Appendix 2. Analytical methods for U-Pb dating on zircon grains

and

complementary geochronological results.

1. Operating conditions and instruments settings

Operating conditions and instruments settings are detailed in Supplementary Table 3.

Supplementary Table 3. Operating conditions and instrument settings for U-Pb analyses.

Laboratory and sample preparation

Laboratory name

Laboratdrio de Geoquimica Isotdpica, Departamento de Geologia, Universidade
Federal de Ouro Preto, Departamento de Geologia, Ouro Preto, Brazil.

Sample type/mineral

Sandstones and conglomerates/detrital zircon grains.

Sample preparation

Conventional mineral separation: rock crushing, hand panning, removal of the
most magnetic minerals fraction with a hand magnet, heavy liquid separation
(methylene iodide) and Frantz isodynamic magnetic separator. Frantz settings and
were kept below 1.8 A and 10° side-slope (Sircombe and Stern, 2002). Grains were
handpicked under binocular microscope. Despite efforts to produce the most
representative sampling as possible, potential bias during grain selection is
possible in samples containing numerous zircon grains ((Kosler et al., 2013). In
samples containing a limited number of grains (n < 200), all grains were mounted,
limiting such bias. Grains were mounted in an 1 inch resin mount, 1um polish to
finish.

Imaging

Cathodoluminscence imaging by Scanning Electron Microscopy (SEM) using a
JEOL 6510 equipped with a Centaurus cathodoluminescence detector by the
Laboratorio de Microscopia e Microanalises do DEGEO/EM — Rede de
Microscopia a Microanalise de Minas Gerais — FAPEMIG, Universidade Federal de
Ouro Preto, Departamento de Geologia, Brazil.

Laser ablation system

Make, model and type

Photon machine G2 Excimer laser

Ablation cell and

Low volume HelEx

volume
Laser wavelength 193 nm
Pulse width <4ns
Fluence ca.8J.cm?
Repetition rate 10 Hz
Spot size 30 um
Ablation duration 40 seconds

Ablation pit depth

ca. 10 um pit depth

Sampling mode/pattern

Static single spot ablation

Carrier gas

100% He in the cell, Ar and N2 make-up gas, combined using two Y-piece 50%
along the sample transport line to the torch.

Cell carrier gas flow

1.2 L.min He

ICP-MS Instrument

Make, model and type

ThermoFisher Scientific, Element II, SF-ICP-MS




Sample introduction

Ablation aerosol

RF power

1200 W

Make-up gas flow

0.8 L.min™

Detection system

SEM/discrete dynode detector system

Masses measured

202; 204; 206; 207; 208; 238
The %5U signal is calculated from 238U using the ratio 23°U/?%8U = 137.88.

Integration time per
peak

4 ms for each isotope

Total integration time
per output data point

0.130 second

IC Dead time

18 ns

Data Processing

Gas blank

20 seconds

Calibration strategy

Sample bracketing; GJ1 zircon used as primary reference material.

Reference material info

(Jackson et al., 2004)

Data processing
package used

Glitter 4.4.3 software (van Achterbergh et al., 2004). Laser induced elemental
fractionation correction assumes that reference material and sample behave
identically.

Mass discrimination

Corrected by normalization to the primary reference material.

Common-Pb correction.
Concentrations and
uncertainties

No common-Pb correction applied to the data.
Concentrations (U, Pb, Th) uncertainties are ca. 20%

Uncertainty level and
propagation

Ages are quoted at 95% confidence level; propagation is by quadratic addition.
Reproducibility and age uncertainty of reference material are propagated where
appropriate.

Quality
control/Validation

Plesovice: weighted 2°®°Pb/?38U mean age = 338.0 + 0.7 Ma (n=91; MSWD = 0.32,
uncertainty at 2o level), identical, within uncertainties, to the TIMS 2°6Pb/238U
age (337.13 £ 0.37 Ma; Slama et al., 2008).

GJ-1 (used as secondary reference material): weighted 2°°Pb/?*3U mean age =
600.0 + 1.5 Ma (n=57; MSWD = 0.24, uncertainty at 20 level), identical, within
uncertainties, to the TIMS 2°’Pb/2%Pb age (601.86 + 0.37 Ma; Jackson et al.,
2004; Horstwood et al., 2016).

BB: weighted 2°°Pb/?38U mean age = 560.9 + 1.8 Ma (n=31; MSWD = 0.5,
uncertainty at 2o level), identical, within uncertainties, to the TIMS 2°6Pb/238U
age (560.0 + 0.4 Ma; Santos et al., 2017).

Other information

For detailed sample preparation and data selection procedures, see Rossignol et
al. (2016).
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2. Comparison of thermal annealing and chemical abrasion and classic procedures

2.1. Methods

To assess the validity of the thermal annealing and chemical abrasion (TACA) procedure, we
implemented a twofold procedure: for each sample, we randomly separated the grains in two
subsets of ca. 200 grains each. We dated one subset following a classical procedure (Kosler
and Sylvester, 2003) by Laser Ablation — Inductively Coupled Plasma — Mass Spectrometry (LA-
ICP-MS). We submitted the grains of the other subset to the TACA treatment as described in
the methodological section of the manuscript.

Most of the U-Pb analyses performed on untreated grains are discordant but align in a
206pp 238y — 207pp-235y diagram, suggesting that these grains are cogenetic. The approach thus
consisted in calculating the upper intercept of the unforced discordia passing through the
analyses. The upper intercept was calculated taking into account the uncertainty of each
individual analysis by weighting the data points proportionally to the inverse square of their

uncertainties (“model 1” regression in Isoplot; Ludwig, 2012).

2.2. Results
Cathodoluminescence (CL) images of representative grains from the Carajds Formation are

presented in Supplementary Fig. 2.
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Supplementary Figure 2. Cathodoluminescence images of representative zircon grains of the Carajas Formation.
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Left column: zircon grains analyzed following a classical procedure; right column: Thermally Annealed and
Chemically Abraded (TACA) grains. Red circles indicate the location of analyses. Uncertainties are given at the 20
level. (A, B) Sample FD110 359.00-359.35. (C, D) Sample FD353 188.10-188.30. (E, F) Sample FD353 191.70-

191.90. (G) Sample FD354 197.90-197.92.

FD110 359.00-359.35. About 200 grains from this volcaniclastic basaltic sandstone have been
picked up for the TACA procedure and 200 have been kept for the classical procedure. Data
obtained from classical analyses display a proportion of concordant data of 65 % (57 out of
88; Supplementary Fig. 3A). All the analyses but two align in a 2°°Pb-238U — 207Pb-23>U diagram,
allowing to calculate a date of 2727.8 + 7.9 Ma (MSWD = 0.63; n = 86; Supplementary Fig. 3A;
Supplementary Table 4). Among the two crystals that do not belong to this main population,
one result is discordant and the other gives a concordia date of 2951.8 + 29.6 Ma. This date is
similar to those of the rocks forming the basement of the Carajas Basin (Machado et al., 1991;
Moreto et al., 2015; Pidgeon et al., 2000) and is interpreted to represent either epicrysts or
xenocrysts.

Data obtained from TACA grains show a similar proportion of concordant grains
compared to classical analyses (36 out of 57, i.e., 65 % of concordant grains; Supplementary
Fig. 3B). Most of the TACA grains are grouped in a cluster of 35 concordant analyses, which
gives a concordia date of 2719.6 + 5.6 Ma (MSWD = 0.47; Supplementary Fig. 3B). This date is
identical, within uncertainties, to the upper intercept date calculated from grains dated

following a classical procedure.
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Supplementary Figure 3. Geochronological diagrams for a sample collected in the Carajas Formation to the north
of the basin. All the diagrams were generated using Isoplot/Ex 3.00 (Ludwig, 2012). Error ellipses are depicted at
the 20 level. N;: number of analyses; N,: number of zircon grains; Nconc: Nnumber of concordant zircon grains.
MSWD: Mean Square Weighted Deviate (given for both concordance and equivalence when referring to a
concordia date); Prob.: probability if fit of the regression (upper intercept date) or probability for concordance

and equivalence (concordia date). (A) All analyses from both subsets. (B) Inset focused on TACA analyses.

FD353 188.10-188.30. This sample yielded a fair amount of zircon grains, among which 100
have been collected for TACA treatment and 150 have been picked up for classic procedure.
Data obtained from classical analyses display a rather low proportion of concordant data, with
41% of the analyses being concordant (26 out of 64; Supplementary Fig. 4A). All analyses but
one align in a 2%Pb-238U — 297pb-23>U diagram, allowing to calculate an upper intercept date of
2723.6 + 8.5 Ma (MSWD = 0.66; n = 63; Supplementary Fig. 4A; Supplementary Table 4).

Data obtained from TACA grains have a very high proportion of concordant grains (41

out of 42, i.e., 98 % of concordant grains; Supplementary Fig. 4B). The youngest cluster of
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concordant grains gives a concordia date of 2732.4 + 5.2 Ma (MSWD = 0.53; n = 37;
Supplementary Fig. 3B). This date is identical, within uncertainties, to the upper intercept age

calculated from grains dated following a classical procedure.

FD353 191.70-191.90. Data from classical analyses display a rather low proportion of
concordant data, with 41% of the analyses being concordant (34 out of 82; Supplementary
Fig. 3C). All the analyses, except one strongly discordant data, can be used to calculate an
upper intercept date of 2726.1 + 8.0 Ma (MSWD = 0.35; n = 81; Supplementary Fig. 4C).

Data obtained from TACA grains have a rather high proportion of concordant grains,
with 69 % of concordant analyses (38 out of 55 grains; Supplementary Fig. 3D). The 38
concordant analyses are grouped into a cluster giving a concordia date of 2728.5 + 5.2 Ma
(MSWD = 0.57; Supplementary Fig. 4D). This date is identical, within uncertainties, to the

upper intercept age calculated using the classical procedure.

FD354 197.90-197.92. This small sample made up of grey clay interpreted to correspond to
diagenetic ashes yielded only three zircon grains, on which four analyses have been performed
following a classical procedure. A TACA treatment has not been done on this sample because
not enough zircon were available. The grains display well-defined oscillatory zoning
(Supplementary Fig. 2) and Th/U ratios ranging between 0.37 and 0.72, typical of magmatic
zircon. The four analyses define a discordia line with a rather imprecise upper intercept date
of 2743 + 23 Ma (MSWD = 0.27; Supplementary Fig. 4E). This date is interpreted as the

maximum depositional age for this sample.
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Supplementary Figure 4. Geochronological diagrams for samples collected in the Carajas Formation to the south
of the basin. All the diagrams were generated using Isoplot/Ex 3.00 (Ludwig, 2012). Error ellipses are depicted at

the 20 level. N;: number of analyses; N,: number of zircon grains; Nconc: Nnumber of concordant zircon grains.
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MSWD: Mean Square Weighted Deviate (given for both concordance and equivalence when referring to a
concordia date); Prob.: probability if fit of the regression (upper intercept date) or probability for concordance
and equivalence (concordia date). See Supplementary Fig. 3 for ellipse color legend. (A) Sample FD353 188.10-
188.30. All analyses from both subsets. (B) Sample FD353 188.10-188.30. Inset focused on TACA analyses. (C)
Sample FD353 191.70-191.90. All analyses from both subsets. (D) Sample FD353 191.70-191.90. Inset focused on

TACA analyses.(E) Sample FD354 197.90-197.92. All analyses.

Supplementary Table 4. Comparison of maximum depositional ages obtained from untreated and TACA zircon

grains.

Probability of concordance > 10%, decay constants errors included

Sample Narc Detection limits (%) Maximum depositional age

DLi(pL=0.5) DLi(pL=0.95) DL3(pL=0.5) DL3(pL=0.95) Age +(20) n MSWD Probability

Drill core FD110

FD110 - 359.00-359.35
Upper intercept date 2727.8 7.9 86 0.63 0.997

Concordia age (TACA) 36 1.9 8.0 7.4 16.5 2719.6 5.6 35 0.47 1.00

Drill core FD353

FD353 - 188.10-188.30
Upper intercept date 2723.6 8.5 63 0.66 0.98

Concordia age (TACA) 41 1.7 7.0 6.5 14.6 2732.4 5.2 37 0.53 1.00

FD353 - 191.70-191.90
Upper intercept date 2726.1 8.0 81 0.35 1.00

Concordia age (TACA) 38 1.8 7.6 7.0 15.7 2728.5 5.2 38 0.57 1.00

Drill core FD354

FD354 - 197.90-197.92

Upper intercept date 2743 23 4 0.27 0.76

TACA: Thermal Annealing — Chemical Abrasion; Nzc: number of concordant zircon grain analyzed per sample; n: number of analyses used
to calculate the maximum deposition age; DL: detection limit, calculated after Rossignol et al. (2016); DLi: detection limit for at least one

grain; DLs: detection limit for at least three grains; p.: probability level assigned to the detection limits; MSWD: mean square of weighted
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deviates, for both concordance and equivalence for concordia ages. The probability given for the upper intercept age correspond to the
probability of fit of the regression. The probability given for concordia ages are for both concordance and equivalence. To regress the data
for upper intercept age calculation, the points are weighted proportionally to the inverse square of their errors (“model 1” regression in

Isoplot; Ludwig, 2012).

2.3. Discussion
Under the same chemical abrasion settings, different samples have markedly different ratios
of zircon grains passing the dissolution step. Although based on a limited number of rock
samples, the present study shows that half of grains survived the TACA treatment in one
sample (FD110 359.00-359.35) while nearly all of those picked up in another sample (FD353
191.70-191.90) survived the same treatment, raising two issues for the analysis of detrital
zircon grains. Firstly, there is a risk to lose a sample by dissolving all its grains, and this requires
a special care to define chemical abrasion settings (Huyskens et al., 2016; Widmann et al.,
2019). Secondly, differences in survival rate could bias a U-Pb detrital zircon datasets by
specifically wiping out one population while keeping others intact. This potential issue is likely
counterbalanced by the fact that grains not surviving TACA treatment are probably those
corresponding to the most discordant ones (Huyskens et al., 2016; Widmann et al., 2019). This
issue nonetheless deserves further investigations to ensure that no bias is introduced by TACA
treatment on detrital zircon populations. A safe strategy, but time consuming, would consist
in dating different subsets of untreated and TACA grains processed under different chemical
abrasion intensities in terms of HF concentration or leaching duration and temperature
(Huyskens et al., 2016; Widmann et al., 2019) to avoid sample loss and control potential bias
for provenance studies.

The TACA procedure significantly improved the concordance of analyzed zircon: in the

present study, only 50% of the analyses performed on untreated grains are concordant, while
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76% of the TACA analyses are concordant (Supplementary Fig. 5). These results show the
overall efficiency of TACA treatment to remove discordant parts of the grains. A higher ratio
of concordant analyses after TACA treatment is in agreement with previous results obtained
with thermal annealing alone (Solari et al., 2015) or by coupled thermal annealing and
chemical abrasion (Crowley et al., 2014; von Quadt et al., 2014). In one sample (FD110 359.00-
359.35), however, the TACA treatment did not improve the concordance ratio following the
concordance criteria used in this study (Supplementary Fig. 5). Nonetheless, ca. 85% of the
TACA analyses of FD110 359.00-359.35 have a probability of concordance higher than 1%,
while this is the case for only 70% of the analyses without TACA treatment (Supplementary
Fig. 5), showing the overall improvement of concordance by the TACA procedure. Such a
limited to neutral effect of TACA to the concordance ratio has already been reported by other
studies (Watts et al., 2016) and highlights different responses of zircon populations to TACA
treatment. In the present study, however, the three samples contain essentially the same
zircon population (see below). Inter-sample variations are likely related to a statistical bias,
because not enough analyses have been performed, as suggested by the rather high detection
limits obtained in this study (Supplementary Table 4).

Comparing maximum depositional ages calculated from classic and TACA analyses
shows that identical results, within uncertainties, are obtained for a given sample
(Supplementary Table 4). Thus, TACA treatment represents an efficient way to maximize the
output of detrital zircon studies by increasing the number of concordant analyses at minimal

costs, even if, in some cases, the concordance rate is not significantly improved.
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145 Supplementary Figure 5. Comparison of concordance with and without thermal annealing — chemical abrasion
146  treatment. Decay constant errors are included in the calculation of probabilities of concordance. The cut-off
147  value to define concordant analyses is 0.1. Analyses with a probability of concordance < 0.01 are not shown.
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149  5.2. Complementary geochronological results for the Igarapé Bahia Group and Aguas Claras
150 Formation
151  Cathodoluminescence (CL) images of representative grains from the Igarapé Bahia Group and
152  Aguas Claras Formation (Supplementary Fig. 1) are presented in Supplementary Fig. 6.
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Supplementary Figure 6. Cathodoluminescence images of representative zircon grains of the Igarapé Bahia Group

158 and the Aguas Claras Formation. Red circles indicate the location of analyses. Uncertainties are given at the 20

159 level. (A) Sample FD52 651.30-651.80. Igarapé Bahia Group. (B) Sample FD52 637.26-637.65. Igarapé Bahia

160  Group. (C) Sample FD52 602.40-603.00. Igarapé Bahia Group. (D) Sample FD52 393.35-393.90. Igarapé Bahia

161  Group. (E) Sample FD52 169.60-169.80. Aguas Claras Formation.
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Supplementary Figure 7. Geochronological diagrams for the Igarapé Bahia Group. All the diagrams were
generated using Isoplot/Ex 3.00 (Ludwig, 2012). Error ellipses are depicted at the 2o level. In diagrams of the left
columns, all data are plotted and are depicted in grey. On the right columns, concordant ellipses are depicted in
pale blue, concordant ellipses used to calculate the maximum depositional age are depicted in dark blue and the
weighted mean error ellipse (concordia date) of the youngest cluster of concordant grains is depicted in pink.
Discordant (probability of concordance < 10%) analyses are depicted by open ellipses. N,: number of analyses
performed for each sample; N,c: number of analyzed grains; Nconc: Number of concordant grains. MSWD: Mean
Square Weighted Deviate for concordance and equivalence; Prob.: probability for concordance and equivalence.
(A) Sample FD52 651.30-651.80. (B) Focus on the youngest concordant cluster of the sample FD52 651.30-651.80.
(C) Sample FD52 637.26-637.65. (D) Focus on the youngest concordant cluster of the sample FD52 637.26-637.65.
(E) Sample FD52 602.40-603.00. (F) Focus on the youngest concordant cluster of the sample FD52 602.40-603.00.
(G) Sample FD52 393.35-393.90. (H) Focus on the youngest concordant cluster of the sample FD52 393.35-

393.90.

The sample FD52 169.60-169.80 was collected ca. 2.5 m below a mafic dyke intruding the
Aguas Claras Formation (Supplementary Fig. 1) and corresponds to a conglomerate with
angular volcaniclasts (G4 facies; Supplementary Table 2). This conglomerate is either a blocky
peperite or a volcaniclastic rock deposited by debris flow. The sample yielded a fair amount
of zircon grains characterized by diversified shapes, from euhedral to sub-rounded, various
colors and sizes. Most of the grains are sub-angular and exhibit a pink to reddish color.
Euhedral grains are slightly elongated with translucent, pinkish or reddish colors and
sometimes contain inclusions. Other rounded to sub-rounded grains display various reddish
or brownish grains colors. One hundred grains were selected for TACA treatment. About 80
grains were recovered after the treatment, and most of the grains (ca. 65) display an orange
color and a strongly etched texture. These grains are non-luminescent in CL and attempts to

date them only gave discordant dates indicating that the TACA treatment has not been
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efficient on them. About 15 out of the 80 recovered grains became translucent and spotless,
among which nine are concordant. This yields very high detection limits of 5.4% for the
DLi(pr=0.5) and 55.5% for the DL3(pi-0.95). Grains that became translucent and spotless after the
TACA treatment have a bright CL intensity and revealed well-defined oscillatory to faint and
broad zoning (Supplementary Fig. 6) typical of magmatic zircon. Such origin is corroborated
by the Th/U ratio of the grains, ranging from 0.11 to 1.11.

Four grains define the youngest cluster of analyses and give a concordia date of 2756
+ 13 Ma (MSWD = 0.87, probability = 0.53; Supplementary Fig. 8). Three other concordant
grains are slightly older than the youngest cluster, with dates of 2805 + 26 Ma to 2831 + 24
Ma. Two other concordant grains give older Mesoarchean dates of 2928 + 25 Ma and 2999 +

25 Ma.
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202 Supplementary Figure 8. Geochronological diagrams for the Aguas Claras Formation. TACA: Thermal Annealing —
203  Chemical Abrasion. (A) Sample FD52 169.60-169.80. (B) Focus on the youngest concordant cluster of the sample
204 FD52 169.60-169.80.
205
206  Regarding the date given by the youngest cluster of analyses (2756 + 13 Ma), two different
207  interpretations can be proposed according to the nature of the conglomerate (debris flow
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conglomerate versus blocky peperite). If the volcaniclastic rock where the zircon grains have
been picked up is a debris flow conglomerate, this date corresponds to a maximum
depositional age. If the conglomerate is a blocky peperite, the zircon grains that define the
youngest cluster are epicrysts or xenocrysts, or both, but are not autocrysts or antecrysts
(Rossignol et al., 2019), because it is older than the maximum depositional age of the
underlying lgarapé Bahia Group. Thus, in both cases (debris flow conglomerate or blocky
peperite), the date of 2756 + 13 Ma corresponds to the maximum depositional age of the
Aguas Claras Formation. This age is identical to the one of 2763 + 32 Ma, based on only one
grain, proposed by Melo et al. (2019). Unfortunately, as being older than the maximum
depositional age of the Igarapé Bahia Group, this age does not provide a useful time
constraint. Another volcaniclastic sample from the Aguas Claras Formation yielded a zircon U-
Pb date of 2681 + 5 Ma and was interpreted as a depositional age by Trendall et al. (1998).
This date is identical, within uncertainties, to the maximum depositional age of the Igarapé
Bahia Group (2684 + 10 Ma). Because there is no evidence for a volcanic activity coeval to the
deposition of the Aguas Claras Formation, and because it is identical to the maximum
depositional age of the Igarapé Bahia Group, we reinterpret the 2681 + 5 Ma date of Trendall
et al. (1998) as a maximum depositional age.

Our observations of the Aguas Claras Formation clearly indicate that fluid circulation
imprinted this formation, as shown by the hydrothermal breccias between 270 m and 217 m
(Supplementary Fig. 1). The age of fluid circulation is a matter of debate: Melo et al. (2019)
suggested it occurred at ca. 2575 Ma, while Dreher et al. (2008) argued that the 2575 Ma fluid
circulation overprinted only the Igarapé Bahia Group and left the Aguas Claras Formation
unaffected. In the drill core FD52, the hydrothermal breccias are related to a sill intrusion, so

that the age of fluid circulation is probably close to the one of the sill. The age of this sill is
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unknown, but could correspond to one of the several generations of dykes that intruded the
whole area at ca. 1880 Ma, 535 Ma and 200 Ma (Teixeira et al., 2019). None of these ages of
dyke emplacement provide new constraint on the age of the Aguas Claras Formation.
Consequently, the only reliable age bounds for the Aguas Claras Formation give a large time

interval, between 2681 + 5 Ma (Trendall et al., 1998) and 1880 + 2 Ma (Machado et al., 1991).
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