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Abstract
The	most	notable	trend	in	the	sedimentary	iron	isotope	record	is	a	shift	at	the	end	of	
the	Archean	from	highly	variable	δ56Fe	values	with	large	negative	excursions	to	less	
variable δ56Fe	values	with	more	limited	negative	values.	The	mechanistic	explanation	
behind	this	trend	has	been	extensively	debated,	with	two	main	competing	hypotheses:	
(i)	a	shift	in	marine	redox	conditions	and	the	transition	to	quantitative	iron	oxidation;	
and	(ii)	a	decrease	in	the	signature	of	microbial	iron	reduction	in	the	sedimentary	re-
cord	because	of	increased	bacterial	sulfate	reduction	(BSR).	Here,	we	provide	new	in-
sights	into	this	debate	and	attempt	to	assess	these	two	hypotheses	by	analyzing	the	
iron	isotope	composition	of	siderite	concretions	from	the	Carboniferous	Mazon	Creek	
fossil	site.	These	concretions	precipitated	in	an	environment	with	water	column	oxy-
genation,	extensive	sediment	pile	dissimilatory	iron	reduction	(DIR)	but	limited	bacte-
rial	sulfate	reduction	(BSR).	Most	of	the	concretions	have	slightly	positive	iron	isotope	
values,	with	a	mean	of	0.15‰	and	 limited	 iron	 isotope	variability	compared	 to	 the	
Archean	sedimentary	record.	This	limited	variability	in	an	environment	with	high	DIR	
and	low	BSR	suggests	that	these	conditions	alone	are	insufficient	to	explain	Archean	
iron	isotope	compositions.	Therefore,	these	results	support	the	idea	that	the	unusually	
variable	and	negative	iron	isotope	values	in	the	Archean	are	due	to	dissimilatory	iron	
reduction	(DIR)	coupled	with	extensive	water	column	iron	cycling.

1  | INTRODUCTION

Iron	 isotopes	 have	 been	 used	 extensively	 to	 track	 changes	 in	 iron	
cycling	 through	 time,	 which	 is	 an	 important	 component	 of	 global	
biogeochemical	cycling	(Anbar	&	Rouxel,	2007;	Busigny	et	al.,	2014;	
Dauphas	&	Rouxel,	2006;	Guilbaud,	Butler,	&	Ellam,	2011;	Johnson,	
Beard,	&	Roden,	2008;	Poulton	&	Canfield,	2011).	The	transition	from	
the	Archean	to	the	Proterozoic	is	of	particular	interest:	at	this	bound-
ary,	iron	isotope	values	in	the	sedimentary	record	change	from	being	
highly	variable	with	large	negative	excursions	(in	the	Archean,	these	
anomalous	highly	variable	δ56Fe	values	are	represented	in	BIFS,	black	
shales,	and	carbonates)	to	being	relatively	stable	from	the	Proterozoic	
onward	 (Fehr,	 Andersson,	 Hålenius,	 Gustafsson,	 &	 Mörth,	 2010;	
Johnson	 et	al.,	 2008;	 Rouxel,	 Bekker,	 &	 Edwards,	 2005)	 (Figure	1).	
This	suggests	that	this	boundary	coincided	with	a	fundamental	shift	

in	iron	cycling.	However,	the	exact	mechanisms	driving	this	observed	
shift	 in	 isotope	variability	 remain	debated.	There	 are	 three	primary	
hypotheses	to	explain	the	highly	variable	and,	particularly,	negative	
iron	 isotope	values	 in	 the	Archean.	 (i)	The	negative	Archean	excur-
sions	may	be	explained	by	partial	iron	oxidation	in	the	water	column,	
which	leaves	behind	an	isotopically	light	dissolved	Fe(II)	reservoir	that	
can	be	captured	and	transferred	to	the	sedimentary	record	(Busigny	
et	al.,	2014;	Planavsky	et	al.,	2012;	Rouxel	et	al.,	2005).	In	this	case,	
later	 time	periods	with	 less	variability	 in	 iron	 isotope	values	 repre-
sent	more	complete	oxygenation	of	the	water	column,	and	therefore	
quantitative	iron	oxidation	(Busigny	et	al.,	2014;	Rouxel	et	al.,	2005).	
(ii)	Alternatively,	trends	in	the	sedimentary	iron	isotope	values	have	
been	linked	to	shifts	in	the	extent	of	benthic	microbial	iron	reduction	
(DIR).	The	markedly	 negative	Archean	 δ56Fe values may be tied to 
fractionations	associated	with	extensive	microbial	dissimilatory	 iron	
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reduction	(DIR),	which	preferentially	mobilizes	isotopically	light	Fe(II)	
(e.g.,	Heimann	et	al.,	2010;	Johnson	&	Beard,	2006;	Johnson,	Ludois,	
Beard,	Beukes,	&	Heimann,	2013;	Johnson	et	al.,	2008;	Li,	Beard,	&	
Johnson,	2015;	Percak-	Dennett,	Loizeau,	Beard,	Johnson,	&	Roden,	
2013;	Wu,	Percak-	Dennett,	Beard,	Roden,	&	Johnson,	2012).	The	lack	
of	highly	negative	δ56Fe	values	 in	 the	Proterozoic	 and	Phanerozoic	
would	be	due	 to	 increased	microbial	 sulfate	 reduction	 (BSR)	 and	 a	
decrease	in	the	importance	of	benthic	iron	reduction	(Heimann	et	al.,	
2010;	Johnson	et	al.,	2008).	(iii)	The	Archean	values	may	also	be	pro-
duced	entirely	through	kinetic	fractionation	involved	in	pyrite	precip-
itation	(Guilbaud	et	al.,	2011).	The	shift	to	higher	δ56Fe	values	from	
the	Proterozoic	onward	would	then	be	due	to	more	complete	Fe(II)	
utilization	in	pyrite	precipitation,	and/or	a	shift	in	the	isotopic	com-
position	in	the	iron	source	(Guilbaud	et	al.,	2011).	However,	markedly	
negative δ56Fe	values	are	 found	 in	euxinic	shales,	where	 iron	 is,	by	
definition,	 limiting	 and	 in	 non-	sulfide	 phases	 (Busigny	 et	al.,	 2014;	
Johnson	 et	al.,	 2008;	 Rouxel	 et	al.,	 2005),	 indicating	 these	 kinetic	
fractionations	cannot	be	the	sole	explanation	for	the	observed	trends	
in	the	sedimentary	iron	isotope	record.

Here,	we	analyze	the	iron	isotope	composition	of	siderite	concre-
tions	from	the	Carboniferous	age	(~309–307	Ma)	Mazon	Creek	fossil	
site	to	test	the	first	two	hypotheses	about	the	primary	control	on	iron	
isotope	variation	through	time	in	the	sedimentary	record.	The	Mazon	
Creek	fossil	site	was	deposited	in	a	tidally	influenced	estuary	that	cut	
through	a	nearshore	coal	swamp.	Therefore,	the	fossil	assemblage	at	
the	site	represents	both	freshwater	and	brackish	regions	in	this	envi-
ronment	(Baird,	1997;	Baird,	Shabica,	Anderson,	&	Richardson,	1985;	
Baird,	 Sroka,	 Shabica,	 &	 Kuecher,	 1986;	 Baird,	 Sroka	 et	al.,	 1985;	
Kuecher,	Woodland,	 &	 Broadhurst,	 1990).	 The	 siderite	 concretions	
are	hosted	in	dark	gray,	organic-	rich	shale	(Coleman,	1993;	Coleman	
&	Raiswell,	1993).	The	redox	conditions	of	the	environment	are	well	

constrained:	the	concretions	formed	in	sediments	deposited	 in	shal-
low	waters	 in	 the	mixed	 layer	under	a	well-	oxygenated	atmosphere,	
and	the	presence	of	trace	fossils	within	the	concretion	bearing	mem-
ber	indicates	a	well-	oxygenated	water	column	(Shabica,	1978;	Shabica	
&	Godfrey,	1997).	There	was	extensive	DIR	 in	sediment	porewaters	
leading	 to	 a	 large	 iron	 reservoir	 and	 abundant	 siderite	 (Fernandes,	
2012;	Woodland	&	Stenstrom,	1979).	With	 an	overlying	oxic	water	
column,	DIR	 is	 the	only	mechanism	that	could	produce	the	reduced	
iron	necessary	 for	 siderite	precipitation,	 consistent	with	comparison	
to	modern	 siderite	 concretions	 precipitated	 in	 similar	 environments	
(Duan,	Hedrick,	Pye,	&	White,	1996;	Fernandes,	2012;	Romanek	et	al.,	
2009;	Woodland	&	Stenstrom,	1979).	The	 sediment	porewaters	 are	
thought	to	be	low	in	dissolved	sulfate	due	to	the	influence	of	meteoric	
waters	(Mozley	&	Burns,	1993;	Woodland	&	Stenstrom,	1979).	Pyrite	
is	 associated	 with	 some	 fossils,	 suggesting	 the	 decaying	 carcasses	
were,	on	occasion,	sites	of	active	sulfate	reduction	(Schiffbauer	et	al.,	
2014).

Based	on	this	picture	of	the	depositional	environment,	the	two	
hypotheses	predict	different	 iron	 isotope	values	 for	 these	concre-
tions.	The	redox	evolution	hypothesis	(i)	predicts	iron	isotope	values	
that	are	neither	highly	variable	nor	highly	negative,	because	the	ox-
ygenated	water	column	would	result	 in	quantitative	 iron	oxidation	
of	mobilized	iron	(Busigny	et	al.,	2014;	Rouxel	et	al.,	2005).	The	DIR	
hypothesis	(ii)	predicts	variable	and	highly	negative	iron	isotope	val-
ues	because	the	environment	had	limited	BSR	and	extensive	benthic	
DIR	(Johnson	et	al.,	2008).	Although	the	Mazon	Creek	depositional	
environment	 is	 not	 analogous	 to	Archean	 environments,	 the	 iron	
isotope	compositions	of	siderite	can	still	be	used	to	understand	the	
processes	of	controlling	sedimentary	iron	isotope	values.	Moreover,	
the	carbon	isotope	composition	of	Archean	siderites	indicates	they	
were	 precipitated	 within	 porewaters	 similar	 to	 the	 Mazon	 Creek	

F IGURE  1 Carbon	isotope	composition	
of	sedimentary	minerals	and	bulk	rocks	
through	time	(updated	from	Busigny	et	al.,	
2014;	additional	data	from	Fabre	et	al.,	
2011;	Kurzweil	et	al.,	2015;	Raye,	Pufahl,	
Kyser,	Ricard,	&	Hiatt,	2015;	Wawryk	
&	Foden,	2015;	Zhang	et	al.,	2015;	this	
paper).	Note	the	highly	variable	Archean	
Fe	isotope	values	with	large	negative	
excursions	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]
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siderites	 (e.g.,	 Fischer	 et	al.,	 2009).	 Both	 hypotheses	 explain	 the	
iron	isotope	compositions	seen	in	the	Archean;	one	way	to	address	
this	argument	 is	 to	examine	 the	 iron	 isotope	composition	of	 sedi-
ments	from	an	environment	that	differs	from	the	Archean	environ-
ment,	where	each	hypothesis	yields	different	predicted	iron	isotope	
compositions.

2  | METHODS

Ten	concretions	 (Table	1,	Figure	2)	were	selected	to	encompass	the	
range	of	environmental	variation	at	the	Mazon	Creek	fossil	site:	five	
non-	fossiliferous	 freshwater	 concretions;	 three	 non-	fossiliferous	
brackish	 concretions;	 and	 two	 fossiliferous	 freshwater	 and	brackish	
concretions.	The	concretions	were	identified	as	freshwater	or	brack-
ish	based	on	the	location	(Figure	3,	Table	1)	from	which	they	were	col-
lected;	different	regions	of	the	Mazon	Creek	fossil	site	are	considered	
to	 represent	 freshwater	or	brackish	conditions	based	on	 their	 fossil	
assemblage	(Baird,	Shabica	et	al.,	1985).

Two	 200	mg	 samples	were	milled	 from	 each	 concretion	 using	 a	
drill,	one	from	the	center,	avoiding	any	fossil,	and	one	from	the	edge,	
avoiding	 the	weathered	 rim.	The	 resulting	powder	was	 cleaned	 and	
leached	 to	 dissolve	 the	 siderite	 using	 a	method	modified	 from	 Liu,	
Wang,	and	Raub	 (2013)	 (Table	2).	Following	previous	work,	 iron	was	

purified	 using	 a	 two-	step	 column	 chromatography	 (Busigny	 et	al.,	
2014).	One	concretion	had	a	pure	pyrite	center	(most	likely	because	
of	early-	stage	sulfate	reduction	around	an	organic-	rich	nucleus),	which	
was	 sampled	 and	 processed	 using	 a	 total	 digest	 method	 (Busigny	
et	al.,	 2014).	 All	 iron	 isotope	 measurements	were	 carried	 out	 on	 a	
NeptunePlus	MC-	ICP-	MS	 in	 the	Metal	Geochemistry	Center	at	Yale	
University.	Mass	bias	correction	was	carried	out	using	standard	sam-
ple	bracketing	and	Neptune,	and	run	parameters	were	similar	to	pre-
vious	 analyses	 (Busigny	et	al.,	 2014).	The	 results	 are	 reported	using	
the	δ56Fe	notation	with	respect	to	the	standard	IRMM-	014	from	the	
Institute	for	Reference	Materials	and	Measurements.	The	δ56Fe nota-
tion	is	defined	as	follows:

Full	protocol	error,	based	on	duplicate	sample	and	processed	IRMM-	
014	standards,	was	better	than	0.1‰.	We	also	measured	BVHO-	2	as	
an	 internationally	 available	 geostandard	 and	 a	 FeCl	 standard	which	
has	δ56Fe	=	−0.71	±	0.18‰,	(Teutsch	et	al.,	2009).	Both	the	BVHO-	2	
(δ56Fe	=	0.15	±	0.12‰)	 and	 the	 FeCl	 (δ56Fe	=	−0.73	±	0.07‰)	 stan-
dards	matched	previously	reported	values.

The	leaching	method	allowed	us	to	analyze	the	siderite	separately	
from	any	other	iron	containing	minerals	such	as	pyrite	in	the	concre-
tionary	cement.	However,	to	test	the	method,	we	also	analyzed	a	few	
of	the	same	samples	using	a	total	digest	method	(Busigny	et	al.,	2014).	

δ56Fe= ({(56Fe∕56Fe)sample∕(
56Fe∕56Fe)IRMM- 014}−1)×1,000

YPM 
number Locality Assemblage Fossil Spot δ56Fe 2σ δ13C*

583034 Kodat	Farm Freshwater No Center 0.21 0.07 0.4

Edge 0.24 0.07 0.48

583127 Coopers	Pit Freshwater No Center 0.2 0.07 4.09

Edge 0.24 0.07 4.1

583117 Coopers	Pit Freshwater No Center 0.33 0.06 7.4

Edge 0.31 0.07 7.27

583209 Kost	Farm Brackish No Center 0.31 0.06 6.63

Pyrite −0.5 0.12 NA

583187 Kost	Farm Brackish No Center 0.23 0.06 7.21

Edge 0.17 0.06 6.13

583158 Kost	Farm Brackish No Center 0.22 0.07 7.76

Edge 0.1 0.07 6.72

19702 Peabody	
collections

Freshwater Yes Center 0.34 0.09 NA

Edge 0.22 0.07

54136 Peabody	
collections

Freshwater Yes Center 0.26 0.07 NA

527373 Pit	11 Brackish Yes Center 0.19 0.08 9.42

Edge 0.11 0.08 9.6

529465 Pit	11 Brackish Yes Center 0.26 0.07 10.3

Edge 0.23 0.07 9.76

517425 Higgins	Farm Freshwater No Center −0.19 0.08 −14.45

517346 Higgins	Farm Freshwater No Center −0.31 0.08 −12.75

*Cotroneo	et	al.	(2016)	previously	reported	δ13C	values	between	−15‰	and	12‰.

TABLE  1  Iron	and	carbon	isotope	data	
from	Mazon	Creek	concretions
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Some	of	these	samples	were	still	essentially	pure	siderite,	and	others	
were	mixed	siderite	and	pyrite	(Table	3).	For	both	the	leaching	and	the	
total	digest	methods,	the	analytical	blanks	were	 less	than	1%	of	the	
sample.

We	also	present	carbon	 isotope	values	of	the	siderite	cement	 in	
the	examined	Mazon	Creek	concretions	to	determine	the	contribution	

of	high	energy,	early	(DIR,	BSR)	and	low	energy,	late	(methanogenesis)	
microbial	metabolisms	 to	 the	 growth	of	 these	 concretions.	 Samples	
were	 taken	 from	 the	 same	 spots	 in	 the	 concretions	 as	 for	 the	 iron	
isotope	analyses.	For	each	sample,	2,000	μg	of	milled	powder	was	di-
gested	with	100%	phosphoric	acid	for	36	hr	at	60°C,	and	the	resulting	
CO2	was	analyzed	for	δ

13C	using	a	Thermo	Delta	IRMS	in	the	Stable	

F IGURE  2 Representative	concretions	from	Mazon	Creek,	showing	exceptionally	preserved	soft	tissue	fossils	of	Acanthotelson stimpsoni. 
All	specimens	are	from	the	Yale	Peabody	Museum	(YPM),	and	all	scale	bars	are	0.5	cm.	(a)	YPM	19922.	(b)	YPM	53782.	(c)	YPM	18935	[Colour	
figure	can	be	viewed	at	wileyonlinelibrary.com]

F IGURE  3 Map	showing	sample	collection	locations	[Colour	figure	can	be	viewed	at	wileyonlinelibrary.com]

Step Add Sonicate (min) Centrifuge (min) Supernatant

N1 4 ml Ammonium acetate 10 5 Discard

N2 5 ml Ammonium acetate 10 5 Discard

S1 4	ml	0.25%	Acetic	acid	(Hac) 10 5 Discard

S2 4	ml	0.25%	Hac 10 5 Discard

S3 4	ml	0.25%	Hac 10 5 Discard

S4 4	ml	0.25%	Hac 10 5 Discard

S5 4	ml	10%	Hac 10 5 Keep,	combine,	
and	analyzeS6 4	ml	10%	Hac 10 5

S7 4	ml	10%	Hac 10 5

For	each	step,	the	materials	listed	in	the	“add”	column	were	first	added,	the	mixture	was	sonicated	for	
the	indicated	time,	centrifuged	for	the	indicated	time,	and	then	the	liquid	was	removed	from	the	top.	
The	“supernatant”	column	indicates	the	procedure	for	the	liquid.	Perform	the	next	step	of	the	process	
on	the	solid	residue.

TABLE  2 Cleaning	and	leaching	steps	
for	iron	isotope	analysis

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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Isotope	Lab	at	Yale	University.	Data	are	reported	with	respect	to	the	
PDB	standard,	using	the	standard	delta	notation.	

3  | RESULTS

Results	of	the	iron	and	carbon	isotope	analyses	are	given	in	Tables	1	
and	3	and	plotted	 in	Figure	4.	The	utilized	extraction	protocol	 (Liu	
et	al.,	 2013)	 ensures	 that	 the	 only	 source	 of	 iron	 in	 the	 leached	
samples	is	the	siderite	cement.	The	analyzed	iron	from	the	leached	
samples	 is	 therefore	not	from	clay	bound	or	pyrite	 iron	present	 in	
some	Mazon	Creek	concretions	 (Cotroneo	et	al.,	2016).	The	δ56Fe 
values	of	the	18	leached	samples	(from	10	concretions)	range	from	

−0.31	to	0.34,	with	only	a	few	samples	deviating	far	from	the	mean	
of	0.15	±	0.04‰	(Figure	4).	The	2σ	values	range	from	0.06	to	0.09.	
There	 are	 no	 significant	 differences	 in	 the	mean	δ56Fe values be-
tween	any	pairs	of	subgroups,	as	determined	by	t	tests	(significant	p- 
values	are	<0.017	based	on	a	Bonferroni	correction	for	multiple	tests;	
Dunn,	 1961):	 fossiliferous	=	0.23‰	 vs.	 non-	fossiliferous	=	0.11‰	
(p	=	.25);	 freshwater	=	0.17‰	 vs.	 brackish	=	0.20‰	 (p = .65); and 
center	=	0.25‰	vs.	 edge	=	0.20‰	 (p	=	.08	 in	 a	 paired	 t	 test).	 The	
concretions	 are	 slightly	 but	 significantly	 (p	<	.0001	 from	 a	 t test 
comparing	 the	mean	 concretion	 δ56Fe	 values	 to	 the	mean	 crustal	
δ56Fe	value	of	0	‰)	enriched	 in	the	heavy	 iron	 isotope	relative	to	
average	values	in	the	crust	but	comparable	to	average	basalt	(Teng,	
Dauphas,	Huang,	&	Marty,	2013).	The	analyzed	pyrite	sample	has	a	
δ56Fe	value	of	−0.5‰.

δ13= ({(13C∕12 C)sample∕(
13C∕13C)PDB}−1)×1,000

TABLE  3 Comparing	the	acetic	acid	leaching	method	(Tables	2,	3)	to	an	HCl	digestion	method.	BHVO-	2	is	a	basalt	USGS	standard

YPM number Locality Assemblage Fossil δ56Fe 2σ Method

BHVO-	2 NA NA NA 0.15 0.12 Total	digest

FeCl	standard NA NA NA −0.73 0.07 Total	digest

583034 Kodat	Farm Freshwater No 0.16 0.12 Total	digest	(may	contain	traces	of	pyrite)

583127 Coopers	Pit Freshwater No 0.15 0.12 Leach

583187 Kost	Farm Brackish No 0.26 0.12 Leach

0.10 0.12 Leach	(may	contain	traces	of	pyrite)

583158 Kost	Farm Brackish No 0.08 0.12 Total	digest	(may	contain	traces	of	pyrite)

0.14 0.12 Leach	(may	contain	traces	of	pyrite)

F IGURE  4  Iron	and	carbon	isotope	
values	for	Mazon	Creek	concretions.	The	
top	graph	shows	the	iron	isotope	values:	
The	light	gray	area	in	the	top	graph	shows	
the	typical	range	of	iron	isotope	values	in	
the	crust,	−0.1–0.1‰	(Busigny	et	al.,	2014;	
Johnson	et	al.,	2008),	and	vertical	lines	
represent	2σ	error	bars.	The	bottom	graph	
shows	the	carbon	isotopes,	and	the	shaded	
gray	areas	indicate	the	values	expected	for	
growth	in	the	different	zones	of	microbial	
activity	[Colour	figure	can	be	viewed	at	
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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The	leaching	method	and	the	total	digestion	method	result	in	sim-
ilar δ56Fe	values	when	the	sample	is	primarily	siderite.	When	the	sam-
ple	 includes	some	pyrite,	the	δ56Fe	values	are	slightly	 lower,	ranging	
from	0.08‰	to	0.16‰	with	a	mean	of	0.11‰.	These	values	are	much	
closer	to	typical	crustal	values,	and	the	mean	falls	within	the	typical	
range	of	crustal	values	of	−0.1	to	0.1‰.

The	 δ13C	 values	 of	 the	 15	 analyzed	 samples	 (from	 eight	 con-
cretions)	 range	 from	−14.45‰	 to	 10.30‰,	with	 a	mean	 of	 4.12‰	
(Table	1).	These	values	fall	within	the	range	of	carbon	isotope	compo-
sitions	 found	 in	Cotroneo	et	al.	 (2016),	which	 included	an	extensive	
analysis	of	Mazon	Creek	concretions:	from	−15‰	to	+12‰.	There	are	
significant	differences	in	mean	carbon	isotope	composition	between	
some	pairs	of	subgroups,	as	determined	by	t	tests	(significant	p - values 
are	<0.017	based	on	a	Bonferroni	correction	for	multiple	tests	(Dunn,	
1961)):	 fossiliferous	=	9.77‰	vs.	non-	fossiliferous	=	2.38‰	(not	sig-
nificantly	 different	 with	 p	=	0.07);	 freshwater	=	−0.43‰	 vs.	 brack-
ish	=	8.17‰	(significantly	different	with	p	=	0.01);	and	center	=	6.65‰	
vs.	edge	=	6.29‰	(not	significantly	different	with	p	=	0.12	in	a	paired	
t	test).	However,	these	differences	are	not	reflected	in	the	iron	isotope	
values	and	are	therefore	not	relevant	to	the	main	conclusions	of	this	
article.

4  | DISCUSSION

The	concretions	at	the	Mazon	Creek	site	are	the	result	of	abundant	
porewater	ferrous	iron	that,	considering	the	overlying	oxic	water	col-
umn,	must	be	the	result	of	reduction	in	ferric	reactive	iron	phases	(i.e.,	
DIR).	Most	of	the	concretions	have	δ56Fe values close to crustal values 
(Table	1,	Figure	4),	indicating	a	limited	effective	isotope	fractionation	
during	DIR.	The	 lack	of	 fractionation	 is	 likely	 linked	 to	 capture	of	 a	
iron	signal	from	near	quantitative	reduction	in	ferric	oxides	with	near	
crustal	values	(e.g.,	Busigny	et	al.,	2014).	Near	quantitative	iron	reduc-
tion	is	consistent	with	both	the	lack	of	iron	oxides	in	the	Mazon	Creek	
concretions	(Fernandes,	2012)	and	with	positive	carbon	isotope	com-
positions	 (Figure	4,	Table	1),	which	 indicates	 that	 concretion	growth	
continued	into	the	zone	of	methanogenesis.	The	lack	of	clear	evidence	
for	 expression	of	 the	 siderite	 precipitation	 fractionation	 factor	 (e.g.,	
Wiesli,	Beard,	&	Johnson,	2004)	may,	similarly,	be	tied	to	nearly	quan-
titative	 capture	 of	 the	 reactive	 iron	 delivered	 to	 the	 sediment	 pile.	
Stated	in	other	terms,	there	is	iron	isotope	evidence	for	near	quantita-
tive	transfer	of	iron	oxides	to	siderite	underneath	a	well-	oxygenated	
water	column	at	Mazon	Creek	sites:	The	 lack	of	fractionation	 in	the	
concretions	requires	that	all	dissolved	iron	is	oxidized,	and	all	oxidized	
iron	is	reduced.	However,	concretions	with	strongly	negative	carbon	
isotope	values	 (that	did	not	 form	 in	 the	methanic	 zone)	also	do	not	
show	strongly	depleted	δ56Fe values.

The	concretions	are	discrete	structures	and	therefore	only	repre-
sent	the	local	transfer	from	iron	oxides	to	siderite,	which	appear	to	be	
essentially	quantitative	across	most	of	the	sites.	The	slightly	positive	
δ56Fe	of	the	Mazon	Creek	concretionary	siderite,	relative	to	the	bulk	
crust,	could	be	linked	to	a	heavy	source	value	(iron	from	a	local	 iron	
reservoir	 that	 is	enriched	 relative	 to	average	crustal	values;	Busigny	

et	al.,	2014),	minimal	loss	of	light	iron	into	the	overlying	water	column	
(Severmann,	Lyons,	Anbar,	Mcmanus,	&	Gordon,	2008),	or	 light	 iron	
isotopes	concentrated	 into	pyrite.	The	negative	δ56Fe	of	 the	Mazon	
Creek	pyrite	fraction	of	a	concretionary	sample	and	the	similarity	to	
crustal δ56Fe	of	the	mixed	pyrite/siderite	total	concretionary	samples	
(Table	3)	support	the	third	possibility:	that	light	iron	is	concentrated	in	
pyrite.	A	negative	fractionation	during	sulfide	formation	is	possible	in	
iron-	rich	environments	(e.g.,	Guilbaud	et	al.,	2011).

The	process	of	concretion	growth	at	Mazon	Creek,	based	on	the	
mineral	and	 isotopic	composition	of	 the	concretions	and	the	excep-
tional	preservation	of	the	fossils,	 involves	four	steps	 (Figure	5).	First	
is	 rapid	 burial	 of	 a	 carcass,	which	 limits	 aerobic	 decay.	This	 is	 sup-
ported	 by	 sedimentological	 evidence	 at	 Mazon	 Creek	 indicating	 a	
regime	of	 rapid,	episodic	 sedimentation	 (Baird,	1979;	Baird,	Shabica	
et	al.,	1985;	Baird,	Sroka	et	al.,	1985;	Baird	et	al.,	1986;	Kuecher	et	al.,	
1990;	Schellenberg,	2002),	and	by	the	exceptional	fossil	preservation,	
which	typically	requires	rapid	burial	(Briggs,	2003).	This	style	of	sed-
imentation would likely result in non- steady state diagenetic condi-
tions,	which	could	favor	sediment	geochemical	or	isotopic	variability.	
Second,	 quantitative	DIR	 occurs,	 reducing	 all	 the	 available	 Fe(III)	 to	
Fe(II),	 resulting	 in	 siderite	 precipitation	with	 δ56Fe values similar to 
crustal	values	(Table	1,	Figure	4),	rather	than	the	typical	negative	δ56Fe 
values	associated	with	partial	DIR	(Crosby,	Roden,	Johnson,	&	Beard,	
2007;	 Dauphas	 &	 Rouxel,	 2006;	 Johnson	 &	 Beard,	 2006;	 Johnson	
et	al.,	2008,	2013;	Percak-	Dennett,	Roden,	Beard,	&	Johnson,	2011)	
and negative δ13C	 values	 (Cotroneo	 et	al.,	 2016;	 Mozley	 &	 Burns,	
1993).	Some	concretions—with	 the	most	negative	δ13C	values—may	
have	stopped	growing	within	the	zone	of	DIR,	consistent	with	slightly	
negative δ56Fe	values.	Third,	after	the	Fe(III)	is	exhausted,	BSR	occurs,	
resulting	in	pyrite	precipitation	until	all	available	sulfate	is	exhausted	
with	 little	 sulfur	 isotope	 fractionation	 (Cotroneo	et	al.,	2016).	Pyrite	
precipitation	would	 have	 had	 a	 minimal	 effect	 on	 the	 iron	 isotope	
composition	of	the	siderite	because	there	is	little	pyrite	compared	to	
siderite.	However,	BSR	 likely	also	occurred	simultaneously	with	DIR	
in	more	organic-	rich	parts	of	the	sediment	pile	(e.g.,	soft	parts	of	pre-
served	metazoans).	Any	 siderite	 precipitated	during	 this	 step	would	
also	have	negative	δ13C	values	(Cotroneo	et	al.,	2016;	Mozley	&	Burns,	
1993).	The	 fourth	 stage	of	growth	 is	 siderite	precipitation	 (after	 re-
duction	in	all	sulfate	and	Fe(III))	in	the	zone	of	methanogenesis,	which	
results	in	positive	δ13C	values	(Cotroneo	et	al.,	2016;	Mozley	&	Burns,	
1993).	 Mazon	 Creek	 concretions	 are	 thought	 to	 have	 developed	
through	diffusive	growth	rather	than	in	macroscopic	concentric	layers	
(McCoy,	2014),	which	is	further	supported	by	the	lack	of	variation	in	
the	iron	isotope	compositions	throughout	each	individual	concretion.	
For	this	reason,	we	were	also	unable	to	directly	measure	the	iron	iso-
tope	composition	of	the	siderite	at	different	growth	phases.	However,	
the	 light	pyrite	δ56Fe	value	 (relative	 to	 the	δ56Fe	values	of	 the	bulk	
concretion	samples)	may	suggest	that	the	δ56Fe	values	of	the	siderite	
also	varied	throughout	concretion	growth.

These	results	have	implications	for	interpreting	the	variable,	nega-
tive δ56Fe	values	in	the	Archean.	The	Mazon	Creek	siderite	concretions	
have	very	little	variability	in	their	iron	isotope	compositions	(Figure	4).	
This	contradicts	the	predictions	of	the	benthic	DIR	hypothesis	(2)	that	
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F IGURE  5 Diagram	illustrating	the	four	stages	of	
growth	of	a	Mazon	Creek	concretion.	(a)	A	carcass	(a	
worm)	is	buried	and	decays	aerobically	for	a	short	time.	(b)	
The	worm	is	buried	further,	and	quantitative	DIR	occurs,	
resulting	in	the	precipitation	of	a	siderite	concretion.	
(c)	The	worm	and	concretion	are	buried	further,	and	
quantitative	MSR	occurs,	resulting	in	some	pyrite	and	
siderite	precipitation	in	the	concretion.	Some	concretions	
stop	growing	here,	and	some	continue	to	step	4.	(d)	
The	concretion	is	buried	further,	and	more	siderite	is	
precipitated	in	the	zone	of	methanogenesis	[Colour	figure	
can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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a	microbially	heterogeneous	site	with	minimal	BSR	and	extensive	DIR	
would	have	variable	sediment	δ56Fe	values	(e.g.,	Johnson	et	al.,	2008).	
Specifically,	 following	 the	proposed	sequence	of	 concretion	precipi-
tation,	the	pyrite	and	siderite	with	negative	carbonate	isotope	values	
precipitated	early	during	concretion	growth	and	 likely	 formed	when	
there	was	non-	quantitative,	extensive	DIR.	Importantly,	these	concre-
tions	do	not	have	the	extremely	light	iron	values	seen	in	the	Archean.	
Moreover,	quantitative	ferric	iron	reduction	within	the	sediment	pile	
would	have	also	occurred	in	Archean	sulfidic	black	shales,	which	are	
characterized	by	highly	variable	δ56Fe	values.	Conversely,	our	results	
match	 the	 prediction	 of	 redox	 hypothesis	 (i),	where	DIR	within	 the	
sediment	pile	with	extensive	water	column	iron	cycling	is	unlikely	to	
result	in	large	extents	of	iron	isotope	variability.	Our	results	are	consis-
tent	with	findings	from	an	anoxic	and	iron-	rich	lake	with	siderite	and	
pyrite-	rich	sediments,	where	benthic	iron	cycling	played	a	limited	role	
in	 driving	 sedimentary	 iron	 isotope	variability	 (Busigny	 et	al.,	 2014).	
Therefore,	data	from	Mazon	Creek	bolster	the	case	that	partial	water	
column	iron	oxidation	and	thus	marine	redox	evolution	is	a	more	likely	
driver	than	benthic	microbial	iron	cycling	of	highly	variable	and	nega-
tive δ56Fe	values	in	the	Archean.	However,	these	conclusions	may	not	
apply	to	sediments	rich	 in	ferric	 iron	phases,	where	partial	sediment	
pile	 iron	 reduction	was	 possible	 (see	 Johnson	 et	al.,	 2008;	 Li	 et	al.,	
2015).

These	 results	 also	 have	 implications	 for	 understanding	 why	
Mazon	Creek	has	exceptionally	preserved	soft	tissue	fossils	(Figure	1).	
Inhibited	 decay,	 for	 example	 due	 to	 oxidant	 limitations	 (Gaines,	
Kennedy,	&	Droser,	2005;	McCoy,	Young,	&	Briggs,	2015a,b),	gener-
ally	promotes	soft	tissue	preservation	(Briggs,	2003).	At	Mazon	Creek,	
isotope	values	indicate	severe	oxidant	limitation:	oxygen	is	limited	by	
rapid	 burial;	 and	 sulfate	 and	 Fe(III)	 are	 both	 quantitatively	 reduced	
during	concretion	growth,	indicating	they	were	also	limited	relative	to	
the	labile	organic	supply.

5  | CONCLUSIONS

The	siderite	concretions	at	the	Mazon	Creek	fossil	site	were	precipi-
tated	in	an	environment	with	an	oxygenated	water	column,	extensive	
DIR,	and	minimal	BSR.	The	iron	isotope	compositions	at	the	site	are	
close	to	crustal	values	and	show	little	variability	relative	to	that	seen	
in	 the	Archean.	This	 supports	 the	hypothesis	 that	 sedimentary	 iron	
isotope	values	at	 this	 site,	 and	 in	 siderite	and	pyrite-	rich	 sediments	
through	geologic	time,	are	more	strongly	controlled	by	variations	 in	
water	column	 iron	cycling	than	by	changes	 in	 the	extent	of	benthic	
DIR	and	benthic	iron	cycling.
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