 replicates	 (Figure	 S1),	 is	 summarized	 in	

Table	1.	The	standard	deviation	of	each	 flux	measurement	 is	 typi‐
cally	 larger	 than	 the	average	 flux	 (in	general)	due	 to	a	 single	 large	
flux	relative	to	other	measurements	taken	during	the	same	sampling	
campaign	 (Table	S1).	The	CH4	flux	was	highest	at	Brownie	Lake	 in	
July	2017	 (13.97	mmol	m−2 hr‐1)	 and	at	Canyon	Lake	 in	May	2018	
(0.21	mmol	m−2 hr‐1).	At	Brownie	Lake,	 there	was	a	positive	corre‐
lation	 between	 CH4	 flux	 values	 and	 chlorophyll	 a	 concentrations	
measured	 during	 the	 same	 sampling	 periods	 (Figure	 S3).	 This	 cor‐
relation	was	not	observed	at	Canyon	Lake.

The	calibrated	vertical	transport	rates	(Figure	S2)	were	used	to	es‐
timate	the	turbulent	diffusive	fluxes	of	CH4	within	the	water	column	at	
Brownie	Lake	in	May	2017,	but	this	estimate	was	not	made	at	Canyon	

F I G U R E  3  Dissolved	methane	and	DIC	profiles.	a–d	Brownie	Lake.	e–h	Canyon	Lake.	(a,	e)	Methane	concentration;	(b,	f)	corresponding	
methane	stable	carbon	isotopes	(δ13CCH4);	(c,	g)	DIC	concentration;	and	(d,	h)	corresponding	DIC	stable	carbon	isotopes	(δ

13CDIC).	Methane	
and	DIC	concentration	measurement	error	is	±	5%.	Isotope	standard	deviations	are	less	than	symbol	size
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(see	Section	2.5).	The	CH4	concentration	gradient	in	the	epilimnion	of	
Brownie	Lake	was	 less	 than	0.07	µM	m−1,	while	 the	gradient	 in	 the	
thermocline	 (4.5–5.5	m)	was	between	30	µM	m−1	and	100	µM	m−1. 
For	the	values	of	Kz	in	Figure	S2,	calculations	yield	turbulent	diffusive	
fluxes	in	the	water	column	of	0.0025–0.25	mmol	m−2 hr‐1	in	the	epilim‐
nion	and	0.05–0.54	mmol	m−2 hr‐1	in	the	thermocline.

3.4 | Microbial composition of methane 
cycling organisms

Using	the	Silva	taxonomy	as	a	guide,	methanogen‐associated	OTUs	
and	 their	 abundances	 were	 filtered	 from	 the	 larger	 dataset.	 We	

detected	 five	 methanogen	 orders	 within	 the	 Euryarchaeota	 phy‐
lum	 (Methanobacteriales, Methanomicrobiales, Methanosarcinales, 
Methanocellales, and Methanomassiliicoccales),	 candidate	 phy‐
lum	 Bathyarchaeota,	 and	 candidate	 order	Methanofastidiosales in 
Brownie	Lake	and	Canyon	Lake	in	2017	(Figure	4).	Euryarchaeota	was	
the	most	abundant	methanogen‐containing	phylum	present	in	both	
lakes.	Methanobacteriales	was	the	most	dominant	order,	encompass‐
ing	between	64%‐75%	of	methanogen	sequences	at	Brownie	Lake	
and	48%–58%	at	Canyon	Lake	in	2017.	Ca. Methanofastidiosales	was	
the	least	abundant	methanogen	present	at	both	lakes	(Brownie:	16	
total	 sequences	 recovered;	Canyon:	6	 total	 sequences	 recovered).	
No	 sequences	 were	 identified	 from	 the	 novel	 candidate	 phylum	

TA B L E  1  Methane	flux	measurements	over	open	water	using	static	flux	chambers

Sampling month
Average CH4 flux 
(mmol m−2 hr−1) Standard deviation

Highest CH4 flux 
(mmol m−2 hr−1)

Lowest CH4 flux 
(mmol m−2 hr−1)

Brownie	lake

May	(2017) 3.48 3.76 10.60 0.19

July	(2017) 13.97 14.38 38.83 2.75

September	(2017) 1.15 0.45 1.63 0.49

June	(2018) 4.23 5.54 13.78 0.34

Canyon	lake

June	(2017) 0.04 0.02 0.06 0.02

September	(2017) 0.05 0.07 0.17 −0.02*

May	(2018) 0.21 0.37 0.92 0.01

Note: *One	replicate	in	September	2017	at	Canyon	Lake	experienced	a	net	consumption	of	methane	instead	of	a	net	emission	to	the	atmosphere.	

F I G U R E  4  Percent	relative	abundance	of	methanogens	and	methanotrophs	compared	to	total	sequences	recovered	at	depth	from	
all	sampling	campaigns	in	2017.	(a)	Brownie	Lake.	The	phylum	Euryarchaeota	accounted	for	~94%	of	total	methanogen	sequences.	
Gammaproteobacteria	made	up	91%	of	methanotroph	sequences	retrieved	from	the	water	column.	(b)	Canyon	Lake.	Euryarchaeota	
sequences	represented	82%	of	total	methanogens	followed	by	candidate	phylum	Bathyarchaeota	(~	18%).	Gammaproteobacteria	were	the	
most	abundant	methanotrophs	at	Canyon	Lake,	totaling	85%	of	methanotroph	sequences
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Verstraetearchaeota.	 To	 ensure	 the	 remaining	 archaeal	 sequences	
were	 indeed	 methanogens	 and	 not	 ANME	 archaea,	 all	 candidate	
methanogenic	 OTU	 sequences	 were	 compared	 to	 a	 database	 of	
ANME	 sequences	 identified	 from	 a	 low	 SO4

2‐,	 Fe‐rich	 freshwa‐
ter	 sediment	 using	 BLAST	 (Boratyn	 et	 al.,	 2013;	Weber,	 Habicht,	
&	 Thamdrup,	 2017).	 Based	 on	 BLAST	 similarity,	 we	 identified	 no	
ANME‐like	sequences	(<90%	similarity)	within	our	dataset	similar	to	
these	putative	ANME	reference	sequences.	A	BLAST	approach	was	
chosen	due	to	the	gaps	in	the	archaeal	taxonomy;	for example, many 
of	 the	 sequences	were	 labeled	 as	uncultured	or	unknown	beyond	
the	family	or	genus	level.

Type	1	methanotrophs	(within	the	Gammaproteobacteria)	were	
the	most	abundant	aerobic	MOB	retrieved	from	both	water	columns,	
followed	by	Type	2	methanotrophs	(within	the	Alphaproteobacteria)	
in	2017	 (Figure	4).	Type	2	methanotrophs	were	more	abundant	 in	
Canyon	Lake	than	 in	Brownie	Lake	above	the	oxycline.	The	family	
Methylacidiphilaceae	 has	 recently	 been	 described	 as	 aerobic	MOB	
that	grow	in	acidic	geothermal	areas	(Op	den	Camp,	Islam,	&	Stott,	
2009	 and	 references	 therein).	 However,	 Methylacidiphilaceae‐like	
OTUs	 were	 present	 throughout	 the	 circumneutral	 water	 columns	
of	 Brownie	 Lake	 and	 Canyon	 Lake	 in	 2017.	 Thirteen	 sequences	
(0.003%	 of	 total	 sequences	 recovered)	 from	 a	member	 belonging	
to	phylum	Rokubacteria	(formerly	NC10)	known	to	perform	nitrite‐
dependent	anaerobic	oxidation	of	CH4,	genus	Ca.	Methylomirabilis,	
were	 recovered	 in	 2017	 from	 Brownie	 Lake	 despite	 NO2

‐	 levels	
below	our	 detection.	 Similarly,	 six	Ca.	Methylomirabilis	 sequences	
(0.001%	of	total	sequences	recovered)	were	retrieved	from	Canyon	
Lake in 2017.

4  | DISCUSSION

4.1 | Methane flux modeling conflicts with direct 
measurements

A	clear	result	of	the	comparison	of	atmospheric	CH4	fluxes	directly	
measured	by	static	flux	chambers	versus	calculated	diffusive	fluxes	
based	on	the	concentration	profiles	of	CH4	is	that	measured	values	
are	 1000–10,000×	 higher	 than	 calculated	 values,	 for	 Canyon	 and	
Brownie,	respectively.	It	is	also	clear	that	modeling	of	the	turbulent	
diffusive	 flux	 through	 the	 water	 column	 of	 Brownie	 Lake	 (Figure	
S2)	 indicates	 a	 significant	 non‐zero	 flux	 of	 CH4,	 despite	 ecologi‐
cal	 and	geochemical	 evidence	 for	 vigorous	 aerobic	CH4	oxidation.	
Therefore,	 other	 pathways	 for	CH4	 transport	 from	 the	 lake	 to	 at‐
mosphere	must	be	 invoked.	As	our	 flux	measurements	come	from	
the	middle	of	 the	 lakes,	 a	plant‐mediated	 flux	 can	be	excluded.	 In	
addition,	both	lakes	are	meromictic,	which	precludes	a	storage	flux	
released	by	seasonal	lake	turnover	(Bastviken,	Cole,	Pace,	&	Tranvik,	
2004).	The	other	pathway	for	gas	to	escape	is	ebullition,	a	transport	
mechanism	 with	 high	 spatiotemporal	 variability	 (Bastviken	 et	 al.,	
2004).	Ebullition	is	frequently	observed	to	be	dominant	in	lakes,	but	
is	rarely	quantified	with	regard	to	CH4	emissions	(Sanches,	Guenet,	
Marinho,	Barros,	&	Assis	Esteves,	2019).	 It	 is	 especially	 important	
in	 shallow	 lakes	 (<20	 m	 deep)	 as	 bubbles	 have	 lower	 hydrostatic	

pressure	 to	 overcome	 (Bastviken	 et	 al.,	 2004;	 Bastviken,	 Tranvik,	
Downing,	Crill,	&	Enrich‐Prast,	2011).	Modeling	of	deeper	 ferrugi‐
nous	lakes,	such	as	Lake	Matano,	Kabuno	Bay,	and	Lake	Pavin,	sug‐
gests	that	atmospheric	CH4	fluxes	should	be	small	because	the	slow	
transport	of	CH4	by	turbulent	diffusion	allows	for	oxidation	 in	the	
water	 columns	before	CH4	 reaches	 the	atmosphere	 (Borges	et	al.,	
2011;	 Crowe	 et	 al.,	 2011;	 Lopes	 et	 al.,	 2011).	 Similar	modeling	 in	
relatively	shallow	Lake	La	Cruz	assumes	that	CH4	is	transported	up‐
wards	in	the	lake	via	diffusion	and	is	likely	completely	oxidized	by	mi‐
crobes	in	the	water	column	(Oswald,	Jegge,	et	al.,	2016a).	However,	
without	direct	measurements,	 the	contribution	of	ebullition	to	the	
total	CH4	 flux	 is	 not	 considered.	 For	 example,	 other	 authors	have	
noted	rising	bubbles	that	contain	roughly	50%	CH4	reaching	the	at‐
mosphere	in	Lake	La	Cruz	(Camacho,	Miracle,	Romero‐Viana,	Picazo,	
&	Vicente,	2017).

Increased	 sedimentary	 gas	 venting	 episodes	 have	 been	 ob‐
served	to	occur	with	precipitous	drops	in	hydrostatic	pressure	due	
to	changes	of	water	 level	 in	 lakes	and	reservoirs	 (Casper,	Maberly,	
Hall,	&	Finlay,	 2000;	Chanton,	Martens,	&	Kelley,	 1989;	 Scandella	
et	al.,	2016).	In	1916,	a	canal	was	created	to	connect	Brownie	Lake	
to	nearby	Cedar	Lake,	which	reduced	the	water	level	3	m	over	the	
course	of	a	few	days	(Swain,	1984;	Wirth,	1946).	Mechanistically,	de‐
creasing	hydrostatic	pressure	reduces	stress	causing	gas	pockets	to	
become	more	ductile	in	sediments,	and	when	stress	reaches	a	criti‐
cal	point,	these	gas	pockets	create	vertical	channels	out	of	the	sedi‐
ments	(Boudreau	et	al.,	2005;	Jain	&	Juanes,	2009).	The	precipitous	
water	level	drop	that	Brownie	Lake	experienced	would	have	caused	
rapid	degassing	in	the	sediments,	creating	conduits	for	future	bubble	
transport	out	of	 the	sediment.	Once	a	conduit	has	 formed	 in	sed‐
iment,	 subsequent	 bubbles	 can	 re‐open	 the	 fracture	 easily	 (Algar,	
Boudreau,	&	Barry,	2011;	Scandella,	Delwiche,	Hemond,	&	Juanes,	
2017).	We	suggest	that	these	conduits	give	rise	to	the	high	non‐dif‐
fusive	fluxes	from	Brownie	Lake,	likely	through	ebullition.

Another	 factor	 contributing	 to	 the	CH4	 cycle	 in	Brownie	 Lake	
is	 CH4	 production.	 Eutrophic	 lakes	 have	 higher	 abundances	 of	
photosynthetic	 microbes	 and	 higher	 rates	 of	 primary	 production	
(Schindler,	1978).	NPP	has	been	shown	to	have	a	linear	relationship	
with	CH4	flux	across	diverse	lakes	(Davidson	et	al.,	2015;	Huttunen	
et	al.,	2003;	Juutinen	et	al.,	2009)	and	wetlands	(Whiting	&	Chanton,	
1993).	 Therefore,	 net	 primary	 productivity	 (NPP)	 could	 represent	
a	 crucial	 control	 on	CH4	emissions	 from	Brownie	 Lake.	This	 is	 es‐
pecially	 apparent	 in	 May	 2017	 where	 cyanobacteria	 were	 ~10%	
of	 the	 total	microbial	 16S	 rRNA	gene	 sequences	 recovered	 in	 the	
photic	zone.	DelSontro,	Boutet,	St‐Pierre,	Giorgio,	and	Prairie	(2016)	
noted	a	positive,	significant	correlation	between	Chl	a	concentration	
(0.2	m	below	the	water	column	surface)	and	CH4	fluxes	(both	diffu‐
sive	and	ebullitive)	from	their	pond	and	lake	field	sites.	This	further	
suggests	that	more	productive	systems	tend	to	have	higher	fluxes.	
This	relationship	 is	 indicated	at	Brownie	Lake	from	the	correlation	
of	Chl	a	present	in	the	surface	waters	(1	m)	and	the	measured	flux	
of	CH4	during	the	concurrent	sampling	campaigns	(R

2	=	0.79;	Figure	
S3).	 Such	a	 relationship	was	not	observed	at	Canyon	Lake.	There,	
the	 increase	 in	Chl	a	 below	 the	 chemocline	 (~17	m)	 is	most	 likely	
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representative	of	a	>	4×	increase	in	dissolved	organic	carbon	(DOC)	
concentrations	from	17	m	to	21	m	across	the	chemocline	(data	not	
shown).	Organics	in	the	water	column	have	the	potential	to	enhance	
light	scatter	and	increase	readings	on	the	Chl	a	sensor	(Hach;	https	
://www.ott.com/downl	oad/fluor	escen	ce‐white‐paper/	).	 The	 Chl	 a 
concentration	below	the	chemocline	corresponds	with	the	increase	
of	DOC	concentration	and	is	therefore	an	artifact	of	the	matrix	of	
the	water	column	at	these	depths.

Unlike	Brownie	Lake,	one‐dimensional	modeling	to	estimate	tur‐
bulent	diffusion	of	CH4	within	the	water	column	is	not	appropriate	at	
Canyon	Lake	where	the	vertical	chemical	profiles	(e.g	O2)	above	the	
monimolimnion	fluctuate	dramatically	through	the	seasons.	Canyon	
Lake	CH4	 concentration	 profiles	 display	 a	 distinctive	 trend	where	
concentration	is	below	detection	(or	less	than	one	micromolar)	in	the	
oxic	water	and	then	increases	toward	the	surface	(Figure	3e	inset).	
As	 diffusion	 cannot	 occur	 against	 the	 concentration	 gradient,	 the	
CH4	in	the	surface	layer	most	likely	originates	from	lateral	transport	
of	CH4	produced	in	littoral	sediments	(Table	S2).	Another	source	of	
CH4	 in	 the	oxic	waters	could	be	aerobic	demethylation	of	methyl‐
phosphonate	(e.g.,	Wang,	Dore,	&	McDermott,	2017;	Yao,	Henny,	&	
Maresca,	2016);	however,	this	was	not	assessed	in	this	study.

4.2 | Ferruginous conditions favor methanogenesis

We	 have	 shown	 evidence	 supporting	 active	 methanogenesis	 in	
Brownie	 Lake,	 possibly	 in	 both	 the	 sediments	 and	 water	 column.	
We	also	observed	both	Fe(II)‐	and	Fe(III)‐bearing	mineral	phases	in	
Brownie	Lake	sediment	cores	(Figure	S4),	indicating	that	while	Fe(III)	
is	available	for	Fe(III)	reduction	in	the	sediments,	it	is	persisting	de‐
spite	very	reducing	conditions.	The	overwhelming	majority	of	recov‐
ered	methanogen	sequence	reads	in	both	water	columns	belong	to	
hydrogenotrophic	organisms	as	opposed	to	acetoclastic	organisms,	
yet	the	C‐	and	H‐isotopic	composition	of	CH4	implies	a	mixture	of	
the	 two	 (Table	 S3).	 Hydrogenotrophic	 methanogenesis	 under	 fer‐
ruginous	conditions	is	consistent	with	prior	studies	(see	Bray	et	al.,	
2017).	The	persistence	of	Fe(III)	oxides	 to	 sediment	has	also	been	
observed	 in	other	 seasonally	 stratified	 ferruginous	 lakes	 (Davison,	
1993).	 Crowe	 et	 al.	 (2011)	 suggested	 that	 Fe(III)‐bearing	minerals	
may	be	resistant	to	microbial	reduction	in	ferruginous	systems,	and	
our	data	support	this.	A	precedent	for	the	dominant	role	of	metha‐
nogenesis	in	organic	carbon	degradation	has	also	been	put	forward	
by	 the	 activity	 measurements	 of	 different	 anaerobic	 pathways	
in	 ferruginous	Lake	Matano	and	Lake	Svetloe	 (Crowe	et	 al.,	2011;	
Savvichev	et	al.,	2017),	and	similar	work	would	be	useful	in	Brownie	
and	Canyon	Lakes.

Brownie	 Lake	 and	Canyon	 Lake	harbor	 higher	CH4	 concentra‐
tions	when	 compared	 to	 lakes	 that	 experience	 turnover	with	 sim‐
ilar	 depths	 in	 the	Midwestern	United	 States.	During	 our	 sampling	
interval,	the	maximum	CH4	concentration	in	the	anoxic	monimolim‐
nion	at	Canyon	Lake	was	1.9	mM	in	May	2018	(Figure	3e).	Brownie	
Lake	CH4	concentrations	were	not	quite	as	high,	reaching	1.5	mM	in	
September	2017	 (Figure	3a).	 In	contrast,	Asylum	Lake	 in	Michigan	
(max.	depth	15.8	m)	 is	a	monomictic	 lake	and	CH4	accumulates	 to	

612 μM	maximally	 in	 the	 anoxic	 hypolimnia	 (Dupuis	 et	 al.,	 2019).	
North	Lake	(max.	depth	20	m),	also	in	Michigan,	is	a	dimictic	lake	that	
accumulates	 less	CH4	in	 its	anoxic	hypolimnia	 (183	μM)	(Dupuis	et	
al.,	2019).	Salient	to	the	discussion	is	that	the	months	with	the	high‐
est	CH4	accumulation	 in	Asylum	and	North	Lakes	documented	by	
Dupuis	et	al.	(2019)	were	also	the	same	months	which	documented	
the	highest	Fe(II)	concentrations	(Asylum,	4	μM;	North,	49	μM).	The	
high	accumulation	of	CH4	in	the	ferruginous	meromictic	water	col‐
umns	of	Brownie	and	Canyon	Lakes	compared	to	lakes	that	turnover	
with	orders	of	magnitude	 less	Fe	demonstrates	 the	 importance	of	
understanding	the	interaction	of	the	Fe	and	CH4	cycles	in	these	la‐
custrine	systems.

4.3 | Water column methanogenesis

Methanogenesis	 conventionally	 occurs	 in	 lacustrine	 sediments	
where	 fermentation	 of	 organic	 matter	 provides	 the	 organic	 and	
inorganic	 compounds	 necessary	 for	methanogenesis	 in	 high	 con‐
centrations	relative	to	the	water	column	(Rudd	&	Hamilton,	1978).	
However,	 16S	 rRNA	 gene	 amplicon	 sequencing	 in	 Brownie	 Lake	
from	2017	 revealed	 that	 ~31%	of	 sequences	 at	 11	 and	12	m	be‐
longed	to	known	methanogen	orders	 (Figure	4a).	 In	addition,	CH4 
concentrations	 at	 11	 and	 12	 m	 were	 elevated	 compared	 to	 CH4 
concentrations	nearest	the	sediment	(Figure	3a).	The	δ13CCH4	signa‐
tures	at	11	and	12	m	(−64‰;	Figure	3b)	are	well	within	the	range	of	
−50	to	−110	‰,	which	is	consistent	with	biogenic	CH4	production	
(Table	 S3;	Whiticar,	 1999).	 This	 anomaly	 contrasts	with	 the	 geo‐
chemical	reaction‐transport	modeling	that	predicted	that	reduced	
species	would	be	at	their	highest	concentrations	at	the	sediment–
water	 interface	 (Figure	 S2)	 and	 implicates	 active	 water	 column	
methanogenesis	in	the	monimolimnion	of	Brownie	Lake.	While	rel‐
ative	abundance	of	organisms	does	not	necessarily	correspond	to	
biogeochemical	activity,	these	observations	provide	circumstantial	
evidence	for	further	studies	to	investigate	the	relationship	between	
methanogens	and	pelagic	CH4	production.	Furthermore,	water	col‐
umn	methanogenesis	has	been	noted	at	Lake	Matano	(Crowe	et	al.,	
2011)	 and	 Lake	 Svetloe,	 although	 rates	were	 two	orders	 of	mag‐
nitude	 less	than	rates	measured	 in	the	sediment	 (Savvichev	et	al.,	
2017).

The	differences	between	the	Mn	profiles	is	likely	driven	by	dif‐
ferences	in	the	magnitude	of	sulfur	cycling	between	sites	(greater	in	
Brownie	Lake,	less	significant	in	Canyon	Lake),	as	well	as	the	nature	
of	the	oxycline	(compressed	in	Brownie	Lake,	elongated	in	Canyon	
Lake).	The	combination	of	enhanced	sulfur	cycling	and	close	prox‐
imity	to	oxic	waters	in	Brownie	Lake	accentuates	the	concentrations	
of	Mn	in	the	oxycline	(e.g.,	Herndon,	Havig,	Singer,	McCormick,	&	
Kump,	2018;	Jones	et	al.,	2011).	Interestingly,	Canyon	Lake	displays	
a	similar	magnitude	of	overall	dissolved	Mn	enrichment	relative	to	
Brownie	Lake,	but	the	location	of	the	enrichment	varies.	At	Canyon	
Lake,	the	strongest	Mn	enrichment	is	located	just	above	the	sedi‐
ment–water	interface	(Figure	2j).	In	contrast,	the	zone	of	dissolved	
Mn	enrichment	at	Brownie	Lake	migrates	seasonally,	with	peak	en‐
richment	shifting	up	to	and	just	above	the	chemocline	in	summer/

https://www.ott.com/download/fluorescence-white-paper/
https://www.ott.com/download/fluorescence-white-paper/
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early	 fall	 (Figure	 2d),	 but	 reverting	 to	 a	Canyon‐like	 pattern	with	
the	 highest	 concentration	 near	 the	 sediment–water	 interface	 in	
winter.	Consistent	with	their	contrasting	behaviors	in	suboxic	envi‐
ronments,	dissolved	Mn	migrates	higher	into	the	water	column	than	
dissolved	Fe	in	Canyon	Lake,	but	the	Mn	profile	is	subdued	relative	
to	Brownie.	This	can	be	explained	by	the	infrequent	O2	penetration	
to	the	deep	waters	of	Canyon	and	is	perhaps	reflective	of	the	pat‐
tern	of	Mn	enrichment	implied	in	Archean	settings	where	O2 accu‐
mulation	was	limited	to	spatially	restricted	oases	(e.g.,	Planavsky	et	
al.,	2011).

4.4 | Methanotrophy within the water column

There	is	a	general	decrease	in	CH4	concentration	from	the	sediment–
water	interface	toward	the	oxycline,	signifying	diffusional	transport	
of	CH4	out	of	sediments,	except	 for	peaks	 in	 the	concentration	at	
11	and	12	m	in	Brownie	Lake.	Methane	oxidation,	as	evident	by	the	
less	 negative	δ13CCH4	 values	 above	 6	m,	 occurs	 at	 or	 immediately	
below	the	chemocline	(Figure	3b).	A	δ13CCH4	pattern	consistent	with	
methanotrophy	 created	 excursions	 toward	 less	 negative	 δ13CCH4 
values	at	4.5	m	in	May	2017	(−51	‰	to	−21	‰),	4	m	in	September	
2017	(−62	‰	to	−45	‰),	and	3	m	in	June	2018	(−63	‰	to	−55	‰).	
Furthermore,	 the	 “sawtooth”	 pattern	 of	 the	 δ13CDIC	 values	 at	 the	
chemocline,	most	notably	observed	at	Brownie	Lake	in	May	and	July	
2017,	 is	 indicative	of	the	oxidation	of	 isotopically	 light	CH4	to	DIC	
(Figure	3d).	 Low	 (but	detectable)	O2	 concentrations,	 a	peak	 in	 the	
relative	abundance	of	aerobic	MOB,	and	a	consistent	shift	to	higher	
δ13CCH4	 isotopes	 indicate	a	role	for	aerobic	MOB	in	CH4	oxidation	
at	the	oxycline.	Canyon	Lake	displays	similar	trends	in	CH4,	δ

13CCH4,	
and	aerobic	MOB	 in	 June	2017.	Notable	 in	 June	2017	was	an	ex‐
treme	+	72	‰	shift	between	16	and	13.5	m.	Similar	observations	in	
the	δ13CCH4	 isotope	profiles	have	been	attributed	to	aerobic	MOB	
at	the	oxic–anoxic	boundary	in	other	 lakes	(e.g.,	Blees	et	al.,	2014;	
Oswald,	Jegge,	et	al.,	2016a;	Schubert	et	al.,	2006).

Our	microbial	composition	analysis	points	to	the	significant	role	
of	aerobic	MOB	in	CH4	removal;	however,	oxidation	of	biologically	
produced	CH4	using	other	electron	acceptors	(SO4

2‐,	NO3
‐,	Fe‐	and	

Mn‐hydroxides)	 is	 a	 possibility.	 Specifically,	while	 SO4
2‐‐driven	 an‐

aerobic	oxidation	of	methane	(S‐AOM)	has	largely	been	viewed	to	be	
insubstantial	under	low	SO4

2‐	conditions,	recent	studies	have	shown	
that	S‐AOM	can,	in	fact,	provide	an	efficient	barrier	to	CH4	emission	
from	lake	sediment	even	at	SO4

2‐	concentrations	<	200	µM/L	(Norði,	
Thamdrup,	&	Schubert,	2013;	Weber,	Thamdrup,	&	Habicht,	2016).	
Moreover,	in	incubation	experiments,	oxidation	of	CH4	in	the	water	
column	of	Lake	Kivu,	a	deep	meromictic	tropical	lake,	was	diminished	
when SO4

2‐‐reducing	organisms	were	inhibited	(Roland	et	al.,	2018).
We	present	 supporting	 thermodynamic	 calculations,	 specifi‐

cally	the	Gibbs	free	energy	for	the	S‐AOM	pathway	under	a	range	
of	 CH4 and SO4

2‐	 concentrations	 encompassing	 those	 found	 in	
Brownie	and	Canyon	Lakes	(Figure	S5).	Our	results	show	that	S‐
AOM	in	both	lakes	may	not	provide	adequate	energy	for	biomass	
production,	implying	S‐AOM	is	likely	unimportant	in	CH4 cycling. 
Generally,	 the	 ultimate	 thermodynamic	 constraint	 on	metabolic	

reactions	is	the	need	to	use	the	energy	provided	by	the	reaction	in	
adenosine	triphosphate	(ATP)	formation.	More	precisely,	the	en‐
ergy	produced	by	a	chemical	reaction	is	used	to	translocate	pro‐
tons	within	the	cell	membrane,	which	then	utilize	a	proton	motive	
force	to	synthesize	ATP.	The	minimum	energy	threshold	needed	
for	ATP	production	under	normal	cellular	conditions	is	~50	kJ/mol.	
As	there	is	always	an	inefficiency	involved	with	the	ATP	produc‐
tion	process,	the	realistic	minimum	value	 is	 likely	around	60	kJ/
mol	(Schink,	2002).	Three	protons	are	normally	required	to	gen‐
erate	an	ATP	molecule,	though	some	organisms	translocate	four	
or	more	(Stock,	Leslie,	&	Walker,	1999;	Taupp,	Constan,	&	Hallam,	
2010;	Van	Walraven,	Strotmann,	Schwarz,	&	Rumberg,	1996).	 In	
the	case	of	a	four‐proton	translocation	system	where	each	proton	
provides	energy	for	ATP	synthesis,	the	minimum	energy	required	
to	oxidize	one	mole	of	CH4	is	15	kJ	(Taupp	et	al.,	2010).	Note	that	
within	a	syntrophic	consortium,	such	as	the	ANME	and	SO4

2‐‐re‐
ducing	bacteria,	the	energy	derived	from	substrate	oxidization	is	
shared	between	the	two	species	and	therefore	must	yield	at	least	
30	 kJ/mol.	 It	 is	 also	 suggested	 that	 since	 there	 is	 only	 a	 small	
amount	 of	 energy	 available	 by	AOM,	 and	only	 one	partner	 in	 a	
two	partner	syntrophy	should	be	able	to	derive	energy	from	this	
reaction	to	produce	ATP,	CH4	oxidation	coupled	to	SO4

2‐ reduc‐
tion	is	a	co‐metabolic	activity	that	may	not	involve	direct	electron	
transfer	(Schink,	1997).	Using	the	assumption	that	a	minimum	of	
30	kJ/mol	of	energy	is	needed	to	perform	AOM,	and	comparing	
this	minimum	value	to	our	thermodynamic	estimates	in	Brownie	
and	Canyon	Lakes,	our	results	show	just	a	narrow	range	of	con‐
ditions	under	which	S‐AOM	can	pass	the	minimum	limit	and	pro‐
duce	enough	energy	for	ATP	production	(Figure	S5).

The	 observed	 range	 of	 SO4
2‐	 and	 CH4	 concentrations	 in	

Canyon	Lake	points	to	a	very	small,	if	any,	possibility	for	S‐AOM	
in	 the	 water	 column.	 On	 the	 other	 hand,	 the	 chemocline	 of	
Brownie	Lake	harbors	a	combination	of	10s	of	µM	of	SO4

2‐ and 
100s	µM	of	CH4,	which	can	potentially	pass	the	minimum	thresh‐
old	for	ATP	production	and	bioenergetically	justify	the	presence	
of	S‐AOM	 in	 the	 lake.	Overall,	 our	 thermodynamic	 calculations,	
along	with	the	microbial	composition	analysis,	seem	not	to	sup‐
port	a	great	 importance	of	S‐AOM	in	the	cycling	of	CH4.	Placed	
in	 the	 context	 of	 early	 Earth	 ocean	 chemistry,	 our	 results	 from	
Canyon	 Lake	 suggest	 that	 in	 the	 anoxic	 Archean	 oceans	where	
seawater	SO4

2‐	was	low	(<10	µM;	Crowe	et	al.,	2014),	the	S‐AOM	
would	likely	have	played	a	minor	role	in	CH4	removal.	This,	in	turn,	
would	allow	biologically	produced	CH4	to	escape	from	the	ocean	
via	diffusion	through	an	anoxic	surface	ocean	and	support	green‐
house	warming	 during	 the	 Archean.	 In	 addition,	 it	 is	 important	
to	note	that	the	salinity	of	the	Archean	ocean	is	hypothesized	to	
have	been	1.5–2×	the	modern	value	 (35	‰;	Knauth,	2005),	and	
the	maximum	 salinity	 values	of	Brownie	 Lake	 and	Canyon	 Lake	
are	10–100×	less	than	the	modern	ocean	(Figure	S6).	The	correla‐
tion	(or	possible	lack	thereof)	between	salinity	and	the	microbial	
community	and	CH4	production	and	oxidation	was	not	assessed	
during	this	study,	but	has	been	addressed	by	other	authors	in	sim‐
ilar	lakes	(e.g.,	Dupuis	et	al.,	2019).
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4.5 | Methane emissions from ancient 
ferruginous oceans

The	 microbiological	 processes	 and	 biogeochemical	 cycling	 occur‐
ring	 in	 ferruginous	 meromictic	 lakes	 are	 often	 invoked	 as	 having	
analogy	to	redox‐stratified,	ferruginous	oceans	of	the	Archean	and	
Proterozoic	eons	(Poulton	&	Canfield,	2011).	For	instance,	processes	
of	microbial	Fe(II)	oxidation	and	Fe(III)	reduction	have	been	observed	
to	impact	the	carbon	cycle	across	the	O2	and	Fe(II)	redoxcline	in	lakes	
(e.g.,	Berg	et	al.,	2019;	Berg	et	al.,	2016;	Camacho,	Walter,	et	al.,	2017;	
Gorlenko,	 Vainstein,	 &	 Chebotarev,	 1980;	 Savvichev	 et	 al.,	 2017;	
Walter	et	al.,	2014).	These	processes	are	also	envisioned	to	have	im‐
pacted	the	carbon	cycle	in	ferruginous	oceans	(Posth,	Konhauser,	&	
Kappler,	2013).	Recent	work	in	these	lakes	has	highlighted	the	utility	
of	such	lakes	to	investigate	microbiological	and	geochemical	aspects	
of	CH4	cycling	(e.g.,	Crowe	et	al.,	2011;	Dupuis	et	al.,	2019;	Lopes	et	
al.,	2011;	Oswald,	Jegge,	et	al.,	2016a;	Savvichev	et	al.,	2017).	The	
CH4	cycle	in	ferruginous	lakes	has	been	most	thoroughly	discussed	
in	the	context	of	Indonesian	Lake	Matano	and	has	given	rise	to	ac‐
tive	debate	surrounding	organic	matter	preservation	in	ferruginous	
oceans	(Crowe	et	al.,	2011;	Kuntz,	Laakso,	Schrag,	&	Crowe,	2015;	
Laakso	&	Schrag,	2019).	Nonetheless,	the	global	climate	system	of	
the	 Archean	 appears	 sensitive	 to	 the	 specific	 microbial	 pathways	
involved	 in	 CH4	 and	 carbon	 cycling	 in	 ferruginous	 oceans	 (Ozaki,	
Tajika,	Hong,	Nakagawa,	&	 Reinhard,	 2018).	 The	 observation	 that	
microbial	 communities	 can	 strongly	 influence	 their	 environment	
highlights	 the	 importance	 of	 identifying	 the	 effects	 a	 ferruginous	
water	column	has	on	methanogenesis	and	CH4	fluxes,	which	can	be	
investigated	in	modern	lakes	(Laakso	and	Schrag,	2018).

The	range	of	CH4	fluxes	from	ferruginous,	meromictic	lakes	is	re‐
ported	in	Table	S4.	While	the	flux	values	reported	here	for	Brownie	
and	Canyon	Lakes	represent	direct	measurements	that	incorporate	
fluxes	 from	 multiple	 emission	 pathways,	 the	 values	 reported	 for	
Kabuno	Bay,	Lake	Pavin,	Lake	La	Cruz,	and	Lake	Matano	were	cal‐
culated	 from	water	 column	 concentration	 profiles	 and	hence	only	
provide	information	on	the	flux	by	turbulent	diffusion.	As	we	discuss	
here,	CH4	emission	from	ferruginous	lakes	reflects	a	complex	set	of	
physical,	 chemical,	and	biological	processes.	Our	data	 indicate	eb‐
ullition	from	relatively	shallow	sediments	is	likely	for	Brownie	Lake,	
and	lateral	transport	of	CH4	from	littoral	sediments	in	Canyon	Lake.	
Importantly,	these	physical	transport	processes	may	give	rise	to	sig‐
nificant	non‐diffusive	fluxes,	which,	in	addition	to	diffusional	fluxes,	
may	change	CH4	flux	estimates	considerably.

The	 microbial	 production	 of	 greenhouse	 gases	 under	 ferru‐
ginous	 conditions	 has	 led	 to	 the	 suggestion	 that	 gases	 such	 as	
CH4	or	N2O	could	have	been	important	in	regulating	early	Earth's	
climate	when	 solar	 luminosities	were	 lower	 (e.g.,	 Kasting,	 2005;	
Stanton	 et	 al.,	 2018).	 However,	 biosphere	 models	 for	 oceanic	
CH4	 emissions	 during	 the	 Archean	 and	 Proterozoic	 eons	 gener‐
ally	only	consider	transport	of	CH4	by	turbulent	diffusion	(Olson,	
Reinhard,	&	Lyons,	2016),	which	favors	efficient	oxidation	of	CH4 
at	an	oxycline	(Oswald,	Jegge,	et	al.,	2016a).	Ebullition	and	other	
non‐diffusive	 gas	 transport	 processes	 are	 omitted,	 despite	 the	

acknowledgement	of	 the	 importance	of	 such	pathways	 in	 trans‐
port	of	CH4	from	near‐shore	environments	(e.g.,	Daines	&	Lenton,	
2016).	Pelagic	 fluxes	of	CH4	 from	 the	Archean/Paleoproterozoic	
ocean	were	 likely	 small	 due	 to	 low	productivity	 and	deep	water	
columns,	but	the	relatively	shallow	waters	on	continental	margins	
are	hypothesized	to	have	been	more	productive	and	have	higher	
inputs	 of	 labile	 organic	 carbon	 (e.g.	 Laakso	 and	 Schrag,	 2014).	
Furthermore,	 organic	 carbon	 mineralization	 is	 slower	 and	 pres‐
ervation	higher	under	anoxic	conditions	(Katsev	&	Crowe,	2015),	
which	 were	 widespread.	 For	 comparison,	 the	 flux	 of	 CH4	 from	
the	modern	ocean	 is	 in	 the	range	of	11–18	Tg	CH4	per	year,	and	
75%	of	this	total	is	attributed	to	coastal	areas	(Bange	et	al.,	1994),	
likely	linked	to	intense	primary	productivity	(Borges,	Champenois,	
Gypens,	Delille,	&	Harlay,	2016).

In	addition	to	diffusional	transport	of	CH4,	the	unique	physical	
transport	mechanisms	in	marine	systems	need	to	be	considered,	as	
they	can	differ	quite	substantially	from	lakes.	In	very	shallow	sedi‐
ments	(i.e.,	8	m),	CH4	can	be	released	through	ebullition	(Algar	et	al.,	
2011).	Methane	seeps	as	deep	as	30	m	have	also	been	recognized	
as	having	a	 significant	CH4	 flux	 to	 the	atmosphere,	which	may	be	
related	to	ebullition	of	bubbles	in	well‐mixed	waters	(Borges	et	al.,	
2016).	While	not	a	significant	source	of	CH4	to	the	atmosphere	today,	
upwelling	(i.e.,	advection)	can	transport	CH4	from	deep	oceans	(e.g.,	
Kock,	Gebhardt,	&	Bange,	2008).	Another	mechanism	of	CH4	release	
to	the	atmosphere	 is	natural	gas	seepage	on	the	continental	shelf.	
Although	these	gas	seepages	are	rare,	they	can	significantly	contrib‐
ute	to	total	modern	marine	CH4	emissions.	For	example,	gas	seepages	
from	the	continental	shelf	of	the	United	Kingdom	account	for	up	to	
40%	of	total	CH4	emissions	in	that	area	(Judd	et	al.,	1997).	In	addi‐
tion,	sea‐level	fluctuations	due	to	glaciation–deglaciation	can	cause	
release	of	CH4	due	to	changes	in	hydrostatic	pressure,	currents,	and	
bottom	water	 temperatures	 (Portilho‐Ramos	 et	 al.,	 2018).	 Finally,	
CH4	hydrates	found	in	continental	margin	sediments	could	also	be	
destabilized	by	earthquakes	(Mienert,	Posewang,	&	Baumann,	1998)	
and	 turbidity	currents	 (Shakhova	et	al.,	2014).	These	observations	
highlight	the	 importance	of	considering	all	possible	emission	path‐
ways	for	CH4	when	modeling	past	marine	CH4	fluxes.

Our	 findings	of	non‐diffusive	 fluxes	of	CH4	to	 the	atmosphere	
from	meromictic	 ferruginous	 lakes	with	active	CH4	cycles	demon‐
strate	how	non‐diffusive	transport	mechanisms	can	create	large	CH4 
fluxes.	While	 lakes	 and	oceans	have	very	different	physical	 trans‐
port	mechanisms	 for	 dissolved	 gases,	 our	work	 highlights	 that	 all	
relevant	transport	processes,	and	direct	measurements,	need	to	be	
considered	 for	either	 type	of	 system.	 In	 support	of	 this	 assertion,	
CH4	production	in	shallow	continental	margins	where	non‐diffusive	
transport	 of	 CH4	 to	 the	 atmosphere	 would	 be	 possible	 (<100	 m;	
McGinnis	et	 al.,	 2006)	may	have	produced	a	 considerable	 amount	
of	CH4	from	at	least	3.5	Ga	until	these	environments	became	oxic	at	
~	2.7	Ga	(Fakhraee	et	al.,	2018).	Quantifying	non‐diffusive	transport	
of	CH4	and	incorporating	these	values	into	atmospheric	models	may	
strengthen	the	argument	that	atmospheric	CH4	helped	to	modulate	
temperature	during	the	mid	to	late	Archean	in	the	presence	of	a	less	
luminous	Sun	(i.e.,	Faint	Young	Sun	Paradox).
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