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1  | INTRODUC TION

The geological record preserves extensive deposits of iron-rich chemi-
cal sediments, referred to as iron formations (IFs). These rocks are 
characterized by a high content (>15%–20%) of iron-bearing min-
erals, typically layered or massive, interbedded with silica and/or 
carbonate-rich layers that were deposited throughout the Precambrian 
(James, 1983; Klein, 2005). Over the past few decades, studies have 

employed the chemical and isotopic composition of IFs to constrain 
past environmental conditions (e.g., Planavsky et  al.,  2014; Satkoski 
et al., 2015) and to understand how the microbial iron cycle evolved 
alongside redox conditions through time (Heard & Dauphas,  2020; 
Johnson et al., 2008; Rouxel, 2005). Even though there is still ongoing 
debate as to how IFs are formed, most models rely on either oxygenic 
and/or anoxygenic photosynthesis, or abiotic photochemical oxidation 
by UV radiation, as the main process that allowed ferrous iron [Fe(II)] 
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Abstract
Microbial activity is often invoked as a direct or indirect contributor to the precipi-
tation of ancient chemical sedimentary rocks such as Precambrian iron formations 
(IFs). Determining a specific metabolic pathway from the geological record remains a 
challenge, however, due to a lack of constraints on the initial conditions and microbi-
ally induced redox reactions involved in the formation of iron oxides. Thus, there is 
ongoing debate concerning the role of photoferrotrophy, that is the process by which 
inorganic carbon is fixed into organic matter using light as an energy source and 
Fe(II) as an electron donor, in the deposition of IFs. Here, we examine ~2.74-Ga-old 
Neoarchean IFs and associated carbonates from the Carajás Mineral Province, Brazil, 
to reconstruct redox conditions and to infer the oxidizing mechanism that allowed 
one of the world's largest iron deposits to form. The absence of cerium (Ce) anomalies 
reveals that conditions were pervasively anoxic during IF deposition, while unprec-
edented europium (Eu) anomalies imply that Fe was supplied by intense hydrothermal 
activity. A positive and homogeneous Fe isotopic signal in space and time in these IFs 
indicates a low degree of partial oxidation of Fe(II), which, combined with the pres-
ence of 13C-depleted organic matter, points to a photoautotrophic metabolic driver. 
Collectively, our results argue in favor of reducing conditions during IF deposition 
and suggest anoxygenic photosynthesis as the most plausible mechanism responsible 
for Fe oxidation in the Carajás Basin.
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to be oxidized and removed from ferruginous waters and subsequently 
deposited as mixed valence iron (oxyhydr)oxides and carbonates 
(Thompson et al., 2019) [see Tosca et al. (2016) for alternative model]. 
A combination of experiments and thermodynamic models has shown 
that UV photo-oxidation of Fe(II) could have made important contribu-
tions to IF precipitation, but was not likely a major oxidizing mecha-
nism for the deposition of large IFs (Konhauser et al., 2007; Pecoits 
et al., 2015). If correct, these results would point to microbial activity, 
either through oxygenic or anoxygenic photosynthesis, as the main ox-
idizing mechanism (Kappler & Newman, 2004; Konhauser et al., 2002).

Recent studies have argued that anoxygenic photosynthe-
sis could be the evolutionary predecessor of oxygenic photosyn-
thesis (e.g., Blankenship et  al.,  2007; Fischer et  al.,  2016; Martin 
et  al.,  2018; Hamilton,  2019) and that photoferrotrophic micro-
organisms likely played a significant role in nutrient cycling as pri-
mary producers prior to the rise of atmospheric oxygen ~2.4 billion 
years (Ga) ago, the so-called the Great Oxidation Event (GOE) 
(Canfield et al., 2006; Holland, 2006; Jones et al., 2015; Thompson 
et  al.,  2017). Accordingly, the hypothesis that IF deposition may 
have been driven by oxidation of Fe(II) via anoxygenic photosyn-
thesis has received significant attention, particularly to explain IF 
deposition during periods of low oxygen concentrations such as the 
Archean Eon (Canfield et al., 2000; Farquhar et al., 2000; Konhauser 
et al., 2002; Widdel et al., 1993). Photoferrotrophs utilize Fe(II) as an 
electron donor and light energy to fix inorganic carbon into biomass 
and produce Fe(III) as a metabolic by-product as illustrated by the 
following reaction:

Despite observations of these organisms performing iron ox-
idation in modern environments (e.g., Archean analogs; Crowe 
et  al.,  2008; Llirós et  al.,  2015) and a vast bibliography arguing in 
favor of photoferrotrophy as a potential mechanism that allowed IFs 
to form under oxygen-free conditions (e.g., Croal et al., 2009; Czaja 
et al., 2013, 2018; Gauger et al., 2015, 2016; Johnston et al., 2009; 
Thompson et  al.,  2019), there is still little evidence reported from 
the geological record supporting Fe oxidation by photoferrotrophs. 
Here, we combined Fe and C stable isotopes with trace element 
analyses of two pristine drill cores intercepting well-preserved 
Neoarchean IFs from the Carajás Mineral Province, Brazil, and show 
that photoferrotrophs played a key role in IF deposition, particularly 
under anoxic and ferruginous conditions. Considering that the two 
drill cores investigated are 50 km away from each other, we suggest 
that anoxygenic photosynthesis was the main oxidizing pathway that 
allowed these rocks to form at the scale of the Carajás Basin, which 
is one of the major iron-rich deposits in Brazil.

2  | GEOLOGIC AL SET TING

The Carajás Mineral Province (CMP) is located in the southeast-
ern part of the Amazonian Craton, Brazil (Figure 1a), and contains 

remarkable metallogenic diversity including world-class depos-
its of iron oxide–copper–gold (IOCG), large IFs, and Mn ore (Klein 
& Ladeira,  2002; Moreto et  al.,  2015). The Carajás Basin, within 
the CMP (Figure  1b), has a Mesoarchean (c. 3.0–2.86  Ga) base-
ment composed of mafic granulites, migmatites, and metavolcanic 
rocks (Machado et  al.,  1991). The crystalline basement is overlain 
unconformably by Neoarchean and Paleoproterozoic volcano-
sedimentary sequences from the Grão Pará Group that have un-
dergone subgreenschist to low-greenschist facies metamorphism 
(Krymsky et al., 2007; Machado et al., 1991; Rosière et al., 2006). 
The volcano-sedimentary sequences are composed initially by ba-
salts and basaltic andesites of the Parauapebas Formation, while IFs 
from the Carajás Formation conformably overlie or are occasionally 
interlayered with the basalts, a typical characteristic of Algoma-
type IFs (Dalstra & Guedes, 2004; Klein & Ladeira, 2002; Martins 
et al., 2017). The main lithology comprising the Carajás Formation 
are oxide facies banded iron formations alternating between iron-
rich and chert layers, but minor black shales and conglomeratic lay-
ers have also been reported (Cabral et al., 2013, 2017). These were 
interpreted to have been deposited in a range of environments from 
shallow water, low-energy environments, to deep and quiet water 
settings (Lindenmayer et  al.,  2001; Macambira & Schrank,  2002; 
Ribeiro da Luz & Crowley, 2012; Tolbert et al., 1971).

A Late Archean to Early Paleoproterozoic sedimentary cover 
overlies the IFs; however, its age is still debated (Rossignol 
et  al.,  2020). The depositional age of the Carajás IFs is well con-
strained by U-Pb zircon ages of c. 2.755–2.740  Ga in the basalts 
underlying and intercalating the IFs (Gibbs et  al.,  1986; Krymsky 
et  al.,  2007; Machado et  al.,  1991) and U-Pb zircon ages from a 
possible tuff (2,743  ±  11  Ma) and a dolerite dyke (2,740  ±  8  Ma) 
cross-cutting the Carajás Formation (Trendall et al., 1998). Other age 

(1)CO2 + 4Fe2+ + 11H2O →
hvCH2O + 4Fe(OH)3 + 8H+

Summary Statement

Iron formations (IFs) deposited throughout the globe re-
quire an oxidizing mechanism to transform hydrothermally 
sourced Fe(II) into Fe(III). Debate is ongoing concerning the 
role of anoxygenic photosynthesis in the deposition of IFs 
prior to the rise of atmospheric oxygen. We provide geo-
chemical evidence for pervasively anoxic conditions with 
continuous hydrothermal influence during the deposition 
of the Carajás Mineral Province, the largest Neoarchean 
IFs worldwide. The carbon isotope composition of organic 
matter indicates the presence of autotrophic organisms. 
Together with Fe isotope data indicating only small degrees 
of oxidation of the Fe(II) pool, our results suggest that Fe-
oxidizing bacteria were the main agent for iron oxidation 
via anoxygenic photosynthesis. This supports a strong role 
for photoferrotrophs during IF deposition and reinforces 
their significance in the metabolic landscape prior to the 
Great Oxidation Event.



328  |     REGO et al.

constraints include a Sm-Nd age of c. 2,593 ± 260 Ma in jaspilites 
from Serra Norte (Lindenmayer et  al.,  2001) and two Re-Os ages 
of 2,661 ± 110 Ma and 2,710 ± 38 Ma in black shales intercalated 
with IFs in Serra Sul (Cabral et al., 2013). The iron deposits have an 
average thickness of 200–250 m in the Serra Norte and 300 m in 
the Serra Sul regions (Beisiegel et al., 1973), and pristine drill cores 
intercepting the IFs were selected from each locality (FD-55 and FD-
365, respectively), spanning a distance of 50 km, to examine spatial 
variations in the basin (Figure 1c).

3  | MATERIAL S AND METHODS

3.1 | Mineralogy

The mineralogy was determined using thin sections examined 
by reflected and transmitted light microscopy at the Université 
de Montpellier, complemented by scanning electron microscopy 
(SEM) and energy-dispersive X-ray spectroscopy (EDS) using a 
Zeiss EVO MA10 SEM for semi-quantitative SEM-EDS analysis at 

F I G U R E  1   Geological map of the Carajás Mineral Province within the Amazonian Craton (a) and its relation to the São Francisco and 
West-African Cratons, highlighting the main lithological components of the Carajás Basin (b, c) and the positions of the studied drill cores 
FD-55 and FD-365 in Serra Norte and Serra Sul, respectively

500 m

400

300

Wrinkly features, organic-rich 
interval with framboidal pyrites

Iron formations

Fe-rich carbonates

Fe-poor carbonates

Basalt (Parauapebas Formation)

300 m

200

FD-365

FD-365

(c)

0 10 20 km

6°15’S

6°25’S

6°05’S

50°15’W50°25’W

Carajás Shear Zone

N

0 50 100 km

51ºW 50ºW

6ºS

N

(b)

Águas Claras Formation

Carajás Formation (Iron Formations)

Parauapebas Formation

A-type granitoids of the Uatumã Large Igneous Province 

Meso- to Neoarchean basement

Main cities

Studied drill-cores

Major shear zone or 
thrust/other fault

SERRA SUL

SERRA NORTE

PARAUAPEBAS

Neoproterozoic belts
Mesoproterozoic belts
Paleoproterozoic terranes
Archean nuclei (partially reworked)

Amazonian
Craton

(a)

(d)

FD-55

FD-55



     |  329REGO et al.

the Institut de Physique du Globe de Paris (IPGP). Standard oper-
ating conditions for SEM imaging and EDS analyses were 15 kV ac-
celerating voltage, working distance of 12 mm, and electron beam 
current of 2–3 nA. Samples were coated with C prior to analysis.

3.2 | Major elements

Approximately 250 mg of rock powder was dissolved in closed tef-
lon vessel (Savillex) at about 90°C for one day using 3  ml of con-
centrated HF (40%), 3  ml of concentrated HCl (32%), and 1  ml of 
concentrated HNO3 (65%). Afterward, 93 ml of H3BO3 aqueous so-
lution (20  g/L H3BO3) was added to neutralize the excess HF. All 
reagents used were graded analytically. Elements were measured 
by inductively coupled plasma atomic emission spectrometry (ICP-
AES) using a Horiba Jobin Yvon® Ultima 2 spectrometer at the PSO/
IUEM (Pôle Spectrométrie Océan, Institut Universitaire Européen de 
la Mer, Brest, France), following the analytical procedure of Cotten 
et al. (1995). The boron included in the solution was used as an inter-
nal standard. The precision and accuracy were evaluated using inter-
national standards IF-G, ACE, JB2, and WSE. The relative standard 
deviation was ≤ 1% for SiO2 and ≤2% for the other major elements.

3.3 | Trace elements

Between 80 and 100 mg of powdered samples was dissolved using 
a mixture of concentrated HF-HNO3, evaporated to dryness, and re-
dissolved in Aqua Regia solution, all in PFA beakers heated to 80°C in 
a class 1,000 clean laboratory. The residues were then re-dissolved 
in 5  ml 6  M HCl overnight at 80°C and archived. Splits of 100 µl 
from the archive solutions were taken up in 5 ml ~ 0.28 M HNO3 for 
ICP-MS measurements. Two geostandards (BHVO-2 and CAL-S) and 
a procedural blank were also prepared with the samples. Elemental 
concentrations were measured with a HR-ICP-MS Element XR 
(Thermo Fisher Scientific) at the PSO/IUEM (Pôle Spectrométrie 
Océan, Institut Universitaire Européen de la Mer, Brest, France) 
using indium as an internal standard for correcting drift of the sig-
nal during analysis. Concentrations were calibrated using serially 
diluted mixtures of commercial NIST-traceable ICP-MS calibration 
standards (SPEX CertiPrep) prepared gravimetrically for the analy-
ses. Results on the geostandards were within the range published 
in the literature.

3.4 | Fe isotopes

The method applied here for Fe isotope measurement was described 
in a previous contribution (Busigny et al., 2014). Approximately 10–
30 mg of powdered samples was dissolved with mixtures of HF, HCl, 
HNO3, and eventually additional HClO4 depending on the sample 
composition, to ensure complete digestion and that all iron was in its 
ferric state. Iron was separated from other elements in the sample 

matrix by anion exchange chromatography (Strelow, 1980) to avoid 
mass bias in the mass spectrometer and to eliminate elements gen-
erating potential isobaric interferences on Fe masses. This proce-
dure was repeated twice for each sample to assure that all matrix 
elements were eliminated (Dauphas, Janney, et al., 2004). Bio-Rad 
Poly-Prep columns were filled with 1 ml anion exchange resin (AG1-
X8 200-400 mesh chloride form). The resin was cleaned three times 
with 10 ml H2O and 5 ml 1 M HNO3. It was then preconditioned in 
HCl medium by running 10 ml H2O, 10 ml 0.4 M HCl, 5 ml H2O, and 
2 ml 6 M HCl. Depending on the sample (IF or carbonates), half or 
one third (300 μl or 200 μl, respectively) of the sample solution was 
loaded on the column in 6 M HCl. Matrix elements were eluted with 
8 ml 6 M HCl, whereas Fe(III) was strongly adsorbed on the resin and 
quantitatively retained. Fe was subsequently eluted in 10 ml 0.4 M 
HCl. The Fe blank level of the present procedure has been evaluated 
by systematic analyses of one blank in each sample series, prepared 
as described above but without any sample powder. The blank was 
always below 30 ng Fe (average ~20 ng), thus representing less than 
0.3% of the bulk Fe.

Iron isotope compositions were measured using a Neptune 
PlusTM Thermo Fisher MC-ICP-MS (multiple-collector inductively 
coupled plasma mass spectrometer) at the Institut de Physique 
du Globe de Paris (IPGP). The samples were analyzed in 0.3  M 
HNO3 at a concentration of ~2  ppm Fe. Iron isotopes were fully 
resolved from argide interferences using the high-resolution mode 
of the Neptune (Schoenberg & Von Blanckenburg, 2005; Weyer & 
Schwieters, 2003). Instrumental mass discrimination was corrected 
for using the conventional sample-standard bracketing (SSB) ap-
proach (Rouxel et al., 2003). The 56Fe/54Fe and 57Fe/54Fe ratios were 
expressed in the usual δ notation in per mil (‰) as,

where the standard is IRMM-014, a pure synthetic Fe metal from 
the Institute for Reference Materials and Measurements (Taylor 
et al., 1992). Based on replicate analyses of IRMM-014 and interna-
tional rock geostandard IF-G (a banded iron formation from Isua, 
Greenland), the external precision was always better than 0.05‰ for 
δ56Fe and 0.08‰ for δ57Fe (2σ). IF-G isotope measurements provided 
δ56Fe and δ57Fe values of 0.616 ± 0.025‰ and 0.886 ± 0.079‰, re-
spectively (2σ; 8 measurements of four digested powders), in good 
agreement with recommended values (Craddock & Dauphas,  2011; 
Dauphas et al., 2009).

3.5 | Organic carbon isotopes

Total organic carbon (TOC) content and isotope composition were 
determined on decarbonated samples. Carbonates from powdered 
samples were removed using 6N HCl and a chromium chloride 

�
56Fe =
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reducing solution for 2 hr at 80°C, following the method from Muller 
et al. (2017). The residue was rinsed with distilled water and centri-
fuged several times until neutral pH was reached, and then dried 
at 50°C for 2 days. After drying, the decarbonated powders were 
weighed and mass balance was done for subsequent calculation 
of the total organic C content. The powders were ground again in 
an agate mortar to avoid any heterogeneity related to the decar-
bonation procedure. Aliquots of dried decarbonated samples (50–
100 mg) were weighed and sealed in tin capsules. All capsules were 
analyzed on a Flash EA1112 elemental analyzer coupled to a Thermo 
Finnigan Deltaplus XP mass spectrometer via a ConFlo IV interface 
under a helium continuous flow. All samples were measured once 
to estimate the organic content, then weighed (10–140 mg) to get 
an approximate intensity of 6V on m/z 44. Three internal standards 
(1 graphite “LC”, 1 anthracite “GR,” and 1 organic soil sample “CAP”) 
were calibrated against international standards and used to calcu-
late the δ13C values of all samples. Standards were measured every 
six samples to monitor and correct for a potential drift. Blanks were 
evaluated with empty capsules, yielding negligible contribution to 
the total signal. Replicate analyses on standards gave an external 
precision better than ±0.1‰ (1σ). Five different amounts (from 1 to 
6µmol, corresponding to approximately 2 to 12V on m/z = 44) of an 
internal standard were used to estimate total organic C content of 
the samples (Cheng et al., 2019). The data were reported using the 
conventional δ unit (in per mil) with respect to the V-PDB standard, 
such as,

At least three replicate analyses of each sample were performed 
for δ13Corg and organic content measurements, but only the aver-
age values are provided herein. The reproducibility on samples’ TOC 
content and δ13Corg values was always better than ±0.08 wt.% (1σ) 
and ±0.4‰ (1σ), respectively.

4  | RESULTS

The two cores studied (FD55 and FD365) consist of finely laminated 
jaspilites formed by mm-scale laminae of chert (e.g., microcrystal-
line quartz) intercalated with euhedral magnetite and red jasper. 
Spherulitic hematite and minor amounts of ankerite occur dissemi-
nated in the chert matrix (Figure 2a–c). A major difference between 
the two cores is the occurrence of two main carbonate intervals 
present only in core FD-55 that are so far the oldest carbonates re-
ported in South America. Two main types of carbonate are present: i) 
Fe-rich carbonates composed dominantly of ankerite and microcrys-
talline quartz intercalated with magnetite layers (Figure 2d–g) and 
ii) Fe-poor carbonates composed of calcite, ankerite, and rare finely 
laminated magnetite layers locally displaying wrinkly-laminated 
features (Figure  2h–l). Framboidal pyrites are common in Fe-poor 
carbonate intervals, particularly in the wrinkly-laminated samples, 
which are usually associated with the presence of organic matter 

(Figure 2i–j). Minor amounts of Fe-silicates (e.g., stilpnomelane and 
minnesotaite) are also present in the Fe-poor carbonate layers.

Iron formations from both cores have very low abundances of 
poorly mobile elements, including Al, Ti, Zr, Th, and Hf. Al contents in 
IFs range from 0.02 to 0.2 wt.% (mean = 0.06 wt.%, n = 15), while Ti, 
Zr, and Th concentrations are below 70, 21, and 0.25 ppm, respec-
tively. Iron-rich and iron-poor carbonates show an enrichment in Al 
compared with IFs, with concentrations slightly below 1 wt.% for the 
most enriched samples (mean Al content in carbonate is 0.17 wt.%, 
n  =  24; Figure  3). Only IFs and carbonates with Al content below 
0.2 wt.% will be considered in the following discussion to avoid po-
tential detrital contribution and focus on the purely chemical and 
authigenic signatures of the sediment. In general, rare earth element 
and yttrium (REY) data normalized to post-Archean Australian shale 
(PAAS; McLennan, 1989) show positive La, Eu, and Y anomalies in IFs 
and carbonates. Cerium anomalies (Ce/Ce*) were calculated accord-
ing to Bau and Dulski (1996) using the projection between La and Pr, 
but evaluated against Pr/Pr* to distinguish false Ce anomalies arising 
from the presence of positive La anomalies, which occur in our sam-
ple set (Figure 4). No significant true Ce anomalies, either positive 
or negative, were observed among the studied samples (Figure 5). 
Positive Eu anomalies (Eu/Eu*) are highly variable, with several ex-
treme values up to 18. Relative abundances of Y are also very high, 
with an average Y/Ho ratio that is strongly super-chondritic at 83.3 
(n = 56). The light REY (LREY) is not depleted relative to the heavy 
REY (HREY) as demonstrated by the ratio Pr/Ybsn with an average 
value of 1.06 (n = 56).

The iron isotope compositions of the IFs are remarkably homo-
geneous throughout the two drill core depth intervals (~ 200 and 
150 m depths) and show an enrichment in the heavier isotope with 
δ56Fe values ranging from +1.03 to +1.95‰ with an average of 
+1.39 ± 0.22 (1σ, n = 27). Iron-rich and Fe-poor carbonates show 
distinct δ56Fe values of +0.2 to +0.8‰ and −0.4 to +0.07‰, respec-
tively, and one anomalous Fe-rich carbonate sample with −0.8‰. 
The isotopic composition of organic carbon in IFs and carbonates 
shows significant variability, with δ13Corg values from −23.50 to 
−28.17‰ and −21.17 to −31.80‰, respectively, and an average 
δ13Corg value of −25.5 ± 2.7‰ (1σ, n = 15).

5  | DISCUSSION

5.1 | Anoxic conditions during IF deposition in the 
Carajás basin

Shale-normalized rare earth element and yttrium (REY) data are ex-
tensively used as a geochemical tool to characterize conditions in 
which IFs were formed (Planavsky et al., 2010). In modern seawater 
and marine sediments, the REY system is controlled by terrestrial 
versus hydrothermal inputs and particle-solution interactions that 
are susceptible to change with salinity, water depth, and redox state 
(Robbins, Konhauser, et  al.,  2019). Similarities between REY pat-
terns from modern environments and the geological record imply 

�
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the preservation of a primary seawater signature from which these 
rocks were formed (Oonk et al., 2018). Detrital contamination, how-
ever, has been proven to mute or mask primary signals, but is eas-
ily identified by increasing concentration of poorly mobile elements 
such as Al, Ti, Sc, Zr, U, Th, or Hf. Additionally, the influence of post-
depositional processes (e.g., diagenesis and metamorphism) does 
not alter significantly the primary REY composition of IFs (Bau & 
Möller, 1993). The IFs from Carajás studied here are almost detritus-
free, and with the exception of one sample with Al concentration 
at 0.2 wt.%, all other IFs show Al content <0.1 wt.% (Figure 3). The 
Fe and Si contents in IFs vary between 31.7 and 63.1 wt.% and be-
tween 33.3 and 54.2 wt.%, respectively, indicating that no open sys-
tem alteration and/or mass loss (e.g., silica leaching) took place after 
rock deposition. Additionally, these rocks experienced low meta-
morphic grade (Krymsky et al., 2007; Machado et al., 1991; Rosière 
et al., 2006), which make them an ideal target to explore past redox 
conditions in the basin.

Rare earth elements are generally found under a single oxidation 
state (+3) and share similar geochemical behavior, but two of them, 
cerium (Ce) and europium (Eu), can behave differently depending on 
local and/or global redox conditions. Under oxic conditions, Ce can be 
oxidized from its trivalent to tetravalent state, and less soluble Ce(IV) 
is readily removed from seawater onto Mn(IV)-Fe(III)-oxyhydroxides, 
organic matter, and clay particles (Konhauser et al., 2017). This be-
havior imparts a negative cerium anomaly on modern oxygenated 
seawater. Most pre-GOE IFs that were not altered by secondary 
processes (e.g., Bonnand et  al.,  2020) lack a negative Ce anomaly 
(e.g., Døssing et al., 2009; Haugaard et al., 2013, Haugaard, Ootes, 

et al., 2016; Hofmann, 2005; Lindenmayer et al., 2001; Mloszewska 
et  al.,  2012; Planavsky et  al.,  2010) indicating that the adsorption 
of REY occurred under anoxic water conditions. Similarly, IFs from 
Carajás show no significant true Ce anomalies, either positive or 
negative, as indicated by the general absence of data with Ce/Ce* <1 
and Pr/Pr* >1, or Ce/Ce* >1 and Pr/Pr* <1, respectively (Figure 5). 
We attribute the few values falling in the Ce/Ce*<1 and Pr/Pr*>1 
field, close to PAAS values of 1, as reflecting either small compo-
sitional differences between PAAS and local detrital inputs, or ar-
tifacts arising from the slightly curved REE spectra of our dataset. 
Calculations of Ce anomalies using alternatively proposed projec-
tions (e.g., calculation of Ce* by projection backward from Pr and 
Nd; Lawrence and Kamber, 2006) yielded non-negligible but clearly 
false Ce anomalies that are most likely explained by the same poten-
tial artifacts; the Bau and Dulski (1996) method proved more reliable 
in this regard as the Ce anomalies are clearly identified as artifacts. 
A comparison with Archean IFs from Isua, Greenland, demonstrates 
similar anoxic conditions, in contrast to modern microbialites and 
seawater that show the clear imprint of Ce redox cycling in an ox-
ygenated environment (Figure  5). Additionally, Paleoproterozoic 
IFs from other cratons throughout the globe argue in favor of more 
oxidizing conditions with Ce/Ce* values <0.9 and Pr/Pr*>1.02, con-
trasting with Archean and Neoarchean values (Oonk et  al.,  2018; 
Sampaio et al., 2018; Wang et al., 2016; Warchola et al., 2018). This 
suggests that the Carajás IFs are formed under anoxic conditions, 
also suggested by previous studies in the basin (Justo et al., 2020), 
possibly due to limited generation and accumulation of O2 produced 
by oxygenic photosynthetic organisms (if present) that were not 
likely abundant during the Late Archean (Ossa et al., 2019).

Europium can be reduced to a divalent state under high-
temperature and low-Eh conditions, rendering it more soluble 
under hydrothermal conditions than strictly trivalent REYs (Bau & 
Möller, 1993). Consequently, hydrothermal fluids from modern and 
past environments are characterized by a positive Eu anomaly, a fea-
ture usually interpreted as a hydrothermal Fe source in IFs. A compi-
lation of Eu anomalies and their variation in time are shown for the 
major known IFs (Figure 6). A significant increase in the magnitude 
of positive Eu anomalies was already noted for IFs deposited from 
~2.7 to 2.6  Ga (Viehmann et  al.,  2015). Here, we report unprece-
dented positive anomalies for the ~2.74 Ga Carajás IFs, with Eu/Eu* 
values up to 18 (Figure 6), as compared to maximum values of ~8 and 
~5 from other Neoarchean IFs (Garcia et al., 2016; Viehmann, Bau, 
Hoffmann, et al., 2015). Moreover, the fact that there is no depletion 
in LREY compared with HREY in our samples (average Pr/Ybsn value 
of 1.06), which is normally found in modern seawater and reflected 

F I G U R E  2   Different facies among both studied cores (FD-55 and FD-365) showing IFs being represented by finely laminated jaspilites 
formed by mm-scale laminae of chert (e.g., microcrystalline quartz) intercalated with euhedral magnetite and red jasper with spherulitic 
hematite and minor amounts of ankerite disseminated in the chert matrix (a–c). Fe-rich carbonates composed dominantly of ankerite and 
microcrystalline quartz intercalated with magnetite layers (d–g) and Fe-poor carbonates composed of calcite, ankerite, and rare finely 
laminated magnetite layers locally displaying wrinkly-laminated features (h–l). Framboidal pyrites are commonly present in the Fe-poor 
carbonate interval, particularly in the wrinkly-laminated features, which are usually associated with organic matter (i, j) 

F I G U R E  3   Detrital-free IFs shown by low concentrations of Al 
and super-chondritic Y/Ho values

IFs (FD-55)
Fe-rich carbonates (FD-55)
Fe-poor carbonates (FD-55)
IFs (FD-365)

Y
/H

o

20

40

60

80

100

120

140

Al (ppm)

0 5,000 10,000



     |  333REGO et al.

in a Pr/Ybsn ratio < 1 (e.g., Bolhar et al., 2004), reinforces the idea 
that the REY signatures in Carajás IFs reflect the mixing of seawa-
ter and hydrothermal fluids. This suggests that IF deposition in the 
Carajás Basin coincided with a period of intense hydrothermal ac-
tivity, possibly triggered by a major mantle plume event (Viehmann, 
Bau, Hoffmann, et  al.,  2015). The Carajás Basin is so far the only 
location that has recorded such strong positive Eu anomaly, which 
can be related to a combination of factors, such as IF deposition in 
a restricted environment where significant hydrothermal activity 
was taking place. This differs from previous studied Neoarchean and 
Paleoproterozoic IFs that likely had a more pronounced contribution 
from open ocean seawater (Viehmann, Bau, Hoffmann, et al., 2015). 
This intense hydrothermal activity would have provided substantial 
ferrous iron and maintained general anoxic conditions in the Carajás 
Basin.

5.2 | Defining an oxidative mechanism from Fe and 
C isotopes

The presence of ferric minerals in IFs requires oxidation of Fe(II)aq 
to Fe(III)aq leading to subsequent precipitation of Fe-oxyhydroxide 
particles (Tangalos et  al.,  2010). Under oxic conditions and at 
circum-neutral pH, Fe(II)aq can be rapidly and completely oxidized 

to thermodynamically stable Fe(III)aq without significant Fe isotope 
fractionation; thus, Fe(III) oxyhydroxides will inherit the Fe isotopic 
composition of the Fe(II) source (Rouxel et al., 2018). However, if oxi-
dation rates are slow, such as under low-Eh conditions, Fe(II) can be 
partially oxidized, producing large Fe isotope fractionation between 
Fe(II) and Fe(III) species and a ferric iron precipitate enriched in 
heavy isotopes, as observed in many Archean IFs (Czaja et al., 2013, 
2018; Dauphas, Van, et al., 2004; Planavsky et al., 2012). Very low 
degrees of partial oxidation yield ferric iron precipitates with the 
largest heavy isotope enrichments, with fractionation also theoreti-
cally increasing with decreasing temperature (Anbar et  al.,  2005). 
Additionally, sample alteration by metamorphism was shown as 
an unlikely process to explain heavy δ56Fe values, thus reflecting 
changes in the biogeochemical cycle of Fe (Dauphas et  al.,  2007; 
Frost et al., 2007; Hyslop et al., 2008). The Fe isotope composition 
of the 2.74 Ga IFs in the Carajás Basin is enriched in heavy isotopes 
but also remarkably homogeneous, with an average δ56Fe value of 
+1.39 ± 0.22‰ (1SD, n = 27; Figure 7). Assuming hydrothermally 
sourced Fe(II)aq remained similar in isotopic composition throughout 
Earth's history, with δ56Fe values close to modern hydrothermal vent 
systems (e.g.,~−0.5 to 0‰, Heard & Dauphas, 2020), our positive Fe 
isotope data support dissolved Fe content in excess of available oxi-
dizing agents in the Carajás Basin since low degrees of partial Fe oxi-
dation can be deduced in both cores from Serra Sul and Serra Norte, 

F I G U R E  4   Rare earth element and yttrium (REY) abundances normalized to Post-Archean Australian Shales (PAAS) for IFs, Fe-rich, and 
Fe-poor carbonates (a–c), including few samples influenced by detrital contamination (d)
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which are located 50 km from each other. Additionally, the δ56Fe val-
ues between −0.4 and +0.07‰ of Fe-poor carbonates in core FD55 
further corroborate a fluid source around 0‰ since Fe isotope frac-
tionation between Fe-carbonate and Fe(II)aq ranges between −0.2 
and −0.7‰ (Blanchard et al., 2009; Wiesli et al., 2004). The homo-
geneity of δ56Fe values of IFs within each core and between the two 
cores can only be explained by a constant and well-buffered Fe iso-
tope composition of seawater at the basin scale. This implies a con-
stant rejuvenation of Fe(II) from the source into the water column, 
as opposed to a limited source that would result in a depleted δ56Fe 
eventually recorded in the sediment. In this case, an isotopically light 
residual iron was not expressed, but likely sequestered in carbon-
ates and pyrites. This suggests that dissolved Fe(II) concentrations 
were high and little affected by Fe-oxyhydroxide precipitation, again 
supporting strong hydrothermal activity in the basin, in agreement 
with the prominent Eu anomaly. The homogeneity of δ56Fe values in 
IFs indicates a constancy in both δ56Fe values of the dissolved Fe(II) 
source and the magnitude of the isotope fractionation leading to the 
formation of Fe precipitate.

The oxidizing mechanism involved in this partial oxidation can 
be difficult to define based solely on Fe isotopes. According to most 

models regarding IF genesis, either anoxygenic or oxygenic photo-
synthesis is the main responsible mechanism, discarding previous 
models that invoke the reduced Fe-silicate phase (e.g., greenalite) as 
a primary precipitate (Robbins, Funk, et al., 2019; Tosca et al., 2016). 
Photo-oxidation by UV photons is proven to be an effective abiotic 
mechanism to oxidize Fe(II) to Fe(III) with experimental results show-
ing a product enriched in the heavy Fe isotope, consistent with mea-
sured values in IFs (Nie et al., 2017). However, previous studies have 
demonstrated as an unlikely mechanism for extensive IF deposition 
during the Archean (Konhauser et  al.,  2007; Pecoits et  al.,  2015). 
Based on REY systematics and Fe isotopes, anoxic conditions likely 
prevailed during IF deposition in the Carajás Basin; thus, anoxygenic 
photosynthesis would appear to be the most plausible oxidizing 
mechanism. Experimental studies estimated Fe isotope fraction-
ation of +2.3  ±  0.3‰ for Fe(II) oxidation by photoferrotrophs in 
conditions similar to Precambrian oceans (Wu et al., 2017). A related 
experiment with the same bacterial strain, however in the absence 
of Si, provided a δ56Fe fractionation between Fe(III) precipitates 
and aqueous Fe(II) ranging from +0.96‰ to +1.98‰ (Swanner, Wu, 
et al., 2015), while a freshwater bacterial strain showed Fe isotope 
fractionation of ~+1.5 ± 0.2‰ (Croal et al., 2004). The remarkable 

F I G U R E  5   Ce anomalies in IFs and carbonates from the CMP compared with IFs from Isua, Greenland (Bolhar et al., 2004), 
Paleoproterozoic IFs (Bau & Dulski, 1996; Frei et al., 2008; Haugaard et al., 2016; Oonk et al., 2018; Teixeira et al., 2017) Holocene 
microbialites (Webb & Kamber, 2000), and modern seawater (Zhang & Nozaki, 1996; a), and detailed view of the studied sample set (b) 
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homogeneous δ56Fe values (~+1.39‰) of Carajás IFs imply that the 
isotope fractionation associated with Fe oxidation was constant 
both in time and in space. Although the Fe isotope composition of 

seawater at that time is unknown, a value between −0.5 and 0‰ 
seems reasonable (Heard & Dauphas, 2020; Johnson et al., 2008), 
which yields an overall Fe isotope fractionation between fluid and 

F I G U R E  6   Compilation of shale-normalized Eu anomalies for major IFs deposited mainly throughout the Precambrian, including 
Archean (Alexander et al., 2008; Bau & Alexander, 2009; Bhattacharya et al., 2007; Derry & Jacobsen, 1990; Døssing et al., 2009; 
Fabre et al., 2011; Frei et al., 2008; Frei & Polat, 2007; Garcia et al., 2016; Haugaard et al., Ootes, 2016; Haugaard, Pecoits, et al., 2016; 
Haugaard et al., 2013, 2017; Hofmann, 2005; Mloszewska et al., 2012; Viehmann, Bau, Hoffmann, et al., 2015; Viehmann, Bau, Smith, 
et al., 2015), Paleoproterozoic (Bau & Dulski, 1996; Danielson et al., 1992; Lantink et al., 2018; Teixeira et al., 2017; Warchola et al., 2018), 
Mesoproterozoic (Canfield et al., 2018), Neoproterozoic (Busigny et al., 2018; Halverson et al., 2011; Lechte et al., 2019; Lottermoser & 
Ashley, 2000; Viehmann et al., 2016), and Cambrian IFs (Li et al., 2018)
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F I G U R E  7   Iron isotope fractionation 
factors of IFs and carbonates (this 
study) including previous results from 
the Carajás Basin (Fabre et al., 2011) 
compared with experimental studies 
showing fractionation factors for different 
oxidizing mechanisms (Bullen et al., 2001; 
Croal et al., 2004; Nie et al., 2017; 
Wu et al., 2012), inorganic mineral 
precipitation (Frierdich et al., 2014, 2019; 
Wiesli et al., 2004), and dissimilatory 
iron reduction (DIR; Crosby et al., 2007; 
Johnson et al., 2005) 
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Fe-oxyhydroxide comprised between +1.35 and 1.85‰. These 
fractionation values determined from the Fe isotope compositions 
measured in the present study and previous data obtained on the 
Carajás Basin (e.g., Fabre et al., 2011) are consistent with the range 
inferred from experimental studies described above, further sup-
porting photoferrotrophic bacteria as a potential oxidizing pathway 
(Figure 7). Additionally, variations in the carbon isotope composition 
of sedimentary organic matter provide further insights into diverse 
mechanisms used by organisms to fix organic matter (Hayes, 2001). 
Carbon isotope ratios in the studied IFs and carbonates show vari-
able δ13Corg values, ranging from −23.50 to −28.17‰ and −21.17 
to −31.80‰, respectively (Figure  8). The average δ13Corg value of 
−25.6 ± 1.7‰ (n = 5) in IFs is consistent with a kinetic isotope frac-
tionation produced by autotrophic organisms, which are depleted in 
13C compared with the CO2 source (Schidlowski, 2001). Moreover, 
the organic carbon content in the IFs from Carajás, which varies 
from 0.01 to 0.06 wt.%, is consistent with previous published values 
(Thompson et al., 2019). Given the range of both δ13Corg and δ56Fe 
values, and considering that Fe(II) was likely dissolved in excess as 
opposed to available oxidizing agents, we cannot completely rule 
out an operating cryptic oxygen cycle. This suggests that chemo-
lithoautotrophic and/or microaerophilic organisms could have been 
thriving under limited oxygen conditions (Konhauser et  al.,  2002; 
Smith et al., 2013). Overall, our results argue for autotrophic pho-
tosynthesis as the main mechanism of primary production in the 
Carajás Basin, which, together with REY and Fe isotope data, more 
likely support the anoxygenic photosynthesis hypothesis.

The role of photoferrotrophs in the Archean is considered to 
be significant, as these organisms have been suggested to account 
for most, if not all, Fe(III) deposited in IFs (Konhauser et al., 2002, 
2018; Schad et al., 2019). Ferruginous conditions might have been 
toxic for cyanobacteria in early Precambrian oceans (e.g., Swanner, 
Mloszewska, et al., 2015), but we cannot completely rule out their 
presence in surface oxic layers where Fe(II) concentrations might 
be suppressed. In any case, photoferrotrophs could have oxidized 

dissolved hydrothermal Fe(II) before reaching the surface (e.g., 
Kappler et al., 2005; Ozaki et al., 2019) as they are more adapted to 
low-light conditions (Jones et al., 2015). The ecophysiology of pho-
toferrotrophs likely favored their abundance in Precambrian oceans 
(Hegler et  al.,  2008; Posth et  al.,  2008) as modern analogs have 
provided palpable evidence of their role in Fe cycling, particularly 
as agents of Fe oxidation (Koeksoy et al., 2016; Llirós et al., 2015; 
Walter et al., 2014). Previous studies usually refer to photosynthe-
sis, directly or indirectly, as the main oxidizing mechanism forming 
Fe(III) minerals in IFs (e.g., Croal et al., 2009; Johnston et al., 2009; 
Czaja et  al.,  2013, 2018; Gauger et  al.,  2015; Gauger et  al.,  2016; 
Thompson et al., 2019). However, by combining trace element data 
with Fe and C isotopes, we propose anoxygenic photosynthesis as 
a predominant oxidizing mechanism favoring IF deposition in the 
Carajás Basin.

6  | CONCLUSIONS

The approach used here combines REY data with Fe and C iso-
topes to provide evidence that photoferrotrophs were active in the 
Carajás Basin and were oxidizing Fe coupled to the fixation of car-
bon using light energy, without the need of free oxygen (Kappler & 
Newman, 2004). Despite the indication of oxygenic photosynthesis 
during the Archean in oceanic and terrestrial settings (e.g., Planavsky 
et al., 2014; Lalonde & Konhauser, 2015; Eickmann et al., 2018), the 
Carajás IFs show consistent and narrow positive range in δ56Fe val-
ues, which can be best explained by partial Fe oxidation in conditions 
with very low to no free O2, while Fe-rich and Fe-poor carbonates 
precipitated restrictedly in potentially less reducing conditions. 
Moreover, a constant and significant hydrothermal Fe(II) source, 
shown by the highest Eu anomalies registered in IFs, avoided the 
depletion of an Fe(II) reservoir, as opposed to later Paleoproterozoic 
IFs in the Hamersley and Transvaal basins (Czaja et al., 2018). Thus, 
we infer that photoferrotrophic bacteria were responsible for the 
main iron oxidation mechanism via anoxygenic photosynthesis, as 
suggested by δ13Corg values, that led to the precipitation of ferric 
minerals and subsequent deposition of IFs at a regional scale in the 
Carajás basin.
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F I G U R E  8   Distribution of organic carbon isotope compositions 
from IFs and carbonates, including ranges characterizing 
cyanobacteria, methanogenic bacteria, and anoxygenic 
photosynthetic bacteria (Schidlowski, 2001) 
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