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Abstract

Early Proterozoic sedimentary basins are an important record of crust generation processes and
consequently a fundamental key to unravelling Earth’s evolution through geological time.
Sediments within the basins are typically deformed and metamorphosed by subsequent
tectonothermal events, which can obliterate their links to source terranes. Nd-whole-rock and
detrital zircon U-Pb and Lu-Hf isotopic analyses are among the most reliable tools to be used in
provenance investigations, since zircon is a resilient mineral and the Sm-Nd system is not
extensively modified during metamorphism. These methods have been applied to a study of the
provenance and tectonic setting of the Sdo Vicente Complex, preserved in a Neoproterozoic
passive margin related allochthon within the Southern Brasilia Orogen. The complex consists of
siliciclastic and calc-silicate gneisses with mafic and minor ultramafic rocks, which were
deformed and metamorphosed during late Neoproterozoic collision between the Paranapanema
Block and the Sao Francisco-Congo plate. Detrital zircons indicate derivation from a juvenile
Paleoproterozoic source terrane (peaks of crystallisation ages of ca. 2130 Ma, 2140 Ma and 2170
Ma; eHf; between +0.1 and +6.0; NdTpy = 2.31-2.21 Ga; eNd; = +1.6 to +2.8), with a minor
contribution from older continental crust. Interlayered amphibolite rocks, with juvenile signatures

(eHf; = +5.8 to +8.2; NdTpym = 2.14 and 2.30 Ga; eNd; = +2.2 and +3.2), yielded similar ages of
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2136 + 17 and 2143 £ 14 Ma, suggesting syn-sedimentary magmatism. Thus, the maximum age
of deposition at around 2130 Ma represents the best estimate of the depositional age of the
complex. The dominance of detrital zircons ages close to the age of deposition, along with syn-
sedimentary magmatism, imply a convergent margin basin tectonic environment for the Sao
Vicente Complex, with similarities to fore arc basin and trench deposits. Amphibolite and meta-
sedimentary rocks point to important juvenile magmatism around 2.14 Ga. Juvenile Rhyacian (ca.
2.1 Ga) granite-granodiorite-tonalite orthogneisses with arc-related geochemical signatures
(Pouso Alegre Complex) that override the Sdo Vicente Complex, are the probable main source of
detritus within the complex. Both basin and source were part of the southern edge of the Sao
Francisco plate during the assembly of West Gondwana, and served as sources for early
Neoproterozoic passive margin related basins. The age of intrusive anorogenic A-type Taguar

granite indicates that by 1.7 Ga the Sdo Vicente Complex was in a stable tectonic environment.

Keywords: U-Pb LA-MC-ICP-MS; Lu-Hf LA-MC-ICP-MS; Nd isotopes; provenance; tectonic

setting; continental crust generation

1. Introduction

Provenance studies of sedimentary basins, even when metamorphosed, provide an
important constraint on tectonic setting as well as the evolution of the continental crust (Bhatia
and Crook, 1986; Cawood, 1991; Cawood et al., 2012; Dhuime et al., 2011; Dickinson and
Suczek, 1979; Hawkesworth et al., 2010; Taylor and McLennan, 1985). However, the
determination of the provenance and tectonic setting of basins in tectonically complex areas,
subjected to subsequent deformation and metamorphic events, can be hindered by the masking or
destruction of original mineral assemblages, sedimentary structures and primary stratigraphic
relations, including separation of the basin from its original source. Zircon, due to its
physicochemical resilience during deposition and metamorphic events, enables the determination
of crystallization age and isotopic signature of source rocks through U-Pb and Lu-Hf analyses
(Cawood and Nemchin, 2001; Cawood et al., 2012, 2007; Condie et al., 2005; Dhuime et al.,
2011; Dickinson and Gehrels, 2009; Hanchar and Hoskin, 2003; Hawkesworth and Kemp, 2006).
Thus, study of detrital zircons has proven to be an important technique in provenance studies and

in linking basins to probable source regions. Allied to detrital zircon analysis, the use of whole-
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rock Nd isotope compositions of the basin strata can help reveal the role of crustal and juvenile
sources during sediment accumulation (McCulloch and Wasserburg, 1978; McLennan et al.,
1990). Furthermore, petrographic, isotopic and geochemical signatures of igneous rocks within
the basin succession can provide better information on the time of deposition, deformation and
the tectonic setting of the basin (Barbarin, 1999; Pearce and Stern, 2006; Pupin, 2000, 1980; Sun
and McDonough, 1989).

The southern segment of the Brasilia Orogen provides an example of how U-Pb detrital
ages and Nd-Hf isotopic compositions can be applied to discriminate different sedimentary basins
and their probable sources and tectonic environments. The orogen runs along the southern margin
of Sdo Francisco Craton (Fig. 1) and it comprises three distinct paleogeographic domains:
passive margin, fore-arc/accretionary prism and magmatic arc (Campos Neto, 2000; Campos
Neto et al., 2011). Therefore, the combination of field mapping with isotopic signatures of rocks,
and detrital and magmatic zircons are among the most reliable tools to investigate the provenance
and tectonic setting of this complex area. Additionally, the presence of diverse potential sources
with similar ages around the area (e.g. ~2.1 Ga orthogneisses and granitoids in allochthons
related to passive and active margins) ensures that the association between different isotopic
analyses remains a key approach.

In this contribution we present new isotopic data for meta-sedimentary and meta-basic
rocks that belong to the Sdo Vicente Complex, a passive margin related allochthon of the
Southern Brasilia Orogen, and for the related Taguar gneissic granite. The complex was
previously interpreted as the basal unit of an early Neoproterozoic (ca. 1000-900 Ma) passive
margin basin that developed along the southern margin of the Sdo Francisco paleoplate (Paciullo
et al., 2000; Trouw et al., 2000). However, new Paleoproterozoic U-Pb provenance ages and
juvenile Nd and Hf data permit new interpretations for the tectonic environment of sedimentation

and the probable source rocks for this complex.

Figure 1:
2. Geological Setting

Passive margin, fore-arc/accretionary prism and magmatic domains belonging to the

southern segment of the Brasilia Orogen are deformed into a thick-skin stack of nappes (Campos
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Neto and Caby, 1999; Trouw et al., 2000) that were transported east-northeast, through in-
sequence thrusting of the orogenic pile onto the cratonic foreland (Campos Neto et al., 2011).
Deformation was driven by the Neoproterozoic collision between the Sao Francisco-Congo plate
(Alkmim et al., 1993; Ussami, 1999) and the Paranapanema block (Mantovani and Brito-Neves,
2005; Mantovani et al., 2005) during assembly of West Gondwana in the Brasiliano/Pan-African
Orogeny.

2.1. Magmatic and fore-arc/accretionary prism domains: tectonic units of the Paranapanema
Block

The Paranapanema Block corresponds to an active margin domain now covered by the
Phanerozoic Parana Basin (Fig. 1). Deep drilling, geochronology (Brito-Neves et al., 1984;
Cordani et al., 1984) and isostatic modelling surveys (Mantovani and Brito-Neves, 2005;
Mantovani et al., 2005) have demonstrated the existence of a cratonic core with a deep
lithospheric keel, bordered by orogenic belts (Assumpg¢ao et al., 2006; Lesquer et al., 1981;
Rocha et al., 2011).

The block is dominated by ca. 670 — 625 Ma meta-granitoid rocks and high-pressure
meta-sedimentary units interpreted to represent magmatic arc (Socorro-Guaxupé Nappe) and
fore-arc/accretionary prism (Andreldndia Nappe System) segments (Figs. 1 and 2 - Campos Neto
and Caby, 2000, 1999; Mora et al., 2014). The basement of the magmatic arc domain comprises
an antiformal nucleus of 2.2 Ga orthogneiss at the base, covered and intruded by ca. 1.7-1.8 Ga
meta-volcano-sedimentary units and meta-syenites, ca. 1.46 Ga meta-turbidites and meta-
basic/meta-volcanic rocks, and a 1.25 - 0.9 Ga carbonate platform (Fig. 1 — Basei et al., 2008;
Campanha and Sadowski, 1999; Campanha et al., 2015; Cury et al., 2002; Faleiros et al., 2011;
Henrique-Pinto et al., 2015; Siga Jr. et al., 2011).

Figure 2:

2.2. Passive margin domain: tectonic units related to the southern Sdo Francisco Craton and its

orogenic margin

2.2.1. Neoproterozoic meta-sedimentary sequences
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The Carrancas Nappe System and the Lima Duarte Nappe occur in flat-lying sheets that
were transported toward the Sdo Francisco Craton margin (Fig. 2). These sheets lie structurally
below the fore-arc/accretionary prism domain of the Paranapanema Block (Figs. 1 and 2;
Campos Neto, 2000; Campos Neto et al., 2004; Ribeiro et al., 1995; Trouw et al., 2000). The
passive margin succession consists of a transgressive sequence that accumulated around 1000-
900 Ma and were metamorphosed between 600 — 575 Ma (Campos Neto et al., 2011; Ribeiro et
al., 1995; Valeriano et al., 2004; Valladares et al., 2004; Westin and Campos Neto, 2013). A
regional unconformity separates this transgressive sequence from a meta-wacke unit interpreted
as a syn-collisional flysch deposit (Fig. 2 - Santos, 2011; Westin and Campos Neto, 2013). The
transition to the cratonic area is marked by Mesoproterozoic sequences (Fig. 2) of quartzites,
limestones and pelites represented by the Sao Jodao del Rei and Carandai intracratonic basins

(Ribeiro et al., 2013).

2.2.2. Allochthonous and imbricated substratum

The Archean units, which outcrop in large antiformal cores, comprise migmatitic
orthogneisses, dated at 3.0-2.7 Ga, represented by the Amparo-Serra Negra, Heliodora-Minduri
and Petunia complexes (Fig. 2 - Campos Neto et al., 2004; Fetter et al., 2001; Noce et al., 2007,
Peternel et al.,, 2005; Pinheiro, 2013; Santos, 2014; Tassinari and Nutman, 2001). The
Paleoproterozoic units are represented by the Mantiqueira, Juiz de Fora and Pouso Alegre
complexes.

The Mantiqueira Complex occurs as the Lima Duarte Nappe and Sdo Vicente Complex
substratum (Figs. 1 and 2) and comprises 2.18 — 2.04 Ga calc-alkaline orthogneisses with
Archean protoliths (Heilbron et al., 2010; Noce et al., 2007).

The Juiz de Fora Complex occurs associated with the Lima Duarte Nappe (Fig. 1) and
consists of orthogranulites, predominantly of enderbitic compositions, and basic granulites
(Heilbron et al., 2010; Noce et al., 2007) interpreted as an island arc developed during the
Rhyacian orogeny (2195-2084 Ma; Heilbron et al., 2010; Noce et al., 2007). It constitutes the
basement of the ca. 630-585 Ma Araguai orogen magmatic arc, which was accreted to the
cratonic margin of the Sdo Francisco-Congo Plate in the Late Neoproterozoic (Noce et al., 2007,

Pedrosa-Soares et al., 2008, 2001).
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The Pouso Alegre Complex comprises metatexitic granodioritic-tonalite orthogneisses,
which have yielded ages of 2.15-2.07 Ga and are associated with coarse-grained porphyroclastic
granites and subordinate amphibolites (Campos Neto et al., 2011; Fetter et al., 2001; Peternel et
al., 2005; Zuquim et al., 2011). This complex is interpreted as fragments of an island arc due to
its juvenile signature (Campos Neto et al., 2011; Cioffi et al., 2016), and it occurs as the
substratum of the Andrelandia Nappe System and overriding meta-sedimentary and meta-igneous

rocks of the Sdo Vicente Complex (Figs. 2 and 3).

Figure 3:

2.2.3. The Sdo Francisco Craton orogenic margin

The Mineiro belt strikes NE-SW in the southern wedge of the Sao Francisco Craton (Figs.
1) and represents successive accretion of oceanic and continental arcs and associated meta-
sedimentary sequences (Avila et al., 2014, 2010a; Noce et al., 2000; Teixeira et al., 2000). The
igneous suites of the Mineiro belt have ages of 2.35 to 2.10 Ga and include undeformed plutons
of gabbroic to granitic composition as well as orthogneisses of trondhjemitic to granodioritic

composition (Barbosa et al., 2015; Seixas et al., 2013, 2012; Teixeira et al., 2015).

2.2.4. Sdo Vicente Complex

The Sao Vicente Complex has previously been mapped as an interstratified meta-
sedimentary sequence consisting of a basal biotite gneiss with lithic fragments, and an overlying
unit of biotite gneiss, quartzites and schists, having the Sao Francisco Craton rocks as their main
source (Paciullo et al., 1996, 1993). Subsequently it was interpreted as the basal units of a
Neoproterozoic depositional sequence (Paciullo et al., 2000; Trouw et al., 2000). Given the
pervasive deformation and metamorphism, we interpret the sequence as a geological complex
comprising a number of immature meta-sedimentary rocks, associated with calc-silicate rocks
and subordinate meta-mafic and meta-ultramafic rocks. The complex occurs beneath the
Andrelandia Nappe System and Lima Duarte Nappe, imbricated in the Carrancas Nappe System
or as a sheet sandwiched between the Pouso Alegre Complex and Archean orthogneisses (Figs. 2

and 3).
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The meta-sedimentary rocks vary from plagioclase and quartz-rich gneisses and schist to
muscovite quartzite (see table 1 for detailed description). Epidote, biotite, muscovite,
hornblende, carbonate and K-feldspar occur in varying proportions in the gneiss and schist (Figs.
4 and 5). Calc-silicate rocks and amphibolite rocks occur as layers and boudins within the
gneisses and the amphibolite can be seen to be associated with meta-ultramafic rocks in the larger
outcrops. Gneisses and schist are characterized by the presence of lithic fragments and detrital

feldspar and quartz, usually with sigmoidal shapes (Figs 4 and 5).
Table 1:
Figure 4:

Figure 5:

3. Analytical Methods
3.1. Sm-Nd methodology

Samples were prepared at the laboratories of the NAP GeoAnalitica-USP Core Facility of
the Geosciences Institute of the University of Sdo Paulo (IGc-USP) and involved cleaning,
comminution in a hydraulic press, quartering, and grinding in a planetary-type agate ball mill.
The isotopic data were obtained at the Geochronological Research Center (CPGEO) of the 1Gc-
USP — see supplementary table 1 for technical information — and analytical procedures followed
Sato et al. (2010). The "*Nd/"**Nd normalization value of 0.7219 (DePaolo, 1981),
NA/M**Ndepur = 0.512638 and 'Sm/**Ndepur = 0.1967 (Hamilton et al., 1983) were used for
all the analyses.

Seven samples (C-502A, C-503A, C-505A, C-506¢, C-510, C-509 and C-540 — table 1)
were analysed by isotopic dilution using a Thermal Ionization Mass Spectrometry (TIMS),
including Sm and Nd ppm concentrations. The '*Nd/'**Nd mean average of the INDi standard in
the period was 0.512100 + 0.000008. The isotopic compositions of sample C-559 were
determined using an Inductively Coupled Plasma Mass Spectrometry (ICP-MS). The '*Nd/'*'Nd
mean average of the JNDi standard in the period was 0.512095 + 0.000007 and the analytical

blank was 53 pg. For this sample, Sm and Nd concentrations were acquired using a
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PerkinElmer/Sciex quadrupole-type spectrometer, ELAN 6100DRC model. Analytical protocols
followed Navarro et al. (2008), and Tpy model ages and eNd (age) values were calculated using

GCDkit 3.00 software (Janousek et al., 2006). All reported errors are at 2 s.d. level.

3.2. U-Pb zircon methodology

We determined crystallization ages by measurement of ***Pb/**U and **’Pb/**U ratios
(and respective 20 errors) in detrital and magmatic zircon grains extracted from six meta-
sedimentary rocks, two meta-basic rocks and a granite sample using a Laser Ablation
Multicollector Inductively Coupled Plasma Mass Spectrometer (LA-MC-ICP MS). Heavy-
mineral concentration was carried out using a Wilfley table. The separation of magnetic minerals
by a hand magnet and Frantz-type separator and the separation of minerals with bromoform
(CHBr3) and methylene iodide (CH,I,) were conducted at NAP GeoAnalitica Core Facility and in
the CPGEO Separation Laboratory of the IGc-USP. These steps were followed by crystal
collection under a magnifying glass and subsequent mounting using epoxy resin.
Cathodoluminescence images were obtained from Au-coated mounts, using a Quanta 250 FEG
electron microscope equipped with Mono CL3+ cathodoluminescence spectroscope (Centaurus).

Samples C-502, C-503, C-505, C-506¢, C-510, C-509 and C-540 (table 1) were analysed
at the CPGEO of the IGc-USP and ablation was performed using 25 pm or 30 pm spot sizes (see
supplementary tables 2 to 8 for detailed analytical conditions). GJ-1 and NIST-612 were used
as analytical standards (Elhlou et al., 2006; Woodhead and Hergt, 2001). Cup configuration
allowed simultaneous measurement of 206Pb, 208Pb, 232Th, 238U, 202Hg, 204pp and 2"’Pb isotopes.
The instrumental drift was corrected by comparing the analytical results for GJ-1 (***Pb/?*U
mean age + 26 error = 599 + 10 Ma) and NIST-612 (***Pb/***Pb mean ratio = 0.051; **"Pb/*"Pb
mean ratio = 0.830; 2**Pb/*”°Pb mean ratio = 2.197) with reference values. The net ion signals
were obtained via subtraction of the background contribution, and common Pb corrections
(Stacey and Kramers, 1975) were performed by measuring the ***Pb isotope, after accounting for
*%Hg interference (assuming a *"*Hg/***Hg ratio of 4.355) (Sato et al., 2010). Finally, the
206Pb/238U, 207pp235 and 2°°Pb/**"Pb ratios, and respective errors, were calculated and “Rho”
values computed. All reported errors are at 2 s.d. level. Data reduction used an in house

spreadsheet.
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Samples C-559 and C-555 (table 1) were analysed at the Geochronology Laboratory of
the University of Brasilia (GL-UnB) and ablation was performed using 25 pum or 30 um spot
sizes (see supplementary tables 9 and 10 for detailed analytical conditions). GJ-1 (***Pb/***U
mean age + 2¢ error = 535 + 6 Ma) was used as an analytical standard (Elhlou et al., 2006).
Details on analytical procedures are given by Biihn et al. (2009) and data reduction used an in
house spreadsheet (Oliveira et al., 2014). All reported errors are at 2 s.d. level.

The U-Pb results were processed using Isoplot 4.15 software (Ludwig, 2008), for U-Pb
Concordia diagrams and Probability Density Plots, and Density Plotter program (Vermeesch,
2012), for Kernel Density Estimate. Analyses with discordance greater than 5% and common

lead greater than 3% were discarded.

3.3. Lu-Hf zircon methodology

Lu-Hf isotopes were measured at the University of Bristol (Bristol Isotope Group) using a
ThermoFinnigan Neptune multicollector inductively-coupled plasma mass spectrometer (MC-
ICP-MS) coupled with a Photon-Machine Analyte G2 Excimer laser (193 nm wavelength) (see
supplementary table 11). Samples C-502, C-505, C-506¢, C-509, C-510 and C-559 (table 1)
were analysed and ablation was performed using a 50 pm spot size at the same location as the U-
Pb site. Laser frequency was 5 Hz and the energy density of the laser beam was ca. 6 J/cm2. A
typical analysis was 90 s, including a 30 s background measurement and a 60 s ablation period.
Correction for the interferences and mass bias followed the Bristol routine procedure
(Hawkesworth and Kemp, 2006; Kemp et al., 2009). The correction for the isobaric interference
of Yb and Lu on '"®Hf was made following a method detailed in Fisher et al. (2011). For Yb, the
171

interference-free

3Yb/'"Yb = 1.130172 (Segal et al., 2003). The mass bias-corrected '"'Yb was monitored during
176

Yb was corrected for mass bias effects using an exponential law and
the run and the magnitude of the '"°Yb interference on '°Hf was calculated using '"*Yb/!"'Yb =
0.897145 (Segal et al., 2003). For Lu, the interference-free '°Lu was corrected for mass bias
effects assuming BLu = PYb and using an exponential law. The mass bias-corrected '°Lu was

176

monitored during the run and the magnitude of the '"°Lu interference on '"°Hf was calculated

using '"°Lu/""°Lu = 0.02655 (Vervoort et al., 2004). Interference-corrected '"°Hf/'""Hf were
corrected for mass bias using an exponential law and '"’Hf/"""Hf = 0.7325 (Patchett et al., 1981),

and were finally normalized to JMC-475 = 0.282160. The accuracy and long-term reproducibility
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of the measurements were gauged by analysing two zircon reference standards: Plesovice
(""°Hf/"7"Hf = 0.282472 + 21, n = 24) and Mud Tank ('"®Hf/'""Hf = 0.282504 + 20, n = 21) (all

errors at 2 s.d. level).

4. U-Pb results

Most of the zircon crystals from the gneisses vary from prismatic to equidimensional and
are idiomorphic to subidiomorphic, with pyramidal terminations or rounded and with magmatic
internal zoning (Fig. 6). Rounded crystals without internal zoning are rare and resorption textures
and xenocrystic cores are common (Corfu et al., 2004). The zircon grains from the muscovite
quartzites are similar to those from the gneisses, although these rocks have more rounded crystals
with concentric zoning. The majority of zircon crystals have thin overgrowths, inferred to be

related to metamorphism associated with the Neoproterozoic collision.
Figure 6:

All the zircons from the meta-sedimentary rock samples align along a lead loss discordia
with an upper intercept around 2100 Ma and a lower intercept in the Neoproterozoic, around 594
+ 57 Ma. The lower intercept is consistent, within error, with the 549 + 17 Ma obtained from a
crystal overgrowth in sample C-510 (supplementary table 6) and with the 590-570 Ma
metamorphism determined for the passive margin-related allochthons (Campos Neto et al., 2011;
Machado et al., 1996; Valeriano et al., 2004). Therefore the lead loss is interpreted to have been
caused by the Neoproterozoic tectonothermal event that affected these rocks.

Samples C-503 and C-505, which belong to epidote-plagioclase-biotite-quartz gneiss with
carbonate and sample C-506c, a biotite-plagioclase-quartz schist, yielded age peaks around 2130
Ma (Fig. 7). Sample C503 has detrital zircon ages in the range from 2232 Ma to 2107 Ma (n =
40), with individual 2c errors ranging from 11 to 62. The probability density plot shows a
younger age peak of ca. 2130 Ma and a slightly older age peak around 2150 Ma, besides two
detrital crystals with ages of 2232 + 62 Ma and 2203 = 21 Ma (Fig. 7). One crystal with an age of
2175 Ma was disregarded due to its higher U content (215 ppm) when compared to the other
crystals, perhaps due to Pb loss. Sample C-505 only has one age peak of ca. 2130 Ma (Fig. 7),
with detrital ages ranging from 2178 Ma to 2112 Ma (n = 27), with individual 2c errors varying

Page 10 of 45



from 19 to 42 Ma. Sample C-506¢ has a detrital age pattern similar to sample C-505, with detrital
zircon ages ranging from 2145 Ma to 2099 Ma (n = 15; individual 2¢ errors = 13 - 19), and an
age peak of ca. 2130 Ma (Fig. 7).

Figure 7:

Samples C-510 and C-559 from muscovite quartzite interbedded with muscovite-quartz
schist, paragneiss, amphibolite and calc-silicate rocks, and sample C-502 of plagioclase-quartz-
biotite-epidote gneiss with K-feldspar and hornblende, yielded age peaks of 2170 Ma and 2140
Ma. Sample C-559 has detrital zircon ages ranging from 2227 Ma to 2113 Ma (n = 12; individual
20 errors = 12 - 45), with an age peak of ca. 2140 Ma (Fig. 7). Sample C-502 also yielded an age
peak of ca. 2140 Ma, with detrital ages in the range of 2173 Ma and 2110 Ma (n = 33; individual
26 errors from 10 to 24; Fig. 7). Sample C-510 has a main group of detrital ages in the range
2248 Ma and 2099 Ma (n = 47; individual 2c errors = 11-39), with age peaks of ca. 2170 Ma and
2140 Ma (Fig. 7). An age peak of ca. 2100 Ma was disregarded because it is based on a single
zircon crystal of 2099 + 11 Ma, and so it is not statically representative. This sample also yielded
four Archean detrital crystals of 2895 Ma, 2894 Ma, 2814 Ma and 2695 Ma, although the 2814
Ma zircon was rejected due to its higher U content (246 ppm) when compared to the other

Archean crystals (U = 133 — 195).

Two crystals with ages of 2030 + 20 Ma (sample C-503) and 2044 + 25 Ma (sample C-
510) were also analysed. Though these crystals have concordance higher than 95%, the higher U
contents of 168 ppm and 229 ppm could indicate a process of Pb loss. Therefore, these younger

ages were disregarded for the final interpretations.

Because of the Pb loss due to the Neoproterozoic tectonothermal event, the maximum
depositional ages of the meta-sedimentary rocks were determined using the youngest age peaks
observed in the Probability Density Plots (Fig. 7). The youngest individual crystal age may have
been compromised by Pb loss, or it may represent part of a cluster of overlapping ages

(Dickinson and Gehrels, 2009; Gehrels, 2013).

5. Nd and Hf isotopic analyses
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The meta-sedimentary rock samples yielded Nd Tpy model ages (Liew and Hofmann,
1988) in the interval between 2.46 Ga to 2.21 Ga, with eNd; values ranging from -0.9 to +2.7 at
the maximum depositional age for each sample (Fig. 8a). The Sm-Nd isotopic system is not
extensively modified during diagenesis, metamorphism and sedimentation and the values
obtained with this method represent the blend of the isotope signatures of the source rocks
(McCulloch and Wasserburg, 1978). Therefore, it is possible to infer that the source area of Sao
Vicente Complex meta-sedimentary rocks was composed mainly of Paleoproterozoic rocks with
juvenile signatures, with secondary contributions from older crustal rocks. Older Nd Tpy model
ages would have been associated with more negative eNd; values, indicating contributions from

older crustal rocks (Fig. 8a).
Figure 8:

Thirty-eight previously dated zircons were analysed for Lu-Hf isotopes, seventeen from
the schist and gneisses (Fig. 9a) and twenty-one from the muscovite quartzites (Fig. 9b). All
zircons have '"°Lu/"""Hf values of <0.002 and present-day ''°Hf/'""Hf values ranging from
0.2808 to 0.2816. The eHf; data shows the predominance of Paleoproterozoic juvenile sources,
with minor contributions from older crustal rocks (Fig. 9). Detrital zircons with juvenile
signatures have ¢Hf; values ranging from +0.1 to +6.0 (U-Pb ages = 2099 - 2248 Ma; Hf Tpym
ages = 2.74 — 2.47 Ga) and six crystals have lower ¢Hf; values of -9 to -0.3 indicating
contributions from Archean and older Paleoproterozoic crustal rocks (U-Pb ages between 2113

and 2895 Ma, and Hf Tpy ages between 3.80 and 2.99 Ga).

Figure 9:

6. Interlayered meta-basic rocks

Amphibolitic rocks occur as boudins in gneisses and are interlayered with quartzites and
gneisses in metre-sized outcrops. Bulk rocks were analysed for Nd isotopes and separated zircons
were analysed for U-Pb crystallization ages and Hf isotopic ratios. Sample C-509 has a
predominance of crystal fragments with incipient internal zoning and rare prismatic or
equidimensional crystals. Sample C-540 mostly contains prismatic zircon crystals with pyramidal

terminations, magmatic internal zoning, with resorption textures (Corfu et al., 2004).
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The results from sample C-509 are all crystallization ages that plot on a discordia with an
upper intercept at 2136 + 17 Ma and a lower intercept at 681 = 170 Ma (n=26; MSDW of 0.99)
(Fig. 10a). Sample C-540 yielded two metamorphic rim ages (549 + 14 Ma and 591 + 14 Ma)
and eleven crystallization ages aligned along a discordia with an upper intercept at 2143 + 14 Ma
and a lower intercept at 568 + 14 Ma (MSDW of 1.5) (Fig. 10c). The lower intercepts are
Neoproterozoic in age, and the C-540 sample lower intercept is similar to that obtained for the
meta-sedimentary samples (594 + 57 Ma) and for metamorphism in the passive margin
allochthons (570-590 Ma). Therefore, the discordance, as for the meta-sedimentary rocks, is
attributed to Pb loss during the Neoproterozoic tectonothermal event at ~590-570 Ma. Both upper
intercept ages are considered to be the crystallization ages of these meta-basic rocks. Analogous
ages between 2143 and 2158 Ma were reported by Pinheiro (2013) for three amphibolite samples,

associated with the same units as those analysed here.

Figura 10:

Hf analyses were also performed on zircons from C-509 and they have present-day
SH/'THE values between 0.28161 and 0.28167, with '7°Lu/!""Hf values of <0.001, and present-
day eHf between -41 and -40. '"*Hf/'""Hf, values are very similar for all crystals, ranging from
0.28158 to 0.28165. The eHf; values were recalculated at the estimated crystallization age of
2136 Ma (Fig. 10a) and vary from +5.8 to +8.2, with Hf Tpy ages between 2.23 Ga and 2.38 Ga
(Fig. 10b).

The bulk rock sample C-509 has the most juvenile Nd isotope signature, with '*Nd/'**Nd
of 0.51198, a Nd Tpym age of 2.19 Ga and €Nd,;36 of +3.4 (Fig. 8b). Sample C-540 has
"INd/"**Nd of 0.51225, a 2.35 Ga Nd Tpy age and eNdy 43 of +2.3 (Fig. 8b).

7. The intrusive Taguar gneissic granite

The Taguar gneissic granite intrudes the Sdo Vicente Complex (Fig. 2). It is deformed,
porphyritic and fine-grained, with igneous clinopyroxene partially replaced by hornblende
(Vasconcellos, 1988). It is slightly peraluminous, with calc-alkaline to sub-alkaline affinity and it
has a high *’St/*®Sr initial ratio (ca. 0.7196). The zircons analysed have upper and lower

intercepts at 1726 + 21 Ma and 615 + 42 Ma, respectively (Fig. 11a and 11b). The older age is
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interpreted as the crystallization age of the rock. The younger age was obtained from three
recrystallized rim analyses (*°’Pb/**°Pb ages: spot 6.1 = 543 + 25 Ma; spot 26.2 = 608 + 26 Ma;
spot 27.2 = 589 4+ 33 Ma). The lower intercept age is within error of the 594 Ma (meta-
sedimentary samples) and 598 Ma (sample C-540) lower intercepts obtained for the Sao Vicente
Complex samples, and the age of the 570-590 Ma metamorphism of the passive margin-related
allochthons (Campos Neto et al., 2011; Machado et al., 1996; Valeriano et al., 2004).

Figure 11:

8. Discussion
8.1. Age and isotopic signature of the sources

The crystallisation ages of the detrital zircons are very restricted, with most ages being
between 2185 and 2099 Ma. The meta-sedimentary samples yielded a Kernel Density Estimate
(KDE) plot with three main age peaks of ca. 2170 Ma, 2140 Ma and 2130 Ma (n = 178) (Fig. 12a
—age peaks I, IT and IIT). The youngest age peak of ca. 2130 Ma is interpreted as the maximum
depositional age of the Sdo Vicente Complex.

There are also three crystals with Archean ages (2895 + 7 Ma, 2894 + 7 Ma and 2695 +
10 Ma) and eight crystals with ages between 2248 Ma and 2190 Ma. Whole-rock Nd and detrital
zircon gHf; data from the meta-sedimentary rocks imply a juvenile signature for the dominant
source (Nd Tpv=2.31-2.21 Ga; eNd; = +1.6 to +2.8; eHf; = +0.1 to +6.0). Archean and ~2.2 Ga
detrital zircons with negative ¢Hf; (-9 to -0.3) and meta-sedimentary samples with slightly
positive and negative eNd; values (-0.9 to +0.6; Nd Tpy=2.46-2.33 Ga) provide evidence for

minor contributions from an older crustal source.

8.2. Igneous rocks within the basin: limiting the period of sediment accumulation

Interlayered amphibolite rocks, found as boudins in sillimanite-garnet gneiss and m-sized
outcrops, yielded U-Pb crystallization ages of 2136 + 17 Ma and 2143 + 14 Ma (Fig. 12a). The
whole-rock Nd and zircon Hf data also indicate a juvenile signature for the meta-basic rocks,

with eNd; of +2.3 and +3.4 and eHf; up to +8.2.

Figure 12:
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The amphibolite crystallization ages are very similar to the maximum depositional age of
the associated sedimentary rocks, considering the associated errors, and thus they appear to
represent syn-sedimentary magmatic activity. This reaffirms that the estimated maximum
depositional age represents the sediment deposition age.

Deposition was in progress at least around 2143-2136 Ma and it lasted until after ca. 2130
Ma. The minimum depositional age is 1726 & 21 Ma, the age of crystallization of the Taguar
gneissic granite (Fig. 12a). This peraluminous gneissic granite is thought to represent a 1.7 Ga
anorogenic A-type magmatism, strongly deformed during the Neoproterozoic orogeny
(Vasconcellos, 1988). Therefore, the granite intrusion occurred when the Sao Vicente Complex
was in a stable tectonic environment, consistent with the minimum age of deposition being older

than 1.7 Ga.

8.3. Tectonic setting during deposition and crust generation

Approximately 90% of all the detrital zircon ages are within 50 Ma of the estimated
sediment depositional age (Fig. 12b), a pattern that is associated with syn-sedimentary
magmatism, and implies a convergent margin basin environment for the Sdo Vicente Complex
(Fig. 12b) (Cawood et al., 2012). The ages from the Sdo Vicente Complex have similar age
patterns to those attributed to trench volcanogenic and fore arc basin sediments (Fig. 12b), in that
such settings are characterized by more than 30% of detrital zircon ages being less than 100 Ma
older than the depositional age (Cawood et al., 2012).

The restricted range of detrital zircon ages, and the immature signature of the meta-
sedimentary rocks demonstrated by the presence of lithic fragments and detrital K-feldspar,
plagioclase and quartz granules, indicate that the source was close to the sedimentary basin. This
reinforces the inferred convergent margin tectonic setting, and it is concluded that the Sao
Vicente Complex meta-sedimentary rocks were deposited in an intra-arc tectonic setting with a
juvenile magmatic arc as the main source of detrital zircons.

The mafic-ultramafic rock association and the similarities between the syn-sedimentary
ages and the detrital age peaks, suggest an important site of juvenile magmatism, active for at
least 40 Ma. The provenance data also indicate that new continental crust was generated at a

juvenile magmatic arc, around 2.17-2.13 Ga.
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8.4. Sources for the Sao Vicente Complex sediments

8.4.1. Pouso Alegre Complex

The Pouso Alegre Complex consists of granite and metatexitic tonalite to granodioritic
orthogneisses (Figs. 2 and 3), and it has two main groups of U-Pb crystallization ages at 2070-
2080 and 2140-2150 Ma (Campos Neto et al., 2011, 2004; Cioffi et al., 2016). The older ages
resemble the ca. 2140 Ma detrital age peak attributed to the main source of the Sdo Vicente basin
(Fig. 12a — detrital age peak II) and they are similar to the 2136 and 2143 Ma crystallization ages
of the interlayered amphibolites obtained in this work (Figs. 10a and 10c). Cioffi et al. (2016)
also obtained Paleoproterozoic Nd Tpy ages and juvenile whole-rock eNd; and zircon eHf; values
for the Pouso Alegre orthogneisses, data that are similar to those obtained for the Sao Vicente
Complex meta-sedimentary rocks. The Pouso Alegre Complex juvenile gneisses have arc-related
chemical signatures and they have been interpreted as the youngest part of an arc complex (Cioffi
et al., 2016) developed along the southern border of the Sao Francisco Paleoplate during 2.35-
2.08 Ga (Mineiro belt - Avila et al., 2010a; Noce et al., 2000; Seixas et al., 2012; Teixeira et al.,
2015, 2000). Therefore, we interpret the Pouso Alegre Complex as the juvenile magmatic arc that
served as the main source for the Sao Vicente Complex meta-sedimentary rocks. Both complexes
were already part of the southern edge of the Sdo Francisco-Congo plate during the intrusion of
the 1.7 Ga Taguar anorogenic granite and the assembly of West Gondwana in the Brasiliano/Pan-
African Orogeny, serving as sources for early Neoproterozoic Lima Duarte and Carrancas passive

margin basins.

8.4.2. Mineiro belt

Paleoproterozoic granitoids of the Mineiro belt with ages around 2100 Ma are common
near the orogenic front and they are related to the Ritapolis Arc (2190-2120 Ma; Avila et al.,
2010b; Noce et al., 2000; Teixeira et al., 2008). Despite similar ages the Ritapolis Arc is
characterized by its crustal isotopic signature, suggesting that these granitoids were not the main
source for the Sdo Vicente Complex sediments. Tonalites, diorites and granites with ages
between 2170-2150 Ma and 2140-2060 are also common on the SW portion of the Mineiro belt,
however, its chemical and isotopic evidences of crustal contamination (Barbosa et al., 2015)
make it an unlikely source. Older granitoids with juvenile isotope signatures (2230 Ma; Avila et

al., 2010b; Teixeira et al., 2008) occur between Ritapolis Arc and the orogenic front, and so the
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Sdo Vicente Complex would have been geographically distant from this arc at the time of
deposition. The Alto Maranhao tonalite suite has juvenile isotopic signatures and ages of 2130-
2120 Ma (Avila et al., 2010b; Noce et al., 2000; Seixas et al., 2013; Teixeira et al., 2008) and so
it could also be regarded as a possible source. However, it is located north of Ritapolis Arc which

makes it much less likely.

8.4.3. Juiz de Fora and Mantiqueira complexes

The Juiz de Fora Complex orthogranulites represent a calc-alkaline suite associated with
convergent tectonic settings (Heilbron et al., 1998) and the basic rocks are tholeiites similar to
island-arc and back-arc basalts (Costa, 1998; Noce et al., 2007). Inspite of its Ryacian age (2195-
2084 Ma) and arc-related signature, it is interpreted as the basement of the Araguai orogen
magmatic arc (item 2.2.2 - Noce et al., 2007; Pedrosa-Soares et al., 2008, 2001). Therefore, even
though this complex satisfies the necessary age and isotope requirements to be a major source for
the Sdo Vicente Complex sedimentary basin, its paleogeographic position during the
sedimentation of the Sdo Vicente Complex is unknown.

The calc-alkaline orthogneisses of the Mantiqueira Complex are also Rhyacian in age but
its protolith’s Archean crustal signature (Heilbron et al., 2010; Noce et al., 2007) excludes these

rocks as possible source.

9. Conclusions

- The Sao Vicente Complex meta-sedimentary rocks have immature characteristics and
restricted detrital zircon ages, with three main age peaks of 2170 Ma, 2140 Ma and 2130 Ma;

- Whole-rock Nd Tpy model ages, positive eéNd, and positive eHf; for detrital zircons
indicate a juvenile signature for the dominant source of the sediments;

- Interlayered amphibolites yielded juvenile isotope ratios and crystallization ages of 2136
+ 17 Ma and 2143 + 14 Ma;

- Amphibolite ages are similar to the youngest peak of detrital ages at 2130 Ma, which
indicates that it represents syn-sedimentary magmatism and that the youngest detrital zircon ages
approximate the depositional age of the meta-sedimentary rocks of the Sdo Vicente Complex;

- Most of the ages of the detrital zircons ages are close to the age of the sediments, and

such syn-sedimentary magmatism indicates a convergent margin basin for the Sdo Vicente
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Complex meta-sedimentary samples. The pattern is similar to samples of fore arc and trench
basins deposits elsewhere (Cawood et al., 2012).

- The evidence for a main source close to the basin (restricted detrital zircon ages and
immature rocks) is consistent with a convergent plate margin, suggesting an intra-arc tectonic
setting with a juvenile magmatic arc as the main source for the Sdo Vicente Complex;

- Archean and ~2.2 Ga detrital zircons with enriched Hf isotope ratios indicate that there
were also minor contributions from older crustal sources, mobilised by the evolution of the
subduction system, or in a thin slice of old sialic crust associated with the juvenile arc;

- Sediment deposition was in progress around 2143-2136 Ma and it continued until after
2130 Ma;

- The minimum depositional age is older than 1726 + 21 Ma, which is the crystallization
age of the intrusive anorogenic Taguar gneissic granite. The intrusion occurred when the Sao
Vicente Complex was in a stable tectonic environment;

- Mafic-ultramafic rock associations and the similarities between the amphibolite ages to
detrital age peaks, suggest an important juvenile magmatism, active for at least 40 Ma;

- The results of this work highlight active continental crust generation along a juvenile
magmatic arc, around 2.17-2.13 Ga;

- The Pouso Alegre Complex granite-granodioritic-tonalite orthogneisses with juvenile
arc-related signature have been interpreted as the main source for the original sedimentary basin;

- The Sao Vicente and Pouso Alegre complexes were already part of the southern edge of
the Sao Francisco-Congo plate during the intrusion of the 1.7 Ga Taguar granite and during the
assembly of West Gondwana, serving as a source for Early Neoproterozoic Lima Duarte and

Carrancas passive margin basins.
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TABLE CAPTION

Table 1: Primary field, petrographic characteristics and geographic coordinates of the analysed

samples.

FIGURE CAPTIONS

Figure 1: Tectonic map showing the configuration of the Sdo Francisco Craton and
Paranapanema Block. The Amazonian and Luis Alves cratons and Central Goids and Pampia
blocks have been inserted to contextualize the studied area. Modified from the Geological Map of
South America (Commission for the Geologial Map of the World, 2001) and Westin and Campos
Neto (2013).

Figure 2: Geological map of the Southern Brasilia Orogen showing the locations of the samples

analysed (see supplementary table 1 for geographic coordinates). Modified from Campos Neto et
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al. (2010); Gengo (2014); Nunes et al. (2008); Paciullo et al. (2002); Quéméneur et al. (2002);
Ribeiro et al. (2002); Trouw et al. (2008, 2002); Vinagre et al. (2014). The outlined contacts are

tectonic.

Figure 3: Section showing the tectonic relation between the allochthons related to the Sao
Francisco Craton (passive margin: Pouso Alegre, Sao Vicente Complex and Heliodora-Minduri
Complexes) and the allochthons related to the Paranapanema Block (active margin: Andrelandia

Nappe System and Socorro-Guaxupé Nappe).

Figure 4: (A) Plagioclase-quartz-biotite-epidote gneiss with hornblende and K-feldspar
porphyroclasts; note the 4 cm x 5 cm feldspathic quartzite lithic fragment. (B) Biotite-
plagioclase-quartz schist to quartzite interbedded with garnet-bearing granite; note the feldspar
porphyroclasts as stretched sigmoids. (C) Epidote-plagioclase-biotite-quartz gneiss with
carbonate. Note the sheath folds in the quartz-rich layers.

Figure 5: Photomicrographs showing representative samples. The number I following the letters
correspond to photomicrographs taken with plane-polarized light and the number II
photomicrographs were taken with cross-polarized light. Abbreviations according to Siivola and
Schmid (2007). (Al and All) Plagioclase-quartz-biotite-epidote gneiss with hornblende and
perthitic K-feldspar porphyroclast; (Bl and BIl) Plagioclase-quartz-biotite-epidote gneiss with

hornblende and sigmoidal-shaped lithoclasts and fragments of plagioclase and quartz.

Figure 6: Cathodoluminescence images of representative zircon crystals from meta-sedimentary
samples. The small black circles represent spots analysed for U-Pb isotopes while the larger

yellow circles are those for Lu-Hf analyses.
Figure 7: U-Pb probability distribution plots of **’Pb/**°Pb ages obtained in detrital zircons from

three gneisses (C-502, C-503 and C-505), one schist (C-506¢) and two quartzites (C-510 and C-
559) of the Sao Vicente Complex. A key feature is the age peaks around 2100 Ma.
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Figure 8: Age (Ma) vs. eNd; graph for the Sdo Vicente Complex (a) meta-sedimentary and (b)
meta-basic rocks. t is taken to be the maximum depositional age in (a) and the crystallization

ages in (b). DM: Depleted Mantle (Liew and Hofmann, 1988).

Figure 9: (a) Age (Ma) vs. eHf; graphs for the detrital zircons from the Sdo Vicente Complex
gneisses and schists; (b) Age (Ma) vs. eHf; graphs for the detrital zircons from the Sdo Vicente
Complex muscovite quartzite samples. Note the different scales used, and the prevalence of
juvenile Paleoproterozoic crystals over those with older crustal signatures. DM: Depleted Mantle

(Salters and Stracke, 2004; Workman and Hart, 2005); NC: New Crust (Dhuime et al., 2011).

Figura 10: (a) LA-MC-ICP-MS U-Pb Concordia diagram for sample C-509; (b) Age (Ga) vs.
eHf; graph for sample C-509; (c) LA-MC-ICP-MS U-Pb Concordia diagram for sample C-540.

Note that representative zircon crystals of each sample show metamorphic overgrowth.

Figure 11: (a) U-Pb Concordia diagram for zircons from the Taguar Granite (sample C-555)
intrusive in the Sao Vicente Complex. The upper intercept ellipses (n = 6) correspond to
crystallization ages and lower intercept ellipses (n = 3) correspond to recrystallization rim

analyses; (b) U-Pb Concordia diagram showing only the rim analyses.

Figure 12: (a) Probability Density Plot (PDP) and Kernel Density Estimate plot (KDE) showing
all the detrital zircon ages obtained for the Sdo Vicente Complex samples. Peaks I, I and III
correspond to the three main age peaks of ca. 2130 Ma, 2140 Ma and 2170 Ma, respectively.
Ages for the Taguar granite and the interlayered amphibolites are plotted for comparison; (b)
(Crystallization Age — Deposition Age) vs. Cumulative Proportion graph (after Cawood et al.,
2012) for zircons from gneisses, schist and quartzites belonging to the Sdo Vicente Complex.
Note that all samples plot in the active margin field similar to the fore arc and trench basins (*

symbols: CA-DA < 150 Ma with a CP of 5% and CA-DA < 100 Ma with a CP of 30%).

Page 29 of 45



Sample/lUTM Unit/rock type Mineralogy Other features
Lithic fragments: biotite +
Epidote-plagioclase- Biotite + quartz + plaglOdaS;uJ;rItl;l-CmChne :
C-551D quartz-biotite-gneiss plagioclase + epidote + Quartz feldspatilic veins:
W561478 with K-feldspar and muscovite & microcline + quartz + plagioclase + .
S7598586 carbonate + opaque . .
carbonate mineral microcline;
Muscovite- and myrmekite-
rich leucogranite.
Porphyroclasts: hornblende
(up to 0.5 mm); quartz and
fragmented K-feldspar
crystals (_with perthite

C-502 biote-epidore snees | Hlomblende  epidote + | (RO IO B ALY
W516564 with K-feldspar and biotite + quartz + fragments: up to cm-si d
S7574642 h p plagioclase + titanite gments. up fo cm-s1ze

ornblende (Fig. 4A). Composed
mainly by plagioclase +
quartz, rimmed by
hornblende, biotite and
epidote (Figs. 5 BI/BII).
C-503 Lithlic f.‘ra%ments:. clllulaﬁz +
plagioclase, with late
3]72%(9)23 E-piqme—plagioclage— Q}Jartz + bioti.te + cgrbonat'e;

C-505 b1ot1‘Fe-quartz gneiss plagioclase + epidote £ Quartz-rich felsic 1ens?s:
W519581 with carbonate carbonate folded and4sct:r)eched (Fig.
S7578881 Plagioclase porphyroclasts.

Polycrystalline feldspar and
quartz (cm size): stretched
C-506¢ Biotite-plagioclase- Quartz + plagioclase + an;i Ilj.a?llel It:O chén ?m
W559198 quartz schist with biotite + muscovite £ Li thi(:: lf?aloglén ‘:sg cm-);ize
S7585614 garnet garnet & ) ’

sigmoidal shape;
plagioclase + quartz +
biotite.
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Quartzite
C-510
W613244
S7606088
C-559
W347883
S7544195
Amphibolite
C-509
W613274
S7604254
C-540
W613325
S7595159

Paragneiss interbedded
with quartzite,
muscovite quartzite,
muscovite-quartz
schist with
amphibolite and calc-
silicate rocks and
minor metaultramafic
rocks

Paragneiss: muscovite,
biotite, sillimanite and
garnet porphyroblasts;
Quartzite: quartz +
muscovite = opaque
mineral;
Amphibolite: hornblende
+ andesine + quartz;
Metaultramaphic rocks:
talc and hornblende + talc
+ Mg-chlorite;
Calc-silicate rocks:
andesine/labradorite +
quartz + garnet + biotite +
muscovite + tourmaline.

Paragneiss: intrafolial
folds; quartz-feldspathic
lenses; sigmoidal-shaped

quartz (up to 10 cm);
Quartzite: m-sized lenses;
associated with quartzite

and muscovite-quartz
schist.
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Highlights

Sdo Vicente Complex dominant source: juvenile magmatic arc of 2170-2130
Ma;

Deposition: in progress between 2.14-2.13 Ga, with minimum age older than
1.73 Ga;

Tectonic setting: convergent margin basin associated with juvenile magmatism,;
Crust generation along a juvenile magmatic arc around 2.17-2.13 Ga;

Dominant source: orthogneisses of the Pouso Alegre Complex;
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Fig. 12 - RWT
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Fig. 2 - RWT
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Fig. 3 - RWT
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Fig. 4 - RWT
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Fig. 5 - RWT
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Fig. 6 - RWT
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Fig. 7 - RWT
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Fig. 8 - RWT
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Fig. 9 - RWT
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Fig. 10 - RWT
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Fig. 11 - RWT
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Graphical Abstract (for review)
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