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Abstract

The iron isotope, trace and major element compositions of Eoarchean supracrustal rocks from southern West Greenland
(Isua Supracrustal Belt, the islands of Akilia and Innersuartuut) were analyzed in order to identify protoliths and characterize
the imprints of metamorphism and metasomatism. Banded iron formations (BIFs) from the Isua Supracrustal Belt (ISB) have
trace element characteristics that are consistent with seawater derivation, including high Y/Ho ratios, positive Eu/Eu* anom-
alies, positive La/La* anomalies, and concave upward REE patterns. These rocks also have heavy Fe isotopic compositions
relative to surrounding igneous rocks (~+0.4%¢/amu). The most likely interpretation is that this signature was inherited from
partial oxidation in a marine setting of Fe emanating from a source similar to modern mid-ocean ridge hydrothermal vents
(~—0.15%0c/amu).

Banded quartz-rich rocks from the island of Akilia with high Fe/Ti ratios share many similarities with bona fide BIFs from
Isua (heavy Fe isotopic compositions up to +0.4%c/amu, elevated Y/Ho ratios compared to igneous rocks, sometimes positive
Eu/Eu* anomalies) suggesting a chemical sedimentary origin.

Iron-poor metacarbonates from the southwestern part of the ISB have light Fe isotopic compositions (~—0.4%c/amu). This
is consistent with derivation of these rocks by fluid flow through surrounding ultramafic rocks and deposition as metasomatic
carbonates. Iron-rich metacarbonates from the northwest and northeast parts of the ISB have Fe isotopic compositions (from
+0.1 to +0.4%c/amu) and trace element patterns (high Y/Ho ratios, positive Eu/Eu” and La/La* anomalies, and concave
upward REE) similar to associated BIFs. The most likely interpretation is that these iron-rich metacarbonates were derived
from mobilization of Fe in BIFs by metasomatic fluids.
© 2007 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

The terrestrial record of supracrustal rocks (i.e., litholo-
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et al., 1989; David et al., 2002; Cates and Mojzsis, 2007;
Dauphas et al., 2007). The main reason is that ancient rocks
were buried in the crust at high pressure and temperature,
which modified original structures and mineral assem-
blages. In addition, interactions with crustal fluids have,
in many cases, obliterated chemical and isotopic finger-
prints. The numerous controversies that surround the nat-
ure of Eoarchean rocks attest to the difficulty of
interpreting the message carried by these samples. The iso-
topic compositions of S (Mojzsis et al., 2003; Whitehouse
et al., 2005), Si (André et al., 2006), and Fe (Dauphas
et al., 2004a) have recently been shown to be good tracers
of seawater derivation and can thus be used to elucidate
some of these controversies. In the present study, we have
targeted two types of samples from SW Greenland for
which contradictory interpretations have been proposed,

(i) The carbonates found in the Isua Supracrustal Belt
(ISB) were initially interpreted to represent chemical
sediments that had partially reacted at contact with
host lithologies during burial and associated high
P-T metamorphism (Schidlowski et al., 1979; Appel,
1980, 1983; Nutman et al., 1984; Dymek and Klein,
1988; Shimizu et al., 1990; Mojzsis et al., 1996; Bol-
har et al., 2004). An alternative school of thought is
that carbonate rocks found in the ISB are metaso-
matic in origin (Rose et al., 1996; Rosing et al.,
1996; Lepland et al., 2002; van Zuilen et al., 2005).
In that scenario, calc-silicate rocks surrounding ultra-
mafic bodies were formed by desilicification and car-
bonation of country rocks by fluids flowing out of the
ultramafic units.

(ii) A >3.7-3.8 Ga layered quartz-pyroxene (Qtz-Px) for-
mation found on the island of Akilia (SW Greenland)
has been interpreted by some as a highly metamor-
phosed chemical sedimentary formation (McGregor
and Mason, 1977; Mojzsis et al., 1996; Nutman
et al., 1997; Friend et al., 2002; Mojzsis and Harri-
son, 2002; Palin, 2002; Dauphas et al., 2004a; Man-
ning et al., 2006). Others prefer a metasomatic
interpretation whereby mafic and ultramafic proto-
liths were modified by quartz addition and tectonic
reworking (Fedo and Whitehouse, 2002a,b,c; Bolhar
et al., 2004; André et al., 2006; Fedo et al., 2006).

Identifying possible chemical sediments in Eoarchean
terranes is crucial because some of these formations have
been proposed to host Earth’s earliest remnants of life
and they represent the only direct witnesses of the com-
position of the atmosphere/ocean system at that time.
Here, we examine the Fe isotope, major and trace ele-
ment compositions of metacarbonates from Isua and
banded quartz-pyroxene rocks from the island of Akilia
to distinguish between primary depositional features of
chemical sediments and metasomatic/metamorphic modi-
fications. In Section 2, we briefly review the Eoarchean
geology of SW Greenland. In Section 3, the methods
used in this study are explained. In Section 4, the results
are presented. In Section 5, we discuss the implications of
these results for the formation of the metacarbonates

found in Isua and the Qtz-Px banded rocks from the is-
land of Akilia. In this section, we also discuss calibration
of magnetite-carbonate and magnetite-pyroxene iron iso-
tope geothermometers.

2. REGIONAL GEOLOGY AND SAMPLE
DESCRIPTION

2.1. The Isua Supracrustal Belt

2.1.1. Major geological units

The ISB is part of the 3.8 Ga Itsaq Gneiss Complex in
southern West Greenland, and represents one of the earliest
records of a hydrosphere on Earth. It consists of an assem-
blage of metavolcanic and metasedimentary rocks with a
complex metamorphic history. Multiple amphibolite-facies
metamorphic events (7 = 500-600 °C, P < 5.5 kbar, Boak
and Dymek, 1982; Rollinson, 2003) were responsible for
ductile deformation, shearing, mylonite formation, and
strong metasomatic alteration. Extensive mapping efforts
(Nutman et al., 1984, 1996, 1997, 2000, 2002a; Nutman,
1986; Rosing et al., 1996; Appel et al., 1998; Komiya
et al., 1999; Fedo, 2000; Myers and Crowley, 2000; Fedo
et al., 2001; Myers, 2001) have shown that the lithological
diversity in the ISB is the result of metasomatic fluid-rock
reactions of a small number of protoliths. Due to this
strong metasomatic overprint, there still is a debate over
the protolith recognition of certain rocks and the associated
depositional environment they represent. The different rock
types that are generally recognized in the ISB, include
(Fig. 1):

(1) Garbenschiefer amphibolites representing a volcano-
sedimentary pile. In places pillow lava structures
have been preserved (Komiya et al., 1999) suggesting
that the majority of these rocks consist of strongly
altered metabasalts. Several sedimentary units have
been recognized within this pile including graded
beds with Bouma-sequence structures (Rosing et al.,
1996; Rosing, 1999).

(2) Less common highly metasomatized amphibolites
representing altered gabbros.

(3) Magnetite-quartz  banded rocks representing
sequences of cherts and banded iron formations
(BIFs). These rocks are interpreted as marine chemi-
cal sediments.

(4) Quartzo-feldspathic schists and gneisses which have
been interpreted as felsic volcanic and volcanoclastic
deposits (e.g. Nutman et al., 2002a). In some places,
however, these rocks show gradation into discordant
sheets of tonalitic gneisses, and have therefore been
interpreted as metasomatized tonalitic intrusives
(Rosing et al., 1996).

(5) Ultramafic bodies representing metamorphosed
dunitic—peridotitic sill-like intrusions.

(6) Carbonate-rich rocks representing a wide variety of
rocks from calc-silicates to pure metacarbonates.
These rocks were initially interpreted as a sedimen-
tary pile that had formed in a predominantly shallow
marine environment (Dimroth, 1982). In many
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Fig. 1. Geologic map of the ISB, southern West Greenland (this geologic representation is a generalization based on several publications, the
most important being Nutman, 1986; Nutman et al., 1996, 1997, 2000, 2002a; Rosing et al., 1996; Appel et al., 1998; Myers, 2001). Several
metavolcanic and metasedimentary formations are recognized, that are intruded by mafic and ultramafic rocks. The Garbenschiefer
amphibolite unit is an assemblage of volcano-sedimentary rocks, altered pillow-lava basalts, and highly altered gabbros. Recently, a sheeted
dike complex has been recognized in this unit as well (Furnes et al., 2007). The carbonate-rich rocks represent an assemblage of calc-silicates
and metacarbonates. Samples of undisputed banded iron formations occur in a zone of relatively low strain, in the northeastern part of the
belt. Samples of metacarbonate rocks have been obtained from three locations; the southwestern part of the belt (Location 1) that is
dominated by ultramafic intrusions, the northwestern part of the belt (Location 2) that is dominated by amphibolite schists of the
Garbenschiefer unit, and the northeastern part of the belt (Location 3) that occurs in a major shear zone (shown as a mylonite) directly south
of the major outcrops of banded iron formations.

places, however, calc-silicates and metacarbonates distance along faults and fractures before reacting with
were found associated with ultramafic bodies, or in country rock to form metacarbonate zones.
cross-cutting relationship with other host rocks.

2.1.2. Sample descriptions

Rose et al. (1996) and Rosing et al. (1996) proposed a Undisputed metasedimentary units such as BIFs,
metasomatic model for the emplacement of carbonates in metacherts, and graded beds, have a limited distribution
the ISB by high-T fluid migration through ultramafic rocks. in the ISB. The largest outcrops of metasediments occur
This model was motivated from field observations showing in the north-eastern part of the ISB (Fig. 1), within a zone
that (i) metacarbonate rocks are associated with ultramafic of relatively low strain (Appel et al., 1998; Fedo, 2000).
rocks, and often form envelopes around these intrusives; (ii) Sample 1S-04-06 represents a small outcrop of very well
contacts between metacarbonates and other metasedimen- preserved BIF, which exhibits fine (mm-scale) quartz-mag-
tary or metavolcanic units are metasomatic (e.g., carbonate netite banding. This rock also contains considerable
interfingering with host rock lithology, fluid advection amounts of calcite and tremolite/actinolite. Samples 9-
along fractures); and (iii) there is a continuum between 1A1B and 9-1A2B represent the largest outcrop of BIF in
metacarbonates and moderately carbonated host litholo- the extreme northeastern part of the ISB. This rock also
gies. Rose et al. (1996) devised a numerical simulation of consists predominantly of quartz and magnetite bands,
metasomatism in the ISB whereby fluids flow through an with minor chlorite and amphiboles. Slightly to the south
ultramafic unit and react with country rocks at the down- of this, pyrite-rich quartz-magnetite BIF (samples 10-
stream contact to form carbonated mineral assemblages 1A2B, 10-1A3B, and AL6-2b) and pyrite-rich magnetite-
similar to those found in the ISB. The field evidence for this free chert (AL-04-G22) occur. The pyrite in these samples
model is best represented in the southwestern part of the has clearly been remobilized as it typically occurs in
ISB, where many metacarbonates occur as 1-10 m wide veinlets.
rims that follow the outline of elongate ultramafic bodies All other samples represent carbonate-rich rocks of
(e.g., Fig. 4a—d in Rose et al., 1996). As noted by Rose uncertain origin. Evidence for pervasive metasomatic car-
et al. (1996), metacarbonates are not invariably found in bonation throughout the ISB has complicated their inter-

contact with ultramafic rocks. Fluids may migrate for some pretation. Studied samples were collected from three
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general areas (Fig. 1); location 1 in the south (IS-04-05, AL-
04-G18, AL-04-G23), location 2 in the northwest (IS-04-01
to IS-04-03), and location 3 in the northeast (IS-04-07 to IS-
04-11). Samples of location 1 are directly surrounded by
ultramafic intrusions. Sample 1S-04-05 consists predomi-
nantly of calcite and dolomite (Fig. 2), with smaller
amounts of tremolite/actinolite. At the location of sample
IS-04-05 a replacive metasomatic character of carbonates
is observed (Fig. 3a—c), that is similar to the earlier descrip-
tions of Rose et al. (1996). The samples of location 2
(Fig. 3d-f) represent elongated trains of carbonate lenses

that consist predominantly of Mg-siderite (Fig. 2), with
smaller amounts of tremolite/actinolite, chlorite, and Fe-
oxyhydroxide. Sample 1S-04-01 also contains magnetite.
Samples of location 3 occur in a shear zone in the north-
eastern part of the belt. These rocks appear as dark elon-
gated lenses and veins in a garnet-amphibolite schist host
rock. They consist predominantly of Mg-siderite (Fig. 2),
magnetite, grunerite/cummingtonite, chlorite, and garnet.
Graphite and apatite are conspicuous minor phases in all
of these samples. Several earlier studies have recognized
these rocks as metasomatic carbonate deposits (Fig. 3g
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Fig. 2. Ca—Mg-Fe ternary plot showing the cation composition of carbonate fractions in metacarbonate samples from the ISB (a). Cation
concentrations were measured by electron microprobe, and are calculated in mol g~'. Carbonate compositions are restricted to four different
types: calcite, dolomite, Mg-siderite, and pure siderite. Mg-siderite and pure siderite also contain minor Mn. Areas in (a) indicated as “B”,

“C”, and “D” are shown on expanded scale in (b), (c), and (d).
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Fig. 3. Field appearance of metacarbonate samples from the ISB. Location 1 in the southwestern part of the ISB shows metacarbonates
closely associated with ultramafic bodies, that have pervasively infiltrated the host rock (a—c). Location 2 in the northwestern part shows
metacarbonate lenses that infiltrated an amphibolite-schist host rock (d—f). Location 3 in the northeastern part shows graphite-magnetite-rich
metacarbonate lenses within a garnet—chlorite-amphibolite—schist host rock. These lenses occur in a general shear zone that runs from the

northeast to the southwest (g—i).

and h). It was further recognized that part of the Mg-sider-
ite fraction in these rocks has thermally decomposed to
magnetite and graphite during one or more metamorphic
events (Lepland et al., 2002; van Zuilen et al., 2002,
2003). Mineral modes of the metacarbonates are given in
Table 1.

2.2. The AKkilia association

In the southwestern extension of the island of Akilia, a
small enclave of supracrustal rocks has been subject to
strong deformation and local partial melting at amphibolite
to granulite facies metamorphism (Fig. 4). The dominant
lithology of this enclave consists of mafic amphibolite gneis-
ses and ultramafics. Within these igneous surroundings a 5-
m wide outcrop of quartz-pyroxene rock is present. It has
been interpreted either as a strongly metamorphosed and
deformed BIF (Mojzsis et al., 1996; Nutman et al., 1997)
or as a metasomatized ultramafic rock (Fedo and White-
house, 2002a). The polarized state of the debate on this is-

sue is clearly demonstrated by the recent, strongly
contrasting studies of Manning et al. (2006) and Fedo
et al. (2006). Detailed geological maps of the southwestern
extension of the island of Akilia are provided in Nutman
et al. (2002b) and Manning et al. (2006). A brief sample
description is given below.

Samples for this study were collected in 2004, with the
purpose to confirm and further expand the earlier study
of Dauphas et al. (2004a). Sample AK-04-01 is a green-
ish-black rock derived from the main ultramafic body in
the southwestern extension of the island of Akilia, directly
north of the quartz-pyroxene rock outcrop. It should repre-
sent the igneous endmember for Fe-isotope studies. Samples
AK-04-03 and AK-04-04 represent the exact north-eastern
contact of the quartz-pyroxene rock and amphibolites and
ultramafic rocks. Samples AK-04-05 and AK-04-06 repre-
sent the exact southwestern contact of the quartz-pyroxene
rock and amphibolites. This southwestern contact consists
of a garnet-rich zone. Sample AK-04-07 represents the
fine-grained part of the quartz-pyroxene rock. It was
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Table 1

Mineral mode analyses (% of surface area) of selected metacarbonates and BIFs from the ISB

Quartz Hornblende Graphite Apatite Allanite Pyrite Rutile Chromite

Chlorite Muscovite Biotite Garnet Magnetite Plagioclase Fe-

Amphiboles

Carbonates

oxihydroxide

Antoph

Grun/ Trem/

Dolomite Mg-siderite

Calcite

Cumm  Act

<1

10

70
70
60

1S-04-01

10
15

15

1S-04-02
1S-04-03
1S-04-05
1S-04-07
1S-04-08
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<1

20

30

50

20

10

35

35
25

35

30
30

1S-04-11

1S-04-06
9-1A1B
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10
10

10-1A2B
10-1A3B

AL-6-2

60 <1

25

<1

10
30

<1

30 40

25

AL-04-G18
AL-04-G23

<1

<1

35

15

20
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collected several meters north (along the banding direction)
of the actual locality of the well documented fine-grained
quartz-pyroxene rock samples G91-26 (ANU92-197) and
SM/GR/97/5 that were analyzed in Dauphas et al.
(2004a). The general mineralogy of these samples is quartz,
grunerite, hornblende, clinopyroxene, orthopyroxene,
actinolite, magnetite, and minor pyrite, chalcopyrite, apa-
tite and calcite. Sample AK-04-08 is derived from the
coarse-grained bulk of middle part of the quartz-pyroxene
rock, and is similar to the sample AK-98 studied in Dau-
phas et al. (2004a). Finally, sample ING-04-01 was col-
lected from the Akilia Association on the island of
Innersuartuut, about 10 km south of the island of Akilia.
This represents a small, 2 m long quartz-pyroxene lens in
the southern part of the island, and occurs in the close
vicinity of the location for sample 171770 that was analyzed
in Dauphas et al. (2004a).

3. METHODS

Major and trace element analyses of bulk samples (results of
which are reported in Table 2 and Electronic annex) were per-
formed at the Service d’Analyse des Roches et des Minéraux
(SARM) of the Centre de Recherches Pétrographiques et Géo-
chimiques (France). After fusion with lithium metaborate and
dissolution in acid, major elements were analyzed on a Jobin-Yvon
JY 70 ICP-AES. Trace element concentrations were measured by
ICP-MS on a Perkin-Elmer ELAN 5000. Because of its low con-
centration, there are few Ti measurements available in the literature
of chemical sediments or metasomatic rocks from Akilia, Inner-
suartuut, and the ISB (McGregor and Mason, 1977; Appel, 1980;
Nutman et al., 1984, 1996; Dymek and Klein, 1988; Dauphas et al.,
2004a; Fedo and Whitehouse, 2002a; Cates and Mojzsis, 2006). For
this reason, this element was measured separately on a Beckman
DU 62 spectrophotometer after digestion in HF—-HCIlO, (detection
limit 0.0006 wt% TiO,). Detection limits and uncertainties are
available at http://www.crpg.cnrs-nancy.fr/SARM/.

The procedures used in our laboratory for preparing samples,
purifying Fe, and analyzing the Fe isotopic composition have been
presented in detail in other contributions (Dauphas et al., 2004b,
2007; Dauphas and Rouxel, 2006) and will be briefly reviewed here.
After cleaning with acetone, bulk samples were powdered in an agate
mortar. Between each sample, the mortar was wiped with a moist
disposable cloth, rinsed with milli-Q water, and high purity quartz
was ground to avoid cross-contamination. We also sampled indi-
vidual mineral phases using a microdrilling apparatus (MicroMill,
New Wave Research) equipped with a carbide mill bit (Brasseler
scriber H1621.11, see Dauphas et al., 2007 for details). After back-
scattered electron imaging of a polished section on a JEOL JSM-
5800LV SEM, magnetite was drilled out of the Isua BIF 1S-04-06
(Fig. 5). Mineral phases (magnetite, garnet, and Mg-siderite) were
also drilled out of the Isua metacarbonate AL-44 (Fig. 6, Lepland
et al., 2002; van Zuilen et al., 2003). Before microdrilling, the drilling
locations were covered with a drop of milli-Q water. In addition to
the minerals that were directly aimed for sampling, the slurries pro-
duced by microdrilling always contained minor amounts of other
minerals (magnetite in garnet, magnetite in carbonate, and garnet-
carbonate in magnetite). The drilled material in suspension in water
was further purified using a teflon-coated magnetic stirring bar. The
resulting fractions were almost monominerallic (>90%). Wet sieving
was used on metacarbonates to separate a 210-420 pm size fraction,
which was then subject to hand picking of magnetite and amphibole/
chlorite to assess the effect of weathering on the isotopic composition
of Fe in carbonates.
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Fig. 4. Geologic map of the southwestern promontory of the island of Akilia, southern West Greenland (redrawn from Manning et al., 2006;
also see Nutman et al., 2002b). This part of the island represents one of several small supracrustal enclaves within an early Archean
orthogneiss complex. Near the southern tip of the promontory a five meter wide quartz-pyroxene rock occurs within an igneous surrounding
(sample AK-04-01 from an ultramafic body to the north). A profile (X-Y) from the southwestern contact (samples AK-04-05 and AK-04-06)
to the northeastern contact (samples AK-04-03 and AK-04-04) is shown in detail (view towards the north-west). Several meters to the
northwest, along the banding direction two samples were collected; sample AK-04-07 (fine-grained part) and sample AK-04-08 (coarse-

grained part).

Powdered bulk samples and mineral separates (typically
<10 mg) were digested in Teflon beakers using the following se-
quence of acid addition-heating in closed beakers for a total of
~5h at 100 °C + evaporation under a heat lamp: (i) 1mL
HF +0.5mL HNO;+few drops of HCIO4 (i) 0.25mL
HNO; +0.75SmL HCI+ few drops of HCIO,, (iii)) 0.5mL
HNO; + 1 mL HCI + few drops of HCIO, (all acids are concen-
trated solutions). The samples were finally dissolved in 0.2-0.5 mL
of 6 M HCI before loading on a column filled with 1 mL of AG1-
X8 200-400 mesh anion exchange resin. Matrix elements and direct
isobars of Fe were eluted with 8 mL of 6 M HCI and Fe was
recovered using 9 mL of 0.4 M HCL. The eluate containing Fe was
evaporated to dryness and loaded on a second column for further
purification using the same elution sequence. The yield is close to
100% and the chemistry blank is negligible compared to the
amount of Fe in the samples.

The Fe isotopic composition was measured in 0.45 M HNO; at
a concentration of 2 ppm on an Isoprobe (Micromass) multi-col-
lector inductively coupled plasma mass spectrometer (MC-ICPMS,
Isotope Geochemistry Laboratory, Field Museum). The sample

solutions were introduced in the mass spectrometer using a Cetac
Aridus desolvating system. Instrumental mass fractionation was
corrected by standard bracketing with the reference material
IRMM-014 (Taylor et al., 1992). Variations in the Fe isotopic
compositions of natural samples relative to the reference material
are calculated using,

56Fe/54FeS L
3Fe= gt 1) x 10°.
¢ (56F6/54FCIRMM-014 *

To facilitate inter-laboratory and inter-element comparisons, we
also calculate the isotopic fractionation in permil per atomic mass
unit deviation relative to the composition of IRMM-014 (%o/amu),

Fr. = 6°Fe/(56-54).

Error bars are 95% confidence intervals estimated based on re-
peated analyses of the reference material by standard bracketing
as is done for the samples. Most sample analyses were replicated
at least once (and sometimes more) from acid digestion to isotopic
analysis (Table 3) and the results agree with each other.



Table 2
Major and selected trace element concentrations of igneous rocks, metacarbonates, and BIFs from Isua, Akilia, and Innersuartuut (southern West Greenland)

AK0401 AKO0403 AKO0406 AKO0404 AKO0405 AKO0407 AKO0408 Ing04-01 150401 150402 1S0403 1S0405 1S0407 1S0408 150409 1S0410 1S0411 AL04G18 AL04G23
Ce (ppm) 6.009 22.74 11.75 19.97 2.261 0.551 0.431 7.674 0.584 1.511 12.08 2.079 4.693 8.005 15.82 16.58 15.61 2.817 31.27
Dy (ppm) 2.272 4.076 5.261 9.918 0.232 0.169 0.095 1.288 0.206 0.216 4.382 0.364 3.151 11.6 2.5 1.1 2.6 0.524 0.953
Er (ppm) 1.212 2.292 2.847 4.818 0.147 0.098 0.054 0.574 0.195 0.14 2.641 0.26 2.044 6.174 143 0.776 1.704 0.373 0.465
Eu (ppm)  0.612 0.675 0.906 0.782 0.219 0.056 0.049 0.135 0.065 0.138 1.159 0.341 0.636 0.713 0.503 0.743 1.549 0.365 0.558
Ga (ppm) 8.573 20 27.86 17.22 16.17 2.555 0.308 2.581 0.869 0.628 0.864 0.536 7.441 30.61 9.212 5.239 5.753 0.326 12.85
Gd (ppm) 2.301 4.417 4.853 11.11 0.134 0.134 0.077 1.547 0.189 0.237 3.94 0.403 2.305 7.295 2.83 1.19 2313 0.551 1.459
Ho (ppm) 0.443 0.81 1.023 1.829 0.05 0.032 0.019 0.219 0.051 0.047 0.935 0.091 0.683 2.328 0.518 0.242 0.576 0.125 0.167
La (ppm) 2.202 6.661 3.39 29 1.571 0.197 0.218 2.238 0.283 1.074 5.738 2.103 2.206 3.368 8.218 9.548 8.912 2.937 15.12
Lu (ppm) 0.17 0.345 0.525 0.579 0.024 0.017 0.008 0.061 0.059 0.035 0.402 0.03 0.31 0.772 0.199 0.178 0.252 0.041 0.065
Nd (ppm) 5.332 1791 9.309 31.78 0.776 0.292 0.226 5.752 0.408 0.657 7.614 0.872 2.698 5.011 8.863 6.697 6.954 1.2 13.58
Pr (ppm) 0.973 3.709 1.894 5.103 0.245 0.074 0.052 1.236 0.082 0.162 1.633 0.206 0.611 1.083 1.977 1.798 1.774 0.287 3.649
Sm (ppm) 1.791 4.765 345 11.26 0.127 0.089 0.054 1.685 0.132 0.174 2427 0.187 0.828 2.106 2.208 1.219 1.688 0.299 2.19
Tb (ppm) 0.369 0.684 0.863 1.71 0.029 0.022 0.014 0.233 0.029 0.034 0.658 0.057 0.459 1.632 0.416 0.173 0.395 0.077 0.187
Tm (ppm) 0.173 0.354 0.447 0.654 0.022 0.014 0.007 0.075 0.036 0.024 0.381 0.033 0.298 0.872 0.202 0.125 0.253 0.047 0.066
Y (ppm) 11.82 22.85 30.18 51.17 1.685 1.262 0.756 7.536 2.648 1.938 36.39 7.031 26.33 74.58 19.52 8.794 19.94 8.975 5.137
Yb (ppm) 1.15 2.343 3.146 4.078 0.154 0.101 0.048 0.452 0.331 0.191 2.555 0.193 1.95 5.379 1.291 0.985 1.643 0.266 0.422
Si0, (%)  48.22 43.15 50.24 47.00 70.64 68.89 94.37 0.06 0.06 1.97 4.27 17.80 4.58 26.04 12.51 4.85 0.13 21.77 62.58
ALO; (%)  6.24 14.29 14.94 7.35 17.96 0.12 0.04 0.72 0.04 0.40 0.62 0.19 1.37 16.30 6.05 1.78 2.36 <D.L. 9.28
Fe,03 (%) 10.83 16.60 14.84 18.30 0.19 22.02 1.97 10.83 33.77 33.97 35.32 3.69 85.15 44.58 67.73 71.03 65.41 4.60 3.52
MnO (%) 0.20 0.28 0.46 0.28 0.01 0.29 0.06 0.27 0.90 0.30 0.27 0.60 2.24 1.65 2.17 249 3.16 0.51 0.26
MgO (%) 18.07 8.50 6.78 10.34 0.00 4.85 0.0050 0.00 23.60 23.66 2143 16.69 0.015 50.00 5.67 6.68 0.00 16.62 393
CaO (%) 13.02 11.90 8.35 11.62 5.71 2.58 1.53 3.53 0.28 0.49 0.48 27.24 0.15 1.39 0.99 0.70 0.41 27.81 8.04
Na,O (%)  0.79 1.81 2.80 0.99 4.51 <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L.
K50 (%) 0.17 0.50 0.38 0.23 0.17 <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. <D.L. 3.66
TiO,® (%)  0.50 1.05 0.54 1.36 0.0029 0.0028 0.0009 0.023 0.0031 0.0055 0.58 0.010 0.038 1.83 0.16 0.053 0.067 0.0009 0.24
P,0s (%) 0.06 0.04 0.04 0.06 <D.L. 0.06 <D.L. 0.03 0.04 0.04 0.04 0.02 0.09 0.04 0.74 0.22 0.10 0.02 0.10
LOI (%) 1.74 0.97 1.05 1.35 0.43 1.20 0.76 0.84 40.94 40.04 36.81 32.36 4.12 2.86 4.35 10.85 12.81 28.94 8.19
Total (%) 99.83 99.08 100.42 98.87 99.65 100.00 99.58 100.06 99.89 100.86 99.82 98.60 98.54 100.19 100.36 98.67 99.45 100.26 99.79

150406 9-1A1B  9-1A2B 10-1A2B 10-1A3B AL6-1b  AL6-2b  AL04-G22 ANU92- SM/ SM/ SM/ SM/ SM/ SM/ SM/ ING- ING- AK-98"

197 [1] GR/97/2*  GR/97/3* GR/97/4* GR/97/5" GR/97/6" GR/97/7* GR/97/9* 171770* 171771*

Ce (ppm) 3.302 0.798 0.607 2.249 1.481 4.084 1 0.488 1.451 17.72 5.179 9.144 2.356 2.445 37.73 12.68 16.83 6.272 0.815
Dy (ppm)  0.607 0.142 0.368 0.38 0.483 1.386 0.448 0.263 0.229 1.645 2.326 1.624 0.433 1.284 2.543 0.975 3.856 1.367 0.428
Er (ppm) 0.47 0.118 0.301 0.28 0.361 1.15 0.36 0.15 0.142 0.871 1.229 1.081 0.262 0.842 1.343 0.421 1.797 0.895 0.323
Eu (ppm) 0.248 0.045 0.074 0.182 0.181 0.228 0.169 0.033 0.11 0.59 0.551 0.353 0.136 0.24 0.921 0.195 0.276 0.66 0.062
Ga (ppm)  0.875 0.997 1.738 1.255 1.032 14.36 1.446 1.142 0.782 2243 9.203 16.11 0.705 9.923 20.67 2.196 4.627 6.774 0.76
Gd (ppm)  0.523 0.136 0.213 0.279 0.337 0.699 0.299 0.194 0.231 1.938 2.322 1.31 0.381 0.993 2.943 1.415 4.27 1.394 0.293
Ho (ppm) 0.152 0.035 0.093 0.09 0.122 0.343 0.111 0.055 0.051 0.313 0.459 0.348 0.091 0.284 0.48 0.167 0.692 0.305 0.101
La (ppm) 2.507 0.541 0.341 1.313 0.91 1.4 0.764 0.198 0.564 7.083 1.584 3.818 0.646 1.058 17.66 3.891 4.709 1.88 0.252
Lu (ppm) 0.083 0.019 0.038 0.047 0.057 0.199 0.061 0.022 0.021 0.133 0.17 0.188 0.04 0.149 0.2 0.051 0.238 0.149 0.064
Nd (ppm) 1.443 0.395 0.333 0.891 0.682 1.868 0.434 0.317 0.681 9.883 5.4 4.808 1.607 1.838 16.92 8.478 133 4973 0.678
Pr (ppm) 0.36 0.095 0.073 0.232 0.165 0.492 0.097 0.068 0.172 2.355 0.936 1.191 0.363 0.358 4.347 1.954 2.787 1.029 0.133
Sm (ppm)  0.309 0.08 0.105 0.176 0.188 0.483 0.137 0.102 0.168 2.246 1.906 1.151 0.396 0.686 3.449 1.895 4.105 1.265 0.219
Tb (ppm)  0.079 0.02 0.045 0.05 0.065 0.169 0.061 0.04 0.036 0.281 0.379 0.237 0.066 0.186 0.434 0.194 0.687 0.216 0.059
Tm (ppm)  0.069 0.018 0.045 0.043 0.055 0.178 0.055 0.02 0.02 0.128 0.175 0.171 0.04 0.136 0.188 0.055 0.246 0.134 0.052
Y (ppm) 7.686 1.626 3.377 3.485 5.172 10.22 4.76 1.756 1.76 9.3 12.34 10.36 2.946 7.833 13.97 5.406 21.26 10.29 3.495
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0.67
0.73
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04
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CaO (%)
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0.2
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<D.L. <D.L.

<D.L.
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1.55
0.48
0.08

<D.L.
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<D.L.

<D.L. <D.L.

<D.L.

<D.L.

0.06

K,O (%)

0.002
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0.14
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0.046
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-0.79
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0.015
<D.L.
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0.

0.002
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0.002
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0.04

0.34
100.68
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0.0024

0.05

1.08
100.54

0.0070
<D.L.

0.015
0.04
0.16

100.45

0.0080

0.02

0.46
99.61

0.0050
0.05
0.87

Total (%) 100.26

TiO," (%)

0.04
3.55

100.14

0.15
4.15

99.43

P,0s (%)

—0.06

—1.69
100.07

—0.41
99.76

0.23
99.95

1.18

100.05

1.63
99.71999

—0.48
100.37

1.61
98.53

0.42

99.54

LOI (%)
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99.83001

The complete data set is available as Electronic annex.

<D.L. means that the concentration is below detection limit. LOI stands for loss on ignition. Visit http://www.crpg.cnrs-nancy.fr/SARM/ for detection limits and precisions.

# Tron isotope analyses and sample descriptions are available in Dauphas et al. (2004a).

® Measured separately by spectrophotometry.

The carbonates that we analyzed contain less Fe or have dif-
ferent chemical compositions compared to samples that we usually
process in our laboratory. For this reason great care was taken to
validate our results. The samples that were selected to test the
method are (i) AC-E, a granite geostandard from Ailsa Craig island
(SW Scotland) which only contains 1.8 wt% of Fe (Govindaraju,
1994), (ii) IS-04-05, a Fe-poor carbonate from the western part of
the ISB that has the most negative Fe isotopic composition of all
carbonates measured in this study (Tables 3 and 4), and (iii) IS-04-
07, a Fe-rich carbonate from the Eastern part of the ISB that has
the most positive Fe isotopic composition of all carbonates mea-
sured in this study (Tables 3 and 4). After dissolution of the test
samples, we passed them through a first column, recovered matrix
elements (6 M HCI fraction) and the Fe eluate (0.4 M HCI frac-
tion). The matrix fraction was passed through a second column to
get rid of residual Fe, if any. The Fe-free matrix was doped with
100 pg of IRMM-014. This solution of Fe-free matrix + IRMM-
014 was processed using our usual protocol for purifying Fe. Iron
that was eluted from the first column was passed through a second
column and the Fe eluate was split into two fractions. Half was
kept for direct isotopic measurement and the other half was passed
through a third column. So from one sample aliquot we generated
three solutions: (i) IRMM-014 that had been mixed with the Fe-
free sample matrix and processed through two columns, (ii) sample
Fe processed through two columns, and (iii) sample Fe processed
through three columns. The potential sources of artifacts in Fe
isotopic analyses are isotopic fractionation during column chro-
matography, changes in the instrumental mass bias due to the
presence of matrix elements, and isobaric interferences such as
¢Crt or *®Ni'. All samples plot on a single fractionation line
(8°"Fe ~ 1.5 x 3%Fe, the slope and intercept of the linear regression
of the data points in Table 3 are 1.530 £ 0.046 and 0.008 £ 0.026,
respectively) so the presence of uncorrected isobaric interferences
can be excluded. The solutions of matrix + IRMM-014 have iso-
topic  compositions  of  0%c/amu  within  uncertainties
(—0.022 + 0.070 and 0.010 + 0.029%c/amu for IS-04-05 and IS-04-
07, respectively), so matrix effect and chromatographic fraction-
ation can be ruled out as well. Finally, the samples processed
through three columns have the same compositions as those passed
through two columns (0.151 £0.054 vs 0.134 4+ 0.054,
—0.377 £0.081 vs —0.3504+0.081, and 0.3924+0.029 vs
0.377 £ 0.029 %c/amu for AC-E, 1S-04-05, and IS-04-07, respec-
tively) confirming that the yield is close to 100% and that the
purification procedure does not fractionate Fe isotopes outside of
analytical uncertainties. Replicate analyses of the three test samples
give identical results despite different amounts of Fe loaded on the
column. From these tests, we can safely conclude that the isotopic
variations that we document in metacarbonates are real and are not
artifacts introduced in the laboratory.

4. RESULTS
41. REE+Y

Loss on ignition (LOI) and a total of 53 elements were
measured in 38 samples (Table 2 and Electronic annex).
In almost all cases, element abundances sum up to 100%
(within 1%).

Study of REE +Y chemistry in the modern ocean
(Elderfield, 1988; Byrne and Kim, 1990; Byrne and Lee,
1993; Zhang et al.,, 1994; Bau, 1996, 1999; Nozaki
et al., 1997; Quinn et al., 2004) provides important clues
for understanding the formation of BIFs (Dymek and
Klein, 1988; Jacobsen and Pimentel-Klose, 1988; Derry
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Fig. 5. Petrographic context and Fe isotopic composition (relative to IRMM-014) of micro-drilled magnetite from the Isua BIF IS-04-06
(Table 5). (a) Mosaic backscattered electron image of IS-04-06. The scale bar is 1 cm. The white bands are composed of magnetite while the
rest comprises silicates and carbonates. The areas contoured in white are shown in (b) and (c). (b) False color CMYK mosaic obtained by
superposing chemical X-ray maps of iron (cyan, C), phosphorus (magenta, M), calcium (yellow, Y), and silicon (black, K). The blue bands are
composed of magnetite, the red spots are apatite, the yellow band is calcite, the light grey areas are amphibole, and the dark grey areas are
quartz (see Section 2.1 for details on the mineralogy). (c) Localisation map of magnetite bands sampled by micro-drilling for Fe isotope
analyses (see a for scale of sampling). (d) Fe isotope results relative to IRMM-014 (Table 5). The distance is taken from the bottom of (a). The
grey band shows the weighted average of bulk measurements of 1S-04-06. The MSWD is 1.39, within the two-sided 95% interval predicted
from the reduced »? distribution for n — 1 = 8 degrees of freedom (0.27-2.19). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this paper.)

and Jacobsen, 1990; Shimizu et al., 1990; Danielson et al.,
1992; Alibert and McCulloch, 1993; Bau and Mboller,
1993; Bau and Dulski, 1996; Bolhar et al., 2004; Frei
and Polat, 2007). The REE + Y pattern of seawater de-
pends on several factors. The source of REE + Y in mod-
ern oceans is continental run-off and eolian transport
(post-Archean Australian Shale is a good proxy). In the
Archean, the source is not clearly defined but there is
no question that it included a high-temperature hydro-
thermal component that imparted a positive Eu anomaly
to Eoarchean BIFs relative to chondrites (Dymek and
Klein, 1988; Derry and Jacobsen, 1990; Danielson et al.,
1992; Bau and Moller, 1993). The main vector for re-
moval of REE +Y from the oceans is scavenging by par-
ticulate matter. This is controlled by competition between
solution (e.g., CO;>") and surface (e.g., solid oxyhydrox-
ide) complexation of trivalent REE (Elderfield, 1988; By-
rne and Kim, 1990; Quinn et al., 2004). Byrne and Kim

(1990) interpret the enrichment in HREE relative to
LREE in modern seawater to reflect a stronger increase
with atomic number of solution complexation relative to
surface complexation. HREEs are less easily scavenged,
have a longer residence time, and therefore higher concen-
trations in seawater than LREEs. La and Y depart from
this smooth trend of solution/surface complexation with
atomic mass number (Byrne and Kim, 1990; Bau, 1999;
Quinn et al., 2004) and as a result show up as positive
anomalies relative to neighbor REEs in modern seawater
(Byrne and Lee, 1993; Zhang et al., 1994; Bau, 1996; No-
zaki et al., 1997). Bolhar et al. (2004) and Frei and Polat
(2007) identified several features that can be used to
distinguish a marine deposit from a metasomatic rock.
These features include: (i) concave upward REE pattern,
(ii) positive La/La* = Lax/(Cey?/Prn) anomaly, (iii) po-
sitive Eu/Eu” = Euyn/(Smy x Gdy)®® anomaly, and (iv)
suprachondritic Y/Ho ratio.
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Fig. 6. Petrographic context and Fe isotopic composition (relative to IRMM-014) of individual phases in the Isua metacarbonate AL-44. The
left panel shows a backscattered electron mosaic of the studied section with locations of areas sampled with the microdrill (see text for more
details). The inset is a back scattered electron image of the area indicated by the white square showing textural relationships between
almandine, Mg-siderite, magnetite, and graphite. The Fe isotopic composition relative to IRMM-014 is shown in the right panel. Almandine
has similar Fe isotopic composition compared to Mg-siderite and both phases have light compositions relative to magnetite (~0.2%c/amu).
This probably reflects inter-mineral isotope fractionation at ~550 °C (Fig. 14).

Yttrium and Holmium are twin elements that have very
similar chemical behaviors during melting and crystalliza-
tion (Pack et al., 2007) but can be fractionated in aqueous
fluids (Bau, 1996). Mafic igneous rocks have close to chon-
dritic Y/Ho ratios (26.22 + 0.40; Jochum et al., 1986, 1989;
Pack et al., 2007; following the usual practice, we report this
ratio in g/g, see Fig. 7 for conversion to mol/mol) while
modern seawater has high and variable Y/Ho ratio, ranging
from ~40 to 70 (Byrne and Lee, 1993; Zhang et al., 1994;
Bau, 1996; Nozaki et al., 1997). Igneous rocks from Isua,
Akilia, and Innersuartuut have close to chondritic Y/Ho ra-
tio (average 27.44 +0.91, n = 73, Table 2, Fig. 7, and also
data in McGregor and Mason, 1977; Nutman et al., 1996;
Fedo and Whitehouse, 2002a; Polat et al., 2002; Komiya
et al., 2004; Cates and Mojzsis, 2006). In Qtz-Px rocks from
Akilia and Innersuartuut, the Y/Ho ratio is correlated with
the logarithm of the Fe/Ti ratio (Fig. 7, the slope of the cor-
relation Y/Ho (g/g) = aLogFe/Ti (mol/mol) + b is signifi-
cantly different from zero, a=2.52+1.07, n=29). A
similar correlation may also exist for metacarbonates from
Isua but this is not statistically resolvable. This broad corre-
lation is consistent with mixing between igneous and chem-
ical sedimentary end-members (Fig. 7 shows the mixing
trajectory between SM/GR/97/4 and AK-04-07, gabbroic
and fine-grained Qtz-Px rocks from Akilia, respectively).

In the following discussion on trace element signatures,
we limit ourselves to samples with Fe/Ti> 1000 because
those are most likely to preserve original signatures of puta-
tive chemical sediments, least affected by igneous admix-
tures (through tectonic reworking or deposition of detrital
sediments and volcanic ashes). Indeed, bona fide BIFs have

much higher Fe/Ti ratios than igneous rocks (e.g., 10,346
for IF-G, a well-characterized BIF geostandard from Isua,
Govindaraju, 1994 vs <60 for most igneous rocks from SW
Greenland, Fig. 7). The Fe/Ti ratio is also useful because it
is a potential proxy for Fe mobilization and transport. For
instance, altered oceanic basalts are enriched in the heavy
isotopes of Fe but this is associated with a reduction in
the Fe/Ti ratio (Rouxel et al., 2003), which is opposite to
what was observed by Dauphas et al. (2004a) in Qtz-Px
rocks from the island of Akilia. We adopted a threshold
of 1000 based on the mixing trajectory between SM/GR/
97/4 and AK-04-07 (Fig. 7). Even if the Fe/Ti ratio of
AK-04-07 were reduced from 8008 to 1000 mol/mol due
to the addition of SM/GR/97/4, the Y/Ho ratio would only
be modified from 39.3 to 35.5 (Fe/Ti =29 mol/mol and
Y/Ho = 29.8 g/g for the end member SM/GR/97/4).

Adopting a Fe/Ti threshold of >1000 mol/mol, the aver-
age Y/Ho ratios of Qtz-Px rocks from Akilia/Innersuartuut
and BIFs and Fe-rich metacarbonates from Isua are
35.6+£2.3, 439459, and 42.0 4 15.2 g/g, respectively.
All these values are higher than chondritic and surrounding
igneous rocks (~26-27) and fall close to the range of values
documented for modern seawater (40-70).

We normalize all REE concentrations to CI1 chondrites
(Anders and Grevesse, 1989; see Bau and Dulski, 1996, for
pros and cons of the chondrite and shale normalizations).

For mafic and ultramafic rocks from the island of Akil-
ia, we consider only high quality measurements where the
whole suite of REEs was measured (Fig. 8; data in Table
2, Fedo and Whitehouse, 2002a). These rocks have on aver-
age chondritic composition but HREEs show less scatter in
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Table 3
Iron isotopic compositions of bulk igneous rocks, metacarbonates, and BIFs from Isua, Akilia, and Innersuartuut (southern West Greenland)
Type Sample Description Fe (molg™")  &°°Fe (%o) 5%"Fe (%o) Fre (%o/amu)
Igneous AK-04-01 Akilia, Ultramafic N of Qtz-Px unit 0.00135 —0.037 +0.126 —0.033 +0.287 —0.019 + 0.063
BIF/igneous? AK-04-03 dark Akilia N contact Qtz-Px unit 0.307 £+ 0.104 0.533 +0.370 0.154 + 0.052
0.295 £ 0.155 0.611 £0.133 0.148 +0.078
Average AK-04-03 dark 0.00208 0.303 + 0.086 0.602 + 0.125 0.152 +0.043
BIF/igneous? AK-04-06 dark Akilia S contact Qtz-Px unit 0.081 +0.155 0.197 +£0.134 0.041 +0.078
—0.007 + 0.048 —0.058 +0.121 —0.004 + 0.024
Average AK-04-06 dark 0.00186 0.001 + 0.046 0.057 + 0.090 0.000 + 0.023
BIF? AK-04-04 Akilia Qtz-Px rock, N contact 0.337 £ 0.051 0.474 +0.147 0.169 + 0.026
0.315+0.100 0.509 + 0.131 0.158 + 0.050
Average AK-04-04 0.00229 0.332 £0.045 0.494 +0.098 0.166 + 0.023
BIF? AK-04-05 Akilia Qtz/Px S contact Gt zone 0.259 + 0.163 0.292 +0.315 0.130 + 0.082
0.214 + 0.058 0.340 +0.138 0.107 + 0.029
Average AK-04-05 0.0000238 0.219 + 0.054 0.332 +0.127 0.110 + 0.027
BIF? AK-04-07 Akilia fine-grained Qtz-Px rock 0.856 + 0.061 1.401 £0.273 0.428 + 0.031
0.903 + 0.092 1.354 +£0.177 0.452 + 0.046
Average AK-04-07 0.00275 0.870 + 0.051 1.368 +0.149 0.435 +0.025
BIF? AK-04-08 Akilia coarse-grained Qtz-Px rock 0.382 £+ 0.074 0.616 +0.248 0.191 £ 0.037
0.376 + 0.079 0.616 + 0.166 0.188 +0.040
Average AK-04-08 0.000246 0.379 £+ 0.054 0.616 +0.138 0.190 + 0.027
BIF? Ing-04-01 Innersuartuut, Qtz-Px enclave 0.414 + 0.066 0.737 £ 0.216 0.207 + 0.033
0.418 £+ 0.082 0.638 +0.158 0.209 + 0.041
Average Ing-04-01 0.00135 0.416 +0.051 0.673 +£0.128 0.208 + 0.026
Metacarbonate 1S-04-01 Siderite SW of the belt 0.251 £ 0.063 0.321 £0.105 0.125 +£0.032
0.146 + 0.157 0.208 + 0.200 0.073 +0.079
Average 1S-04-01 0.00422 0.236 + 0.059 0.296 + 0.093 0.118 +0.029
Metacarbonate 1S-04-02 Siderite NW of the belt 0.356 + 0.157 0.550 + 0.200 0.178 +0.079
0.251 + 0.207 0.374 +0.318 0.126 + 0.104
Average 1S-04-02 0.00425 0.318 £0.125 0.500 + 0.169 0.159 + 0.063
Metacarbonate 1S-04-03 Siderite NW of the belt 0.462 + 0.212 0.778 + 0.364 0.231 +0.106
0.446 + 0.079 0.760 + 0.166 0.223 £ 0.040
Average 1S-04-03 0.00442 0.448 +0.074 0.763 +0.151 0.224 +0.037
Metacarbonate 1S-04-05 Average from Table 1, W of the belt 0.00046 —0.742 + 0.046 —1.096 £ 0.093 —0.371 +£0.023
1S-04-07 Average from Table 1, E of the belt 0.01064 0.759 +0.038 1.129 + 0.074 0.380 +0.019
1S-04-08 Siderite E of the belt 0.410 + 0.092 0.633 +£0.177 0.205 + 0.046
0.399 + 0.037 0.583 + 0.050 0.199 +0.018
Average 1S-04-08 0.00557 0.400 + 0.034 0.587 + 0.048 0.200 + 0.017
Metacarbonate 1S-04-09 Graphite-rich metacarbonate 0.327 + 0.152 0.571 +0.291 0.164 + 0.076
0.285+ 0.077 0.460 + 0.201 0.143 + 0.039
Average 1S-04-09 0.00847 0.294 + 0.069 0.496 + 0.165 0.147 £ 0.034
Metacarbonate 1S-04-10 Siderite E of the belt (similar to 1S-04-11) 0.276 + 0.100 0.409 + 0.131 0.138 + 0.050
0.295 +0.157 0.380 4 0.200 0.148 +0.079
Average 1S-04-10 0.00888 0.281 £+ 0.084 0.400 +0.110 0.141 £ 0.042
Metacarbonate 1S-04-11 Graphite-rich metacarbonate 0.143 £ 0.076 0.217 £0.374 0.072 £0.038
0.352 + 0.152 0.593 +0.291 0.176 + 0.076
0.244 + 0.100 0.361 +0.131 0.122 + 0.050
0.00818 0.204 + 0.056 0.383 +0.114 0.102 + 0.028
Metacarbonate AL-04-G18 Heavily carbonated Amitsoq gneiss 0.000575 —0.901 +£0.177 —1.456 +£0.219 —0.451 +£0.089
Average 1S-04-11
Metacarbonate AL-04-G23 Carbonated Amitsoq gneiss 0.000440 —0.725 £ 0.177 —1.051 £0.219 —0.363 £+ 0.089
BIF IF-G BIF geostandard 0.0069948 0.715+0.11 1.125 4+ 0.282 0.358 + 0.055
BIF 1S-04-06 Fine-grained BIF, E of the belt 0.642 £ 0.100 0.974 +0.157 0.321 £ 0.050
0.589 +0.157 0.921 + 0.200 0.295 +0.079
0.00389 0.627 + 0.084 0.954 +0.123 0.313 +0.042
BIF 9-1A1 Banding of Qtz/Mgt 0.598 + 0.066 0.848 + 0.179 0.299 +0.033
Average 1S-04-06
9-1A1B Banding of Qtz/Mgt 0.423 +0.181 0.620 4 0.341 0.212 +0.091
Average 9-1A1 0.00117 0.577 £ 0.062 0.799 + 0.158 0.289 + 0.031
BIF 9-1A2 Banding of Qtz/Mgt 0.577 £+ 0.098 0.918 + 0.151 0.289 + 0.049
9-1A2B Banding of Qtz/Mgt 0.434 +0.181 0.630 + 0.341 0.217 £+ 0.091
Average 9-1A2 0.00203 0.545 + 0.086 0.871 +£0.138 0.272 +0.043
BIF 10-1A2 Pyrite BIF 1.093 + 0.099 1.721 £ 0.152 0.547 + 0.050
10-1A2B Pyrite BIF 0.903 +0.142 1.354 + 0.228 0.452 +0.071
Average 10-1A2 0.000416 1.031 £ 0.081 1.608 + 0.126 0.515 + 0.041



Iron isotopes and trace elements in Eoarchean supracrustals from Greenland 4757

Table 3 (continued)

Type Sample Description Fe (mol g ') 3°°Fe (%o) 3°"Fe (%o) Fre (%c/amu)
BIF 10-1A3 Pyrite BIF 0.773 £ 0.067 1.063 £ 0.179 0.387 +£0.034
10-1A3B Pyrite BIF 0.734 £0.181 1.121 + 0.341 0.367 +0.091
Average 10-1A3 0.00476 0.768 + 0.063 1.076 £ 0.158 0.384 +0.031
Schist AL-6-1b Pyrite containing banded qtz-chl schist 0.00157 0.010 +0.177 —0.046 +0.219 0.005 + 0.089
BIF AL-6-2b Pyrite containing BIF 10 m from ALG6-1 0.00582 1.030 £ 0.181 1.625 £ 0.341 0.515 £ 0.091
Quartzite AL-04-G22 Pyrite containing quartzite 0.000656 0.288 + 0.159 0.412 4+ 0.268 0.144 +0.080

8'Fe = [('Fe/**Fe)sampie/(‘Fe/**Fe)irnmora — 11°10°, Fye = §7°Fe/2.

The compositions of metacarbonates 1S-04-05 and IS-04-07 are given in Table 4.

absolute abundances than do LREEs. A similar feature had
been observed by Frei and Jensen (2003) and Polat and
Hofmann (2003) in Isua and had been attributed by these
authors to greater susceptibility to metasomatic alteration
of LREEs compared to HREEs. The mafic and ultramafic
rocks from Akilia also show variable Eu/Eu* anomalies,
ranging from 0.6 (SM/GR/97/3, Table 2) to 1.6 (AKO03,
Fedo and Whitehouse, 2002a) that may again reflect meta-
somatic alteration.

The REE patterns of undisputed BIFs from Isua with
Fe/Ti> 1000 (all samples but one) are identical to the
well-characterized geostandard IF-G (BIF from Isua, Gov-
indaraju, 1994). These have concave upward curvatures
(Lan/Smy = 2.0-5.1 and Gdyn/Luyn = 0.6-1.0) with pro-
nounced positive Eu/Eu* anomalies (1.3-2.5) and positive
La/La* anomalies (1.2-1.4). The absolute concentrations
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Fig. 7. Correlation between Y/Ho and Fe/Ti ratios in igneous
rocks, metacarbonates, and rocks of inferred chemical sedimentary
protoliths in Isua, Akilia, and Innersuartuut (data from Table 2;
McGregor and Mason, 1977; Nutman et al., 1996; Fedo and
Whitehouse, 2002a; Polat et al., 2002; Komiya et al., 2004; Cates
and Mojzsis, 2006). The red curve is the trajectory for mixing
between SM/GR/97/4 (gabbroic rock from Akilia; Dauphas et al.,
2004a) and AK-04-07 (fine-grained Qtz-Px rock from Akilia, Table
2). The bulk silicate Earth composition (BSE) is from McDonough
and Sun (1995). Two metacarbonates (I1S-04-05 with Fe/Ti =371
and Y/Ho = 143 and AL-04-G18 with Fe/Ti = 5407 and Y/Ho =
133; Table 2) plot off-scale on the Y/Ho axis. The right vertical axis
gives the Y/Ho ratio in g/g (=0.539* mol/mol). (For interpretation
of the references to color in this figure legend, the reader is referred
to the web version of this paper.)

are lower than those of surrounding mafic and ultramafic
rocks.

Except for sample IS-04-07, all metacarbonates from
Isua with Fe/Ti> 1000 (IS-04-01, AL-04-G18, 1S-04-02,
and IS-04-10) have REE element patterns very similar to
those of BIFs, with concave upward curvatures (Lan/
Smy = 1.3-6.2 and Gdn/Luy = 0.4-1.6), Eu/Eu* > 1 (1.2—
2.7) and La/La*>1 (1.1-1.8). The absolute REE
concentrations (0.9 < Smy < 8.3) are also similar to those
measured in BIFs (0.54 < Smy < 2.72). The metacarbonates
with Fe/Ti <1000 have typically higher REE concentra-
tions and more variable patterns. Some of these rocks
(e.g., IS-04-03, IS-04-09) have REE patterns that are remi-
niscent of those measured in mafic and ultramafic rocks (al-
most flat pattern with variable Eu/Eu®).

The REE element patterns of the Qtz-Px rocks from
Akilia are variable with respect to absolute concentrations
and the direction of Eu anomalies. Samples with Fe/Ti <
1000 tend to have higher concentrations (average Log Smy =
1.01 £0.39, n = 11) than samples with Fe/Ti > 1000 (aver-
age LogSmy = 0.25 4+ 0.34, n =9). The proportion of sam-
ples with Eu/Eu* > 1 is higher in samples with Fe/Ti > 1000
(6 out of 9) compared to samples with Fe/Ti < 1000 (2 out
of 11). Although some high Fe/Ti Qtz-Px rocks from Akilia
share similarities with well-characterized BIFs from the ISB
(Eu/Eu* > 1, LREE enrichments), there are distinctive
features between the two groups of samples. These include
concave downward LREE patterns with low La/La*
(average 0.89 4+ 0.18 for Akilia n =9, 1.29 4+ 0.14 for Isua
n=06) and approximately flat HREE patterns (average
Gdyn/Luy 1.14 4 0.26 for Akilia n =8, 0.78 & 0.18 for Isua
n==06).

4.2. Iron isotopes in bulk rocks

Study of Qtz-Px rocks and metacarbonates suggests
that trace elements were contaminated by addition of an
igneous component, possibly through tectonic reworking
or deposition of volcanic ashes. In the case of REE compo-
sitions of bulk rocks, we adopted a threshold of Fe/Ti>
1000 to try to distinguish between pristine and contami-
nated chemical sediments based on expected mixing trajec-
tories (Fig. 7). In the case of the isotopic composition of a
major element like Fe, a lower Fe/Ti threshold of 250 can
be adopted because there is a very large contrast in Fe/Ti
ratio between igneous rocks and metasomatic rocks/chem-
ical sediments resulting in very high curvature of mixing
trajectories (Fig. 9).
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Table 4

Iron isotopic compositions of AC-E geostandard, carbonatites from the Kola Peninsula (Russia), and analytical tests done on metacarbonates

from the ISB (southern West Greenland)

Type Sample Description Fe 3%Fe(%o) 3%7Fe (%o) Fre (%o/amu)
(molg™)
Granite AC-E* Geostandard 0.268 +0.107 0.307 £0.156 0.134 £ 0.054
AC-E 11" Geostandard (three columns of 0.302 +0.107 0.442 +0.156  0.151 +£0.054
AC-E")
AC-E Geostandard 0.275 +0.039 0.339 £+ 0.051 0.137 +0.019
AC-E Geostandard 0.301 4 0.038 0.400 £0.172 0.151 +0.019
AC-E Geostandard 0.295 4+ 0.067 0.41440.180  0.148 +0.034
Average AC-E 0.000316 0.289 +0.024 0.353 £ 0.044 0.144 £0.012
Carbonatite NSB351-6 Kola carbonatite —0.216 = 0.098  —0.329 +£0.151 —0.108 £ 0.049
NSB351-6 Kola carbonatite —0.3454+0.066 —0.505 +0.136 —0.173 +0.033
NSB351-6 Kola carbonatite —0.246 +=0.100 —0.385+0.131 —0.123 £0.050
Average NSB351-6 —0.291 +0.048 —0.411 £0.080 —0.146 + 0.024
Carbonatite BEG14 Kola carbonatite —0.214 +0.067 —0.187+0.179 —0.107 +0.034
BEG14 Kola carbonatite —0.260 +0.057 —0.415+0.118 —0.130 £ 0.029
Average BEG 14 —0.241 +0.043  —0.346 +0.099 —0.120 + 0.022
Reference IRMM/IS-04- IRMM-014 in 1S-04-05" matrix —0.043 +0.139  —0.126 +£0.269 —0.022 + 0.070
05*‘:1
Metacarbonate  1S-04-05** Carbonate w/ultramafics, W of the —0.699 +0.162 —1.003 +0.312 —0.350 4-0.081
belt
1S-04-05 1IT** Carbonate (three columns of IS-04- —0.754 +0.162 —1.1404+0.312 —0.377 £ 0.081
5%
1S-04-05 Carbonate —0.752 +0.058 —1.098 +0.138 —0.376 + 0.029
1S-04-05 Carbonate —0.724 £0.099 —1.106 £0.152 —0.362 + 0.050
Average 1S-04-05 0.000461 —0.742 +0.046  —1.096 +0.093 —0.371 +0.023
Reference IRMM/IS-04- IRMM-014 in 1S-04-07 matrix 0.020 +0.058  —0.056 +0.120 0.010 4+ 0.029
07*kl
Metacarbonate  1S-04-07** Siderite, E of the belt 0.754 4+ 0.058 1.110 £0.119  0.377 £+ 0.029
1S-04-07 111** Siderite (three columns of 1S-04- 0.783 4 0.058 1.142 +£0.120  0.392 4+ 0.029
077)
1S-04-07 Siderite 0.705 4 0.098 1.138 £0.154 0.353 +0.049
Average 1S-04-07 0.01064 0.759 4+ 0.038 1.129 +£0.074  0.380 +0.019

% For some samples, the matrix was recovered from the first column. After getting rid of any Fe remaining from the sample by a second
column, the matrix solution was doped with 100 pg of IRMM-014 Fe. Iron was extracted from this solution by two columns and its isotopic
composition was analyzed (IRMM/IS-04-05* and IRMM/IS-04-07%). In parallel, iron that was eluted from the first column was further
purified on a second column. At this stage, the solution was split into two aliquots. One measured directly by MC-ICPMS (AC-E*, IS-04-05",
and 1S-04-07*) while the other was purified on a third column before analysis (AC-E IIT*, IS-04-05 III*, and IS-04-07 III*).

3'Fe = [(‘Fe/**Fe)sampie/ (Fe/**Fe) BMMO4 _ 114 103, Fy. = 3*°Fe/2.

The undisputed BIFs from Isua with Fe/Ti > 250 have
heavy Fe isotopic compositions, ranging from +0.27 (9-
1A2) to +0.51%c/amu (AL-6-2b). The samples have Ca/
Fe, Mg/Fe, and Mn/Fe ratios (Fig. 10) similar to the exten-
sively characterized BIF geostandard IF-G (0.0395, 0.0670,
and 0.000846, respectively, Govindaraju, 1994). With high
Ca/Fe, Mg/Fe, and Mn/Fe ratios compared to other BIFs,
sample 10-1A2 is an outlier in terms of bulk chemistry but it
has normal, heavy, Fe isotopic composition. All Qtz-Px
rocks from Akilia measured in this study also have heavy
Fe isotopic compositions relative to surrounding igneous
rocks and IRMM-014 (from +0.190%c/amu AK-04-08 to
+0.43%c/amu AK-04-07). These values are in the range doc-
umented by Dauphas et al. (2004a) for similar rocks sam-
pled at the same locality (from +0.07 for AK-98 to
+0.49%c/amu for G91-26). The Qtz-Px rocks from Akilia
have significantly higher Ca/Fe, Mg/Fe, and Mn/Fe ratios
than Isua BIFs, which may indicate formation of these

rocks by decarbonation under granulite facies metamor-
phism (Manning et al., 2006; Nutman and Friend, 2006).
Two samples taken at the interfaces between the Qtz-Px
formation and surrounding mafic/ultramafic rocks have
low Fe/Ti ratios and Fe isotopic compositions either similar
to (AK-04-06 dark, southern contact, 0.000 == 0.023%0/
amu) or heavier than (AK-04-03 dark, northern contact,
0.152 £0.043%0c/amu) Eoarchean igneous rocks.

The major new finding of this study is the discovery of
heavy and light Fe isotopic compositions (relative to
IRMM-014) in metacarbonates from Isua (Tables 3 and
4). All metacarbonates rich in Fe (Mg-siderite) have heavy
Fe isotopic compositions, ranging from +0.12 (I1S-04-01) to
-+0.38%c/amu (1S-04-07). On average, Fe-rich metacarbon-
ates have lower Fg. values (+0.17 4 0.13%c/amu, n = 6)
compared to Isua BIFs (40.37 & 0.11%c¢/amu, n=7) and
Akilia/Innersuartuut  Qtz-Px rocks (0.30 & 0.15%c/amu,
n=28). The Fe isotope composition of AL-04-G22
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Fig. 8. Chondrite-normalized (Anders and Grevesse, 1989) REE patterns of Qtz-Px rocks from Akilia, igneous rocks from Akilia, BIFs from
Isua, and metacarbonates from Isua. The Akilia Qtz-Px and Isua metacarbonate and BIF data were sorted into two groups each based on the
Fe/Ti ratio (< or >10%). The motivation for making such a distinction is based on Fig. 7 and the observation that for Fe/Ti ratios smaller than
10%, trace element patterns may have been modified by mixing with an igneous component (Section 4.1). The metacarbonates with low Fe
content and light Fe isotopic compositions (IS-04-05, AL-04-G18, and AL-04-G23) are marked with gray arrows. Data from Table 2;
McGregor and Mason (1977); Nutman et al. (1996); Fedo and Whitehouse (2002a); Cates and Mojzsis (2006). For mafic and ultramafic rocks

from Akilia, only those samples are plotted for which the whole suite of REEs (from La to Lu) have been analyzed (Table 2; Fedo and
Whitehouse, 2002a).
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Fig. 9. Relationship between the Fe isotopic composition
(expressed relative to IRMM-014) and the Fe/Ti ratio (Ti is an
immobile element and the Fe/Ti ratio is a good proxy for Fe
transport by fluids) in Eoarchean igneous rocks, metacarbonates,
and rocks of inferred chemical sedimentary protoliths in Isua,
Akilia, and Innersuartuut (data from Tables 2 and 3 and Dauphas
et al., 2004a). The dashed gray line is the trajectory for mixing
between SM/GR/97/4 (gabbroic rock from Akilia; Dauphas et al.,
2004a) and AK-04-07 (fine-grained Qtz-Px rock from Akilia;
Tables 2 and 3). The bulk silicate Earth composition (BSE) is from
McDonough and Sun (1995).

(Table 3), a quartzite in which pyrite is the principal carrier
of Fe (Table 1), is similar to that documented in Fe-rich
metacarbonates. The sample with the highest Fg. value of
all metacarbonates measured in this study (IS-04-07,
-+0.380%0c/amu) also has the lowest Ca/Fe and Mg/Fe but
has normal Mn/Fe. Fig. 11 compares the Fg. values mea-
sured in Fe-rich metacarbonates from this study with data
of other carbonates formed in a variety of conditions and
geological settings (Table 4 for carbonatites; Johnson
et al., 2003; Dideriksen et al., 2006; Markl et al., 2006; Frost
et al., 2007). Regardless of their origin (magmatic, hydro-
thermal, metasomatic, or sedimentary) and age (Phanero-
zoic or Precambrian), carbonates usually have light Fe
isotopic compositions relative to IRMM-014. The enrich-
ment in heavy Fe isotopes observed in Fe-rich metacarbo-
nates studied here is atypical.

4.3. Fe isotopes in individual minerals

Several pure mineral phases were sampled using a mic-
rodrilling apparatus and by hand-picking. Petrographic
context and Fe isotope results are shown in Figs. 5 and 6
and in Table 5. Magnetite was sampled in nine different lay-
ers of a BIF from Isua (IS-04-06) over a distance of ~2 cm
(Fig. 5). The Fe isotopic composition of magnetite is homo-
geneous at the scale of the section studied (MSWD = 1.39,
within the two-sided 95% interval predicted from the re-
duced »? distribution for n — 1 =8 degrees of freedom,
0.27-2.19). The weighted average Fg. value of the nine indi-
vidual magnetite analyses is 0.367 & 0.026%c¢/amu. Two
bulk measurements of IS-04-06 give a weighted average of
0.313 4 0.042%0/amu. These two values are identical within
error bars but magnetite seems to lie on the heavy side of
the bulk composition. A similar feature has been observed
by Dauphas et al. (2007) in BIFs from Nuvvuagittuq
(Nothern Québec, Canada) metamorphosed under amphib-
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Fig. 10. Relationship between the Fe isotopic composition (relative
to IRMM-014) and major element ratios (Ca/Fe, Mg/Fe, and Mn/
Fe) for igneous and metasomatic/metasedimentary rocks from Isua
and Akilia/Innersuartuut (Tables 2 and 3; note that for metaso-
matic/metasedimentary rocks, only samples with Fe/Ti > 250 were
plotted, see Section 4.2 for explanations).

olite facies. It could reflect small equilibrium fractionation
at high temperature between magnetite and other carriers
of Fe (i.e., heavy magnetite relative to carbonates, amphi-
boles, and the bulk rock).

Individual mineral phases were also analyzed in sample
AL-44 (see Lepland et al., 2002; van Zuilen et al., 2003 for
details). Microdrilling locations and Fe isotope results are
shown in Fig. 6. In the following: Cbt, Gt, and Mgt are
abbreviations for Mg-siderite carbonate Mgg43Cag o1-
MHO‘O7FCO‘44CO3, Almandine garnet (F62'14Mn0'56Mg0'24_
Cag.06)AlS1501,, and magnetite Fe;O,4 fractions, respec-
tively. In siderite and almandine, iron is present as Fe?t
while in magnetite it is present as both Fe’" and Fe' in
a ratio 1:2. Imaging and X-ray analysis by SEM allowed
us to quantify the purity of each separated phase (Cbtl:
100% Cbt; Cbt2: 94% Cbt and 6% Mgt; Cbt3: 97% Cbt,
1% Gt, and 2% Mgt; Gtl: 100% Gt; Gt2: 12% Cbt and
88% Gt; Gt3: 100% Gt; Mgtl, Mgt2, and Mgt3: 100%
Mgt, where the percentages correspond approximately to
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Fig. 11. Comparison between the Fe isotopic composition of
metacarbonates from the ISB (top panel, Tables 3 and 4) and
carbonates formed in a variety of geological settings (Table 4 for
carbonatites; Johnson et al., 2003; Dideriksen et al., 2006; Markl
et al., 2006; Frost et al., 2007). Note that for Isua metacarbonates,
only samples with Fe/Ti> 250 are shown (see Section 4.2 for
explanations). While most carbonates analyzed until now and Fe-
poor carbonates from Isua have negative Fg. values, Fe-rich
carbonates show consistently positive Ff. values.

volume fractions). All carbonate separates (Cbtl, 2, and 3)
have identical Fe isotopic compositions within error, aver-
aging —0.042 £ 0.024%¢/amu. Two garnet analyses give
identical compositions (+0.008 +0.052 and —-0.027 +
0.038%c/amu for Gtl and Gt3, respectively) relative to each
other and the carbonate fractions. Gt2 has a lower Fg.
value of —0.159 # 0.052%c/amu. At this stage, we have no
clear explanation for that. Gt2 contains the largest amount
of impurity of all the fractions studied (12% carbonate) but
given the measured composition of the Cbt fractions, this
cannot explain the low Fg. value measured in Gt2. The
most likely reason is that garnet is not at equilibrium at
the scale of the section studied. All three magnetite analyses
are enriched in the heavy Fe isotopes relative to carbonates
and garnets. The weighted average Fg. value of Mgtl,
Mgt2, and Mgt3 is +0.148 4 0.026%c/amu. The rocks stud-
ied were metamorphosed under regional amphibolite facies
metamorphism. The difference in Fe isotopic composition
between (i) magnetite and Mg-siderite and (ii) magnetite
and almandine (with Gt2 excluded) are +0.190 + 0.036
and +0.163 & 0.040%c/amu, respectively (+0.379 +0.071
and +0.325 4 0.081%o for 8°°Fe).

Some of the metacarbonates (e.g., 1S-04-01, 1S-04-02,
and IS-04-03) have been extensively weathered after denu-
dation and during exposure at the surface. A large fraction
of siderite was converted into Fe-oxyhydroxide (Table 1).
To address the question of whether or not such weathering

affected the Fe isotopic composition of the bulk rock, we
analyzed the composition of mineral phases that are not
prone to weathering (magnetite when available or amphi-
bole/chlorite, Table 5). All mineral separates have Fe isoto-
pic compositions that are similar to or higher than the bulk
analyses. Using mineral mode analysis (Table 1) and equi-
librium fractionation between mineral phases at closure
temperature (~400-600 °C), it is possible to calculate a bulk
Fe isotopic composition before weathering (it is assumed
that all Fe in Fe-oxyhydroxide was initially in siderite and
that the rock behaved as a closed system for Fe). For sim-
plicity, we adopt magnetite-carbonate and magnetite-sili-
cate fractionations of ~0.15-0.35%¢/amu (magnetite—
siderite and magnetite-hedenbergite equilibrium fractiona-
tions from Polyakov and Mineev, 2000; Polyakov et al.,
2007). For most samples, the computed pre-weathering
bulk compositions obtained from magnetite or amphibole
analyses agree with direct bulk measurements (Fig. 12).
Two out of eight samples fall above the 1:1 correlation
and this may be due to a lower closure temperature (larger
inter-mineral fractionation) than that adopted here and/or
non closed-system behavior. Thus, the heavy Fe isotopic
compositions measured in metacarbonates cannot be ex-
plained by weathering.

5. DISCUSSION
5.1. The Fe isotopic composition of Eoarchean seawater

The processes that may be responsible for the Fe isotope
and trace element compositions measured in BIFs have
been discussed extensively in literature and will be discussed
only briefly here. BIFs are chemical precipitates that
formed early in Earth’s history, before the atmosphere
and ocean became oxic. One major issue in understanding
the formation of these rocks is identifying the mechanism
responsible for Fe-oxidation and precipitation in a globally
anoxic atmosphere. Three mechanisms have been suggested
(i) photo-oxidation by energetic UV photons (Braterman
et al., 1983); (ii) oxidation by O, released by oxygenic pho-
tosynthesis (Cloud, 1983), possibly auto-catalyzed by the
presence of ferric-(hydr)oxide (Dauphas et al., 2007); and
(iii) direct oxidation by anoxygenic photosynthetic bacteria
(Widdel et al., 1993). The source of Fe in the Archean ocean
is thought to be hydrothermal.

Our results confirm the observation of Dauphas et al.
(2004a) that BIFs from Isua have heavy Fe isotopic compo-
sitions relative to IRMM-014. For comparison, Fe-oxides
in BIFs from other localities show similar signatures (John-
son et al., 2003; Rouxel et al., 2005; Dauphas et al., 2007;
Frost et al., 2007). An important observation is that in
weakly metamorphosed BIFs, different minerals have differ-
ent Fe isotopic compositions (sulfides and carbonates tend
to be isotopically light while oxides tend to be isotopically
heavy, Johnson et al., 2003; Rouxel et al., 2005; Frost
et al., 2007). Modern hydrothermal systems release Fe with
light isotopic composition relative to IRMM-014, around
—0.15%¢/amu (Sharma et al., 2001; Beard et al., 2003a; Sev-
ermann et al., 2004). The most likely reason for the enrich-
ment in the heavy isotopes of Fe in BIFs from Isua relative
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Table 5
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Microdrill and mineral separate analyses of BIFs and metacarbonates from the ISB (southern West Greenland)

Type Sample Description® 5°°Fe (%0) 5°7Fe (%o) Fge (%o/amu)
Microdrilled mineral, IS-04-06 IS1S1 Magnetite (2.1) 0.744 £0.164 1.111 £ 0.295 0.372 £ 0.082
18381 Magnetite (1.7) 0.859 £0.164 1.262 +0.295 0.430 £ 0.082
1S4S1 Magnetite (1.15) 0.655 +0.164 0.885+0.295 0.328 + 0.082
1S6S1 Magnetite (0.85) 0.819 £0.164 1.139 £ 0.295 0.410 £ 0.082
1S7S1 Magnetite (0.75) 0.731 £0.164 1.081 +0.295 0.366 + 0.082
1S8S1 Magnetite (0.6) 0.618 £0.164 0.944 +0.295 0.309 £ 0.082
1S9S1 Magnetite (0.2) 0.629 £+ 0.164 0.938 +0.295 0.315 +0.082
1S10S1 Magnetite (0.15) 0.874 £0.164 1.283 £0.295 0.437 £ 0.082
IS11S1 Magnetite (0.1) 0.706 £ 0.116 1.035 +0.209 0.353 £ 0.058
Microdrilled mineral, AL-44 Cbtl Mg-siderite —0.082 £ 0.104 —0.167 +0.134 —0.041 +0.052
Cbt2 Mg-siderite —0.080 + 0.076 —0.115+0.118 —0.040 +0.038
Cbt3 Mg-siderite —0.089 + 0.076 —0.123 +0.118 —0.045 4+ 0.038
Gtl Almandine 0.015+0.104 0.018 £0.134 0.008 + 0.052
Gt2 Almandine —0.317 £0.104 —0.483 +0.134 —0.159 +0.052
Gt3 Almandine —0.054 +£0.076 0.104 £ 0.118 —0.027 £ 0.038
Mgtl Magnetite 0.181 £0.104 0.295+0.134 0.091 £ 0.052
Mgt2 Magnetite 0.335+0.104 0.473 £0.134 0.168 £ 0.052
Mgt3 Magnetite 0.335+0.076 0.524 +0.118 0.168 + 0.038
Handpicked mineral 1S-04-01-mgt Magnetite 0.921 +0.193 1.292 4+ 0.240 0.460 £+ 0.097
1S-04-02-amp Amphibole + chlorite 0.791 £0.170 1.162 + 0.263 0.396 £ 0.085
1S-04-03-amp Amphibole + chlorite 0.436 +0.170 0.658 + 0.263 0.218 4 0.085
1S-04-07-mgt Magnetite 0.891 £0.158 1.296 + 0.196 0.446 £ 0.079
1S-04-08-mgt Magnetite 0.935+0.193 1.317 + 0.240 0.468 + 0.097
1S-04-09-mgt Magnetite 0.349 £0.158 0.543 £ 0.196 0.174 £ 0.079
1S-04-10-mgt Magnetite 0.660 + 0.223 0.959 +0.277 0.330 £0.111
[S-04-11-mgt Magnetite 0.645+£0.173 0.860 + 0.215 0.323 £ 0.086

aiFe = [(iFe/54Fe)sample/(iFe/54Fe)IRMM014 - 1] * 1037 FFe = 6561:‘e/2~

% The numbers in parentheses are the distances in centimeters from the bottom of the sample in Fig. 5.

856Fe bulk (%o)
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Fig. 12. Comparison between bulk metacarbonate Fe isotopic
composition and pre-weathering bulk composition estimated from
mineral separate analyses. Some metacarbonates have been exten-
sively weathered. In particular, siderite was converted into Fe-
oxyhydroxide. Magnetite and amphiboles/chlorite are less prone to
weathering. Using the Fe isotopic composition of individual
minerals (Table 5), the mineral mode analysis (Table 1), and
estimated inter-mineral fractionations at 450-650 °C (Section 4.3),
it is possible to calculate a pre-weathering bulk composition.

to the hypothetical source fluid (hydrothermal) is partial
oxidation of Fe(Il),q in the water column (Dauphas et al.,
2004a). Indeed, all oxidation mechanisms documented so
far tend to enrich the product in the heavy isotopes of Fe
by 0.5-1.7%c/amu (Bullen et al., 2001; Welch et al., 2003;
Croal et al., 2004; Balci et al., 2006). Two chemical path-
ways that have not been explored yet for Fe isotopic frac-
tionation are heterogeneous oxidation (Tamura et al.,
1976) and photo-oxidation (Braterman et al., 1983). The
net isotope fractionation between Fe(Il),q and Fe(III),
can be modulated by kinetic isotope fractionation at precip-
itation, which tends to enrich the solid in the light isotopes
of Fe and hence counteract the effect of partial oxidation
(Skulan et al., 2002). At very high precipitation rate, supply
of Fe to the growing phase becomes limited by diffusion in
the fluid and Fe(I1I)s has the same isotopic composition as
Fe(Il),q (Dauphas and Rouxel, 2006). Regardless of these
complications, the heavy Fe isotopic composition of BIFs
from Isua (4+0.35%0/amu) is best explained by partial oxida-
tion in a marine setting (4 = 0.5-1.7%c¢/amu) of a hydro-
thermal source with Fe isotopic composition around
—0.15%c¢/amu. At this stage, Fe isotopes cannot discrimi-
nate between the different oxidation mechanisms.

Another possible interpretation would be that the source
fluid of BIFs from Isua had heavy Fe isotopic composition
and that this signature was transferred into sediments with-
out isotopic fractionation upon precipitation. Several argu-
ments speak against such a scenario. Johnson et al. (2003)
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analyzed mineral separates in ~2.5Ga BIFs from the
Kaapvaal Craton. The rocks were heated only to 110-
170 °C and the isotopic variations measured in minerals re-
flect, albeit with diagenetic and subtle metamorphic modifi-
cations, the conditions of deposition. Assuming equilibrium
conditions and using available p-factors for Fe(Il),q,
Fe(Il),q, siderite, ankerite, magnetite, and hematite, they
were able to estimate the composition of the source fluid
and concluded that “although the uncertainties in the pre-
ferred set of B factors remains significant, the calculations
are suggestive that the Fe(II) species that were associated
with BIF formation had 8% Fe values that were less than zero,
consistent with a M OR-hydrothermal source”.

Rouxel et al. (2005) measured the Fe isotopic composi-
tion of sedimentary pyrite covering a time span (2.7 Ga to
present) that encompasses the rise of atmospheric O, at
around 2.3 Ga. They found that pyrite formed before
2.3 Ga had variable, predominantly negative Fg. values
(down to —1.7%c/amu) while pyrite formed after ~1.7 Ga
had Fp, values similar to detrital sources (~0%c/amu). They
argued that the negative Fg. values of >2.3 Ga pyrite reflect
variations in the F,. value of seawater. In this context, par-
tial oxidation associated with BIF precipitation would have
left a residue of isotopically light Fe(II),q (<—0.15%c/amu).
Yamaguchi and Ohmoto (2006) and Archer and Vance
(2006) questioned this interpretation and suggested instead
that the light Fe isotopic compositions measured in
>2.3 Ga pyrite grains reflect microbial cycling of Fe in the
sediment by dissimilatory iron reduction (however, see
Rouxel et al., 2006). Studies of shallow sediment profiles
(Severmann et al., 2006; Staubwasser et al., 2006) have
shown that such redox cycling does occur in present-day
sediments, producing Fe(Il),q in porewaters with Fg. as
low as —1.5%q/amu.

Dauphas et al. (2007) measured the Fe isotopic compo-
sition in >3.75 Ga BIFs from Nuvvuagittuq (Northen Qué-
bec, Canada). A relationship between Ca/Fe, Mg/Fe, and
Mn/Fe ratios and Fg. values defined by two clusters of
points (not seen here, as is evident from Fig. 10) was inter-
preted to reflect mixing between primary carbonates and
Fe-(hydr)oxides in the sediment before metamorphism.
Using this relationship, Dauphas et al. (2007) showed that
the primary carbonates and the precursor of magnetite
had negative and positive Fg. values, respectively. This is
reminiscent of what was observed in more recent and better
preserved BIFs (Johnson et al., 2003; Frost et al., 2007) and
is consistent with derivation of these >3.75 Ga BIFs from a
marine hydrothermal source.

At this stage, there is no reason to doubt that the main
inventory of Fe in the Eoarchean ocean had an isotopic
composition similar to or lighter than IRMM-014 and that
the positive Fg. values measured in BIFs from Isua reflect
partial oxidation of ferrous Fe emanating from MOR-type
hydrothermal vents.

5.2. Metacarbonates
The interpretation of carbonate rocks found in the ISB

is complicated by metasomatic processes. Identifications
in different studies range from a pure sedimentary to a pure

metasomatic origin. Iron-rich metacarbonates in the belt
were initially described as carbonate-facies iron formations,
deposited as chemical sediments in a marine setting (Schid-
lowski et al., 1979; Appel, 1980, 1983; Nutman et al., 1984;
Dymek and Klein, 1988; Shimizu et al., 1990; Mojzsis et al.,
1996). Rose et al. (1996) and Rosing et al. (1996) called this
idea into question and proposed instead a metasomatic ori-
gin for the metacarbonates. van Zuilen et al. (2002, 2003)
showed that the magnetite found in siderite-rich lithologies
was formed by thermal decomposition at a temperature of
>450 °C following the reaction, 6FeCO; — 2Fe;0,4 +
5CO, + C (Perry and Ahmad, 1977). More recently, Bolhar
et al. (2004) measured the REE + Y pattern of a magnetite-
bearing carbonate and suggested that it was typical of a
seawater precipitate and therefore that the rock was
sedimentary in origin. Determining which carbonates are
sedimentary or metasomatic in origin is important. Indeed,
for those that represent primary chemical precipitates, the
presence of siderite would indicate deposition under high
pCO, (Rye et al., 1995; Ohmoto et al., 2004). This is signif-
icant since CO, is a greenhouse gas that could have com-
pensated for lower solar luminosity in the early Archean
(e.g., Owen et al., 1979; Kasting, 1987). If formed by
DIR, this would indicate that this metabolic pathway
(e.g., Lovley, 1991) had already developed by ~3.8 Ga.
The question of the nature of the metacarbonates is also rel-
evant to studies of the earliest traces of life (e.g., Mojzsis
et al., 1996; van Zuilen et al., 2002, 2003).

The origin of carbonates found in Isua can be addressed
using REE abundances and Fe isotope compositions. In
Isua, all studied metacarbonates with Fe/Ti > 1000 except
1S-04-07 show trace element characteristics that are gener-
ally considered typical for seawater derivation as described
by Bolhar et al. (2004) and Frei and Polat (2007). Samples
AL-04-G18 and 1S-04-05 (Fe-poor carbonates from loca-
tion 1 in the western part of the belt) have similar REE pat-
terns, but the Y/Ho ratios of these samples are extremely
high. Interestingly, Rose et al. (1996) and Rosing et al.
(1996) took replacive carbonates from this location as case
examples of metasomatic derivation (see Section 2.1 for a
brief outline of their model). Bau (1996) showed that the
Y/Ho ratio of hydrothermal carbonates could be elevated.
At present, it is unclear to what extent metasomatic rocks
can mimic some features of chemical sediments. On the ba-
sis of REE + Y alone, one cannot rule out a metasomatic
origin for the rocks studied by Rose et al. (1996) and Ros-
ing et al. (1996) as well as the metacarbonate samples stud-
ied here, especially when that contradicts with field and
petrographic evidence.

Iron isotopes can provide useful constraints on the ori-
gin of the metacarbonates. In the metasomatic scenario,
Fe is derived from leaching of preexisting protoliths. Basalt
alteration in the oceanic crust tends to leave a residue that is
enriched in the heavy isotopes of Fe, so the fluid must be-
come light compared to the source rock (Rouxel et al.,
2003). The isotopic composition of Fe dissolved from horn-
blende in laboratory-controlled experiments at room tem-
perature is identical or lighter compared to the source
mineral (Brantley et al., 2001, 2004). Leaching of Fe from
rocks is a complex process that is to some extent kinetically
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controlled and it is impossible to accurately predict what
the isotopic composition of dissolved Fe would be. Given
the high temperature involved (550 °C), the absence of
changes in the redox state of Fe (2+), and available evi-
dence from natural analogues and laboratory experiments
(Brantley et al., 2001, 2004; Rouxel et al., 2003), it is rea-
sonable to assume that Fe leached from ultramafic rocks
would have zero or negative Fg. values. Contrary to min-
eral dissolution, which is to some degree kinetically con-
trolled, isotopic fractionation during mineral precipitation
can be safely described using equilibrium fractionation fac-
tors. One can calculate the siderite-Fe(H),04>" equilibrium
fractionation using the p-values of Polyakov and Mineev
(2000) for siderite and those of Anbar et al. (2005) for
Fe(Il),q. The DFT-PCM theoretical predictions of Anbar
et al. (2005) only extend to 300 °C but at all temperatures,
siderite is expected to have light Fe isotopic composition
relative to Fe(II),q and if one were to extrapolate the frac-
tionation as a function of 1/7° to a temperature of 550 °C,
the siderite-Fe(II),q would only be —0.2%¢/amu. The isoto-
pic fractionation may have been even lower if Fe(II) speci-
ation in the fluid was dominated by carbonate complexes.
Overall, it is likely that siderite formed metasomatically
from leaching of ultramafic rocks would have a light Fe iso-
topic composition relative to the source.

The samples of location 1 (Fig. 1) represent the type of
metacarbonate that was described by Rose et al. (1996).
These rocks are closely associated with ultramafic bodies,
and have a clear replacive character (Fig. 3a—c). Actinolite
and tremolite in these samples are interpreted as products
of a metamorphic reaction between quartz and carbonate.
All three samples have negative Fg. values (—0.4%o/amu
on average), which is in line with (but does not unambigu-
ously demonstrate) leaching of Fe from an igneous source
and subsequent deposition as a carbonate phase.

In contrast to location 1, metacarbonates from locations
2 and 3 show heavy Fe isotopic compositions relative to
IRMM-014 and surrounding igneous rocks. Carbonates
typically have light Fe isotopic compositions, whether they
are formed by sedimentary, diagenetic, or metamorphic
processes (Fig. 11 and Table 4; Johnson et al., 2003; Dider-
iksen et al., 2006; Markl et al., 2006; Frost et al., 2007). The
heavy Fe isotopic compositions measured in Fe-rich meta-
carbonates from Isua are inconsistent with an ultramafic
source of Fe.

A possible interpretation for the heavy isotopic compo-
sition of Fe-rich metacarbonates is that they were formed as
chemical sediments. This interpretation appears consistent
with similarities observed in the REE + Y composition of
Isua BIFs and Fe-rich metacarbonates with elevated Fe/
Ti. A question in an entirely sedimentary scenario remains
however: how did carbonates inherit positive Fe isotope sig-
natures which are thought to be produced by partial oxida-
tion of Fe(II),q dissolved in seawater? One possibility is that
magnetite present in these metacarbonates was not formed
by disproportionation of siderite but instead was derived
from transformation of a hydrous ferric oxide precursor.
Speaking against this idea is the lack of correlation between
the Fe isotopic composition and the fraction of Fe locked
up in magnetite (Fig. 13). A second possibility in the sedi-

mentary scenario may be that a hydrous ferric oxide precur-
sor was transformed into Fe-bearing carbonate during
diagenesis, possibly promoted by the activity of bacteria
that carry out dissimilatory iron reduction (DIR). This
mechanism would imply a relationship between produced
carbonate and organic matter (graphite), which is not ob-
served. Instead the graphite abundance correlates with
magnetite, consistent with graphite and magnetite forma-
tion through siderite decomposition (Lepland et al., 2002;
van Zuilen et al., 2002, 2003). Another difficulty with this
scenario is that during DIR, the pool of Fe(Il),q from
which siderite could form tends to be enriched in the light
isotopes of Fe relative to starting ferric-(hydr)oxide (Beard
et al., 1999, 2003b; Icopini et al., 2004; Johnson et al., 2005;
Crosby et al., 2005, 2007).

The most likely interpretation is that Fe in Fe-rich meta-
carbonates (and a pyrite-chert) originates from leaching of
a BIF precursor by metasomatic fluids. This is consistent
with independent geochemical and field evidence for meta-
somatism at locations 2 and 3 (Lepland et al., 2002; van
Zuilen et al., 2003, 2005).

5.3. The origin of Qtz-Px rocks in Akilia

The origin of the banded Qtz-Px unit found on Akilia Is-
land has been the subject of much debate over the past
10 years (see Sections 1 and 2). Some argued that these
rocks were formed by precipitation in seawater (McGregor
and Mason, 1977; Mojzsis et al., 1996; Nutman et al., 1997;
Friend et al., 2002; Mojzsis and Harrison, 2002; Palin,
2002; Dauphas et al., 2004a; Manning et al., 2006; Nutman
and Friend, 2006) while others advocated a metasomatic
origin whereby quartz infiltration and deformation would
have resulted in a rock that superficially mimics a metasedi-
ment (Fedo and Whitehouse, 2002a,b,c; Bolhar et al., 2004;
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Fig. 13. Relationship between the Fe isotopic composition (%o/
amu relative to IRMM-014, Table 3) and the fraction of the total
Fe present in the sample as magnetite (fig calculated from the
mineral modes presented in Table 1) in metacarbonates and BIFs
from the ISB (only samples with Fe/Ti > 250 are plotted here; see
Section 4.2).
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André et al., 2006; Fedo et al., 2006). The recent studies of
Dauphas et al. (2004a) and Manning et al. (2006) provide
additional evidence that the rocks have a chemical sedimen-
tary protolith. We confirm the conclusions of Dauphas
et al. (2004a) that the Qtz-Px rocks from Akilia are mark-
edly enriched in the heavy isotopes of Fe compared with
surrounding igneous rocks (Fig. 9). This is best explained
by oxidation and subsequent precipitation of Fe in a marine
setting. The Qtz-Px rocks from Akilia contain little magne-
tite so the ferric-(hydr)oxide carrier of heavy Fe must have
been reduced at some stage, including possibly during dia-
genesis or incipient metamorphism.

Dauphas et al. (2004a) used Fe/Ti ratios (together with Fe
isotopes) to argue for a chemical sedimentary origin of Qtz-
Px rocks found in Akilia because seawater contains little Ti
and this feature is transferred to the chemical sediment at pre-
cipitation. Polat and Hofmann (2003) studied alteration of
trace element patterns of igneous rocks in Isua by metamor-
phism—metasomatism associated with shear zones and con-
cluded that Ti was less mobile than most other elements,
including LREEs. Fedo et al. (2006) questioned the validity
of using Ti as an anchor because it can be transported at
the meter scale in deep crustal shear zones but the same
authors used LREE:s to infer the nature of the protolith of
Qtz-Px rocks from Akilia, with the underlying assumption
that these elements are immobile. Even if Ti was partly mo-
bile, this cannot explain the variations over three orders of
magnitude for Fe/Ti ratios documented in Akilia (O’Hara
and Blackburn, 1989; Ague, 1991; Dauphas et al., 2004a).

We recognize that there are still difficulties with the sed-
imentary interpretation. As discussed by Bolhar et al.
(2004), the REE +Y patterns of several Akilia Qtz-Px
rocks are variable and distinct from Isua BIFs (Fig. 8, Sec-
tion 4.1). Friend et al. (2002) and Nutman and Friend
(2006), noted however that only the finest grained, most
magnetite-rich part of the Qtz-Px formation has a trace ele-
ment pattern very similar to typical BIFs from Isua, so sam-
pling might be critical. There is general agreement that Eu/
Eu* anomalies are easily modified during high grade meta-
morphism and do not provide an unambiguous test for or
against seawater derivation (e.g., Fedo and Whitehouse,
2002a; Bolhar et al., 2004; Manning et al., 2006). Still, the
proportion of Qtz-Px rocks with Eu/Eu”>1 is higher
among the samples with Fe/Ti> 1000 (6/9) compared to
samples with Fe/Ti < 1000 (2/11). The lack of positive La
anomaly in Akilia is more troublesome for a sedimentary
interpretation (Isua BIFs have La/La*>1 while most
Qtz-Px rocks with Fe/Ti> 1000 have La/La* <1). How-
ever, in modern oceans, this feature is controlled by solu-
tion complexation/surface complexation during particle
scavenging (Byrne and Kim, 1990; Bau, 1999; Quinn
et al., 2004; Section 4.1) and there is no a priori reason to
expect that the source of Fe in Akilia went through the
same history of scavenging as BIFs from Isua if these two
formations formed at slightly different times or environ-
ment (Akilia supracrustals could be ~100 My younger or
older than the ISB, e.g., Nutman et al., 1997, Whitehouse
et al., 1999; Manning et al., 2006). In the modern ocean,
the residence time of trivalent REEs is lower than the mix-
ing timescale (~1.5 ky) so that heterogenous ¢Nd (Piepgras

et al.,, 1979; Elderfield, 1988) and REE patterns (Zhang
et al., 1994; Bau, 1996; Nozaki et al., 1997) are found in dif-
ferent ocean basins. The REE composition is also expected
to change with time. This could also explain why the Y/Ho
ratio of Akilia Qtz-Px rocks with Fe/Ti> 1000 is super-
chondritic (35-40 g/g) but still lower than that found in
Isua BIFs (40-50 g/g). In the modern ocean, this ratio var-
ies between ~40-70 g/g (Bau, 1996). To summarize, Fe iso-
topes are best explained if the banded Qtz-Px rocks from
Akilia have a sedimentary origin.

5.4. Magnetite-siderite and magnetite-pyroxene Fe isotope
thermometry

Using Mossbauer spectroscopic data, Polyakov and
Mineev (2000) calculated the iron reduced isotopic partition
function ratios (f-factors) and their variations with temper-
ature for a variety of minerals. They concluded that the /-
factors of Fe*t ions are considerably higher than those of
Fe®" and identified the mineral pair magnetite—siderite as
a potential geothermometer. Recently, Polyakov et al.
(2007) revised the f-factors for siderite and magnetite using
Inelastic Nuclear Resonance X-ray Scattering (INRXS)
corresponding to an updated equation for fractionation be-
tween magnetite and siderite,

AFemagnetite siderite = 0.13399x — 1.2668 x 107°x
+0.54997 x 10783 (%,/amu) (1)

where x = 10%/7° with T the absolute temperature in de-
grees Kelvin (K). Frost et al. (2007) measured adjacent car-
bonates and magnetite in the contact metamorphosed
Biwabik iron formation, Minnesota, USA. The rocks were
heated to peak temperatures ranging from < 200 to 550—
740 °C. Frost et al. (2007) found variations in the Fe isoto-
pic compositions of carbonates and magnetite that do not
conform to INRXS predictions. As discussed by these
authors, the reason is that even at the highest grade, mag-
netite did not equilibrate with other phases. Part of the vari-
ations must therefore have been inherited from
fractionation during deposition and low-grade metamor-
phism (Johnson et al., 2003). Contrary to the contact meta-
morphosed Biwabik iron formation, Isua supracrustal
rocks were regionally metamorphosed (amphibolite to
granulite-facies). Such high grade regional metamorphism
is expected to promote inter-mineral equilibration. Thus,
these rocks may be appropriate for calibration of Fe iso-
tope geothermometry. Another virtue of Isua is that a wide
range of mineral assemblages is available (e.g., pyroxenes,
amphiboles, carbonates, sulfides, garnets).

As discussed in Section 4.3, the isotopic fractionation
measured between magnetite and Mg-siderite in sample
AL-44 is +0.190 & 0.036%¢/amu. van Zuilen et al.
(2002, 2003) suggested that in AL-44, magnetite and
graphite formed by thermal decomposition of siderite at
>450 °C following the reaction 6FeCO; — 2Fe;0,4 +
5CO, + C (Fig. 6 shows the petrography of this sample).
The three carbonate and three magnetite fractions from
AL-44 have homogeneous Fe isotopic compositions. This
supports the idea that Mg-siderite and magnetite in
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AL-44 are in isotopic equilibrium. Boak and Dymek
(1982) estimated a temperature of ~550 °C for the main
stage of regional metamorphism in Isua. AL-44 was sam-
pled in the Western part of the belt (Lepland et al.,
2002), in domain IV of Rollinson, 2002). This domain
was affected by 2-3 major episodes of metamorphism in
the early (~3.74 Ga, Frei and Rosing, 2001) and late
(~2.8 Ga, Grau et al., 1996; Frei et al.,, 1999) Archean.
The temperatures for the early and late Archean events
calculated based on garnet-biotite thermometry are
~610 and 550-570 °C, respectively (Rollinson, 2002). Be-
cause the temperatures are similar, the polyphase thermal
history of the rock is not a problem for calibrating the
siderite-magnetite thermometer on AL-44.

In Fig. 14a, we compare the magnetite-siderite Fe iso-
topic fractionation predicted by theory with the measured
value in AL-44. At 550 °C, Polyakov and Mineev (2000)
predict AFenuenetite_siderite = 0.41%c/amu based on Méss-
bauer spectra while the more recent estimate of Polyakov
et al. (2007) based on INRXS gives a lower value of
0.19%c/amu. The value that is measured here is
+0.190 % 0.036%0o/amu. This result supports the use of
Eq. (1) (Polyakov and Mineev, 2000; Polyakov et al.,
2007) for Fe isotope fractionation between magnetite
and siderite. We confirm the conclusion of Johnson
et al. (2003) who noted that the p-factor of magnetite
estimated by Polyakov and Mineev (2000) may be inaccu-
rate. This value has now been superseded by a more re-
cent estimate (Polyakov et al., 2007), which is in
agreement with measured isotopic fractionations in natu-
ral samples. As discussed by Polyakov et al. (2007), the
difference between the two estimates is due to improve-
ment in the input data.

Dauphas et al. (2004a) separated and analyzed magne-
tite and pyroxene/amphibole in a Qtz-Px rock (G91-26)
from the island of Akilia. This sample contains 35% quartz,
25% clinopyroxene (hedenbergite), 20% orthopyroxene (fer-
rosilite), 15% amphibole (grunerite), and 5% magnetite
(Nutman et al., 1997). The Mgt/Px-Amph fractionation
documented by Dauphas et al. (2004a) is 0.114 & 0.041%q/
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amu. Rocks from Akilia experience granulite facies meta-
morphism in the early Archean (~750 °C, Griffin et al.,
1980) and were retrogressed under amphibolite facies in
the late Archean (Nutman et al., 1997). The measured frac-
tionation is compared with predictions from Polyakov and
Mineev (2000) and Polyakov et al. (2007) in Fig. 14b. There
is good agreement between the measured fractionation and
the prediction,

AFemagnetite-hedenbergite = 0.16241x — 1.3546 x 107357

+0.86777 x 107°x* (%,/amu).  (2)

Beard and Johnson (2004) did not detect any fractionation
between magnetite and silicate minerals (olivine, amphi-
bole, and biotite) in igneous rocks with closure tempera-
tures of ~800°C. Our study shows that in regionally
metamorphosed rocks heated to >550 °C, Fe isotopic frac-
tionation between coexisting minerals can be used as a
geothermometer.

6. CONCLUSIONS

BIFs from the ISB with high Fe/Ti ratios have trace
element characteristics that are consistent with seawater
derivation as described by Bolhar et al. (2004), including
high Y/Ho ratios (Fig. 7), positive Eu/Eu* anomalies, po-
sitive La/La* anomalies, and concave upward REE pat-
terns (Fig. 8). These rocks also have heavy Fe isotopic
compositions relative to surrounding igneous rocks
(~+0.4%0c/amu, Fig. 9). The most likely interpretation is
that this signature was inherited from partial oxidation
in a marine setting of Fe emanating from a source similar
to modern mid-ocean ridge hydrothermal vents
(~—0.15%c/amu; Sharma et al., 2001; Beard et al.,
2003a; Severmann et al., 2004). At this stage, Fe isotopes
provide no clues on which process may have been
responsible for Fe oxidation. In particular, the fractiona-
tions associated with heterogeneous oxidation (Tamura
et al., 1976) and photo-oxidation (Braterman et al.,
1983) still need to be documented.
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magnetite-hedenbergite (b, Dauphas et al., 2004a).
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Banded quartz-rich rocks from the island of Akilia with
high Fe/Ti ratios share many similarities with bona fide
BIFs from Isua (heavy Fe isotopic compositions up to
+0.4%c/amu, elevated Y/Ho ratios compared to igneous
rocks, sometimes positive Eu/Eu”* anomalies) suggesting a
chemical sedimentary origin (Figs. 7-9).

The Fe isotope, mineralogical, trace and major element
compositions of several bulk metacarbonates were measured.
Thereis a clear distinction between samples with high and low
Fe/Ti ratios (Figs. 7 and 8). The Fe-poor metacarbonates
from the southwestern part of the belt that were studied by
Roseet al. (1996) and Rosing et al. (1996) have light Fe isoto-
pic compositions (~—0.4%c/amu). This is consistent with der-
ivation of these rocks by fluid flow through surrounding
igneous rocks and deposition as metasomatic carbonates.
The REE patterns and elevated Y/Ho ratios are reminiscent
of chemical sediments and it is not clear at present whether
metasomatic processes can produce such features.

Iron-rich metacarbonates from the ISB have heavy Fe iso-
topic compositions relative to IRMM-014 (ranging from 0.1
to 0.4%c/amu) and surrounding igneous rocks (Figs. 9 and
10). Carbonates of sedimentary, hydrothermal, and mag-
matic origins usually have light Fe isotopic compositions
(Fig. 11). The heavy Fe isotopic composition measured in
iron-rich metacarbonates from the ISB suggests that Fe in
these samples was ultimately derived from ferric-(hydr)oxide
produced by partial oxidation of ferrous iron in seawater.
The trace element characteristics of the metacarbonates with
heavy Fe isotopic compositions and high Fe/Ti ratios are also
consistent with the presence of a seawater component (Figs. 7
and 8). The most likely interpretation is that these iron-rich
metacarbonates were derived from mobilization of Fe in
BIFs by metasomatic fluids.
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