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Sulfur mass-independent fractionation (S-MIF) preserved in Archean sedimentary pyrite is interpreted to
reflect atmospheric chemistry. Small ranges inD33S that expanded into larger fractionations leading up to
the Great Oxygenation Event (GOE; 2.45–2.2 Ga) are disproportionately represented by sequences from
the Kaapvaal and Pilbara Cratons. These patterns of S-MIF attenuation and enhancement may differ from
the timing and magnitude of minor sulfur isotope fractionations reported from other cratons, thus
obscuring local for global sulfur cycling dynamics. By expanding the D33S record to include the relatively
underrepresented São Francisco Craton in Brazil, we suggest that marine biogeochemistry affected S-MIF
preservation prior to the GOE. In an early Neoarchean sequence (2763–2730 Ma) from the Rio das Velhas
Greenstone Belt, we propose that low d13Corg (<�30‰) and dampened D33S (0.4‰ to �0.7‰) in banded
iron formation reflect the marine diagenetic process of anaerobic methane oxidation. The overlying black
shale (TOC up to 7.8%) with higher d13Corg (�33.4‰ to �19.2‰) and expanded D33S (2.3‰ ± 0.8‰),
recorded oxidative sulfur cycling that resulted in enhance preservation of S-MIF input from atmospheric
sources of elemental sulfur. The sequence culminates in a metasandstone, where concomitant changes to
more uniform d13Corg (�30‰ to �25‰), potentially associated with the RuBisCO I enzyme, and near-zero
D33S (�0.04‰ to 0.38‰) is mainly interpreted as evidence for local oxygen production. When placed in
the context of other sequences worldwide, the Rio das Velhas helps differentiate the influences of global
atmospheric chemistry and local marine diagenesis in Archean biogeochemical processes. Our data sug-
gest that prokaryotic sulfur, iron, and methane cycles might have an underestimated role in pre-GOE sul-
fur minor isotope records.

� 2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction oxygen or a long and continuous process that took several hun-
The first significant increase in atmospheric oxygen concentra-
tions occurred during the Great Oxygenation Event (GOE) from ca.
2.45 to 2.2 billion years ago (Ga) (Holland, 2002). However, contro-
versy remains as to whether it occurred as a rapid step-increase in
dreds of millions of years before becoming a new stable state of
the atmosphere (Bekker et al., 2004; Guo et al., 2009; Reinhard
et al., 2013; Luo et al., 2016; Philippot et al., 2018). One of the more
robust pieces of evidence for redox change in atmospheric chem-
istry is the transition from sulfur isotope mass-independent frac-
tionation (S-MIF; where D33S – 0 ± 0.2‰) to mass-dependent
fractionation (S-MDF; where D33S = 0 ± 0.2‰) recorded in sedi-
mentary pyrite (Farquhar et al., 2000, 2001).
-MIF in
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The predominance of S-MDF found in pyrite younger than about
2.33 Ga reflects the rise of atmospheric oxygen above 10�5 times
present atmospheric levels (PAL; Pavlov and Kasting, 2002) and
the screening of UV-photolysis of volcanogenic SO2 at low altitude
(Farquhar et al., 2000; Farquhar and Wing, 2003; Ueno, 2014).
However, before the global disappearance of S-MIF, a suite of prox-
ies responsive to the presence of free dissolved oxygen or hydrogen
sulfide (e.g., iron speciation, Ce anomaly, Mo enrichments, low d34S
values, stromatolite fossils) suggest periodic and/or localized
oxidative weathering (e.g., Anbar et al., 2007; Kaufman et al.,
2007; Reinhard et al., 2009, 2013; Planavsky et al., 2010; Scott
et al., 2011; Stüeken et al., 2012; Crowe et al., 2013; Olson et al.,
2013; Riding et al., 2014; Zhelezinskaia et al., 2014; Lalonde and
Konhauser, 2015). These observations support an emerging view
that ocean redox changes were not uncommon before the GOE,
at least in semi-restricted or shallow settings, where microbial
mats could produce oxygen locally (e.g., Lalonde and Konhauser,
2015).

Although there is consistent evidence for localized oxygen pro-
duction during the Archean, minor sulfur isotope fractionations
(D33S and D36S) that covary with the carbon isotopic composition
of organic carbon (d13Corg) are often interpreted as global feedbacks
between the biosphere and atmosphere (Domagal-Goldman et al.,
2008; Thomazo et al., 2009a, 2009b, 2013; Zerkle et al., 2012). One
example is the distinctly small-scale D33S variations (or dampened
S-MIF) observed between 2.9 and 2.7 Ga, which contrast with
broader ranges and consistent D36S/D33S slope (�0.9), metonymi-
cally known as the Archean array, between 2.7 and 2.5 Ga (Ohmoto
et al., 2006; Farquhar et al., 2007; Kaufman et al., 2007; Thomazo
et al., 2009a, 2013; Zerkle et al., 2012; Kurzweil et al., 2013;
Williford et al., 2016). These sulfur isotopic dynamics have been
proposed to elucidate microbial feedbacks, specifically methane
cycling, that modulated ocean and atmosphere chemistry
(Siebert et al., 2005; Anbar et al., 2007; Domagal-Goldman et al.,
2008; Thomazo et al., 2009a, 2009b, 2013; Zerkle et al., 2012;
Izon et al., 2015).

The interpretations that favor a global biogeochemical influence
on the sulfur isotope record before the GOE are potentially spatially
biased, particularly for sequences deposited before 2.7 Ga (Fig. 1).
Data supporting small-scale D33S variation before 2.7 Ga are scarce
and mainly developed from a limited number of formations in sed-
imentary sequences from South Africa (Kaapvaal Craton; Farquhar
et al., 2007) and Western Australia (Pilbara Craton; Ohmoto et al.,
2006; Farquhar et al., 2007; Kaufman et al., 2007; Thomazo et al.,
2009a; Marin-Carbonne et al., 2018). Spatially, these observations
could represent part of the same contiguous basin of the Vaalbara
or Supervaalbara Archean supercontinents (Cheney, 1996; de
Kock et al., 2009; Gumsley et al., 2017). If true, other supercratons,
such as Superia (North America), Dharwar (India), Zimbabwe
(Southern Africa), North China (China), Amazon (Brazil), and São
Francisco (Brazil), may never have shared a common history in a
single Archean supercontinent (Bleeker, 2003).

Data currently available from these cratons suggest the magni-
tude of D33S observed in sedimentary pyrites between 2.8 and
2.5 Ga may be related to Archean paleogeography. The relatively
well-studied Kaapvaal (Hu et al., 2003; Kamber and Whitehouse,
2007; Papineau et al., 2007; Guo et al., 2009; Ono et al., 2009a,
2009b; Zerkle et al., 2012; Farquhar et al., 2013; Fischer et al.,
2014; Guy et al., 2014), Pilbara (Ono et al., 2003; Ohmoto et al.,
2006; Farquhar et al., 2007; Kaufman et al., 2007; Philippot et al.,
2007; Partridge et al., 2008; Thomazo et al., 2009a; Gregory
et al., 2015; Muller et al., 2016) and Yilgarn (Xue et al., 2013;
Chen et al., 2015; Gregory et al., 2016; Caruso et al., 2018) cratons
exhibit wide ranges in D33S, from �5‰ to 11.77‰ (Fig. 1). In con-
trast, the D33S ranges (�3.15‰ to 4.82‰) observed in the Amazon
(Fabre et al., 2011; Bühn et al., 2012), São Francisco (Zhelezinskaia
2

et al., 2014; Bosco-Santos et al., 2020), Dharwar (Mishima et al.,
2017; Muller et al., 2017), North China (Hou et al., 2007), Zim-
babwe (Hofmann et al., 2009; Thomazo et al., 2013) and Superior
(Kurzweil et al., 2013; Hauri et al., 2016; Li et al., 2017) cratons
are relatively small (Fig. 1).

We suggest the asynchronous changes in the magnitude of D33S
that occurred on a global scale prior to the GOE (Philippot et al.,
2018) could best be attributed to a discrepancy between the for-
mation and preservation mechanisms of S-MIF. An improved rep-
resentation of the secular record of S-MIF from different terrains
is needed to extract a more global framework of the timing and
tempo of Earth’s surface oxygenation. We fill a gap in this record
by providing evidence from an early Neoarchean sequence from
the São Francisco Craton that shows an attenuation of S-MIF poten-
tially affected by local biogeochemistry. Our interpretation gives a
new perspective to differentiating global and local S-MIF dynamics
when placed in temporal and geospatial context with sequences
from Western Australia and South Africa.
2. Geological background

The São Francisco Craton, located in eastern Brazil, is a large,
well-exposed Archean shield, surrounded by Neoproterozoic fold
belts (Heilbron et al., 2017). The southern part of the craton repre-
sented mainly by the Quadrilatero Ferrífero Province, is character-
ized by (i) an Archean basement consisting of a series of magmatic
complexes of tonalite-trondhjemite-granodiorite (TTG) affinity,
generally gneissified or migmatized, (ii) two main Archean
metavolcano-sedimentary sequences, represented by the Pitangui
and Rio das Velhas Greenstone Belts, (iii) Neoarchean granitoids
comprising a series of intrusive medium- to high-K calc-alkaline
granite stocks and batholiths, and (iv) Neoarchean to Neoprotero-
zoic metasedimentary sequences represented mainly by the Minas
Supergroup and Bambuí Group (Fig. 2; Renger et al., 1994; Alkmim
and Marshak, 1998; Romano, 2006; Teixeira et al., 2015; Marinho
et al., 2018; Brando Soares et al., 2020).

In the Quadrilátero Ferrífero region, the gneiss basement corre-
sponds to the Bonfim, Belo Horizonte, Bação, Santa Bárbara and
Caeté complexes, exposed as domal structures of fine-grained
banded orthogneiss intruded by weakly- to non-foliated younger
K-rich granitoids. Four main magmatic events were recognized
(Machado and Carneiro, 1992; Lana et al., 2013; Farina et al.,
2015; Brando Soares et al., 2020): (i) Santa Barbara, (ii) Rio das Vel-
has I; (iii) Rio das Velhas II and (iv) Mamona. The initial Santa Bar-
bara event marks the emplacement of the 3.2 Ga TTG gneisses in
the Santa Bárbara Complex. The Rio das Velhas I and II events are
the most intense periods of crustal formation in the region (2.9–
2.7 Ga), including the Bonfim, Belo Horizonte, Bação and Caeté
Domes, and Pitangui and Rio das Velhas Greenstone Belts. The
Mamona Event (2.7–2.6 Ga) marks the stabilization of the craton
with widespread late Neoarchean K-rich magmatism. During the
ca. 2.77 Ga regional deformation and the metamorphic event
caused by orogenesis and crustal thickening, the metamorphic
grade of the Rio das Velhas Greenstone Belt ranged from green-
schist to amphibolite facies (450–550 �C; Cutts et al., 2019).

The Rio das Velhas Greenstone Belt includes the overlying
Maquiné Group and the basal Nova Lima Group (Baltazar and
Zucchetti, 2007) (Fig. 2B). The stratigraphy is subdivided into three
different tectonostratigraphic blocks: (i) Santa Barbara, (ii) São Bar-
tolomeu, and (iii) Nova Lima-Caeté (Araújo et al., 2020a, 2020b).
The rock sequence of the Santa Barbara Block is composed of basal
metakomatiites (Quebra Osso Group), followed by tholeiitic meta-
basalts and clasto-chemical metasedimentary rocks of the Nova
Lima Group (Vigário da Vara, Santa Quitéria and Córrego do Sítio
formations) and metasedimentary rocks of the Maquiné Group



Fig. 1. Compilation of D33S in sedimentary sulfides (grey circles) and hypothesized partial pressures of O2 (purple line) and CH4 (red line) from 1400 to 3800 million years
(Ma). D33S in sedimentary sulfides from different terrains (Isua Greenstone Belt terrain, Kaapvaal, Pilbara, Karelian, Dharwar, Amazon, São Francisco, North China, Zimbabwe,
North Australia, Superior, and Yilgarn Cratons) are presented by Era from the Paleoarchean to the Paleoproterozoic. Data are from several authors as compiled by Selvaraja
et al. (2019) and Bosco-Santos et al. (2020).

Fig. 2. Study location and geological settings: (A) São Francisco Craton, Brazil. The study area is indicated by the red arrow (in the southern SFC). (B) Main geological domains
of the Quadrilátero Ferrífero (adapted from Moreira et al., 2016). (C) Detail of Roça Grande mine location corresponding to the Nova Lima Group, where the samples analyzed
and discussed were sampled.
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(Palmital and Casa Forte formations; Araújo et al., 2020a). The São
Bartolomeu Block contains the metasedimentary rocks of the top of
the Nova Lima Group (Fazenda Velha, Córrego da Paina and Pau
D’Óleo formations) and a distinct unit of the Maquiné Group
(Andaimes Formation; Araújo et al., 2020a). Finally, the Nova
Lima-Caeté Block shows a complete greenstone belt sequence. In
this block, the basal units of the Nova Lima Group consist of inter-
calated volcanic rocks of different compositions, volcanoclastic,
clastic, and chemical sedimentary rocks of the Ouro Fino and the
overlying Morro Vermelho Formation; followed by a sequence of
3

acid and intermediate metavolcanic and metavolcaniclastic rocks
(Mestre Caetano Formation); and a top metasedimentary sequence
with a significant volcanogenic contribution (Ribeirão do Brumado
Formation). The siliciclastic rocks of the Maquiné Group (Palmital
and Casa Forte formations) complete the sequence (Fig. 3).

The Roça Grande gold deposit (18 t Au reserve, 2.3 g/t Au grade)
is a structurally-controlled banded iron formation (BIF, Vial et al.,
2007) from the Morro Vermelho Formation. The lithotypes in the
deposit consist of greenschist facies rocks such as chlorite- and car-
bonaceous schists, with the first corresponding to metavolcanic



Fig. 3. Stratigraphic column of the Rio das Velhas Greenstone Belt, (A) Santa Bárbara Block and (B) Nova Lima-Caeté Block (after Araújo et al., 2020a, 2020b). (C) Lithology log
for drill hole RDV within the Roça Grande deposit (this study). Age dates are from Machado et al. (1992), Machado et al. (1996), Noce et al. (2005), Bühn et al. (2012), Romano
et al. (2013), Lana et al. (2013), Ribeiro et al. (2015), Moreira et al. (2016), Dopico et al. (2017), and Kresse et al. (2018).

A. Bosco-Santos, W.P. Gilhooly III, P.de Melo-Silva et al. Geoscience Frontiers xxx (xxxx) xxx
rock levels in the footwall, and less-voluminous quartz-sericite
schists, quartzose schists, and BIFs towards the hanging wall. The
BIFs are interpreted as the Algoma-type, with both magnetite-
and carbonate-subtypes (Lobato et al., 2001). These are considered
as deposited in a relatively intermediate distance from seafloor
hydrothermal fumaroles with restricted detrital input, as evi-
denced by the low Al and Ti content of chert layers and low Eu
anomalies (Araújo and Lobato, 2019). The ore mineralogy is char-
acterized by a preponderance of pyrite and arsenopyrite, with
minor marcasite, sphalerite, chalcopyrite, and pyrrhotite (Vial
et al., 2007; Araújo and Lobato, 2019). The gangue mineralogy is
composed of quartz as veins and chlorite and sericite as matrix
alteration. The hydrothermal alteration halo exhibits sulfidation,
silicification, chloritization, sericitization, and carbonatization.
The alteration is represented by broad linear to widely lenticular
ore bodies and envelopes. Localized mineralization associated with
saccharoid quartz and sericite exists in shear zone traces with con-
centrated strain.

The contact between the Morro Vermelho Formation and the
underlying Ouro Fino Formation is gradational, with increased con-
tribution of clastic metasedimentary rocks (Araújo et al., 2020a).
The Morro Vermelho Formation is subdivided into two members,
the topmost Roça Grande Member comprises mainly meta-
sedimentary rocks (Baltazar and Silva, 1996; Baltazar et al., 2005;
Araújo et al., 2020a). Its contact with the underlying member,
Undivided Morro Vermelho, is transitional. Isotopic U-Pb zircon
data in rocks from Morro Vermelho Formation yielded crystalliza-
tion ages of 2776 ± 23 Ma and 2772 ± 6 Ma for the felsic volcanism
4

(Machado et al., 1989, 1992; Araújo et al., 2020a), and 2751 ± 9 Ma
in metavolcano-clastic greywackes (Noce et al., 2005; Araújo et al.,
2020b). These ages are related to the Rio das Velhas II magmatic
event, representing the final stage of TTG crust production in the
Quadrilátero Ferrífero (Lana et al., 2013; Romano et al., 2013).
The youngest maximum depositional age for the overlying Mestre
Caetano Formation is 2766 Ma (2773 ± 7 Ma, U-Pb zircon) in meta-
conglomerate (Noce et al., 2005; Araújo et al., 2020b). The maxi-
mum depositional age for the Nova Lima Group’s top unit is
2679 ± 20 Ma in detrital zircons within quartzites (Dopico et al.,
2017).

The Maquiné Group is composed of near-shore metasandstones
and metaconglomerates (Moreira et al., 2016). This group yielded
U-Pb zircon maximum depositional ages between 2770 and
2700 Ma, with a maximum depositional age of 2730 Ma in the
basal Palmital Formation (Moreira et al., 2016).

3. Materials and methods

3.1. Drill hole sampling and screening

A 127 m of drill hole was sampled inside the Roça Grande gold
deposit in collaboration with the Jaguar Mining company and
named RDV. The drill hole was sampled in the RG07 mineralized
body where gold is hosted in quartz veins within what was
described by Jaguar mining as schist (Cox and Pressacco, 2016).
Based on petrographic screening described in Section 4.1, the
schist was reclassified as a metasandstone. The RG07 mineraliza-



Table 1
Different calibration curves to estimate peak temperature of organic matter maturity
using first-order Raman spectra bands.

Reference Calibration equation = (T �C) Peak temperature
range (�C)
(±error)

Beyssac et al. (2002) �445 � R2 + 641 330–640
Rantitsch et al. (2004) (�457 ± 53) � R2 + (648 ± 25) 350–550
Rahl et al. (2005) 737.3 + 320.9 � R1 – 1067 � R2

– 80.638 � R12
100–700 (±50)

Aoya et al. (2010) 91.4 � R22 – 556.3 � R2 + 676.3 340–655 (±30)

A. Bosco-Santos, W.P. Gilhooly III, P.de Melo-Silva et al. Geoscience Frontiers xxx (xxxx) xxx
tion host rock is associated with a quartz vein which contrasts with
banded iron formation assemblages that host other mineralized
bodies in the deposit (Cox and Pressacco, 2016). From bottom to
top, three different lithostratigraphic units were identified in the
RDV drill hole (Fig. 3): fine-grained carbonate BIF (127–96 m
depth); black shale (96–73 m depth); and metasandstone (73–
0 m depth). The bedding (S0) is well defined and mostly preserved,
superimposed by a schistosity foliation (S1) and localized crenula-
tion cleavage (S2) in the most ductile rocks. The section contains a
quartz vein emplaced within metasandstone (Fig. 3). The quartz
vein is narrow (ca. 5 cm) and localized between 68.5 and 69 m.
A total of 75 samples (32 from BIF, 20 from black shale, and 23
from metasandstone) were selected for geochemical analysis. Each
sample consists of a maximum of 10 cm long split cores. For petro-
graphic analysis, polished thin sections were made of 11 hand
samples from 3 representative rock types. Samples from BIF were
selected from core depths 112 m, 114.6 m, and 119 m, and the
black shale samples came from 78 m, 82 m, and 91.3 m. A sample
from the quartz vein and three more samples were selected within
the metasandstone (one above at 63 m depth and two below at
70.4 and 71.8 m).

3.2. U-Pb isotopes in zircon grains

Detrital zircon grains were separated and analyzed for U-Pb age
dating by laser ablation sector field inductively coupled plasma
mass spectrometry (LA-SF-ICP-MS) at the Isotope Geology Labora-
tory of the Geosciences Institute of the University of Campinas. Zir-
con concentrates were extracted from a composite sample of
metasandstone in the upper ~25 m of the RDV core. Grain separa-
tion was made by wet hand panning, magnetic (Frantz), and den-
sity separation (heavy liquids) steps before zircon grains were
hand-picked under a binocular microscope. The selected grains
were mounted on an epoxy disk and polished to obtain a flat sur-
face. The morphology and internal structure of individual grains
were imaged by cathodoluminescence to avoid defects, micro-
inclusions, and microfractures. The mount was cleaned with
HNO3 and loaded into a laser ablation peripheral (Excite 193, Pho-
ton Machines) linked to a single-collector sector field ICP-MS (Ele-
ment XR, Thermo Scientific) according to the procedures of
Navarro et al. (2015). The spot size was set to a diameter of
25 lm. Ultrapure helium was used as the carrier gas, and the laser
frequency was 10 Hz with a fluency of 4.74 J cm�2. During the ana-
lytical session, forty-six analyses of the 91500 zircon standard
(1065 Ma; Wiedenbeck et al., 1995) yielded a pooled mean
206Pb/238U age of 1060.3 ± 4.2 Ma. An internal standard (Peixe
ID-TIMS, 571 ± 10 Ma; Navarro et al., 2017) was used to monitor
the quality of the reduction procedures. Fifteen Peixe zircon anal-
yses yielded a concordia age of 559.62 ± 2.69 Ma (MSWD = 2.76).
Data reduction was made using Iolite 2.5 software after common
Pb correction (performed on VizualAge 2014.10 software; Petrus
and Kamber, 2012). Concordia and age histograms were made in
Isoplot 4.15 (Ludwig, 2012), and all uncertainties were reported
as 2r values.

3.3. Metamorphic peak temperature

A thin section of black shale sampled from 82 m depth was
selected for Raman spectroscopy due to the high content of car-
bonaceous material observed during petrographic description.
Peak temperatures of crystallization were estimated from Raman
spectra (Buseck and Beyssac, 2014) of first-order (1000–
1800 cm�1; Henry et al., 2019), disordered (D, 1340–1360 cm�1),
graphite (G) (ca. 1580 cm�1), and D2 (ca. 1610 cm�1) bands accord-
ing to four different calibration curves proposed in the literature
(Table 1). For all equations used, the parameters R1 (band height
5

D1/G) or R2 (band areas D1/(G + D1 + D2)) were calculated, where
D corresponds to disordered amorphous organic matter (Beny-
Bassez and Rouzaud, 1984) and G is related to the in-plane vibra-
tion of carbon atoms in graphene sheets with E2g2 symmetry
(Tuinstra and Koenig, 1970; Jehlička and Beny, 1999). In order to
account for the potential effects that thin section preparation
may influence the D1-band region (Henry et al., 2019), we adopted
a range of calibration approaches for a conservative estimate of
peak temperature.
3.4. Geochemistry

3.4.1. Major and trace metals
Metal concentrations (Al, Fe, Cr, Ni, Zn, Rb, Sr, Ba, Mo, W, Se, Pb,

Bi, Nb, U, Th, Y, REE, and Hf) were measured in bulk rock samples
after total acid digestion in the Isotope Geology Laboratory at the
University of Campinas. Acid decomposition, evaporation, and
recovery were conducted in a microwave reaction system (Multi-
wave PRO, Anton Paar), equipped with acid digestion (8NXF100)
and evaporation rotors (8EVAP). Total digestion in the microwave
system was done according to Magaldi et al. (2019), where approx-
imately 100 mg of bulk rock powder was digested with 2 mL of sat-
urated NH4HF2 (~63 g/ 100 mL, 98% metal basis), 2 mL of HNO3

(65% Merck KgaA) and 2 mL of ultrapure water. Ammonium biflu-
oride was purified using a 120 mL PFA sub-boiling system (Savillex
Corporation, Eden Prairie) heated by a lamp. The HNO3 was puri-
fied in a sub-boiling still (DST-1000 Savillex). Ultrapure water
was obtained from a Milli-Q water purification system (Millipore
SAS). After digestion, the metals were determined by quadrupole
ICP-MS equipped with Collision Cell Technology (XSERIES 2,
Thermo Fisher Scientific) calibrated with multi-elemental solu-
tions prepared by mixing the necessary amounts from respective
elemental 10 mg/L standards (High Purity Standards, USA). Rhe-
nium was used as an internal standard on conventional mode,
and indium was measured in a collision cell. For analytical quality
control, we analyzed the certified reference material Green River
Shale (SRG-1, USGS). Calculated recovery was generally better than
90% (ranging between 83% and 100%).

The potential mobility of elements resulting from the possible
hydrothermal alteration associated with the RDV quartz vein was
estimated using the Isocon mass balance method (Grant, 1986;
Eq. 1). This method determines the change in the concentration
of a component (DCj) using a linear relationship between the con-
centration of the component (Cj) in altered rock (A) to that of the
original (o):
DCj= (MA/Mo)(Cj
A/Cj

o) — 1 ð1Þ
where the ratio between the mass of the altered (MA) and refer-

ence mass of the original, or less altered, sample (Mo) is obtained
by the inverse of the Isocon slope best-fit. Components that plot
along the linear array are immobile, those that plot above the array
are gained, and those that plot below are lost during alteration.



Table 2
Estimates of organic matter thermal maturity for RDV.

Estimated peak temperature
for OM in RDV (�C)

Reference calibration curve

356.27 Beyssac et al. (2002)
353.86 Rantitsch et al. (2004)
282.62 ± 50 Rahl et al. (2005)
411.73 ± 30 Aoya et al. (2010)
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In addition to this index of alteration, the relative mobility of
trace elements between samples across the core was evaluated
according to the relationship of Ague and Van Haren (1996):

tj = [(Ci
O/ Ci

A) (Cj
A/Cj

O) — 1] ð2Þ
where mass change for a mobile element (tj) is represented by

the product of concentration ratios (in ppm) of the reference spe-
cies (Ci) or the mobile species (Cj) for fresh, relatively unaltered
rock and altered rock samples. One sample for each lithology that
best represents the average chemical composition for that lithol-
ogy within the core was selected as the least altered reference
(7.0 m for metasandstone, 89.2 m for black shale, and 113.6 m
for the BIF). In all treatments, zirconium was used as the immobile
reference species. Variation in an element between the altered
sample and the fresh/less altered sample is considered anomalous
when its relative value exceeds ± 70% (Lebrun et al., 2017).

3.4.2. Iron speciation
Iron speciation was conducted in the Stable Isotope Biogeo-

chemistry Laboratory at Indiana University Purdue University Indi-
anapolis according to the methods of Poulton and Canfield (2005).
In brief, the sequential extraction procedure isolates the reducible
iron and manganese from carbonates (FeCarb), oxides (FeOxi), and
magnetite (FeMag). Approximately 0.1 g of rock powder was reacted
with a solution of sodium acetate (1 M, pH 4.5) for 48 h in a shaker
water bath at 50 �C to dissolve the carbonate phase. The sample
was centrifuged to concentrate the residue, and the solution con-
taining the FeCarb fraction was pipetted into a separate vial for
quantification. Sodium dithionite (50 g/L, pH 4.8) was added to
the residue for 2 h to remove the oxide phases (ferrihydrite,
goethite, and hematite). After collecting this fraction, the remain-
ing sample was reacted for 6 h with ammonium oxalate (0.2 M,
pH 3.2) to extract magnetite. The iron concentrations in all these
phases were measured by Flame Atomic Absorption Spectroscopy
(AAS, Perkin Elmer 2380) using a lamp with a 248.3 nm wave-
length (Iron, Sci-Tech Corporation). Measurements made in tripli-
cate (n = 3, for each fraction) agreed within 10% to 14%.

Pyrite was extracted by chromium reduction (Canfield et al.,
1986). The digestion was performed using boiling 1 M chromous
chloride (CrCl2) and concentrated HCl. The hydrogen sulfide
evolved during the acid distillation process was trapped in 3%
zinc-acetate, then split into a small (1 mL) and a larger (10 mL) ali-
quot. Sulfide concentrations were measured colorimetrically from
the smaller aliquot (Cline, 1969). The amount of iron in pyrite
(FePy) was calculated from the sulfide concentrations assuming
the stoichiometry of FeS2.

Highly reactive iron (FeHR) was calculated as the sum of FeCarb,
FeOxi, FeMag, and FePy. Unreactive iron (FeU) was calculated as the
difference between FeHR and the total iron concentration (FeT)
measured by ICP-MS after total digestion. The relative distribution
of these iron minerals was compared using ratios of FeHR and FePy
to FeT (FeHR/FeT and FePy/FeT). These relationships are based on the
reactivity of different iron minerals to dissolved sulfide (Poulton
and Canfield, 2005). We also considered that Fe in carbonates
and pyrite behaves as a ferrous cation [Fe(II)] while Fe bound to
oxyhydroxides (goethite and hematite) and magnetite is a ferric
cation [Fe(III)] (Johnston et al., 2010; Poulton and Canfield, 2011).

3.4.3. Sulfur isotopes
The sulfide retained in the larger aliquot from the pyrite extrac-

tion procedure was precipitated as Ag2S with a solution of 3% silver
nitrate and 10% ammonium hydroxide (wt./volume). The precipi-
tates were dried overnight at 50 �C, then homogenized with agate
mortar and pestle for sulfur isotopic analysis. All Ag2S precipitates
were weighed (0.2 mg) into tin cups and combusted to sulfur diox-
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ide in an elemental analyzer (Thermo, EAIsolink) coupled under
continuous flow to a stable isotope ratio mass spectrometer
(Thermo, DeltaV Plus) in the Stable Isotope Biogeochemistry Labo-
ratory at Indiana University-Purdue University Indianapolis. The
sulfur isotope composition (34S/32S and 33S/32S) was measured
using the SO-SO2 collector array and reported relative to Vienna
Canyon Diablo Troilite (VCDT) by normalization to three interna-
tional reference materials (d34S: IAEA S1 = �0.3‰, IAEA
S2 = 22.62‰, and IAEA S3 = �32.49‰; d33S: IAEA S1 = �0.05‰,
IAEA S2 = 11.48‰, and IAEA S3 = �16.65‰; Ding et al., 2001).
The results were reported in delta notation in per mil (‰): dXS = [(X-
S/32Ssample)/(XS/32SVCDT) � 1] � 103, where X = 33 or 34. We pre-
sented 33S data as deviations in ‰ from a reference fractionation
line using capital delta notation and the mass fraction exponent
expected for mass-dependent fractionation (0.515): D33S = d33S –
1000 � [(1 + d34S/1000)0.515 – 1].

Standard reference materials were distributed throughout the
run to bracket the samples for a total of three analyses of each
standard. The average precision for sulfide standards was 0.14‰
for d34S and 0.12‰ for d33S (1r, SD). The variance of D33S depends
on the precision of the individual measurements of d33S and d34S
where, r2

D33S
¼ r2

d33S
þ r2

d34S
. The average precision for D33S was

0.19‰ (1r). Samples with non-zero values (D33S – 0 ± 0.2‰) were
considered sulfur mass-independent fractionations (S-MIF) and
those with near-zero values (D33S = 0 ± 0.2‰) exhibited sulfur
mass-dependent fractionation (S-MDF).

The quadruple sulfur isotope compositions of representative
samples from each lithostratigraphy [BIF (122 m and 115 m), black
shale (85.5 m), and metasandstone (50.4 m)] were analyzed by flu-
orination (SF6) at the Institut de Physique du Globe de Paris
(Table 2). Approximately ~ 2 mg of Ag2S were heated in nickel
bombs under an excess of F2 gas (~300 torrs) at 350 �C overnight
to produce SF6 gas. The gas was then purified via cryogenic trap-
ping and separation by gas chromatography before introduction
to the mass spectrometer (Thermo, MAT 253, run in dual inlet
mode). The minor isotopes 33S and 36S are reported in capital delta
notation D33S, as described above, and D36S = d36S –
1000 � [(d34S/1000 + 1)1.89 – 1]. The D33S and D36S data were
reported regarding the Canyon Diablo Troilite (CDT) international
standard, with analytical errors of ± 0.01‰ and ± 0.2‰ (2r),
respectively, based on the reproducibility of analyses of the inter-
national standard IAEA S-1. The D33S values determined by fluori-
nation were compared with results from the SO-SO2 method and
D36S values were used to confirm S-MIF or S-MDF relationships.

3.4.4. Total organic carbon and carbon isotopes
Total carbon (TC) concentrations were determined by combus-

tion in an elemental analyzer (Eltra, CHS-580) at 1450 �C in a car-
rier gas of pure oxygen. Total inorganic carbon (TIC) was measured
by acidification in an acidification module (Eltra, TIC Unit). The
amount of CO2 evolved by either combustion or acidification was
measured with an infrared cell in the Eltra that was calibrated to
standards with known carbon content. Total organic carbon
(TOC) is calculated from the difference between TC and TIC, where
TC = TIC + TOC.

Bulk powdered rocks were analyzed for d13Corg after carbonate
dissolution. Approximately 10 mg of each sample was weighed
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into a silver cup (5 mm � 9 mm) and wetted with 50 lL of ultra-
pure water (Milli-Q, 18 MX). The unsealed cup was set in a heat
resistant 96-well plate placed in a glass desiccator containing a
beaker of fuming 12 N HCl to destroy the carbonates. The samples
were decarbonated in the sealed desiccator for 6 to 8 h. After acid-
ification, the samples were dried at 50 �C on a hot plate for 24 h.
The dried silver cups were then wrapped in tin cups
(5 mm � 9 mm) before carbon isotopic analysis. The samples were
combusted to carbon dioxide gas in an elemental analyzer
(Thermo, EAIsolink) coupled under continuous flow to a stable iso-
tope ratio mass spectrometer (Thermo, DeltaV Plus) in the Stable
Isotope Biogeochemistry Laboratory at Indiana University-Purdue
University Indianapolis. Carbon isotope values were reported rela-
tive to Vienna Pee Dee Belemnite (VPDB) by normalization to three
reference materials (Buffalo River Sediment = �19.86‰; USGS-40
= �26.39‰; IAEA CH6 = �10.45‰). All isotopic values were calcu-
lated according to standard notation in per mil (‰) according to:
d13C = [((13C/12C)sample)/((13C/12C)VPDB) � 1] � 103. Analytical preci-
sion of standards (n = 7) was less than ± 0.2‰.
4. Results

4.1. Petrography

4.1.1. Banded iron formation
The BIF is composed of regular millimeter alternating bands of

light quartz-carbonate (chert facies) and dark carbonate–pyrite
Fig. 4. (A) BIF hand sample; (B) Contact between bands at 119 m depth, quartz and carbon
(<50 mm); (C) and (D) Euhedral pyrites (<20 mm and < 50 mm) associated with primary
quartz; C is in transmitted light; B and E are in transmitted light crossed nicols, and D a
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(sulfide facies) associated with films of organic matter (Fig. 4A
and B). Accessory minerals such as sericite, actinolite, and rutile
are present. Pyrite is the major authigenic sulfide mineral and chal-
copyrite and arsenopyrite were rarely observed. The bedding (S0)
of BIF deposition is preserved in hand sample and as alternate lay-
ers of quartz and carbonate. A superimposed schistosity (S1) is
indicated by stretched quartz and the preferential orientation of
carbonate and pyrite parallel to the foliation plane. A crenulation
cleavage (S2) is locally present, marked by a few oxides and pyrites
and associated pressure shadows rotated along the crenulation
plane. A metamorphic event is recorded by coarser-grained car-
bonate and quartz overgrowth or recrystallization associated with
actinolite and sericite but hydrothermal minerals such as albite or
muscovite were not observed.

Two generations of disseminated pyrites were observed, one
mainly diagenetic and one epigenetic that occurs more rarely.
The epigenetic pyrites (<50 mm) are euhedral to subhedral and
associated with foliated or crenulated actinolite, sericite, and
recrystallized quartz consistent with a metamorphic origin. Diage-
netic pyrites (euhedral and subhedral grains) are smaller in general
(from < 20 mm to < 50 mm) and well preserved, with cubic edges in
contact with the chemical sedimentary protolith of quartz and car-
bonate, not replacing any minerals (Fig. 4C–F).
4.1.2. Black shale
The black shale is composed of organic matter associated with

clay- and silt-size sericite, carbonate, and quartz (Fig. 5A). Acces-
ate (protolith) and a portion of recrystallized quartz, and disseminated pyrite grains
carbonate; (E) and (F) Subhedral pyrite grains (<50 mm) associated with protolith
nd F are in reflected light; pyrite (Py); quartz (Qtz); carbonate (Carb).



Fig. 5. (A) Black shale hand sample thin sections; (B) Organic matter fringes with disseminated pyrite grains, generally small (<20 mm) at 82 m depth; (C) and (D) Contact
between recrystallized quartz and organic matter fringes at 91.3 m depth. Euhedral to subhedral pyrite grains found disseminated in <100 mm in the quartz and <50 mm in the
organic matter. C is in Transmitted light; B and D are in transmitted light crossed nicols; organic matter (OM); pyrite (Py); quartz (Qtz); carbonate (Carb); actinolite (Act).
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sory minerals include pyrite, chlorite, actinolite, and Fe and Ti oxi-
des. The shale consists of mostly continuous, wavy, and straight
parallel laminae, defining the detrital sedimentary protolith bed-
ding (S0). Very fine to fine-grained sand-size particles rich in quartz
and carbonate form bands that are up to 1000 mm thick. Organic
matter occurs throughout the thin section as a black material with
low crystallinity and considerable structural disorder. The higher
organic matter content appears to correlate with the more pro-
nounced development of laminations and clay-silt-granulometry
(Fig. 5B). Inputs of sand-sized particles, reduction in organic matter
content, and graded bedding could suggest marine regression
cycles. Occasionally, stretched quartz, carbonate, and sericite form
schistosity planes (S0/S1), and dynamic recrystallization can
develop strain fringes of quartz and crenulation cleavage (S2
microfolds).

Diagenetic pyrite occurs as disseminated subhedral crystals
(<20 mm, Fig. 5C and D) associated with organic matter. Subhedral
and anhedral (from <20 to <100 mm) detrital varieties (<2%) occur
in the quartz and carbonate protolith matrix (Fig. 5C and D). Some
detrital grains have been rotated, developing quartz strain fringes.
No other sulfides were observed.
4.1.3. Metasandstone
The finely laminated and thinly bedded metasandstone consists

essentially of carbonate and quartz, with minor amounts of actino-
lite, chlorite, pyrite, and trace occurrences of sericite, plagioclase,
Fe, and Ti oxides (Fig. 6). Carbonates, calcite or ankerite, are fine-
grained and strongly intermingled with quartz. Phyllosilicate min-
erals and flattened quartz crystals define a weak foliation (S1) par-
allel to the sedimentary bedding (S0), and localized boudinage and
crenulation cleavage can be seen. The quartz vein occurs in this
unit, and no more than 5 cm of continuous quartz was observed
(Fig. 6E) in association with albite and muscovite. Potential alter-
ation by hydrothermal circulation is highly localized and near
the quartz vein, represented by silicification and albitization as
veinlets replacing other feldspars and mafic silicates (discussed
8

in more detail in Section 5.1). Sulfides are mostly pyrite, whereas
chalcopyrite and arsenopyrite were rarely observed in thin-section.

Similar to the BIF petrography, two generations of pyrite were
identified: diagenetic and epigenetic. Coarser-grained epigenetic
pyrite (~300–800 mm) associated with actinolite and chlorite is
aligned parallel to the schistosity and crenulation cleavage planes
(elongated, anhedral Fig. 6F and G). Larger epigenetic pyrite (up
to 0.5 cm) shows evidence that earlier crystals of diagenetic pyrite
acted as sites of nucleation and overgrowth. This late growth meta-
morphic pyrite was rotated, associated with recrystallized quartz
forming strain fringes. Diagenetic pyrite euhedral (cubic) to subhe-
dral, undeformed (~200–20 mm), occur around and between detri-
tal grains of quartz and carbonate (Fig. 6). Some of the subhedral-
euhedral pyrites were resorbed into anhedral pyrite rims and
overgrowths.

4.2. Age constraint

A total of 55 detrital zircon grains were analyzed for U-Pb iso-
topes, and all spots are plotted in the concordia diagram
(Fig. 7A). The sample shows little Pb loss towards zero and most
of the grains cluster in the range between ca. 3.27 Ga and
2.76 Ga, with a few older grains. From the 55 analyzed zircon
grains, 44 within 10% discordance were used in the probability
density plot (Fig. 7B; Table S3). For these grains, the oldest single
zircon 207Pb/206Pb age is 3514 ± 14 Ma, whereas the youngest sin-
gle zircon is 2760 ± 19 Ma. The weighted average of the three
younger zircon grains was used to calculate the maximum deposi-
tional age of 2763 ± 11 Ma (MSWD = 0.097). The majority of grains
are from two age populations. The youngest population was esti-
mated at 2787 ± 11 Ma (n = 11), whereas the oldest population
was calculated at 3251 ± 12 Ma (n = 10).

4.3. Thermal constraints on organic matter

A polished thin section of black shale from 82 m depth (Fig. 8A)
in the RDV core was analyzed by micro-Raman spectroscopy.



Fig. 6. Metasandstone thin sections. Euhedral to subhedral pyrites (grains from <200 mm to <40 mm) associated with sedimentary protolith represented by quartz and
carbonate at 63 m (A and B) and 70.4 m (C and D) depth. Mineralized quartz vein between 68.3 and 69.3 m (E). Elongated, anhedral pyrite in paragenesis with quartz (F) and
actinolite (G), aligned parallel to the schistosity. A is in transmitted light, B, C, E, F and G are in transmitted light crossed nicols and D is in reflected light; pyrite (Py); quartz
(Qtz); carbonate (Carb); actinolite (Act).
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Width, location, and area values of D1, D2, and G bands were iden-
tified in the spectra (Fig. 8B). The calculated values for R1 and R2
were 0.8419 and 0.6258, respectively. The peak temperature
reached by the organic matter associated with regional metamor-
phism or hydrothermal alteration, calculated with the four differ-
ent calibration curves, indicates a temperature range between
282.62 �C and 411.73 �C (Table 2).

4.4. Geochemistry

The bulk rock concentrations of major and trace elements are
shown in Supplementary Data (Table S1). Major elements Al and
FeT varied from 1.4 to 12.3 wt.% and from 1.1 to 26 wt.%, respec-
tively, with a tendency to decrease up-core between the lithotypes
(Supplementary Data, Table S1). Elements with relatively low geo-
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chemical mobility include REE, Hf, Zr, and Y. The sum of REE varied
between 8.4 and 186 mg kg�1 (or 1 and 15 mg kg�1, when normal-
ized to Post-Archean Australian Shale; PAAS), with the higher con-
centrations in the black shale relative to units above and below.
Variations through RDV of light rare earth elements (LREE) are rel-
atively higher (e.g., La in average 16.5 ± 7.4 mg kg�1) compared to
HREE (e.g., Lu in average 0.19 ± 0.06 mg kg�1). Yttrium varied from
3.7 to 16.5 mg kg�1 and Hf from 0.3 to 5.5 mg kg�1, both reaching
maximum values within the black shale. Variations in Zr
(96 ± 34 mg kg�1) followed the same behavior with lower concen-
trations in the top and bottom lithologies. In addition to REE, Zr
and Hf other high-field-strength elements, Nb (3.6 ± 1.7 mg kg�1),
U (1.6 ± 0.9 mg kg�1), and Th (5.1 ± 2.9 mg kg�1) also had higher
concentrations within the black shale, although with lower vari-
ability between lithologies (Supplementary Data, Table S1). Highly



Fig. 7. U-Pb LA-ICP-MS results for detrital zircon grains of the metasandstone sample of the RDV drill core. (A) Concordia diagram plotting all of the analyzed zircon grains
and maximum depositional age of 2763 ± 11 Ma. (B) Probability density plot of zircon grains that are less than 10% discordant, highlighting two main age peaks.

A

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
700

750

800

850

900

950

1000

1050

1100

Sample: 82 m deep
Model: Lorentz
D1 1333.55651 ±0.05676
D1FWHM 43.28619 ±0.22656
D1Area 21009.87504 ±108.79292
G 1583.89532 ±0.11368
GFWHM 34.4865 ±0.38126
GArea 10227.23699 ±119.33753
D2 1618.01217 ±0.29666
D2FWHM 26.15973 ±1.0103
D2Area 2337.43646 ±96.10905

In
te

ns
ity

 (a
u)

Wavenumber (cm-1)

D1

G

D2

B

Fig. 8. First-order Raman bands of organic matter spectra of black shale sample at 82 m depth. (A) Organic matter in Raman imaging spectroscopy with 100� magnification.
(B) Full-width half maximum (FWHM) area (Area) and peak positions D1, G, and D2.
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mobile elements associated with potassic and sodic alterations, Sr
(5.2–232 mg kg�1), Ba (0.4–470 mg kg�1), and Rb (0.2–175 mg kg
�1), were highly variable with lower levels observed within the BIF
when compared to the black shale and metasandstone.
10
Elements associated with mafic rocks, Cr (4.4–629 mg kg�1), Ni
(13–307 mg kg�1), and Zn (20–617 mg kg�1), have higher yet vari-
able concentrations in the BIF relative to the more uniform concen-
trations in the lithologies above. Bismuth (0.02–0.58 mg kg�1)



Fig. 9. Assessing element mobility associated with potential hydrothermal alteration. (A) Mass change for W (tw, considering the reference sample as the one where
concentrations are closer to the lithology average) through RDV. (B) The Isocon (Grant, 1986) best-fit for average concentrations of immobile elements (Hf, Zr, REE, Th, Y; in
orange) in samples from 73 to 68 m depth (near the quartz vein, gray horizontal lense) and from 63 to 0 m (away from the quartz vein). Concentrations of mobile elements
representing relative gain or loss are in blue. (C) Change in the concentration of a component (DCj) proximal to the quartz vein (73–68 m) relative to its concentration in less
altered samples (63–0 m).
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concentrations were also higher within the BIF, although samples
in the proximity of the quartz vein exhibited a clear trend of
enrichment (Supplementary Data, Table S1). Metals potentially
associated with hydrothermal gold mineralization such as Mo (0.
32–5.3 mg kg�1) and Se (0.26–3.39 mg kg�1) were broadly similar
throughout the core, compared to the much greater variability in
concentrations of Pb (3–43 mg kg�1) and W (0.4–22 mg kg�1), that
reached peak concentrations within the lower metasandstone.

Gain or loss of trace elements associated with potential
hydrothermal alteration is shown in Fig. 9A. Relative to the upper
metasandstone (63 to 0 m depth), samples closer to the quartz vein
(68–73 m) exhibited gains in Cr (24% ± 20%), Ni (6% ± 12%), Ba (30%
± 13%), Rb (40% ± 12%), W (204% ± 29%), U (26% ± 14%) and Th (35%
± 19%, Fig. 9B). Loss of Zn (50% ± 10%) Sr (44% ± 8%), Pb (53% ± 8%)
and Bi (45% ± 13%) was also observed (Fig. 9B). Considering ± 70%
as the threshold for anomalous gain or loss of element mass
(Lebrun et al., 2017), W is the only element with significant gains
(Fig. 9B). The W anomaly that exhibits a mass gain of up to 370%,
is localized to the quartz vein (69 m depth; Fig. 9C).

Iron speciation ratios (FeHR/FeT and FePy/FeHR) and mineral
phases (FePy; FeCarb; FeOxi; FeMag) are shown in Supplementary Data
(Table S2) and Fig. 10. Highly reactive iron (FeHR) ranged from 8 to
100 wt.% of the bulk iron and systematically decreased up-core.
FeHR contributions were higher, on average, 52 ± 26.5 wt.% with
variable FeHR/FeT that was greater than 0.2, within the BIF and
the black shale (Supplementary Data, Table S2). These values are
lower in the metasandstone, FeHR was less than 38 wt.%, and FeHR/
FeT was below 0.38. In the BIF, the contribution of FeCarb to the FeHR

pool exceeded all the other mineral phases (from 31 to 91 wt.%)
and was higher than in the other rock units (Supplementary Data,
Table S2 or Fig. 10). In the black shale, the contribution of FePy and
FeCarb were similar and highly variable (between 7 and 87 wt.% of
the FeHR pool), while in the metasandstone, FeMag and FeOxi
exceeded 10 wt.% of the FeHR pool (Supplementary Data, Table S2).
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The sulfur isotopic composition of chromium reducible sulfides
(d34S and D33S, Supplementary Data, Table S2) was variable
throughout the core, with d34S ranging from �3.1‰ to 6.9‰ and
D33S from �0.69‰ to 3.4‰ (Fig. 10). Overall, d34S increased to
~4‰, and D33S values decreased to ~0‰ up the core. Most sulfides
in the lower lithologies (BIF and black shale) were consistent with
S-MIF (D33S– 0 ± 0.2‰), while those in the upper lithostratigraphy
(metasandstone) were not consistent with S-MIF or were very
close to the S-MDF threshold (see Section 5.4 for discussion).

TOC concentrations (0.68%–7.8%; Supplementary Data,
Table S2) were higher (4.58% ± 1.8%) in the black shale relative
to units below and above. d13Corg varied from �44‰ to �17.5‰
(Supplementary Data, Table S1) throughout RDV and was posi-
tively correlated (R2 = 0.56, p < 0.001) with TOC content (Fig. 10).
d13Corg values were lowest in the BIF (�32.7‰ ± 7‰). Despite large
variations throughout the core, d13Corg values in the top 50 m were
relatively uniform (�34.5‰ ± 1.6‰).

5. Discussion

5.1. Assessment of post-depositional alteration

It has long been understated in the study of Archean biogeo-
chemistry that the majority of the rock record was submitted to
post-depositional alterations (Planavsky et al., 2020). The potential
for chemical overprints by modern weathering, metamorphism, or
hydrothermal alteration (Muller et al., 2017; Kresse et al., 2018;
Slotznick et al., 2018; Stüeken et al., 2019; Wang et al., 2019) were
evaluated before interpreting the chemostratigraphy of RDV. Mod-
ern oxidative weathering of the RDV subsurface drill core is highly
unlikely as the core was obtained in an underground mine. Ele-
ment mobility associated with hydrothermal systems can lead to
gains or loss of material, rendering equivocal interpretations of pri-
mary or diagenetic geochemistry. The potential for secondary



Fig. 10. Chemostratigraphy of the RDV core, including iron speciation phases, sulfur isotopes (d34S and D33S), organic carbon content (TOC %), and isotopic composition
(d13Corg).
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alteration of the primary signatures can be evaluated with a com-
bined approach of petrography and geochemistry (Planavsky et al.,
2020). Assessing the gold mineralization footprint is, therefore,
necessary in this study to establish reliable paleoenvironmental
interpretations.

The compositional layering of quartz and carbonate (the sedi-
mentary protolith) is parallel to unit boundaries and therefore con-
sidered to be parallel to original bedding (S0). However,
petrographic observations indicate that the mineral assemblage
of actinolite and chlorite is typical of greenschist facies metamor-
phism of graywacke and psammite (Bucher and Grapes, 2011).
The potential for post-depositional hydrothermal fluids alteration
was investigated throughout all lithologies. Hydrothermal miner-
als were not observed in the petrographic thin section located just
above the quartz vein (Fig. 6A and B), suggesting that the fluid cir-
culation is highly localized and proximal to the quartz vein. Perva-
sive albitization, silicification and the presence of fine-grained
muscovite is suggestive of the passage of a potassic and silica-
rich fluid. This fluid, however, is restricted to the mineralization
alteration halo (as defined below).

Hydrothermal gold input in the Roça Grande deposit is esti-
mated between 1% and 5% (Araújo and Lobato, 2019). Overall, min-
eralized gold is associated with quartz veins that occur locally in
the vicinity of associated sulfides (Araújo and Lobato, 2019). Nova
Lima Group metasediments that host gold have narrow alteration
haloes (e.g., Cuiabá deposit, Lobato et al., 1998; Araújo and
Lobato, 2019). Although chemical changes linked to sulfidation
commonly involve the addition of S and Au and the removal of
organic carbon (Lobato et al., 1998; Ribeiro et al., 2015; Kresse
et al., 2018), the chemostratigraphy of RDV suggests the quartz
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vein does not represent a significant hydrothermal mineralization
input from the deposit. FePy in the vicinity of the vein is similar to
concentrations throughout the metasandstone (Supplementary
Data, Table S2; Fig. 10) and therefore inconsistent with an anoma-
lous addition of hydrothermal pyrite. The TOC exhibits a localized
decrease at the depth of the quartz vein (Supplementary Data,
Table S2; Fig. 10); however, this excursion appears restricted to
the lower metasandstone.

Mass balance calculations (Eq. 1) were used to characterize the
extent of elemental enrichment or depletion within proximity of
the quartz vein. Overall, geochemical changes related to mineral-
ization are observed towards the quartz vein both up and down-
core (Fig. 9). The Isocon normalization approach (Fig. 9A and B)
demonstrates gain and loss of mobile elements in metasandstone
samples proximal to the quartz vein (between 68 and 73 m depth).
Samples above this zone (63 to 0 m depth) exhibit neither gain nor
loss in element distribution. Geochemical correlations between
elements also exhibit a unique distribution in samples proximal
to the ore zone (Supplementary Data, Fig. S1). Strong positive cor-
relations, such as between Ni and TOC (around + 1) or negative cor-
relations between W and Zn (around �1), are only observed near
the quartz vein (Supplementary Data, Fig. S1). Analyte relation-
ships in the upper metasandstone, black shale, or BIF are generally
muted relative to those near the quartz vein. This comparative
framework demonstrates that alteration is constrained to the
lower metasandstone.

Metal associations in gold mineralization zones (Lobato et al.,
1998; Oliver et al., 2015; Lebrun et al., 2017; Tedeschi et al.,
2018) provide another approach to assess alteration potential. In
the Rio das Velhas Greenstone Belt, enrichments in Au-Ag-As-Sb-



Fig. 11. Potential sources for metasedimentary rocks of the Rio das Velhas Greenstone Belt in the Roça Grande gold deposit (modified from Floyd and Leveridge, 1987). BIF
samples plot in the field as indicated by the arrow. Cross plots of trace element distributions (A) La-Th-Hf and (B) Cr-Ni indicate mixed felsic-intermediate sedimentary
sources to RDV. Mafic and ultramafic rock data are from Verma et al. (2017), dacite from da Silva et al. (2017), basement TTG complexes from Farina et al. (2015).
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W are a common feature of gold mineralization (e.g., Ribeiro-
Rodrigues et al., 2007; Araújo and Lobato, 2019).

Fluids relatively enriched in W were described for the Lamego
deposit stratigraphically below the Roça Grande in the Morro Ver-
melho Formation (Araújo and Lobato, 2019). A significant gain in
W mass (>70%; see 3.4.1 for description) is observed close to the
quartz vein (Fig. 9B and C) in RDV. Away from this zone, the
amount of W is no different than background levels found in other
lithologies (Fig. 9C). When placed in context, the W enrichment in
RDV is modest compared to those observed in hydrothermal zones
associated with gold deposits (e.g., Lebrun et al., 2017; Tedeschi
et al., 2018) that can reach values as high as 16,361% and cooccur
with silicification (Zhang et al., 2018). In addition to W, other ele-
ments associated with gold mineralization (Mo, Se, and Ba; Hood
et al., 2019) also exhibited modest mass gains (when calculated
with Eq. 2) within the samples from 73 to 68 m depth. Bismuth
is another index element associated with gold mineralization
(e.g., Oliver et al., 2015; Hood et al., 2019). However, in RDV, the
quartz vein showed a mass loss in Bi related to the less altered
metasandstone samples.

In the proximity of the quartz vein, the enrichment of Ba and Rb
could also be associated with potassic alteration (Hood et al.,
2019), while discrete gains in Ni and Cr are probably related to
hydrothermal fluid percolation from the underlying mafic rocks
from the Rio das Velhas Supergroup. Zinc is associated with gold
in many deposits, including in the Rio das Velhas Supergroup.
However, within RDV, the altered zone was depleted in Zn, which
might be related to chemical oxidation. Low mobility or immobil-
ity was observed for Nb, Hf, Zr, and REE, including the altered zone.

Based on trace element mass balance, we propose that the alter-
ation is highly localized and limited to within 17 m of the quartz
vein, between ~80 and 63 m depth (Fig. 9). Therefore, we argue
that the RDV drill core is suitable for biogeochemistry interpreta-
tions if samples from 80 to 63 m depth are considered with caution
in the discussion of iron speciation, C and S isotope systematics.
The possible role of fluid processes and temperature on each proxy
are discussed in the relevant sections below.
5.2. Stratigraphic position, age constraints, and sediment source

Banded iron formations are a common feature of the Morro Ver-
melho Formation, typically observed in the basal member of the
‘‘undivided Morro Vermelho’’ (Araújo et al., 2020a). These BIFs,
such as the one in RDV, have mm to cm-thick layering and are in
contact with both metavolcanic and clastic metasedimentary rocks
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as well as layers of carbonaceous phyllite (Araújo et al., 2020a). The
maximum depositional age of RDV (2763 ± 11 Ma) within the
Morro Vermelho Formation is consistent with the youngest maxi-
mum depositional age of the overlying Mestre Caetano Formation
at 2773 ± 7 Ma (Noce et al., 2005; Araújo et al., 2020b) and the
maximum depositional age of the Maquiné Group at 2730 Ma
(Moreira et al., 2016). Moreira et al. (2016) also found a progressive
decrease of younger ages towards the top of the Maquiné Group,
which overlies Nova Lima Group, with the bottom sequence max-
imum deposition age at ca. 2745 Ma, the middle sequence at
2735 Ma, and the top sequence at 2718 Ma, that suggest sediment
accumulation during an evolving volcanic event. This syn-orogenic
event requires that sedimentation was concomitant with exhuma-
tion of a proximal arc, with maximum deposition ages very close to
the timing of deposition and representative of volcanic events.

For the purposes of the present study the most crucial age con-
straint is related to the Rio das Velhas Supergroup minimum age.
Moreira et al. (2019) constrained the age of the Supergroup using
felsic intrusions (samples A1 and A2 from Moreira et al., 2019)
within schists that yield crystallization ages of 2948 ± 3 Ma and
record high-grade metamorphism at 2700–2690 Ma. This high-
grade zircon was suggested to be found in-situ, and therefore, con-
strains the minimum age of the sequence at 2690 Ma (Moreira
et al., 2019).

Trace element plots of the RDV metasedimentary rocks indicate
provenance from mixed felsic-intermediate sources with a minor
contribution from basaltic, felsic, and recycled sources (Fig. 11).
Dacite from the Rio das Velhas Greenstone Belt (2772 ± 6 Ma erup-
tive event at the Greenstone Belt, da Silva et al., 2017) and tonalite
from the TTG gneiss domes are intermediate rocks and potential
clastic sources for the metasedimentary rocks. Based on geochem-
istry and geochronology data, we suggest dacite as the main source
for the original sediments in RDV and therefore, sediment accumu-
lation occurred concomitantly with volcanic events, placing it in
the Neoarchean, approximately 300 Ma before the GOE.
5.3. Iron speciation and redox implications

Iron minerals have different reactivities to dissolved sulfide, and
the relative distribution of reactive iron within the rock can pro-
vide constraints on redox conditions during deposition and early
diagenesis (Raiswell and Canfield, 1998; Poulton and Raiswell,
2002; Poulton and Canfield, 2011). However, the mobility of iron
during fluid percolation and the potential for iron exchange among
different reservoirs (FePy, FeCarb, FeOxi, FeMag, FeU) at elevated tem-
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perature and pressure complicate paleo-redox interpretations
(Reinhard et al., 2013; Slotznick et al., 2018). Although metamor-
phism and hydrothermal alteration challenge the use of the tradi-
tional reactive iron ratios (FeHR/FeT and FePy/FeT), petrography
combined with a knowledge of the sedimentary protolith and the
relative distribution of iron minerals can help to interpret redox
changes and secondary processes.

The proportion of Fe(III) minerals, FeOxi (<4%), and FeMag (<5%)
remains relatively low throughout the RDV, except for a few sam-
ples within the black shales. In contrast, Fe(II) minerals, FePy and
FeCarb, are the fractions of the iron pool that drive significant vari-
ations in FeHR/FeT. Overall, the chemically extracted iron from 127
to 78 m depth in the BIF and part of black shale lithology agrees
with the petrography, which shows a predominance of FeCarb, a rel-
atively high contribution of FePy (which with FeCarb accounts for
97% of FeT), and the remainder FeU (mostly silicates). The predom-
inance of Fe(II) in the lower core (>78 m depth) and high FeHR/FeT
(on average 0.8 ± 0.6) in the black shales indicates reducing condi-
tions that may reflect depositional or post-depositional geochem-
istry. At 78 m depth, a sharp decrease in FeHR is observed, and
much lower FeHR/FeT values (<0.38) could indicate oxidizing
conditions.

The mobilization of diagenetic iron from carbonates into silicate
minerals during post-depositional temperature increase has been
described before (Slotznick et al., 2018) and could account for
the sharp decrease in FeHR observed at 78 m depth. Otherwise, a
decreased contribution in reduced iron phases (FePy and FeCarb,
Fig. 10) could be a consequence of hydrothermal fluid infiltration
associated with the quartz vein formation. However, as mineraliza-
tion is associated with sulfidation (see section 5.1), FePy would
otherwise be expected to increase. It is also important to note that
the sharp decrease in FeHR is accompanied by a smooth decline in
FeT up-core (maximum of 26% in the BIF, 6% in black shale, and
4.4% in the metasandstone). Such an observation could indicate
that Fe is more sensitive to hydrothermal processes than other
trace elements, a change in the water column chemistry, or most
likely, an influence of lithology, with a higher contribution of sili-
ciclastic particles.

Another potential effect described for hydrothermal alteration
in the distribution of iron minerals is the mobilization of primary
FePy (authigenic or early diagenetic) to secondary sulfides (such
as pyrrhotite) (Ferry, 1981; Slotznick et al., 2018). However, pyr-
rhotite was not observed in any representative thin sections inves-
tigated (Figs. 4–6). On the other hand, if pyrrhotite were present in
samples not analyzed for petrography, the mineral would be
potentially double-counted in more than one of the FePy, FeCarb,
FeOxi, FeMag phases because iron from pyrrhotite can be extracted
in any or all acidification steps of the sequential iron procedure
(Reinhard et al., 2013; Slotznick et al., 2018). The low pH condi-
tions of chromium reduction (pH = 1), sodium acetate and buffered
dithionite (pH = 4.8), or oxalate (pH = 3.2) extractions can totally or
partially dissolve pyrrhotite (Chang and Kirschvink, 1985; Praharaj
and Fortin, 2004; Reuschel et al., 2012; Schumann et al., 2012;
Partin et al., 2015) and result in the inclusion of pyrrhotite iron into
the incorrect or multiple FeHR pools. A misassignment of iron pools
would suggest a more significant amount of FeHR and mask the rel-
ative FeU contribution to FeT. However, FeHR is a feature of anoxic
water columns, and therefore the presence of pyrrhotite makes
the paleo-redox interpretations on FeU contribution conservative.

5.4. The biological rise of oxygen and S-MIF preservation

Carbon and sulfur isotopes are discussed together to evaluate
the connection between their biogeochemical cycles in the
Neoarchean (Zerkle et al., 2012; Thomazo et al., 2013; Izon et al.,
2015; Williford et al., 2016). d13Corg, d34S, and D33S exhibit
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coincident geochemical behavior towards higher values through
the lithologic change from BIF to black shale and decrease to lower
values within the black shales at 79 m depth (Fig. 10).

The wide range of d13Corg values between �44‰ and �17.5‰
(Fig. 10) observed in the BIF suggest a diverse spectrum of carbon
fixation pathways with biomass from heterotrophs such as
methanotrophs or sulfate reducers. Biological activity operating
as a potential oxidative mechanism that transforms dissolved
hydrothermally-derived Fe(II) into solid-phase Fe(III) has many
implications for iron formation deposition during the Precambrian.
The BIF-carbonate is the most debated facies (Bekker et al., 2010;
Johnson et al., 2013; Köhler et al., 2013) since there is considerable
speculation about its origin, including: co-precipitation of Fe(II)
with bicarbonate in the water column; mediated by reaction with
O2 produced by cyanobacteria (higher biomass iron formation) in
shallow-waters; or oxidation of hydrothermal Fe(II) by anoxygenic
photoferrotrophs or microaerophilic chemolithoautotrophs, fol-
lowed by complete reduction by bacterial dissimilatory iron reduc-
tion (Konhauser et al., 2005; Johnson et al., 2008; Köhler et al.,
2013) or by iron-mediated anaerobic methane-oxidizers
(Konhauser et al., 2005; Sivan et al., 2011; Antler et al., 2015).
Therefore, combining d13Corg with d34S and D33S, we hypothesize
an early Neoarchean connection between the carbon and sulfur
cycles.

The d13Corg excursion, with variations of more than 30‰, in the
RDV BIF are contemporaneous and similar to excursions recorded
in sedimentary sequences fromWestern Australia and South Africa
(Thomazo et al., 2009a; Zerkle et al., 2012). Such negative excur-
sions in d13Corg are often interpreted to reflect increased incorpora-
tion of 13C-depleted methane into sedimentary organic matter
through methanotrophy (using oxygen, sulfate, nitrate, or Mn-Fe
oxide respiration; Hinrichs, 2002; Zerkle et al., 2012; Marin-
Carbonne et al., 2018; Lepot et al., 2019). Although the lowest d13-
Corg values (�44‰ to �31‰), between 114 and 101 m core depth,
in RDV are generally higher than those reported in other Neoarch-
ean sequences (e.g., �60‰; Schirrmeister et al., 2016), they all
coincide with near-zero or negative D33S (0.4‰ to �0.7‰) and
low d34S (2.7‰ to �3.1‰). The small S-MIF and slightly negative
D33S (indicating the availability of photolytic sulfate) and d34S
(indicating sulfate reduction) suggest that the atmosphere was
likely anoxic, and sulfate was available, but not abundant, as an
oxidant in the water column (as expected for the anoxic Archean
water column, Canfield et al., 2000; Habicht et al., 2002; Pavlov
and Kasting, 2002; Ono et al., 2003). Anaerobic oxidation of
methane using sulfate (SO4

2� – AOM; Hinrichs, 2002) or iron (Fe
– AOM; Sivan et al., 2011) as an electron acceptor during deposi-
tion and burial of methanotrophic derived biomass could produce
the low d13Corg (<�30‰) observed in the BIF.

The relatively small magnitude S-MIF values throughout the BIF
(D33S = �0.7‰ to 2.6‰) in RDV are similar to those observed in
pyrites (D33S = �1.0‰ to 0.9‰) of the temporally equivalent Jeeri-
nah (~2.6 Ga, average d13Corg �40.2‰) and Tumbiana (~2.72 Ga,
average d13Corg �39.3‰) formations within the Pilbara Craton of
Western Australia (Williford et al., 2016). The processes that influ-
ence the magnitude and sign of S-MIF remain equivocal. A discrete
or early atmospheric O2 increase (Kurzweil et al., 2013) or the
effect of decreased photolysis within a thickened organic haze
(Ueno et al., 2006; Domagal-Goldman et al., 2008; Thomazo
et al., 2009a; Zerkle et al., 2012; Williford et al., 2016) are mecha-
nisms commonly invoked to explain dampened S-MIF. Sampling
and preservation biases in the sulfur isotopic record could explain
anomalous changes in D33S values (Claire et al., 2014). Relatively
poor data-coverage of near-zero D33S values from sequences
around 2.7 Ga (Selvaraja et al., 2019), with the record mainly
developed from cratons of South Africa (Kaapvaal Craton;
Farquhar et al., 2007) and Western Australia (Pilbara Craton;
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Ohmoto et al., 2006; Farquhar et al., 2007; Kaufman et al., 2007;
Thomazo et al., 2009a) may provide an incomplete view of the
Archean biosphere.

Although atmospheric sulfur chemistry was likely the main
input to Archean seawater, an active prokaryotic sulfur cycle
within the seafloor might greatly affect S-MIF preservation. Reten-
tion of D33S photolytic sulfur fractionation from different carriers
(S0 with positive values or SO4

2� with negative values) is favored
by rapid pyrite formation when reduced sulfur species are avail-
able in the surficial sediments above the sulfate-methane transi-
tion zone (Halevy et al., 2010; Halevy, 2013). However, when
pyrite forms late, dilution of the original photolytic fractionation
by mixing between S-MIF carriers or biological fractionation tends
to homogenize D33S values (Halevy et al., 2010; Farquhar et al.,
2013; Halevy, 2013).

Here we offer an explanation for two common features of the
Meso and early Neoarchean sedimentary record (dampened D33S
values and Fe-carbonate-rich BIF) based on observations of early
marine diagenesis in modern anoxic sediments (Liu et al., 2020a,
2020b). We propose that the high concentration of FeCarb relative
to FeOxi, low d13Corg, and near-zero D33S values in the RDV BIF
(Fig. 10) are evidence for Fe-AOM for the reasons that follow. First,
Fe-AOM redistributes Fe(III) into Fe(II) mineral phases. In modern
anoxic sediments, Fe(II) is generated by methane oxidation from
FeOxi precursors without significant decreases in methane concen-
trations (Sivan et al., 2011). In the Archean anoxic oceans, Fe(III)
produced by photoferrotrophs in the water column or near the sed-
iment–water interface could sustain Fe-AOM (Roland et al., 2021).
Such reactions occur below the sulfate-methane transition in
deep-sea sediments where sulfide (and sulfate) concentrations
are low (Sivan et al., 2011; Riedinger et al., 2014) and likely closer
to the sediment–water interface in the sulfate-limited Archean
ocean. In modern sediments, late formed pyrite at the sulfate-
methane transition zone has near-zero D33S (0.05‰; Liu et al.,
2020b). In the Archean ocean, late pyrite could most likely bemedi-
ated by Fe-AOM. Dampened S-MIF in RDV BIFmight indicate that Fe
(II) is becoming available (by Fe-AOM) for pyrite formation below
the sulfate-methane zone, away from the sulfide production zone,
and therefore undergo homogenization with biological sulfur frac-
tionation andmixing between sulfur carriers with opposite isotopic
values. Small euhedric habit pyrite (< 20 mm to < 50 mm) observed
within the BIF also corroborates that they were formed later. The
quartz content observed in the thin section (Fig. 4) and the abun-
dance of iron carbonates in the RDV BIF suggest unfavorable condi-
tions for dissimilatory iron reduction. In experimental observations
under conditions of high dissolved silica and alkaline (pH = 8.7)
waters, hematite reduction by dissimilatory iron reducers was sig-
nificantly inhibited (Wu et al., 2009). If correct, Fe-AOM may have
been optimized for Fe(III) reduction in silica and iron-rich waters.

Since anaerobic methanotrophy and an early organic haze were
contemporaneous (Havig et al., 2017), both processes may have
contributed to small S-MIF values in the RDV BIF. However, RDV
represents the São Francisco Craton, which at 2.7 Ga is thought
to be separated from the cratons forming the Vaalbara or Super-
vaalbara supercontinents (Cheney, 1996; Wit, 1998; de Kock
et al., 2009; Gumsley et al., 2017), and therefore minimizes the
potential for sampling bias. Diagenetic reactions associated with
active sulfur cycling triggered by nascent oxygen production (and
thus sulfate production) have been identified as processes that
may mix and unmix S-MIF signatures (Farquhar and Wing, 2003;
Halevy, 2013). We suggest that similar anaerobic reactions
observed in modern methane-rich sediments also have the poten-
tial for dampening S-MIF in bulk pyrite and should be addressed in
future investigations.

Relatively higher organic matter content (TOC up to 7.8%) at low
graphitization level (Fig. 8) and higher d13Corg (�33.4‰ to �19.2‰)
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coincide with an expansion in S-MIF (D33S = 2.3‰ ± 0.8‰) within
the black shale above the BIF, indicating a change in environmental
conditions. Sulfate levels probably remained limited, as supported
by consistent positive d34S (from 0.5‰ to 7‰). Organic-rich shales,
such as the RDV black shale, commonly overlying iron formations
in Meso and Neoarchean sequences, reflect changes in primary
productivity rates (Bekker et al., 2010). We argue for this explana-
tion here.

Petrography and geochemistry suggest that FePy (2.4%–88% of
FeT) and FeCarb (9.5%–73% of FeT) contributions within the black
shale varied considerably, but a few intervals are significantly
enriched in small disseminated sulfides (Figs. 5 and 11). When con-
sidered with the higher d13Corg, this scenario may indicate dimin-
ished incorporation of 13C-depleted methane into sedimentary
organic matter through methanotrophy, implying lower methano-
genesis (less efficient in organic matter mineralization; Canfield
et al., 2018) and an increase in sulfide oxidation by anoxygenic
phototrophic bacteria. Such biotic titration of Fe, shifting the basin
from ferruginous to euxinic conditions, has been proposed by
Johnston et al. (2010) and Canfield et al. (2018). Likely the organic
matter, strongly positively correlated with Mo (Supplementary
Data, Fig. S1), and pyrite contents in the RDV black shales record
euxinic conditions and potentially a shallow depositional basin,
although iron speciation is not conclusive (Fig. 10; Supplementary
Data, Table S2). This scenario would explain the higher d13Corg

when compared to the BIF, reflecting lower incorporation of vola-
tile organic matter such as methane and a greater contribution
from anoxygenic phototrophic bacteria as the primary producers.

The change in d13Corg coincides with an increase in the range of
S-MIF, towards positive D33S values, in the black shale (Fig. 10),
which contrasts with the dampened values in the BIF. Such an
expansion in D33S values is also observed in pyrite from other
Neoarchean records (e.g., Domagal-Goldman et al., 2008;
Fakhraee et al., 2018). As Mesoarchean dampened S-MIF can be
associated with an atmospheric organic-rich haze, the Neoarchean
expansion can be related to its collapse (e.g., Zahnle et al., 2006;
Domagal-Goldman et al., 2008; Zerkle et al., 2012) or intensifica-
tion of volcanic SO2 inputs (Philippot et al., 2012; Thomazo et al.,
2013), increasing UV photolysis. Another possibility to explain
higher positive D33S would be a consequence of progressive sea-
water oxygenation and oxidative sulfur cycling during early diage-
nesis (e.g., Fakhraee et al., 2018).

Therefore, our dataset might be non-specific about the pro-
cesses that resulted in the larger range of S-MIF. Considering that
redox sulfur cycling between S0 and sulfate pools was limited in
the late Archean ocean (Ono et al., 2009a), and moderate amounts
of CH4 form more S0 aerosols (DeWitt et al., 2010), it is reasonable
to argue for a decrease of organic haze. Furthermore, as mentioned
before, changes in D33S could also be explained by mixing sulfur
derived from biologic and photolytic reactions (Farquhar et al.,
2013). Since the RDV black shale was potentially deposited in eux-
inic conditions (and therefore with higher availability of sulfide),
the lack of evidence for strong sulfate-reduction (positive d34S)
could indicate early pyrite formation. In this case, sulfur for pyrite
formation might be provided by polysulfide derived from an ele-
mental sulfur precursor preserving higher D33S positive values
(e.g., Farquhar et al., 2013).

Evolving environmental changes are also suggested by a second
shift in the isotopic data (d13Corg, D

33S, and d34S) and iron mineral
distribution, in the upper portion of the black shale and throughout
the metasandstone (Fig. 10). We interpret a transition to a more
stable ecology based on small-scale variation in d13Corg, which is
most apparent at 50 m depth to the top of the core (Fig. 10). Values
of d13Corg between �30‰ and �25‰ are highly indicative of frac-
tionation associated with the RuBisCO I enzyme (Schidlowski,
2001), consistent with carbon fixation by anoxygenic or oxygenic
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photosynthesis (Schirrmeister et al., 2016). When coupled with the
sulfur isotopic composition of pyrite, we suggest that a change in
the primary producer community drove a local increase in oxygen
production that exceeded the reducing sink, which coincides with
the attenuation of S-MIF. The positive and almost uniform d34S pyr-
ite values (average = 3.3‰ ± 0.5‰) suggest environmental stability
with low sulfate concentrations.

The transition to S-MDF, D33S = 0 ± 0.2‰, in Archean sedimen-
tary pyrite reflects atmospheric oxygen levels that are greater than
10�5 PAL, and the diminishment of UV-photolysis of volcanogenic
SO2 (e.g., Farquhar et al., 2000; Farquhar and Wing, 2003; Ueno,
2014; Fakhraee et al., 2018). However, contact and inclusion of
mantle sulfur could mute the magnitudes of primary d34S and
D33S (Fiorentini et al., 2012) and convolute paleoenvironmental
interpretations. Pyrite with low D33S (e.g., 0.27‰ to 3.46‰), from
Archean gold deposits where hydrothermal processes dilute the
original values (Fiorentini et al., 2012) are commonly reported
(Ribeiro et al., 2015; Gregory et al., 2016; Kresse et al., 2018).
The possibility that bulk pyrite sulfur isotopic values can include
mixed sources of sulfides needs to be considered in the RDV quartz
vein sequence.

If mantle sulfur signatures overprinted RDV sedimentary pyrite
D33S, we should expect the potential mix of atmospheric S-MIF and
S-MDF signatures superimposed by sulfur reactions in the hydro-
sphere that are exclusively mass-dependent (Ono et al., 2009a,
2009b). In this scenario, the relationship between the two minor
sulfur isotopes (D33S and D36S) works as a conservative proxy for
Archean atmospheric S-MIF signatures (Farquhar et al., 2001,
2007; Ono et al., 2006b; Kaufman et al., 2007). Different arrays
were proposed to differentiate S-MDF (e.g., the slope of ~ �6.8,
Ono et al., 2006b) and S-MIF (e.g., slope ~ �0.9, for the Neoarchean,
Ono et al., 2006b; Farquhar et al., 2007; Johnston, 2011). However,
more recent work suggests that deviation from the Neoarchean
array (also known as the Archean Array) to different slopes implies
a change in either atmospheric chemistry or mixing between
atmospheric sulfur sources (Zerkle et al., 2012).

For this comparison, we analyzed the paired D33S and D36S
compositions of pyrite from the RDV BIF (one with positive and
another negative D33S), black shale (the most positive D33S value),
and metasandstone (near zero, after the d13Corg reached a constant
<�30‰ composition). The BIF and black shale samples followed
the array expected for the Neoarchean (~�0.9, Fig. 12), indicating
a S-MIF signal produced by coupled SO2 photolysis and photo-
Fig. 12. D36S vs. D33S values for representative lithologies of the RDV core,
including metasandstone (50.5 m, triangle), black shale (85.5 m; circle), and BIF-
chert (114 and 122 m; diamond and square, respectively). The red array from Zerkle
et al. (2012); the black dotted array represents the relationship expected for
Neoarchean S-MIF (m ~ �0.9; Farquhar et al., 2007), and the gray dashed array
represents S-MDF (m ~ �6.8; Ono et al., 2006b).
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excitation (Ono, 2017). The metasandstone sample at 50.4 m depth
has values near the origin (within analytical error) and could fol-
low any slope intercepting it. We acknowledge the complexity of
interpreting up-core variability in RDV using bulk sulfur isotope
analysis and consider that the primary lithostratigraphy signatures
could be potentially overprinted by juvenile and magmatic sulfur
during hydrothermal and metamorphism, a well-known challenge
to interpreting the Archean S-MIF record (Farquhar et al., 2000;
Farquhar and Wing, 2003; Jamieson et al., 2006; Labidi et al.,
2013; Roerdink et al., 2016; Selvaraja et al., 2017; Fiorentini
et al., 2018; LaFlamme et al., 2018). Three alternative interpreta-
tions may explain the shift to near-zero D33S in the bulk sulfides
considering the cooccurring diagenetic and epigenetic pyrite in
the upper black shale and the placement of the quartz vein
between 68.5 and 69 m in the metasandstone: (i) hydrothermal
overprint, (ii) an increase in oxygen production, and (iii) a mixed
signature of both processes.

Monotonic and positive d34S accompanied with near-zero D33S
values could result from a complete overprint of primary signa-
tures by another single sulfur source such as the mantle (e.g.,
Farquhar and Wing, 2003; Fiorentini et al., 2018). However, petrol-
ogy and hydrothermal alteration assessments indicate these are
highly localized effects (see section 5.1) proximal to the quartz
vein within the lower metasandstone (Fig. 6). Furthermore, if a
mantle source had overprinted the primary sulfur isotope record,
it is difficult to reconcile why the same monotonic behavior is also
observed with the d13Corg (ca. �34‰, Fig. 10), especially in the
upper 50 m of the core, that is ~20 m from the quartz vein. We sug-
gest that near-zero D33S reflects oxygen production during this
prolonged period of ecosystem stability within the basin. This
interpretation will benefit from further investigations of multiple
sulfur isotopes in individual pyrite grains.

Therefore, given the mineralization context, a conservative
approach is to consider that those isotopic signatures from 20 m
below and above the quartz vein that have more variable D33S
(from �0.04‰ to 0.38‰) and d13Corg (�35.7‰ to �18.4‰), may
represent a mix of sulfur sources (potentially, mantellic, photolytic,
and mass-dependent). Considering that, is still possible that within
the metasandstone, sedimentary pyrite records a more active
oxidative sulfur cycle linked to oxygen production by oxygenic
photosynthesis (d13Corg = �30‰). This process would result in
Neoarchean pyrite overprinted by mass-dependent processes dur-
ing the biological production of sulfide. Therefore, we suggest that
the RDV record represents a transient episode of S-MIF attenuation
in the sedimentary record, most likely due to the localized produc-
tion of oxygen in the water column. S-MIF reported for pyrites in
stratigraphically correlated formations within the Nova Lima
Group sequence supports this interpretation. The observations of
S-MIF in stratigraphically older Cuiabá deposit (D33S = 1.6‰ ±
0.2‰; Bühn et al., 2012, and D33S = �0.47‰ ± 0.3‰; Kresse
et al., 2018) and the relatively younger Córrego do Sítio Formation
(D33S = 1.7‰ ± 0.1‰; Ribeiro et al., 2015) suggest that a secondary
pervasive fluid-related process cannot explain the absence of a S-
MIF signal in RDV.

This pattern corroborates observations of short-duration epi-
sodes of S-MIF attenuation prior to the GOE (Philippot et al.,
2018). Sulfur isotopic data throughout sections of the 2.7 Ga to
2.9 Ga timespan in the Pilbara Craton, Western Australia
(Ohmoto et al., 2006), supports the observation that the level of
atmospheric oxygen fluctuated considerably during the Archean
era (Steadman et al., 2020) and that the preservation of the rare
sulfur isotope record might be affected by the contemporaneous
biosphere.

To our knowledge, there is no previous evidence of early oxy-
genation or oxygen oasis described for the Rio das Velhas Green-
stone Belt. Two studies indicate free molecular oxygen, before
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the GOE, in the sedimentary record of the Pitangui Greenstone Belt
(Brando Soares et al., 2017; Bosco-Santos et al., 2020) to the west
in the Quadrilatero Ferrífero. Traditionally these Greenstone Belts
have been considered to represent a single Archean basin, but
recently, it has been shown that they represent distinct basins
(Brando Soares et al., 2017; Melo-Silva et al., 2020). The evidence
of early oxygen production (Brando Soares et al., 2017; Bosco-
Santos et al., 2020) in the adjacent basin with minimum deposi-
tional age at 2.69 Ga (Melo-Silva et al., 2020) corroborates our
interpretation for localized early oxygenation.
6. Closing statement and future perspectives

Here we show evidence for local biogeochemistry changes and
oxygen production approximately 300 Ma before the GOE that
influenced S-MIF preservation. Although the current data coverage
suggests a global history of S-MIF dynamics throughout the
Archean, the range and magnitude of D33S fractionation are repre-
sented mainly by two cratons, the Kaapvaal and Pilbara (Fig. 1). By
consensus, those terrains retain well-preserved, low metamorphic
grade sequences; however, the analytical advances allow us today
to delineate the extent of post-depositional alteration. This opens a
new window for exploring different Archean terrains that can help
build a more complete perspective of S-MIF dynamics and the tim-
ing of oxygenation from the heterogeneous global record. Contrary
to Western Australia and South Africa Cratons, where dampened
isotopic variability preceded a broader range in D33S values, the
São Francisco Craton shows small variations, during the entire
Archean, with the median around 0 ± 2‰. The Zimbabwe and
North China Cratons also show medians around 0 ± 1‰, and low
data coverage from Amazon and Dwarwar Cratons points to similar
ranges. Dampened S-MIF in the RDV BIF, representing the São Fran-
cisco Craton, can correspond to the traditional dampened values
for Meso to early Neoarchean (3.2–2.72 Ga) sequences in Kaapvaal
and Pilbara Cratons (�4‰ to 1.9‰, Ohmoto et al., 2006; Ono et al.,
2006a; Farquhar et al., 2007; Domagal-Goldman et al., 2008;
Thomazo et al., 2009a; Guy et al., 2012; Izon et al., 2015;
Williford et al., 2016; Liu, L. et al., 2020c). Here, however, we dis-
cuss the possibility that besides spatial sampling bias, S-MIF
preservation should be considered in parallel with the Archean
biosphere. The enigmatic secular record of minor sulfur isotopes
can give many clues into ancient Earth biogeochemistry, but it is
necessary to expand it and interpret it in parallel with Archean
geography.
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