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We conducted a geochemical and petrographic study of the 1.89billion year old Gunflint and Biwabik iron
formations, with the goal of determining the importance of microbial iron-oxidation in the formation of iron-
and microfossil-rich stromatolites. We used redox-sensitive tracers, such as iron isotopes and rare earth
elements, to decipher whether these ancient microbial ecosystems harbored cyanobacteria or Fe-oxidizing
bacteria as primary producers. Iron-rich stromatolites contain non-significant or positive Ce anomalies,
which contrast with shallow water deposits having negative Ce anomalies. This trend in Ce anomalies
indicates that the stromatolites formed in low oxygen conditions, which is the ideal setting for the
proliferation of Fe-oxidizing bacterial ecosystems. The stromatolites yield a large range of 6°°Fe values, from
—0.66 to +0.82%., but contain predominantly positive values indicating the prevalence of partial Fe-
oxidation. Based on modern analogues, Fe-oxides precipitated in cyanobacterial mats are expected to record
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Fe-isotopes an isotopic signature of quantitative oxidation, which in marine settings will yield negative 6°°Fe values. The
rare earth EIe”?e"tS stromatolite iron isotope data, therefore, provide evidence for the presence of Fe-oxidizing bacteria. The
Paleoproterozoic

stromatolites can be traced for a distance of over 100 km in these iron formations, indicating that they record
a pervasive rather than localized ecosystem. Their preservation in late Paleoproterozoic successions
deposited along the margins of the Superior craton suggests that there was a global expansion of iron-
oxidizing bacterial communities at shallow-water redox boundaries in late Paleoproterozoic oceans.

© 2009 Published by Elsevier B.V.

stromatolites

1. Introduction

The first detailed descriptions of Precambrian microfossils (Awramik
and Barghoorn, 1977; Barghoorn and Tyler, 1965; Cloud, 1965; Strother
and Tobin, 1987) established the paradigm that oxygenic photosynthe-
sizers were the dominant primary producers in early Precambrian
ecosystems. However, widespread anoxia in the early Precambrian likely
allowed the global expansion of chemolithotrophic microbial commu-
nities that are now restricted to locally reducing marine environments
(Canfield et al., 2006; Kappler et al., 2005; Konhauser et al., 2002). A
reducing or weakly oxidizing atmosphere, widespread anoxia, and a
small oceanic sulfur reservoir throughout most of Archean and early
Paleoproterozoic time, likely allowed H, and Fe? ", present in nanomolar
concentrations in modern oceans, to attain high enough concentrations
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to sustain microbial ecosystems in marine settings. Iron oxidizing
bacteria have been proposed to be important primary producers in early
Precambrian oceans for almost 100 years (Harder 1919), and this idea
has been further elaborated upon in a series of recent studies (Johnson
et al.,, 2008; Kappler et al., 2005; Konhauser et al., 2002; Widdel et al.,
1993). However, there is still little empirical evidence supporting the
presence of this type of ecosystem.

Here, we present a geochemical study of Paleoproterozoic
microbial ecosystems captured by stromatolites in the ca. 1.9 Ga
Animikie basin iron formations. Our goal is to estimate the
importance of microbial Fe-oxidation as a means of primary carbon
fixation in shallow shelf environments. The Animikie basin in the
Lake Superior region contains a well-preserved and depositionally
diverse iron-rich sedimentary sequence (Fig. 1), long recognized for
providing a wealth of information about early ecosystems. Micro-
fossils from the ~1.9 Ga Gunflint Iron Formation in the Animikie
basin were the first discovered indisputable evidence for life on the
early Earth and are generally regarded as a benchmark with which to
compare other traces of early life (Awramik and Barghoorn, 1977;
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Fig.1. (A) Location of the outcrops, drill cores, and open-pit iron mines within the Gunflint and Biwabik iron formations that were sampled for this study. The extent of the iron ranges
is outlined in grey. (B) Generalized stratigraphy of the iron formations with divisions for the Biwabik Iron Formation; stromatolite horizons are marked by the grey pattern.
Stromatolite horizons range in thickness from 1 to 8m. (C) Stratigraphic range and depositional environment of studied outcrop and drill core sections. Information on the
depositional facies model and correlations within the Animikie basin are found in Ojakangas et al. (2001). Locality information is listed in Appendix A.

Barghoorn and Tyler, 1965; Cloud, 1965; Knoll, 2003). Despite
extensive study of the Gunflint microfossils, interpretations of the
basic ecosystem structure in the Gunflint and correlative iron
formations of the Animikie basin are still disputed. Notably, there
are disparate interpretations on the presence or importance of Fe-
oxidizing bacteria (e.g. Awramik and Barghoorn, 1977; Barghoorn
and Tyler, 1965; Cloud, 1965; Knoll, 2003; Knoll and Simonson, 1981;
Strother and Tobin, 1987). Previous reconstructions of ecosystem
structure in the Animikie basin iron formations are based largely on
microfossil morphologies, and the difference in interpretations
undoubtedly stems from the difficulty in linking simple microfossils
with a specific metabolism based on morphology alone. In this paper
we focus on the stromatolitic facies of the Animikie basin iron
formations and use redox-sensitive proxies, such as iron isotopes and
rare earth elements (REEs), to decipher ecosystem structure and
paleoenvironmental conditions at ca. 1.9 Ga.

2. Geologic background
2.1. Geological setting of the Animikie basin iron formations

The Paleoproterozoic Animikie basin is located in the Lake Superior
region of Canada and the USA and contains several geographically
separate but coeval thick, iron-formation-bearing sedimentary suc-
cessions. The basin extends northeastward from the Mesabi Range
(containing the Biwabik Iron Formation) in north-central Minnesota
to the Gunflint Range in Ontario (Fig. 1). The Gogebic Iron Range in
north-central Wisconsin and the Upper Peninsula of Michigan lies
along the eastern extension of the basin (Ojakangas et al., 2001). The
age of Animikie iron formations is well constrained by U-Pb zircon
ages of associated volcanic and volcaniclastic beds at 1874 +9 Ma
(southeastern most extension in Michigan; Schneider et al., 2002) and
1878 4 1.3 Ma (Gunflint Formation; Fralick et al., 2002).

The tectonic model for the Animikie Basin has been debated for
many years (Pufahl and Fralick, 2004). Hoffman (1987) proposed the
foreland basin model and postulated that it formed in response to
crustal loading during the Penokean orogeny. This model has since
been expanded upon and modified by Morey and Southwick (1993)
and Ojakangas et al. (2001). More recently, a combined approach
using geochronology, petrology of synorogenic intrusions, and
sedimentology has revitalized the notion that the iron-formations

formed in extensional basins north of the subduction zone in the
earliest stages of the Penokean orogeny (Fralick et al., 2002; Schulz
and Cannon, 2007).

Despite disagreements about the overall tectonic setting, the
sedimentary packages in the Gunflint and Mesabi Iron Ranges are time
correlative based on sequence stratigraphy and geochronology
(Fralick et al., 2002; Ojakangas et al., 2001; Schneider et al., 2002;
Schulz and Cannon, 2007). Previous studies recognized that the
stratigraphy in the Mesabi Iron Range is best explained by two
transgressive-regressive cycles (Ojakangas, 1983; Ojakangas et al.,
2001). Lithotypes in the Animikie basin vary along a bathymetric
gradient (Ojakangas et al., 2001) from nearshore tidal deposits of
sandstone and chert grainstone to deeper-water iron-rich grainstone
(cherty/granular iron formations) and thinly-bedded chemical mud-
stone (slaty/banded iron formations). There are also two extensive
units with stromatolites and oncoids associated with grainstones and
ferruginous chert (Fig. 1).

Our study focused on extensive and well-preserved successions in
the Gunflint and Biwabik Iron Formations (Fig. 1). Samples for
geochemical analyses came from drill core, outcrops, and exposures in
open pit iron mines (Fig. 1). Regional metamorphic conditions range
from prehnite to pumpellyite to lower greenschist facies of meta-
morphism (French, 1973). The highly metamorphosed sections of the
Biwabik iron formation were avoided. Sample and locality information
are provided in Table 1 and Appendix A.

2.2. Stromatolites and microfossils in the Animikie basin iron formations

The stromatolites in the Gunflint and Biwabik Iron Formations
have variable chemical compositions and morphologies. Stromatolite
morphology varies from small columns (~1cm in diameter) with rare
branching to large hemispheroids up to 1m in diameter (Hofmann,
1969). Petrographic evidence suggests that silica in the siliceous
columnar stromatolites was precipitated from seawater (Cloud, 1965;
Gross, 1972; Maliva et al., 2005). There are calcitic stromatolites in the
Gunflint Iron Formation (Fralick, 1989; Sommers et al., 2000) that
appear to have formed in shallow, high-energy setting. The carbonate
stromatolites are found at a paleoexposure surface, and it is
unresolved whether the calcite is derived from meteoric replacement
of a siliceous or siderite matrix, or recrystallization of marine
precipitates (Fralick, 1989; Sommers et al., 2000). Some siliceous



Table 1

Sample description and geochemical compositions of samples from the Animikie basin iron formations.

Sample name Facies Si0,  Al,03; Fe,05(T) MnO MgO Ca0 Cean Pran. Euan. # &°e 1s &’Fe 1s Mineralogy Sample Description

and locality  type (wt.%) (wt%) (wt%) (wt%) (wt%) (wt%) S.N S.N SN

AG6 Dirill Core, MN

A6-1344' SIF 1722 112 49.77 411 3.02 2.46 0.77 1.01 1.64 2 0.51 0.08 0.74 0.16 Magnetite, Ankerite, Siderite, Chert Finely-laminated iron formation

Cliffs Erie Mine

2WX-3 HRS 0.03 1.89 0.07 0.16 0.01 074 106 112 8 0.04 0.09 0.06 0.13 Chert, Hematite, minor Magnetite, Siderite, Ankerite Flat laminated stromatolite

2WX-4 HRS 0.03 8.39 0.57 0.68 112 114 084 130 Chert, Magnetite, Hematite Small hemispheroidal stromatolite

2WX-5 HRS 9190 0.05 6.75 0.17 0.05 0.08 1.04 089 148 6 045 0.03 0.67 0.05 Chert, Hematite Small hemispheroidal stromatolite

AB-3 HRS 91.80 0.08 5.82 0.49 0.03 0.05 068 102 179 2 —0.02 0.04 —0.06 0.06 Chert, Hematite Small columnar stromatolite

AB5 HRS 87.55 0.08 11.61 0.02 0.04 0.07 096 094 147 2 041 0.05 0.61 0.07 Chert, Hematite, Magnetite Small hemispheroidal stromatolite

AB5-2 HRS 0.08 8.12 0.02 0.04 0.06 1.08 087 143 4 0.35 0.00 0.56 0.01 Chert, Hematite, Magnetite Small hemispheroidal stromatolite

AB-9 CIF 49.18 0.86 38.74 0.03 240 440 076 103 115 2 0.80 0.07 115 0.10 Chert, Hematite, Siderite, Ankerite Laminated iron formation

AB-17 HRS 0.09 8.47 0.02 0.04 0.06 110 0.89 141 4 045 0.02 0.63 0.05 Chert, Hematite Small columnar stromatolite

AB-21 HRS nd nd nd nd nd 070 106 163 Chert, Hematite Small columnar stromatolite

LA-LS-1 SIF 34.01 0.65 41.40 1.01 3.55 0.48 1.03 089 157 2 0.49 0.08 0.67 0.11 Chert, Ankerite, Siderite, Hematite, Magnetite, Laminated iron formation

Stilpnomelane, minor Pyrite

Devils Icebox Mine

AB11 SIF 0.27 39.05 0.08 0.05 0.08 094 096 143 4 0.38 0.06 0.56 0.09 Chert, Hematite, Magnetite, Finely-laminated iron formation

DI3 SIF 0.36 37.00 0.08 0.13 0.04 093 093 142 Chert, Hematite, Magnetite, Finely-laminated iron formation

Empire Mine

AB4 SIF 0.72 49.43 0.27 0.57 0.52 0.81 099 146 3 0.62 0.14 0.94 0.18 Magnetite, Hematite, detrital Quartz, Chert Finely-laminated iron formation with
Grypania fossils

Eveleth Mine

DE-ONC-1 MnRM 68.76 0.09 15.15 530 0.60 112 0.53 123 149 Chert, Hematite, Magnetite, Pyrolusite, Siderite Several >3 cm in diameter spheroidal
oncoids

DE-ONC-2 MnRM 0.12 9.75 320 025 034 044 128 164 Chert, Hematite, Magnetite, Pyrolusite 5 cm in diameter elongated oncoid

DES-1 HRS 0.03 3.77 0.03 0.51 0.06 091 1.02 140 4 0.07 0.02 0.14 0.03 Chert, Hematite, minor Magnetite Small columnar stromatolite

DES-2 HRS 0.03 1.67 0.02 0.04 0.03 082 099 141 Chert, Hematite Small columnar stromatolite

DES-3 HRS 0.11 6.87 036 024 017 098 095 122 Chert, Hematite, minor Magnetite Small columnar stromatolite

EM-Mn-1 MnRM 65.69 0.09 14.83 223 13.05 0.17 053 114 143 3 —0.29 0.01 —0.44 0.05 Chert, Magnetite, Hematite, Pyrolusite 6 cm long ovoid oncolite

GF-3 Drill Core

DH3-27 CIF 0.23 29.32 0.41 0.41 1600 119 088 178 3 064 0.05 101 0.06 Magnetite, Hematite, Dolomite, Siderite, Ankerite, Chert  Alternating Fe oxide-rich and
carbonate-rich bands

DH3-42 SIF 1125 2595 0.03 286 0.23 1.07 098 143 Hematite, Magnetite, Chert, Siliciclastics Finely-laminated iron formation

DH3-43 SIF 7.93 3113 0.03 269  0.66 111 094 136 Hematite, Chert Finely-laminated iron formation

Kakabeka Falls

AB-KF-1 SIF 025  36.51 1.98 3.97 1043 080 102 138 2 0.67 0.08 096 0.2 Chert, Siderite, Ankerite, Magnetite, Greenalite Finely-laminated iron formation

GF-IF-1 HRS 032 1.62 0.03 0.16 0.34 114 086 172 2 0.62 0.01 0.86 0.01 Chert, Hematite, minor Carbonate phase Conical columnar stromatolite

GF-IF-10

GF-KF-2 MRS 0.31 3.53 0.08 024 0.10 090 105 133 6 0.65 0.06 096 0.10 Chert, Hematite Conical columnar stromatolite

GFM-12 MRS 032 221 0.16 0.15 0.98 117 090 174 6 0.52 0.04 075 0.05 Chert, Hematite Columnar stromatolite

(434
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LWD-99-2 Drill Core

317-4
317-6
317-8
317-10
317-12
317-13

CIF

CIF

CIF 9.11
CIF 11.41
MnRM 47.84

LWD-99-2 Drill Core

317-19
317-20
317-22
317-26

Mink Mountain

MM-1
MM2
MM2(A)
MM3
MM4

Norway, MI

Curry1
Curry2

Schreiber Beach

GFM-1
GFM-2-Si

GFM-3
GFM-5
GFM5-2
GFM-7

GFM8-2
GFM-11
GFM14

CIF
CIF
SIF
SIF

HRS
HRS
HRS
HRS
HRS

CIF 0.31
CIF 38.42

MRS  94.28
MRS

MRS
MRS
MRS
MRS

MRS  0.10
MRS  94.71
MRS  0.04

0.30
0.00
1.04
119
1.65
0.10

0.00
0.10
0.07
1.08

0.04
0.03
0.20
0.04
0.01

29.18
0.67

0.33
0.08

313
0.20
0.54
99.15

0.54
0.06
0.38

8.60
0.79
40.70
79.44
74.03
20.17

0.48
3.04
2748
39.39

312
117
11.44
1.54
0.21

0.00
5958

117
0.22

6.04
133
1.80
0.12

0.05
1.90
0.03

0.13
0.01
245
0.99
1.08
10.07

0.01
0.39
1.68
223

0.24
0.02
0.14
0.02
0.00

0.34
0.00

0.02
0.05

0.03
0.03
0.03
0.23

0.05
0.08
0.01

0.76
0.01
4.54
1.65
236
2.29

0.00
0.21
3.25
4.09

0.09
0.02
0.23
0.01
0.00

0.03
0.53

0.04
0.03

1.25
0.02
0.16
0.00

0.13
0.05
0.02

0.27
143
8.06
0.80
1.69
3.48

0.00
0.17
2.71
7.05

0.02
0.02
0.05
0.01
0.00

0.88
0.03

119
0.07

0.98
133
0.93
0.01

0.99
0.06
0.83

0.81
117
113
1.24

0.85
0.87
0.82
116

0.85
1.26
1.26
110
1.28

0.96
0.82

0.89
0.91

116
0.82
0.85
0.16

0.96
0.75
1.02

1.21

0.90
0.88
0.87

1.00
1.02
0.98
0.90

0.94
0.81
0.81
0.87
0.80

1.34
1.01

0.99
0.96

0.93
1.03
1.01
1.03

2.25
1.03
1.86

139
1.39
1.56

124
1.37
2.46
13

1.78
142
140
1.53
1.37

134

214
1.83

2.06
2.15
2.21
0.94

NN SN

0.40

N D

NW WA

57

0.52
3
0.82

—0.29

0.15
0.54
—0.35
—0.66

—0.22
0.07

0.05
0.40

0.67
0.37

0.22
0.70
0.49

0.01
0.53
0.04

0.12

0.04
0.11

0.03
0.09

0.07

0.09
0.02

0.57
0.05

0.02
0.02

0.03
0.03
0.02

0.82
0.02
123

—0.35

0.25
0.82
—0.54
—0.93

115

—0.34
0.16

0.07
0.63

0.99
0.52

0.36
1.03
0.72

0.03
0.80
0.04

0.18
1.21
0.04
0.08
0.04
0.09

0.10

0.06
0.07

0.09
0.02
0.00
0.05

0.05
0.02

0.04

Chert, Siderite

Chert, minor Siderite or Greenalite
Chert, Siderite, Ankerite

Magnetite, Hematite, Chert

Siderite, Ankerite, Chert

Chert, Hematite, Pyrolusite, Ankerite

Chert, Magnetite
Chert, Magnetite, Siderite, minor Pyrite
Chert, Magnetite, Siderite, Ankerite

Chert, Hematite, minor Greenalite and Pyrite

Chert, Hematite, minor Siderite
Chert, Hematite

Chert, Hematite

Chert, Hematite, Magnetite
Chert, Hematite

Chert, Magnetite
Magnetite, Chert

Chert, Hematite
Chert, minor Hematite

Chert, Hematite, minor Carbonate phase
Chert, Hematite, minor Carbonate phase
Chert, Hematite
Chert, Hematite

Chert, Hematite
Chert, Hematite
Chert, minor Hematite

Clast-free section of granular chert
Granular chert

Clast-free section of granular chert
Clast-free section of thinly bedded chert
Clast-free section of granular chert
Columnar stromatolite accreting from
oncoids and rounded clasts

Granular chert
Thinly-bedded chert
Bedded chert
Bedded chert

Small columnar stromatolite
Flat-laminated stromatolite
Oncoids-associated with MM2
Small columnar stromatolite
Small columnar stromatolite

Massive coarse-grained iron formation
Massive coarse-grained iron formation

Columnar stromatolite
Iron-poor chert from columnar
stromatolites

Columnar stromatolite
Flat-laminated stromatolite
Columnar stromatolite
Iron-poor chert from columnar
stromatolites

Columnar stromatolite
Flat-laminated stromatolite
Iron-poor chert from columnar
stromatolites

Facies types are: CIF — cherty iron formation, HRS — hematite-rich stromatolite, MRS microfossil-rich stromatolite, MnRM — Mn-rich microbialite, SIF — slaty iron formation. Ce-Pr-Eu anomalies are shown relative to post-Archean Australian

shale (PAAS). The number symbol indicates duplicate analysis for iron isotope composition.
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Fig. 2. Stromatolite microstructure. (A) Microstructure of the microfossil-rich stromatolites, which have microbial filaments associated with iron oxides. (B) Microstructure of the
hematite-rich stromatolites, where laminae are defined by varying amounts of iron oxides. Photos are in plane-polarized light. Scale bar is 50 pm.

stromatolites in the Gunflint Iron Formation contain cubic pyrite and
are often organic-rich and lack iron oxides. These and the carbonate
stromatolites were not investigated in this study.

Iron-bearing siliceous columnar and flat-laminated stromatolites
are found in two laterally correlative units in both the Gunflint and
Biwabik Iron Formations. The stromatolites are associated with thinly
laminated and granular iron-formations and occasionally with
hummocky cross-stratified grainstones, suggesting subtidal deposi-
tion above the storm wave base. There is a gradation from laminae
composed of microfossils, diffuse organic matter, and iron oxides
(Fig. 2A) to colloidal or densely-packed iron-rich laminations with low
organic carbon content (Fig. 2B). Presence of this gradation on a small
scale likely reflects control of original composition (e.g. relative levels
of Fe- and Si-enrichments) on early diagenetic alteration and
taphonomy. Horizons with extensive early silica precipitation would
have had a better potential to preserve microfossils and protect iron
oxides from later remineralization and recrystallization. Despite the
presence of a continuum in microstructures and stromatolite
morphologies, we distinguish between the microfossil-rich stroma-
tolites and those with more distinct laminae defined by bands of iron
oxides. The stromatolites that generally lack microfossils are herein
referred to as hematite-rich stromatolites, based on their main
primary non-siliceous mineralogical component.

The most abundant microfossil, Gunflintia, is characterized by
randomly oriented filaments commonly coated by iron oxides. These
features are characteristic of the modern iron bacterium Leptothrix
(Knoll and Simonson, 1981; Strother and Tobin, 1987). Although some
of the Gunflint biota appear to be planktonic, including coccoidal
forms, the dense intertwined filaments of Gunflintia appear to
represent a preserved benthic microbial ecosystem (Hofmann, 1969;
Strother and Tobin, 1987). Gunflintia filaments are found coating high
convexity surfaces and preferentially occur in stromatolites, which
provides strong evidence for a benthic lifestyle. There are rare spiral
filaments that have a striking resemblance to the modern iron
bacterium Gallionella or Mariprofundus (Cloud, 1965) and non-septate
filaments with endospores that are similar to the iron bacterium
Crenothrix (Barghoorn and Tyler, 1965). Columnar microfossiliferous
stromatolites also contain abundant small straight and curved rods
and coccoids with iron oxide-rich cell walls (Tazaki et al., 1992) that

are similar to cultured aerobic iron-oxidizers (Emerson and Moyer,
1997). These features are consistent with the Gunflint biota being
microaerophilic lithotrophs, but it is difficult to link simple micro-
fossils with a specific metabolism based on morphology alone
(Awramik and Barghoorn, 1977; Cloud, 1965). These microfossil
morphologies have also been interpreted as cyanobacterial (Awramik
and Barghoorn, 1977; Barghoorn and Tyler, 1965) and are found in
ancient Fe-poor environments (e.g. Amard and Bertrand Sarfati, 1997).
It is more than likely that Gunflintia and similarly featureless
filamentous microfossils combine phylogenetically and ecologically
disparate organisms. Geochemical proxies linked with paleontological
observations are, therefore, needed to decipher the type of microbial
metabolisms present in these ancient ecosystems.

3. Material and methods
3.1. Analytical methods

Clean rocks were crushed between two plexiglass discs inside a
Teflon bag using a hydraulic press. One to five grams of rock chips from
each sample without signs of secondary veins or surface weathering
were selected for analyses and cleaned through several rinses with
deionized water during ultrasonication. The cleaned material was
powdered in an agate shatter-box and dissolved in HNO;-HCI-HF acid
mixture. Fe was purified on Bio-Rad AG1X8 anion resin and iron
isotope ratios were determined with a Thermo Scientific Neptune
multicollector inductively coupled plasma mass-spectrometer (MC-
ICP-MS) following previously published methods (Rouxel et al., 2005;
Rouxel et al., 2008a,b). The MC-ICPMS is operated in medium-
resolution mode and we used Ni as an internal standard for mass bias
correction. Fe-isotope values are reported relative to the Fe isotope
standard IRMM-14 using the conventional delta notations (Table 1).
Several georeference materials (Govindaraju, 1994), including one
banded iron-formation (IF-G) and Hawaiian Basalt (BHVO-1) were
measured. Based on duplicated chemical purification and isotope
analysis the long term external reproducibility is 0.10%. for 6°°Fe and
0.14%. for 6°’Fe values (2 standard deviations).

Analyses of REEs + Y, Ba, were performed on a ThermoElectron
Inc. Element2 ICP-MS at the Woods Hole Oceanographic Institution
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Fig. 3. Morphology of the hematite-rich stromatolites. Locally-developed red and black coloration is caused by iron oxides. (A) Laminations between columns drape over clasts and
(B) Thickening of laminations at the convexity peaks indicative of microbial mediation of stromatolite formation. Photos are in reflected light. Scale bar is 1 mm.

(WHOI) and on a ThermokElectron Inc. XSeriesll at Laurentian
University. At WHOI, solutions were injected into the plasma using
a Cetac Aridus® desolvating nebulizer to reduce isobaric interfer-
ences (e.g., >°Ba'®0™ on 'Eu+). Ba and REE oxide formation were
monitored throughout the analytical session by periodic aspiration
of Ba and Ce spikes. Ba-oxide formation was significantly less than
1%. Any isobaric interference of BaO™ on Eu™ would bias (decrease)
the naturally occurring >'Eu/">3Eu ratio (~0.89) measured. In almost
all samples no bias was observed and no correction for BaO
interference was required. REE-oxide formation was typically less
than ~4% of total REE concentration. Samples were spiked with 5 ppb
In internal standards to correct for fluctuations of the plasma during
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the analytical session. Unknown sample concentrations were
calibrated against matrix-matched, multi-REE standards prepared
from Specpure plasma solution standards. Background intensities
were measured periodically by aspirating 5% HNO3 blank solution.
Based on multiple analyses of selected samples across multiple
analytical sessions, the accuracy of our analyses is conservatively
estimated to be £10% and rare earth element ratios are estimated to
be accurate within +5%. Analytical precision and the accuracy for our
measurements of REE abundances and ratios were also checked by
multiple analyses of the geostandards IF-G and BHVO-1. At
Laurentian University, trace element concentrations were analyzed
using a method modified after Eggins et al. (1997) that employs both
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Fig. 4. Rare earth element patterns for the components of the iron formations normalized to post-Archean Australian shale (PAAS): (A) Microfossil-rich stromatolites; (B) Cherty and
slaty iron formations; (C) Mn-rich oncoids; and (D) Hematite-rich stromatolites. Gd data are not reported and the REE patterns are plotted with Gd having linearly extrapolated from

Dy and Ho data.



236 N. Planavsky et al. / Earth and Planetary Science Letters 286 (2009) 230-242

A 1
‘ y A lron formation
VAR A I | X Hematite-rich stromatolites
%‘ O Microfossil-rich stromatolites
| D Mn-rich oncoids
1.20 1 X ~J .Mn-rich stromatolite horizon
& - — haa - — - — — -
©1.00 A
= o it | T L —,
5 &
2 Lo |
L 0.80 A
I x K
0.60 I |
0O ]
0.40 T ! .l T . T D
0.75 0.85 0.95 1.05 L.15 1.25
Pr/Pr*(SN)
B
= O
O O O
AA A A AAMA A
Bulk Silicate
[ T Ea‘lnp T |
-1.00 -0.50 0.00 0.50 1.00
6°6Fe %o

Fig. 5. Geochemical results for components of the iron formations. (A) Ce anomaly
normalized to post-Archean Australian shale (PAAS). The true Ce anomaly is displayed by
the grey area that corresponds to values of the Ce/Ce* (Ce/(0.5Pr + 0.5La) and the Pr/Pr*
(Pr/(0.5Ce + 0.5Nd)) above and below the unity, respectively. This approach described in
Bau and Dulski (1996) discriminates between positive La and true negative Ce anomalies.
(B) Iron isotope composition of stromatolites and iron formations normalized to the
international standard IRMM-14 and defined as &°°Fe=1000* (*°Fe/**Fesampie/>°Fe/
54Fe;rmmis — 1). The Fe isotope value of the bulk silicate Earth is close to 0.09%. while 5°Fe
values of seawater influenced by hydrothermal and diagenetic Fe fluxes is likely below
—0.3%. (Anbar and Rouxel, 2007). Positive 6°°Fe values in stromatolites and iron
formations indicate partial Fe(II) oxidation in O,-depleted environments.

internal standards (°Li, In, Re, Bi and 22°U) as well as external drift
correction. The instrument was tuned to 1.5% CeO"/Ce*t and all
isobaric interferences were corrected for using oxide formation
rates determined from pure elemental solution measured immedi-
ately after the samples. With this method, REE in basaltic rock
standards such as BHVO-1 and -2, can be reproduced to better than
1% rsd (see Kamber, 2009, for more information) using a quartz spray
chamber.

Major elements in the iron formations (Fe, Al, Ca, and Mg) were
also determined using the medium-resolution mode of the Element Il
at WHOI with a quartz spray chamber. Similar to the REE procedure, In
was used as an internal standard and the data were calibrated by
standardization to the geostandard BHVO-1. Analytical precision and
accuracy of element abundances were again checked by multiple
analyses of the geostandards IF-G and BHVO-2 and reproducibility
was better than 5%. Selected samples representative of the various
matrices were sent to Activation Laboratories Ltd. (Ancaster, Ontario)
for additional geochemical analysis. Major and trace elements were
analyzed at Activation Laboratories by ICP-AES and ICP-MS, respec-
tively, after lithium metaborate/tetraborate fusion. Major element
compositions and REE patterns determined by both techniques were
within 7%. Mineralogy was determined through a combination of
standard petrographic techniques and X-Ray diffraction (XRD) using a
PANalytical X'pert Pro diffractometer.

4. Results
4.1. Geochemistry of the Animikie basin stromatolites and iron formations

Samples of iron formation and stromatolites consist mainly of silica
and iron. Iron concentrations in the iron formation samples vary from
0.5% to 66.5% Fe,03, while Fe concentrations in microfossil-rich and
hematite-rich stromatolites vary from 0.5% to 10.8% Fe,03 (Table 1).
Mn concentrations in the iron formations and siliceous stromatolites
are typically low (<0.1% MnO). However, there is a 1 to 3 meter thick
shallow-water horizon located in the Upper Cherty Member of the
Biwabik Iron Formation with abundant siliceous oncoids and
stromatolites that is strongly enriched in manganese oxides (Zielinski
et al,, 1994). Some slaty and granular iron formation samples also
display Mn-enrichments (Table 1); however, these enrichments do
not show a clear stratigraphic trend. Oncoids and other Mn-enriched
microbialite samples contain between 2.2% and 9.64% MnO. All
samples contain less than 0.15% sulfur. Most of the analyzed samples
contain low amounts of Al, Ti, and Ga, which is consistent with a small
contribution of detrital siliciclastic material (Table 1 and Appendices 2
and 3 for additional data).

The shale-normalized (post-Archean Australian shale—PAAS;
Nance and Taylor, 1976) REE patterns are shown in Fig. 4. REE
abundances range from ~0.001 to 0.5 those of PAAS. Positive Eu
anomalies are present in most analyzed samples (Fig 4). The shallow-
water Mn-rich oncoids display light REE depletion and strongly
negative Ce anomalies. The siliceous stromatolites and iron

Banded iron formation
E Granular iron formation
200m —
Volcanic shard-rich shale
Jasper and Mn-enriched
microbialite horizon
Sandstones and conglomerates
150m —
|—= 0.01
100m — """’\.......“
50m— fw
00— s
igegyy LAILLALL1Lllll)
bipesd Ce. . Eu., Ho_ Lu

Nd T Tm

Fig. 6. Post-Archean PAAS-normalized REE patterns for samples from the LWD-99-2
drill core through the Biwabik Iron Formation. Note large variations in the light/heavy
REE ratios without any systematic stratigraphic trend.



N. Planavsky et al. / Earth and Planetary Science Letters 286 (2009) 230-242 237

formations, in contrast, lack significant negative Ce anomalies. There
are both negative and positive Ce anomalies in samples from the
horizon of siliceous Mn oxide-enriched columnar stromatolites
(Fig 5A). True negative Ce anomalies, as presented in Fig 5A, have
Ce/Ce*(Ce/(0.5Pr+0.5La) and Pr/Pr*(Pr/(0.5Ce +0.5Nd)) values
above and below the unity, respectively. This approach discriminates
between positive La and true negative Ce anomalies (Bau and Dulski,
1996).

There is a range from light REE depletion to light REE enrichment
in the shale-normalized REE patterns in both stromatolites and
samples of iron formation. There is no systematic stratigraphic shift in
light to heavy REE ratios in the LWD-99-2 drill core (Fig. 6), which
goes through the entire Biwabik Iron Formation. Gradual basin
isolation, potentially related to large-scale tectonic processes (cf.
Kamber et al, 2004) is, therefore, an unlikely control over the
observed variability in the light to heavy REE ratios. Light to heavy REE
ratios do not co-vary with the amount of siliciclastic contribution (e.g.
there is no co-variation on a Pr/Yb vs. Al;03 cross-plot).

Iron isotope data for various lithotypes of the Animikie basin iron
formations are shown in Fig 5B and reported in Table 1. The Gunflint
microfossiliferous stromatolites contain exclusively positive &°¢Fe
values that range from +0.22 to +0.82%.. The microbialites lacking
microfossils (hematite-rich stromatolites and Mn-rich microbialites)
generally yield lower &°°Fe values than the microfossiliferous
stromatolites with values ranging from —0.66 to +0.45%.. There is a
negative correlation between Mn/Fe ratios and &°°Fe values in the
microbialites lacking microfossils (hematite-rich stromatolites and
Mn-rich microbialites), with the most Mn enriched samples contain-
ing the lowest 5°Fe values (Fig. 7). Samples of granular and banded
iron-formations have °°Fe values ranging from —0.35 to +0.81%., but
predominantly contain positive values. There is no significant
correlation between §°°Fe values and Mn/Fe ratios in samples of
iron formation or microfossil-rich stromatolite (Fig. 7).
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Fig. 7. Crossplot of Mn/Fe ratios and 6°°Fe values for components of the iron formations.
There is an exponential relationship (y = 0.0297e~*826%) between Mn/Fe ratios and
5°°Fe values for the microfossil-poor microbialites (hematite-rich stromatolites and
Mn-rich stromatolites and oncoids). The solid black line shows the trend for this subset
of samples. This correlation might suggest that the low 5°°Fe values reflect periods of
quantitative Fe-oxidation. Fe-oxidation occurs at lower redox potential than Mn-
oxidation and, therefore, under conditions of Mn-oxidation, quantitative Fe oxidation
will take place resulting in precipitation of iron oxides recording seawater values, which
are likely to be negative. An exponential relationship between Fe isotope values and
Mn/Fe ratios should be expected since iron oxidation generally follows a Rayleigh-type
fractionation. There is no significant correlation between Mn/Fe ratios and 6°°Fe values
for the samples of iron formation or microfossil-rich stromatolites.

5. Discussion
5.1. REE systematics and basin-scale redox structure

Since microbial iron-oxidation at or near neutral pH occurs in low
oxygen (i.e. microaerophilic) conditions, linking the preserved
microbial community with dysoxia is an essential aspect of demon-
strating the presence of an iron-oxidizing microbial ecosystem. REE
systematics can be used as a tool to constrain redox conditions in the
overlying water column. In general, there are strong water-column
negative cerium (Ce) anomalies when normalized to shale composites
in oxygenated marine settings while suboxic and anoxic waters lack
significant negative shale-normalized dissolved Ce anomalies (Byrne
and Sholkovitz, 1996; German and Elderfield, 1990). Oxidation of Ce
(1) greatly reduces Ce solubility resulting in preferential removal
onto reactive surfaces, such as Mn-Fe oxyhydroxides, organics, and
clay particles (Byrne and Sholkovitz, 1996). In suboxic and anoxic
waters, Ce anomalies are slightly negative, absent, or positive due to
reductive dissolution of Ce(IV) and settling Mn-Fe-rich particles that
carry positive Ce anomaly with respect to the seawater (Byrne and
Sholkovitz, 1996; German et al., 1991). Similarly, light REE depletion
develops in oxidized water bodies due to preferential removal of light
versus heavy REEs onto Mn-Fe oxide particles, organic matter, and
clay particles and the ratio of light to heavy REEs markedly increases
across redox-boundaries due to reductive dissolution (Byrne and
Sholkovitz, 1996; German et al., 1991).

The REE patterns of siliciclastic-free Fe-rich sediments (e.g. cherts,
jasper) can be used as a qualitative paleoseawater redox proxy (Bau,
1999; Bau and Dulski, 1996; Slack et al., 2007). Based on experimental
results, there is negligible amounts of oxidative scavenging of Ce on Fe
oxyhydroxide surfaces, unlike Mn oxides, at pH conditions >5 relevant
to marine environments (Bau, 1999; Ohta and Kawabe, 2001).
Therefore, iron oxides qualitatively record Ce anomalies from the
water column from which they precipitated, while Mn oxides will be
influenced by preferential Ce scavenging. REEs in siliceous iron oxide-
rich sediments appear to be rock buffered under low water-rock ratios
typical of most early to late stage diagenetic and metamorphic
alteration conditions (Bau, 1993). Therefore, REEs in iron formations
have utility as paleoredox proxies.

Well-established facies and sequence stratigraphic framework for
deposition of iron formations in the Animikie Basin (Ojakangas, 1983;
Ojakangas et al., 2001) allows us to place the REE data into a
bathymetric context. The shift from positive or nonexistent to strongly
negative Ce anomalies from deeper-water banded iron formations to
the tidal zone in the Gunflint and Biwabik iron formations indicates
the presence of a strong redoxcline. The lack of negative Ce anomalies
in the microfossiliferous and hematite-rich stromatolites (Fig. 4A)
suggests that stromatolites formed in low oxygen environments
below or at the redoxcline, the ideal conditions for lithotrophic
ecosystems. Essentially pure chert sections of the stromatolites
similarly lack negative Ce anomalies (Table 1) further supporting
that bulk stromatolite samples qualitatively reflect ambient seawater
composition and that the lack of negative Ce anomalies is not an
artifact of Ce scavenging by metal oxides. The presence of excess
amounts of Eu, even in shallow-water depositional environments, is
consistent with widespread anoxia and a strong high temperature
hydrothermal metal flux into the shallow Animikie sea from the deep
ocean (Kamber and Webb, 2001). Consequently, Fe-Mn nodules and
crusts in the deep ocean were not significant Ce sinks in the late
Paleoproterozoic ocean Ce cycle.

The presence of strongly negative Ce anomalies in manganese-rich
oncoids that formed in the tidally-influenced zone under shallower
conditions than the subtidal stromatolites (Awramik and Barghoorn,
1977; Cloud, 1965; Zielinski et al., 1994), indicates strongly oxidizing
conditions in nearshore environments. There must have been limited
Ce oxidation and sorption onto the oncoid Mn oxides in order for them
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to record negative anomalies, similar to some distal hydrothermal
Mn-Fe rich sediments formed in oxic conditions (e.g. Barrett and
Jarvis, 1988). Positive and negative Ce anomalies in the horizon of Mn-
enriched columnar stromatolites reflect either stromatolite growth
under changing redox conditions or varying levels of Ce scavenging on
Mn oxides. Strong negative Ce anomalies in the shallow waters - in
the absence of a significant Ce sink on slowly forming Mn nodules and
crusts in the deep ocean - can be assumed to be due to scavenging of
Ce(IV) on organic-Mn-Fe-rich clay particles in shallow-waters and
estuaries.

Variability in light to heavy REE ratios in stromatolites and samples
of iron formation might similarly reflect formation below or at a
redoxcline. The lack of a stratigraphic trend in REE patterns rules out
the possibility of light REE-enrichment linked with a light REE-
enriched terrestrial flux that could be expressed in the water column
due to basin isolation. The lack of significant co-variation between
light and heavy REE ratios and detrital element concentrations rules
out the possibility that the level of siliciclastic input is the
predominant control over the trivalent REE patterns.

Redox dependant Mn cycling in the suboxic zone can dramatically
alter REE patterns by decreasing the level of light REE depletion (e.g.
German and Elderfield, 1990). We interpret the large range of light to
heavy REE ratios in the Animikie iron formations as an indication of
stromatolite accretion and iron formation deposition in water masses
with varying contribution of REE from Mn-oxide dissolution. This
interpretation implies suboxic deposition and iron precipitation
mediated by iron-oxidizing bacteria for samples with light REE
enrichment. The presence of light REE depletion in shallow-water
environments is consistent with REE ocean cycle influenced by a Mn-
oxide shuttle from shallow-water oxidized setting to deeper-water
environments.

5.2. Iron isotopes as tracers of redox dynamics

The distribution of iron within the stromatolites suggests direct
microbially-mediated iron precipitation. Iron in the microfossiliferous
stromatolites is predominately associated with the microfossil-rich
laminae. The hematite-rich stromatolites also contain Fe-oxides
within isolated laminae (Brotton et al., 2007), which have been
observed to thicken at their apices and drape over intercolumnar
clasts rather than radiating from or infilling space around them
(Fig. 3AB). These features are difficult to explain through direct abiotic
precipitation from seawater and indicate that iron enrichment, and
associated Fe-isotope composition, can be directly linked to benthic
microbial mats.

The disparate redox properties of cyanobacterial and iron-oxidiz-
ing microbial mats are likely to be reflected in bulk sample iron
isotope values, offering a means to distinguish between these
microbial communities. In modern cyanobacteria dominated micro-
bial mats, oxygen commonly has over a fivefold higher concentration
than the ambient level (Jorgensen et al., 1983). As a consequence,
ferrous iron is quantitatively oxidized even in thin, modern cyano-
bacterial microbial mats growing in the presence of ferrous iron
concentrations greater than 100uM (Trouwborst et al., 2007). This
concentration is twice the estimate of dissolved ferrous iron in anoxic
Archean and Paleoproterozoic oceans (Holland, 1984). Iron oxides
precipitated in fully oxygenated conditions are expected to have the
same 6°°Fe values as the dissolved iron sources because of near
complete iron oxidation and precipitation. In contrast, partial ferrous
iron oxidation, which is expected in iron-oxidizing microbial mats,
produces iron oxides with positive °°Fe values relative to the Fe(Il)
source. Accordingly, modern ferric Fe-oxides from open-marine
sediments (e.g. hydrous ferromanganese oxides) have negative
§°%Fe values between 0 and —1%. (Beard et al., 2003; Johnson and
Beard, 2006; Levasseur et al., 2004; Zhu et al., 2000), reflecting,
presumably, the Fe-isotope composition of seawater. Variably nega-

tive 6°°Fe values may reflect the contribution of various oceanic Fe
sources, such as atmospheric input, sediment porewaters, riverine and
groundwater inputs, and hydrothermal sources (Anbar and Rouxel,
2007; Chu et al., 2006; Rouxel et al., 2008b; Severmann et al., 2004b;
Staubwasser et al., 2006). Cyanobacterial mats turn anoxic in light
limiting conditions, but also appear to be characterized by negative
5°°Fe values (e.g. (Severmann et al., 2004b). Additionally, in Fe-rich
cyanobacterial mats, pore water Fe concentrations during anoxic
conditions (i.e. night time) are lower or equivalent to those in the
overlying water (e.g. Trouwborst et al., 2007), suggesting minimal
secondary iron loss.

In contrast, ferric Fe-oxides formed in oxygen-depleted environ-
ments, either by slow abiotic Fe-oxidation or bacterial Fe-oxidation,
can be expected to have near zero or positive 5°°Fe values (Balci et al.,
2006; Croal et al., 2004; Dauphas et al., 2004; Rouxel et al., 2005;
Rouxel et al., 2007). The exclusively positive 5°°Fe values from iron
oxides in the microfossiliferous stromatolites (Fig 5B), therefore,
indicate that there was partial Fe(II) oxidation within dense microbial
mats. The lack of quantitative oxidation is at odds with an oxygenic
photosynthetic microbial community mediating iron oxidation and
precipitation.

Iron isotope fractionation during abiotic or biogenic iron oxidation
at near-neutral pH generally follows a Rayleigh distillation process
and can, therefore, be used to estimate the fraction of the ferrous iron
load that was oxidized assuming closed system conditions (Balci et al.,
2006; Bullen et al., 2001; Croal et al., 2004). The mean iron isotope
composition of the precipitating Fe-oxide reservoir (5°°Fe(Ill),c) can
be described by the following equation:

6°Fe(lll) ., = 6 °Fe(ll); + eIn(f)f / (1—f),

where 6°6Fe(Il); is the initial isotopic composition of the Fe(Il)aq;
epsilon (g) is the isotopic fractionation factor during oxidative Fe(III)
precipitation; and f is the fraction of Fe(Il),q remaining in solution.
Assuming that the dissolved ferrous iron source from which the
ecosystems forming the microfossil-rich stromatolites precipitated
ferric oxides had §°°Fe values at or lower than —0.5%. and & factor
between 1.0 and 1.5%. (Balci et al., 2006; Bullen et al., 2001; Croal
et al, 2004), the 6°°Fe values for Fe-oxides in microfossiliferous
stromatolites between 0.82%. and 0.22%. correspond to oxidation of
~30% to~65% of the ferrous iron load at the site where stromatolites
formed.

It is generally accepted that in a redox stratified ocean forming
banded iron formations, hydrothermal vent waters were the domi-
nant source of dissolved iron (Holland, 1984). Based on &°°Fe values of
modern seafloor hydrothermal systems, 6°°Fe values of hydrothermal
sources to the Animikie basin likely ranged from —0.1 to —0.9%., with
the average at around —0.3%. (Beard et al., 2003; Rouxel et al., 2008a;
Severmann et al., 2004a; Sharma et al., 2001), although precipitation
of iron oxides in hydrothermal plume may further lower 5°°Fe value of
hydrothermal dissolved iron. Diagenetic ferrous iron sources such as
upwelling porewaters and groundwater with 6°°Fe values of <—0.5%o
(down to —5.0%.) may be also volumetrically important iron sources
(Rouxel et al., 2008b; Severmann et al., 2006). Thus, it is reasonable
that the dissolved iron in the shallow part of the Animikie Sea had
5°°Fe values at or below —0.5%, and that using a Rayleigh
fractionation model provides a suitable first-order estimate of the
maximum extent of Fe (II) oxidation in benthic ecosystems forming
the microfossiliferous stromatolties. Based on these results, it is
difficult to reconcile the estimated levels of oxidation, i.e. around half
of the Fe(Il) load in the microbial mat, with a cyanobacterial
interpretation for the microfossils. This interpretation assumes that
there was minimal loss of isotopically light iron during early
diagenesis. This is consistent with the presence of well-preserved
microbial fossils coated with iron oxides (Fig. 2A), which requires
exceptional preservation, since iron-encrusted microbial filaments
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rapidly degrade to colloidal oxides during heterotrophic degradation
(e.g. Emerson and Revsbech, 1994).

The wide range of &°°Fe values in the microbialites generally
lacking microfossils from —0.66%. to 0.45%., is likely caused by
variability in the extent of iron oxidation as well as multiple Fe
sources. The lowest 6°°Fe values may indicate that there were periods
of quantitative iron oxidation in the benthic ecosystems, resulting in
the preserved oxides recording negative, ambient 6°°Fe values. A
correlation between Mn/Fe ratios and the 6°6Fe values in hematite-
rich and Mn-enriched microbialites (Fig. 7) supports this interpreta-
tion (i.e. higher O, levels required to oxidize and precipitate Mn-
oxides would cause quantitative Fe(Il) oxidation and, therefore,
negative Fe-isotope values).

Alternatively, lower &°°Fe values in Fe-oxides from the stromato-
lites could reflect low levels of oxidation of a local isotopically light
reservoir. As mentioned above, precipitation of isotopically heavy Fe-
oxides before upwelling onto a shelf can produce dissolved iron with
strongly negative §°°Fe values (Rouxel et al., 2005) and significant
benthic flux of Fe(Il) from dissimilatory Fe-reduction in sediment
porewaters would also produce an isotopically light reservoir
(Severmann et al., 2006). Despite uncertainties about the negative
5°5Fe values in the hematite-rich stromatolites, the frequent occur-
rence of positive values indicates that limited oxidation was common
in the benthic microbial ecosystems forming the stromatolites. Thus,
the iron isotope data indicate that the microbial ecosystem forming
the hematite-rich stromatolites induced partial Fe(Il) oxidation, and
strongly supports the hypothesis that the biota were a chemolitho-
trophic, rather than a cyanobacteria-dominated ecosystem. Again, this
is consistent with some interpretations of the microfossils (Knoll,
2003; Knoll and Simonson, 1981; Strother and Tobin, 1987).

The iron formations are mineralogically more complex than the
hematite-dominated microbialites, which complicates interpretation of
5°°Fe values. The range of 6°°Fe values in the iron formations likely
reflect a combination of varying extent of iron oxidation, variability in

the 6°°Fe values of ferrous iron seawater reservoir, and mineralogical
control on the bulk sample 6°°Fe values (Dauphas et al., 2007; Johnson
etal., 2003). The predominance of positive values in the iron formations
suggests that partial ferrous iron oxidation was the primary depositional
process for the iron formations. The only samples of iron formation with
negative 5°°Fe values are bands of pure siderite (Fig. 7). The negative
values in these samples likely reflect either the end-products of
dissimilatory iron reduction or the Fe- carbonate equilibrium fractiona-
tion factors (e.g. Johnson et al., 2003).

5.3. Ecosystem reconstruction and implication for the global ecosystem
evolution

Sedimentological evidence suggests the stromatolites developed
in the transition zone between anoxic iron-rich deep waters and
oxygenated shallow waters, likely suggesting suboxic rather than
strictly anoxic or oxic conditions for deposition (Cloud, 1965). Variable
Mn/Fe and light to heavy REE ratios in the siliceous stromatolites
similarly suggest formation near a redoxcline, in suboxic conditions.
Iron isotope data suggest a low extent of oxidation in most of the
stromatolites, precluding the possibility that cyanobacteria dominated
the microbial ecosystems. Thus, the geochemical and petrographic
evidence presented above supports the hypothesis that lithotrophic
iron oxidizers formed the Animikie basin siliceous stromatolites
(Fig. 8). We recognize that the presence of strictly anoxygenic
photosynthetic iron-oxidizers and nitrate-dependent iron oxidizers
cannot be excluded based on Fe-isotope evidence only (Croal et al.,
2004), and these metabolisms were also likely present within the
examined ecosystems. However, a predominance of microaerophilic
iron oxidizers is supported by microfossil evidence, which suggests
the presence of iron-oxidizers, comparable to the present-day Lepo-
thrix, Crenothrix, Gallionella, and Mariprofundus (Barghoorn and Tyler,
1965; Cloud, 1965; Golubic and Lee, 1999; Strother and Tobin, 1987).
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Fig. 8. Overview of the iron and REE cycles in the Animikie basin. Rare earth element patterns indicate there was formation of iron enriched stromatolites in suboxic or anoxic
conditions. Fe isotopes indicate that iron formations were a sink for isotopically heavy Fe. Additionally, the dominance of positive iron isotope values in siliceous iron enriched
stromatolites and iron formation indicates a partial ferrous oxidation was a common process. See text for further details.
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The Animikie basin stromatolites, especially the hematite-rich
stromatolites, form nearly continuous units that can be correlated for
over a hundred kilometers, indicating that the chemolithotrophic
microbial communities were an important shallow-marine ecosystem
rather than an isolated occurrence. Evidence for strong tidal activity
during deposition of the Animikie iron formations (Ojakangas et al.,
2001) indicates minimal basin isolation. The iron-rich Animikie basin
sedimentary system appears to be traceable from central Minnesota,
USA to the Belcher Islands, Canada along the margin of the Superior
craton thousands of kilometers to the northeast (Baragar and Scoates,
1981), consistent with an open ocean setting. Hematite-rich siliceous
stromatolites and microfossils similar to those found in the Animikie
basin are also present in the 1.88 Ga Sokoman Iron Formation in
northeastern Canada (Knoll and Simonson, 1981), the ca. 1.8 Ga
Chuanlinggou Iron Formation in North China (Yongding et al., 2004),
the ca. 1.85 Ga Duck Creek Dolomite (Knoll and Barghoorn, 1976; Knoll
et al., 1988), the ca. 1.9 Ga Dannemora Iron Formation, Sweden (Lager,
2001), and the ca. 1.85 Ga Frere Iron-Formation in Western Australia
(Walter et al., 1976). It is likely, therefore, that these iron formations
also preserve chemolithotrophic microbial ecosystems. However,
since it is difficult to determine microbial metabolisms based on
morphology alone, additional geochemical work should be done to
test whether these hematite- and microfossil-rich stromatolites were
indeed formed by iron oxidizers. All these iron formations, with the
possible exception of poorly-dated Chuanlinggou Iron Formation of
North China, are closely temporally associated with the ca. 1.89 Ga
mantle plume event and contemporaneous Large Igneous Province
(e.g. French et al., 2008; Halls and Heaman, 2000; Heaman et al., 1986,
2009). Although origin of this event is still debated (see Heaman et al.,
2009), the following models were advanced: 1) mantle plume,
2) extension in back-arc or pull-apart settings, and 3) short-lived
episode of passive astenosphere flow beneath already thinned passive
margins due to abrupt change in plate boundary stress. Regardless of
its origin, it was a major global event with potentially dramatic
impacts on surface conditions. It is likely that the deep-ocean redox
state was temporally switched to ferruginous conditions by an
enhanced hydrothermal Fe flux during this event, leading to Fe-rich
deep-waters upwelling onto oxidized shelves.

The apparent absence of the Gunflint-type biota or hematite-rich
stromatolites in older and younger successions suggests that its
appearance in the late Paleoproterozoic represents an ecosystem
evolutionary event (Knoll, 2003; Knoll and Simonson, 1981; Walter
et al., 1976). The late Paleoproterozoic represents a unique time in the
evolution of the Earth's atmosphere and ocean redox conditions. At that
time, there were oxygenated surface waters but copious amounts of
reduced iron episodically supplied from hydrothermal sources upwelled
onto large areas of continental shelves from the deep anoxic waters. A
dynamic shallow-water redoxcline in an iron-rich ocean would have
provided an ideal environment for the proliferation of microaerophilic,
chemolithotrophic microbial ecosystems. Until the rise of atmospheric
oxygen at 2.32 Ga (Bekker et al., 2004), a shallow-water redoxcline was
likely absent in the anoxic oceans, while after ca. 1.7 Ga, the deep ocean
became Fe-poor due to either euxinic or suboxic deep-water conditions
(Poulton et al., 2004; Slack et al., 2007). The absence of true negative Ce
anomalies on several Archean carbonate platforms is consistent with
reducing shallow-water conditions in the Archean oceans (e.g. Kamber
and Webb, 2001). The deep oceans were likely fully ventilated in the
Neoproterozoic, restricting iron-oxidizing bacteria to shallow-water
environments with localized terrestrially-derived iron fluxes (e.g.
Dahanayake and Krumbein, 1986) or to areas with enhanced local
hydrothermal activity (e.g. Reysenbach and Cady, 2001). The Animikie
Lagerstattén and the biotas preserved in broadly correlative iron
formations are therefore related to unique environmental conditions
when a dynamic chemocline allowed for the proliferation of iron-
oxidizing bacteria. Global-scale ocean redox evolution linked with
tectonomagmatic events provides an explanation for the apparently

temporally restricted but geographically extensive distribution of the
Gunflint biota.

6. Conclusions

A detailed geochemical and petrographic examination of the
Animikie basin iron formations allowed reconstruction of basin redox
and ecosystem structure. We found a progressive change in Ce
anomalies in a transect from deep- to shallow-water facies in the
Animikie basin revealing the presence of a basin-wide redoxcline. Iron
oxide-rich siliceous stromatolites and samples of iron formation lack
negative Ce anomalies, which contrasts with shallower-water, tidally-
influenced, Mn-rich microbialites containing significant negative Ce
anomalies. This trend in Ce anomalies indicates that the siliceous
stromatolites formed in low oxygen conditions at or near the redoxcline.
Low oxygen conditions provided the ideal setting for the proliferation of
chemolithotrophic iron-oxidizing bacteria, consistent with interpreta-
tions of distinctive microfossils in Gunflint stromatolites.

Iron isotopes provided a means to trace local redox conditions and
a way to distinguish between oxygenic photosynthetic or iron-
oxidizing benthic microbial communities. Considering that high levels
of oxygen found in modern photosynthetically-active cyanobacterial
mats result in quantitative ferrous iron oxidation, iron-oxides
precipitated in cyanobacterial mats are expected to have the same
5°5Fe values as the dissolved iron sources. In contrast, we observed a
predominance of positive §°°Fe values in the stromatolites, which
indicates modest extent of oxidation and directly contradicts
cyanobacterial interpretation of the studied microbial ecosystems.

The benthic ecosystems forming the Gunflint stromatolites
induced low degrees of iron oxidation under suboxic conditions and
in cases contain microfossils with morphologies suggestive of iron-
oxidizing bacteria (e.g. Knoll, 2003). Combined, the geochemical and
paleontological data provide compelling evidence for chemolitho-
trophic, iron-oxidizing microbial ecosystems in the Animikie basin.
Stromatolites with evidence for chemolithotrophic ecosystem can be
traced for over 100 km along the margin of the Superior craton and are
found in nearly coeval iron formations from several other cratons. The
Animikie-type stromatolites and microfossils had a widespread
spatial but an apparently restricted temporal distribution, likely
reflecting an ecosystem response to a period of unique ocean redox
conditions. In the late Paleoproterozoic when surface waters were
already fully oxygenated, reductants supplied by hydrothermal
sources episodically overwhelmed deep-ocean redox state allowing
for delivery of hydrothermally dominated seawater onto large areas of
continental shelves where iron formations were deposited. The
presence of this dynamic shallow-water redoxcline separating iron-
rich deep waters from fully oxygenated shallow-waters likely
provided an ideal setting for the proliferation of microaerophilic,
chemolithotrophic microbial ecosystems.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.cbpb.2009.06.012.

Appendix B

Appendix A. The latitude and longitude of and references
describing the localities sampled for this study.

Appendix B. Major element and REE concentrations. *Denotes
samples duplicated at Activation Laboratories Ltd. (Ancaster, Ontario).
Facies type abbreviations are: CIF, Cherty iron-formation, HRS,
Hematite-rich stromatolites, MRS, Microfossil-rich stromatolites,
MnRM, Mn-rich microbialites, SIF, Slaty iron-formation. See main
text for facies details.

Appendix C. Sample description, and trace element and REE
concentrations for samples from LWD-99-2 drill core shown in main
text Fig. 6. Facies type abbreviations are: CIF, Cherty iron-formation,
HRS, Hematite-rich stromatolites, MRS, Microfossil-rich stromatolites,
MnRM, Mn-rich microbialites, SIF, Slaty iron-formation. See main text
for facies details.
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