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Abstract

Although cratons owe their longevity to thick, depleted and consequently buoyant sub-continental lithospheric mantle,
their extents are commonly indicated by the known distribution of crustal rocks. However, the limits of a mapped cra-
tonic area often do not match the seismically imaged thick sub-continental lithospheric mantle roots. New mantle xenolith
petrology and geochemistry, combined with continental scale geophysical data, confirm the interpretation that the Sao
Francisco Craton extends beyond the extent of surface exposures of Archean rocks. Mantle xenoliths from outside the
typically recognised Sao Francisco Craton boundaries from the Limeira-1 and Redonddo kimberlite diatremes have refrac-
tory olivine [Mg# < 93, with Mg# = 100x molar Mg/(Mg+Fe); Limeira], high-Cr pyrope garnets (Cr,0;<7 wt% from
Redondio), low bulk Al,O;<1 wt%, and '870s/'®0s, = 0.11202-0.11916 (Limeira) and 0.10964-0.11576 (Redondzo)
that equate to Mesoproterozoic minimum Ty, ages. Geothermobarometry indicates that the lithospheric thickness from
which the Redondao xenolith suite was exhumed, extended to >150 km at the time of eruption, similar to the lithosphere
thickness estimated from garnet pyroxenites from the ‘on-craton’ Brauna field. The occurrence of thick, refractory and
ancient lithosphere extending outside the known surface extent of the S&o Francisco Craton suggests that this cratonic
nucleus is significantly larger than recognised at the surface. Based on the evidence reported in this study coupled with
existing literature, we propose that the current limits of the Sdo Francisco Craton nucleus should be revised to consider
deep lithosphere to the north and southwest edges, despite these areas having younger rocks at the surface.
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Introduction

The continent of South America has long been recognised
to contain several cratonic blocks, which form long-lived
portions of lithosphere that have acted as major “nuclei”

Editorial handling: K. Smit.

P4 Nadine P. Cooper
nadine.cooper@postgrad.otago.ac.nz

Department of Geology, University of Otago, 360 Leith
Street, Dunedin 9054, New Zealand

Department of Geoscience, Aarhus University, Hoegh-
Guldbergs Gade 2, Aarhus 8000, Denmark

Department of Earth and Atmospheric Sciences, University
of Alberta, 1-26 ESB, Edmonton, AB T6G 2E3, Canada

Published online: 11 April 2025

during crustal growth. These cratons are typically defined in
the South American literature as areas of crustal rocks older
than 1.8 Ga, i.e., Paleoproterozoic or older. This perspective
differs slightly from other common uses worldwide, where
it is applied to Archean and earlier-formed crustal rocks (De
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Wit et al. 1992; Bleeker 2003). However, critical to the dis-
cussion of what comprises a craton is the recognition that
the ancient crustal rocks are not the major component to the
lithosphere. While it is recognised that the total extent of
crustal rocks may be concealed by burial and/or erosional
processes, it is the lithospheric mantle roots that comprise
and define the majority of cratons (Pearson et al. 2021).
These roots impart the critical long-term stability of cra-
tons via increased buoyancy (Vandenburg et al. 2023) and
strength (Cooper et al. 20006), resulting from high degrees of
melting (Boyd 1989; Herzberg and Rudnick 2012). In this
context, a craton should be more adequately considered as
an area of thick Precambrian lithosphere that has been stable
for ca. 1 Ga, i.e., it demonstrates a stability of thick litho-
sphere that long exceeds orogenesis (Pearson et al. 2021).

Here, we present a geochemical and petrological study
of two suites of peridotitic mantle xenoliths (Redondao,
Limeira) from outside the classically defined Sao Francisco
Craton, and a suite of garnet pyroxenites from within the
craton (Bratina). Rhenium-osmium isotopic data help to
establish the chronology of the peridotites, and the mineral-
ogical data enable calculation of temperatures and pressures
for the analysed samples. Using the global seismic tomog-
raphy model of Schaeffer and Lebedev (2013), the petro-
logical observations are interpreted together with the deep
geophysical perspective to propose a redefined extent of the
Sdo Francisco Craton.

Geological background
Overview

Archean nuclei in South America comprise a geological
record extending back to the Eoarchean and constitute six
classically defined cratons: Amazonian, Sao Luis, Sdo Fran-
cisco, Luis Alves, Rio Apa, and Rio de La Plata (Fig. 1a)
(Almeida et al. 2000; Hartmann et al. 2001; Cordani et al.
2010; Klein et al. 2015; Martins et al. 2017; Santos et al.
2020; Heller et al. 2021; Barbosa et al. 2022; Moreira et
al. 2022). In detail, the Rio Apa and Sdo Luis cratons may
be part of the Amazonian Craton (Teixeira et al. 2017), and
the Rio de la Plata Craton is now defined to exclude the
Archean Nico Perez terrane that was accreted in the Neo-
proterozoic (Oyhantgabal et al. 2018), but extends further
northeast beneath the Paleo-Mesozoic Parana Basin where
it was sutured with the Paranapanema block (Affonso et al.
2021). Our topic of study — the Sdo Francisco Craton — com-
prises tonalite-trondhjemite-granodiorite (TTG) suites and
granite-greenstone terranes that are usually divided between
northern and southern portions, bounded by mobile belts
associated to the Paleoproterozoic Trans-Amazonian and
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Neoproterozoic Pan-African-Brasiliano orogenies (Almeida
1977; Teixeira et al. 2017). Paleogeographic studies have
recognised the Sdo Francisco Craton as associated with the
northern Congo Craton in Africa (e.g., Smith and Hallam
1970) prior to the opening of the Atlantic Ocean (Fig. 1b).

The southern Sdo Francisco Craton comprises an
Archean basement overlain by Paleoproterozoic clastic
and chemical metasedimentary sequences of the Quadri-
latero Ferrifero mining district (Farina et al. 2015) (Fig. 1¢).
Archean exposures in this area are granite-gneiss metamor-
phic complexes of medium to high grade metamorphism,
partially migmatised and intruded by crustal differentiates,
such as K-rich granites (Teixeira et al. 2000). Of particu-
lar importance in the southern S3o Francisco Craton are,
for example, the Paleo to Neoarchean Campo Belo, Belo
Horizonte and Bonfim metamorphic complexes and the
Santa Barbara and Bagdo Domes, which are mainly poly-
phase gneiss and migmatite TTG suites with a juvenile Nd
isotopic signature. These units are tectonically juxtaposed
to remnants of greenstone belts, such as the Fortaleza de
Minas, Barbacena, Piumhi and Rio Paratina, with an age
range from 3.21 to 2.84 Ga and showing evidence for at
least three distinct orogenic events that formed the Archean
core of the southern Sdo Francisco Craton (e.g., Campos
and Carneiro 2008; Lana et al. 2013; Romano et al. 2013;
Teixeira et al. 2017). During the Neoarchean, progressive
continental accretion between 2.8 and 2.6 Ga, in an island-
arc environment further contributed to the development of
the Archean granite-greenstone terrains in the southern Sao
Francisco Craton, including syn to post-orogenic calc-alka-
line and tholeiitic magmatism (Machado et al. 1992; Engler
et al. 2002; Noce et al. 2007; Goulart et al. 2013; Teixeira et
al. 2017). The supracrustal volcano-sedimentary sequences
as well as the TTG gneisses recorded in the southern Sao
Francisco Craton were a stable continental mass by the end
of the Neoarchean, being widely reworked and metamor-
phosed during the Paleoproterozoic around 2.2-1.9 Ga,
related to the Trans-amazonian (Rhyacian—Orosirian) orog-
eny (e.g., Alkmim and Marshak 1998).

The Archean terranes in the northern Sao Francisco Cra-
ton comprise a series of blocks (Gavido, Serrinha, Jequié,
Uaud) accreted in the Paleoproterozoic during the forma-
tion of the Itabuna-Salvador-Curaca orogen at 2.1-2.0 Ga
(Fig. 1c), which underwent metamorphism from greenschist
to granulite facies (Barbosa and Sabaté 2004; Guimares et
al. 2012; de Sousa et al. 2020; Terentiev and Santosh 2020).
Eo—to Mesoarchean rocks have been reported from the
Mundo Novo greenstone belt (3.4-3.3 Ga) and the TTG
terranes comprising the Mairi Complex, Sete Voltas and
Boa Vista/Mata-Verde massifs, the Riacho de Santana and
Sobradinho complexes (3.7 to 3.1 Ga) recorded in different
pulses of mainly felsic crust generation (Fig. 1c) (Marinho
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Fig. 1 a Western Gondwana at 500 Ma showing major global cratons
and Neoproterozoic mobile belts. Figure modified from Kuchenbecker
et al. (2015). b Map of the South American continent showing the 6
major cratons based upon geological surface crustal data. Figure modi-
fied from Cordani et al. (2009). ¢ Geological map of the Sdo Fran-
cisco Craton with its current boundary based upon Almeida (1977).
The craton is surrounded by various Neoproterozoic mobile belts and
orogenies including the Sergipana Belt, Brasilia Belt, Ribeira Belt
and the Araguai Belt which were formerly the pan-African-Brasiliano
orogenies. Basement> 1.8 Ga is outlined and comprises various Paleo-

Curren

Mesoarchean TTG (greenstone) belts including the Mundo Novo, Ria-
cho de Santana greenstone belts and the Sete Voltas and Boa Vista/
Mata-Verde massifs. The three locations focussed on in this study are
indicated, the Brauna Kimberlite Field (10°54°10"S 39°25°22"W),
the Redonddo kimberlite (9°15°23"S 45°33°05"W) and the Limeira-1
kimberlite(18°56°94”S 47°46°72”W) located within the Coromandel
Kimberlite Field at the northern extent of the Alto Paranaiba Igneous
Province (APIP) (orange) (APIP from Fernandes et al. 2021). Figure
modified from Alkmim and Marshak (1998) and Lopes et al. (2021)
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1991; Nutman et al. 1994; Martin et al. 1997; Guimares et
al. 2012; Oliveira et al. 2020). Later mostly Neoarchean
(2.9-2.5 Ga) intra-crustal differentiated granitic intrusions
also occur at the northern Sdo Francisco Craton, similarly to
the observed in the southern Sao Francisco Craton (Marinho
et al. 1993; Leal et al. 2003; Cruz et al. 2012; Santos-Pinto
et al. 2012).

Kimberlite localities

Present day seismic tomography of the S@o Francisco
Craton reveals the sub-continental lithospheric mantle is
approximately 150—175 km thick across most of the craton
and beyond its classical limits to the north and south-west
(Rocha et al. 2011, 2019a; Schaeffer and Lebedev 2013).
In situ kimberlite-erupted diamond occurrences support the
existence of thick cratonic lithosphere in the same regions
as identified by tomographical models. Diamonds within the
Sdo Francisco Craton crustally defined limits are predomi-
nantly derived from the Brauna Kimberlite Field within the
Serrinha block (Pereira et al. 2021). ‘Off-craton’ diamonds
are primarily found to the south-west of the Sdo Francisco
Craton in the western part of Minas Gerais, notably within
the Coromandel Kimberlite Field and the Romaria region
(Svisero 1995; Coelho et al. 2010), the Mato Grosso region
in western Brazil (Kaminsky et al. 2001) and the Fazenda
Largo and Redonddo kimberlites in Piaui State north of the
Sdo Francisco Craton (Kaminsky et al. 2009). Our mantle
xenoliths come from the Limeira-1 kimberlite in the Alto
Paranaiba Igneous Province (APIP), the diamondiferous
Bratna Kimberlite Field, and the potentially diamondifer-
ous Redondao kimberlite pipe (Fig. 1c; Table 1). Of these,

Table 1 Sample summary table

only Brauna samples occur within the classically defined
limits of the Sao Francisco Craton.

The Redondado kimberlite diatreme is located approxi-
mately 15 km southeast of Santa Filomena District, is
estimated to have erupted during the Cretaceous (Svisero
et al. 1977; Almeida-Filho and Castelo Branco 1992). It
has an exposed surface area of ~1100 m? and geophysical
data are interpreted to show that the funnel shaped struc-
ture extends~2 km below the surface (Almeida-Filho and
Castelo Branco 1992), where it intrudes Carboniferous to
Permian sediments (Svisero et al. 1982). Diatreme material
is pale green and highly brecciated and contains crustal- and
mantle-derived xenoliths and various xenocrysts.

Limeira-1 (also referred to as Perdizes-04-A) (Azzone
et al. 2022) is a Cretaceous-erupted kimberlite (Guarino et
al. 2013) located in the Coromandel Kimberlite Field in the
northern half of the APIP (Fig. 1c), intruding a sequence
of Neoproterozoic metasedimentary/metavolcanic thrust-
and fold systems (Fernandes et al. 2021). The Coromandel
Kimberlite Field encompasses over 500 intrusions across
an area of 11,600 km?. The surface expanse of individual
pipes within the field spans 0.01-3.6 km? where crater,
diatreme and hypabyssal kimberlite facies are exposed to
varying degrees (Fernandes et al. 2021). Peridotite xenoliths
occur in some of the volcanic rocks (Coldebella et al. 2020;
Azzone et al. 2022).

The Bratna Field is a~ 17 km long NW-SE trending dia-
mondiferous kimberlite and lamproite field consisting of
19 dikes and three pipe-shaped structures within the Bahia
State (Donatti-Filho et al. 2013). Kimberlites intrude the
late-Archean Nordestina granodiorite batholith, with U-Pb
perovskite dating indicating emplacement at approximately

Modal abundance (vol %)

Sample Ol Opx Cpx Grt Spl Classification Texture Ol Mg# Spl Cr#
LIM-1 93 0 0 0 7 dunite coarse 92.6 70.5
LIM-2 62 38 0 0 0 harzburgite mosaic porphyroclastic 91.3 n.d.*
LIM-3 100 0 0 0 0 dunite coarse 92.5 n.d.
LIM-4 100 0 0 0 0 dunite granuloblastic 922 n.d.
LIM-5 81 11 4 0 4 lherzolite mosaic porphyroclastic 92.5 89.5
LIM-6 100 0 0 0 0 dunite mosaic porphyroclastic 92.6 n.d.
LIM-7 80 0 10 0 10 lherzolite mosaic porphyroclastic 92.7 50.4
B-2E 0 100 0 0 0 garnet websterite coarse n.d. n.d.
B-4G 0 0 63 38 0 garnet websterite coarse n.d. n.d.
B-5H 0 0 86 14 0 garnet websterite coarse n.d. n.d.
B-61 5 23 23 42 7 garnet websterite coarse 92.0 2.9
B9L 0 0 74 22 4 garnet websterite coarse n.d. 4.0
B-10M 0 0 67 33 0 garnet websterite coarse n.d. n.d.
B-11N 0 0 22 78 0 garnet websterite coarse n.d. n.d.
B-13P 0 0 43 57 0 garnet websterite mosaic porphyroclastic n.d. n.d.

Note that Redondao samples are not included here because their modal abundance (by point counting) was not able to be determined because

of extensive serpentinisation of olivine

LIM = Limeira-1 samples, B = Brauna samples, Ol = olivine, Opx = orthopyroxene, Cpx = clinopyroxene, Grt = garnet, Spl = spinel
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640 Ma (Donatti Filho et al. 2008; 2010). Small garnet
pyroxenite xenoliths were obtained from drill cores.

Methods

The xenoliths prepared for analysis were selected based on
apparent freshness. Host kimberlite was removed using a
diamond tipped saw blade and then samples were sanded
using carborundum and washed to remove contamination.
Eighteen samples were selected and either made into 30 um
thick polished thin sections or mounted in epoxy briquettes
and subsequently carbon-coated at a thickness of 10 nm for
analysis by a Zeiss Sigma variable pressure field emission
scanning electron microscope (SEM) using an energy dis-
persive X-ray spectrometer (EDS) attachment. The SEM
was operated with an aperture of 120 pm, a working dis-
tance of 8.5 mm and a 15 kV. Beam intensity was calibrated
on pure cobalt and analyses standardised using Smithsonian
microbeam standards Cr-Augite (Ca, Na, Al), olivine 444
or hypersthene (Mg, Si, Fe), Kakanui kaersutite KK1 (Ti),
microcline (K), chromite (Cr) and fayalite (Mn) (Jarosewich
et al. 1980).

Garnet and clinopyroxene grains were handpicked from
Redonddo and Bratina xenoliths and mounted in resin bri-
quettes for in situ trace element analyses. Analyses were
conducted using an Agilent 7900 quadrupole inductively
coupled plasma-mass spectrometer (ICP-MS) linked to
a Resonetics RESOlution 193 nm ArF excimer laser at
50-75 um, a 10 Hz repetition rate, and an on-sample flu-
ence of 2.5 J/em?. Individual analyses had 20 s gas back-
ground preceding 50 s of data collection. Collection of mass
peak data took place with integration times of 10 ms per ele-
ment in time-resolved mode with one point per peak. Back-
ground for raw mass peak count rates were subtracted and
converted to concentrations using Iolite v.3.72 (Paton et al.
2011) and corrected for mass bias drift. Internal normalisa-
tion was achieved using Ca wt% measured by EDS and *Ca
signals for both clinopyroxene and garnet. The method was
calibrated against NIST SRM 610 (Jochum and Stoll 2008),
which was run approximately every 10 analyses, and NIST
SRM 612 glass (Jochum and Stoll 2008) and BHVO-2G
(basaltic glass; Jochum et al. 2005) used for quality assur-
ance of that calibration. The monitoring reference materials
produced results within 16% (and mostly within 10%) of
published values.

Samples for bulk analyses were pulverised using an agate
mill. Powders of one aliquot were measured for major and
trace elements by X-ray fluorescence. Major elements were
measured on lithium tetraborate fused disks containing
0.4 g of powder, with the trace elements obtained on dried
powders (110 °C) converted to pressed powder pellets that

were made of 7.0 g rock powder and 1.4 g copolywax. Ele-
ments were measured on a PANalytical 2404 X-ray fluores-
cence vacuum spectrometer equipped with a 4 kW Rh super
sharp X-ray tube. Loss on ignition (LOI) was calculated by
weighing aliquots before and after experiencing 950 °C in
an oven for one hour.

Re-Os isotopes and highly siderophile elements (Ir, Os,
Pt, Pd, Re, Ru) concentrations were measured. For each
sample, 1 g of agate-ground powder and a mixed PGE spike
was dissolved for ~16 h at ~260 °C with a '®Re, '*°Os,
Y1y, 194pt, and '°°Pd mixed spike in Aqua Regia in a high-
pressure asher (HPA-S, Anton Paar). All acids are of Fisher
Trace Metal Grade that were further purified in Savillex Tef-
lon cupola stills. Osmium was separated from other PGE
using a CHClI, triple solvent extraction, back extracted into
HBr (Cohen and Waters 1996), and then purified by micro-
distillation (Birck et al. 1997). Following Os extraction,
aqua regia was evaporated before converting Re and the
other PGEs to chloride form by drying repeatedly in HCI.
Matrix separation was achieved using anion exchange chro-
matography (with BioRad AG1 X-8 anion exchange resin)
modified from Pearson and Woodland (2000). Matrix sepa-
ration was achieved using anion exchange chromatography
(with BioRad AG1 X-8 anion exchange resin) modified from
Pearson and Woodland (2000). Os isotopes and abundances
were measured using negative thermal ionization mass
spectrometry (N-TIMS) on a Thermo Fisher Triton Plus. A
Ba(OH), activator was used on all samples and standards.
All samples in this study were analysed by peak hopping on
a secondary electron multiplier. Mass fractionation was cor-
rected to 1°20s/'*80s = 3.082614. Accuracy and precision of
the Os isotope analyses was assessed by analyzing a DrOsS
standard at the start and end of each measurement session
and comparing this to the long-term laboratory mean values
of ¥70s/'%%0s (0.16083+0.00028; 26 absolute; n=50; 26
relative=1.8%o), which have been ascertained over several
years through repeated measurements of the DrOsS stan-
dard. The mean '*70s/'*80s for DrOsS standards measured
in this study is identical within the stated level of precision,
to the accepted value of 0.160924+0.00004 (Luguet et al.
2008), hence the Os isotopic data are considered accurate
at this level of precision. PGE and Re abundances were
measured on a Nu Attom ICP-MS. Mass fractionation was
corrected using synthetic 1 ppb PGE standards. Blank cor-
rections are minor for Ir, Re, Ru, and Pd (5 pg/g or less).
Blanks are slightly higher for Pt, typically in the order of 20
pg/g. The tomographical model upon which the xenoliths
are projected is from Schaeffer and Lebedev (2013), and the
reader is directed there for all details about its generation.
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Results
Xenolith textures and major element compositions

The three mantle xenoliths collected from the Redondao
kimberlite contain variable amounts of relatively fresh gar-
net; however, heavy weathering has resulted in complete
serpentinization of olivine and most orthopyroxene and
clinopyroxene grains (Table 1; Fig. 2a). Consequently, the
inter-mineral textures and modal abundances are unclear,
and olivine chemical compositions were unable to be deter-
mined. The garnets are 2—4 mm Cr-pyrope porphyroblasts,
with MgO between 18.7 and 20.5 wt%, 5.3-6.8 wt% CaO
and Cr,0; 4.3-7.0 wt% (Table 2). Garnet compositions
from the Redonddo peridotites are harzburgitic (G10),
which plot below the graphite/diamond constraint (GDC),
and lherzolitic (G9) (Griitter et al. 2004). (Fig. 3). Garnets
are often surrounded by small <100 um reaction rims com-
prising subhedral grains of Al-rich spinel and clinopyroxene
(Fig. 2a). Orthopyroxene typically presents as weathered
porphyroblasts between 500 um and 1 mm and is enstatite,
with average Mg# 92.5, average Al,O; between 1.5 and 3.4
wt%. Clinopyroxene is Cr-diopside with between 1.3 and
2.3 wt% Cr,0O; (Table 2).

The seven studied peridotite xenoliths from the Lim-
eria-1 kimberlite are up to ~5 cm in length and are oliv-
ine-rich dunites with minor harzburgites and lherzolites,
determined by point counting polished thin sections on a
200 % 200-point grid (Fig. 2b). Mineral textures vary from
granuloblastic and mosaic porphyroclastic to coarse (classi-
fication of Harte 1977). The rocks comprise porphyroclasts
of orthopyroxene (<3 mm) set in an olivine-rich matrix
(Fig. 2c) with rare clinopyroxene and spinel. The olivine
Mg# varies between 91.3 and 92.7. The spinel has average
Cr# [100x molar Cr/(Cr+Al)] between 50 and 90 (Table 1)
and is usually present as small grains in and around pyrox-
enes but can be up to 500 pm in diameter in some samples.
Although garnet does not occur in our samples, it has been
reported in peridotites from the area by Carlson et al. (2007)
and Braga et al. (2024).

Eight mantle xenoliths from the Bratna kimberlite field
were obtained (exact pipes unknown) and are highly weath-
ered and/or carbonated garnet websterites. They consist
predominantly of coarse dark green clinopyroxene (<6 mm)
and deep red garnet (<5 mm) (Fig. 2d) accompanied by
various REE-rich accessory minerals such as monazite and
apatite. Garnets from the Brauna field are Cr-pyrope with
MgO 18.9-20.2 wt% and CaO 4.2-4.7 wt% and contain
little Cr,05 0.7-1.5 wt%, they classify as low-Cr G4 garnets
according to the scheme of Griitter et al. (2004) (Fig. 3).
Garnets from B-9 L has anomalously low MgO (12.2 wt%)
and high CaO (11.2 wt%) compared to others in the suite.
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Only one Brauna xenolith (B-6I) contained olivine, which
has Mg# 92.0. This sample also has aluminium-rich spi-
nel with Cr# 2.9-4.0. Based upon the garnet chemistry, the
Bratina xenoliths are likely classified as pyroxenites or web-
sterites (Fig. 3).

Mineral trace elements

In situ trace element analyses were only conducted on indi-
vidual garnet and clinopyroxene grains from the Redondao
and Brauna suites, as garnet is absent in the Limeira suite
and the samples were too small to disaggregate for clinopy-
roxene separates (Fig. 4a, b). CI chondrite-normalised REE
patterns for garnet from both the Bratna and Redondao
suites display negatively sloped patterns with low LREEy
and high HREE,, with average Bratina La/Yby = 0.013 and
average Redonddo La/Yby = 0.015 (Fig. 4c, d). Redondao
garnet grains have an overall slightly greater concentration
of REE compared to those from the Bratina websterites.
Following the compositional populations of mantle-derived
Cr-pyrope garnets defined by trace elements (Griffin et al.
1999, 2002), the Redondao suite falls approximately into the
‘depleted/metasomatised peridotites’ and ‘melt-metasoma-
tised peridotite’ categories based upon mean concentrations
of'Y, Zr and Ti (Table 3) (Griffin et al. 2003). Clinopyroxene
in Brauna and Redondao suites have convex REEy patterns
with LREE approximately 10x chondritic values, and low
HREE~0.15x% chondrite (Fig. 4c, d). LREE is enriched rel-
ative to both MREEy, and HREEy. Brauna clinopyroxenes
are overall more enriched in REEs than Redondao, with
La/Yby= 38.8 and 25.1, respectively. The Cpxy/Grty REE
show very similar trends across different samples (Fig. 4e),
although B-5H, RE-02 and RE-04 show some dispersion.

PGE and '®70s/'%80s ratios

Bulk rock platinum group element (PGE) and '*70s/'*%0s
data were collected on the Redondao and Limeira peridotite
xenoliths (Table 4). Although PGE data were collected from
the Bratina pyroxenites, the concentrations were extremely
low and the samples too over-spiked to give accurate results.

The two peridotite suites have broadly similar platinum
group elements patterns, with elevated Os, Ir and Ru (I-PGE
group) having typically higher PUM-normalised values than
Pt and Pd (P-PGE group) (Fig. 5). When compared to the
compilations of cratonic xenoliths and off-craton xenoliths
(Aulbach et al. 2016), normalised I-PGE concentrations are
like those of cratonic mantle, with relatively unfraction-
ated Os/Ir ratios (Fig. 5). Distinctive exceptions are LIM-
6, which has Os greater than primitive upper mantle, and
RE-04, which has Ru greater than primitive upper mantle.
Pt and Pd concentrations are closer to values from cratonic
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Fig. 2 Xenolith minerals and textures. a Redondao peridotite xenolith
minerals, with the exception of garnet (grt), are extensively altered.
Some relict clinopyroxene (cpx) and orthopyroxene (opx) (not visible
in this field of view) are present. Sample RE-02. b The studied Limeira
peridotites are small, mainly harzburgitic to dunitic fragments. ¢ In

some cases (e.g., LIM-3), there are porphyroclasts of orthopyroxene
surrounded by variably recrystallised olivine (Ol), as seen in this back-
scattered electron image. d The Bratina pyroxenites contain a deep red
garnet and dark green clinopyroxene. Here, fragments of B-5 H are
mounted in epoxy
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Table 2 Mineral major element chemistry for mantle xenoliths from Limeira-1 (LIM), Brauna (B) and Redonddo (RE) kimberlites

Ol SiO, TiO, Al,O, FeO MnO MgO CaO Na,O K,O Cr,0,4 Total
LIM-1 41.26 733 0.27 51.44 100.30
LIM-2 40.54 8.92 49.66 0.16 99.28
LIM-3 41.21 7.50 51.33 100.03
LIM-4 42.00 7.57 49.59 99.15
LIM-5 41.51 7.46 0.40 51.47 100.84
LIM-6 41.38 7.33 51.62 100.34
LIM-7 41.19 7.44 51.89 100.53
B-61 41.97 7.43 51.03 100.43
Opx Sio, TiO, AL O, FeO MnO MgO CaO Na,O K,0 Cr,0;4 Total
LIM-2 56.65 0.23 1.20 5.19 0.12 34.97 0.79 0.04 0.54 99.73
LIM-5 57.85 0.22 1.30 4.47 0.08 34.80 0.66 0.06 0.31 100.46
B-61 52.65 0.30 7.91 7.78 0.11 29.94 1.18 0.12 0.55 100.54
RE-01 57.07 0.27 1.53 4.96 0.04 34.89 1.01 0.11 0.52 100.39
RE-04 56.76 0.27 1.35 5.25 0.06 34.60 0.93 0.13 0.60 99.95
Cpx Sio, TiO, AL O, FeO MnO MgO CaO Na,O K,0 Cr,0,4 Total
LIM-2 53.74 0.54 2.16 422 0.06 19.47 19.13 0.16 1.10 100.58
LIM-5 54.19 0.21 1.79 222 0.05 18.69 21.43 0.85 1.11 100.54
LIM-7 55.23 0.12 235 1.74 0.07 17.66 21.45 1.06 1.31 100.99
B-4G 56.13 0.15 2.46 2.95 0.09 16.51 19.71 1.68 0.74 100.41
B-5H 55.69 0.18 4.34 5.67 0.13 17.03 14.73 1.92 0.33 100.01
B-61 55.80 0.37 2.75 2.61 0.08 16.03 2043 1.86 0.40 100.32
B-9L 54.85 0.13 5.99 3.20 0.05 12.93 19.53 2.26 0.05 99.00
B-11 N 55.36 0.14 2.01 2.65 0.11 17.57 20.02 1.22 0.38 99.45
B-13P 55.18 0.84 0.84 1.98 0.10 16.33 24.79 0.41 100.46
RE-01 55.08 0.43 2.39 2.87 0.09 18.94 18.66 1.36 1.14 100.95
RE-02 54.10 0.30 2.20 2.87 0.06 18.56 18.93 1.27 1.32 99.61
RE-04 48.58 1.02 9.03 3.73 0.28 15.76 19.21 0.66 2.37 100.64
Grt SiO, TiO, Al,O4 FeO MnO MgO CaO Na,O K,0O Cr,0; Total
B-4G 4251 0.30 22.64 8.72 0.30 20.22 4.48 1.46 100.63
B-5H 42.20 0.39 22.54 10.58 0.26 18.86 4.70 0.75 100.28
B-61 42.25 0.40 23.53 8.02 0.34 20.63 4.18 0.65 99.98
B-9L 40.01 0.22 24.19 12.13 0.27 12.19 11.12 0.24 100.37
B-11N 42.43 0.30 23.08 6.85 0.32 21.55 4.29 1.05 99.86
RE-01 41.49 0.45 20.26 7.02 0.29 19.63 5.89 4.90 99.91
RE-02 41.32 0.80 19.89 7.23 0.29 18.72 5.57 6.99 100.81
Spl SiOo, TiO, AL O, FeO MnO MgO CaO Na,O K,0 Cr,0; Total
RE-04 41.95 0.44 20.81 6.67 0.26 20.46 533 4.28 100.19
LIM-1 0.12 15.06 18.66 12.66 53.70 100.20
LIM-7 0.14 27.85 18.14 12.38 42.22 100.72
RE-01 0.72 43.15 12.18 19.91 24.45 100.40
RE-02 0.31 52.53 11.59 20.19 14.97 99.59
RE-04 0.51 46.72 11.95 0.42 19.06 21.12 99.78

Concentrations of major oxides quoted in wt%The SEM limit of detection is <0.1 wt%

mantle than off-craton samples (0.36 and 0.14 ppb, respec-
tively) (Aulbach et al. 2016). Rhenium is commonly added
to peridotite xenoliths during entrainment and transport to
the surface (Walker et al. 1989) and so the distribution of
this element may not be related to the mantle source.

The Redonddo peridotites have measured '370s/!%0s
ranging between 0.11206 and 0.11939 and '®’Re/'330s from
0.023 to 0.139 (Fig. 6a; Table 4). While there may be a sub-
tle trend when plotted against anhydrous-normalised bulk

@ Springer

Al O; or CaO, the few samples available make this a very
weak correlation (Fig. 6b and ¢) (Table 5). Although the host
Redondao kimberlite is undated, the age is assumed to be
Cretaceous (Svisero et al. 1977; Almeida-Filho and Castelo
Branco 1992), and initial Os isotopic ratios are calculated at
100 Ma, the assumed time of kimberlite eruption. This gives
1870s/1880s; of 0.11202-0.11916, and assuming a Primitive
Upper Mantle reservoir with a present-day '%70s/'®0s of
0.1296 (Meisel et al. 2001), results in Ty of 1.3-2.3 Ga
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(Fig. 7). Limeira peridotites have measured '*’0s/'*®0s
ranging between 0.1097 and 0.1170 and "*"Re/'*0s from
0.05 to 0.792 (Table 4). Age correction of these to the erup-
tion age of 91 Ma (Guarino et al. 2013) gives '¥70s/!330s;
of 0.10964-0.11576 (Table 4) and Ty ages of 1.8 to 2.6
Ga (Fig. 7). These data are comparable to '¥70s/!%%0s data
from Tres Ranchos and other kimberlite-erupted xenoliths
from the APIP and Coromandel kimberlite fields reported
by Carlson et al. (2007), which have '¥70s/!%%0s from
0.10990 to 0.11517 and eruption age corrected '#70s/!#0s;
of 0.10572-0.11395. The Bratina pyroxenites have more
radiogenic '¥’0s/!%%0s compared to the peridotite suites.
Measured '#70s/!%80s is between 0.12722 and 0.19210
and '®Re/'®80s is 0.70321-1.34234, which corrects to
18705/'%80s, 0.11896-0.36866 at 640 Ma.

Geothermobarometry

The Ni-in-garnet thermometer yields T,; from single gar-
net grains in harzburgite and lherzolite xenoliths via the
exchange of Ni and Mg in garnet and olivine, assuming
chemical equilibrium (Ryan et al. 1996; Canil 1999; Sud-
holz et al. 2021b). Temperatures obtained using the Ryan
et al. (1996) method for Redonddo garnets (RE-01, RE-02
and RE-04) gave T,; between 1253 and 1313 °C (Fig. §;
Table 6). The Ty; thermometer was unsuitable for the major-
ity of Brauina samples since there is no evidence of co-exist-
ing olivine, except for B-61 which yields a result of 7y; =
1015 °C. The Brey and Kohler (1990) two-pyroxene ther-
mometer was only able to be used to determine temperature
estimates for LIM-2 and LIM-5, which returned 1072 and
1276 °C.

Due to small samples and coarse grain size, several dif-
ferent geothermobarometric methods are required. Fe-Mg
exchange reactions between garnet and clinopyroxene allow
equilibrium temperatures of mantle xenoliths to be calcu-
lated. Using the Sudholz et al. (2022) Fe-Mg exchange ther-
mometry between garnet and clinopyroxene, calculated with
preset temperatures and coupled with the Cr-in-clinopyrox-
ene single crystal geobarometer of (Sudholz et al. 2021a)
recalibrated from Nimis and Taylor (2000), a temperature
interval of 1007—1277 °C and 1.9-2.8 GPa (av=2.4 GPa)
is determined for the Brauna suite (Table 6). The Cr-in-
clinopyroxene thermobarometer was only applicable to
B-4G and B-11 N due to insufficient clinopyroxene Cr# in
the other samples. The Redondao peridotites returned tem-
peratures between 1119 and 1393 °C and pressures between
3.5 and 4.9 GPa using this thermobarometer combination
(Table 6; Fig. 8).

Discussion

Age, composition and depths of extraction of the
regional mantle lithosphere

Previous studies have determined that the lithosphere
beneath portions of the Sdo Francisco Craton have geother-
mal gradients of ~35 to 42 mW/m? (Pereira et al., unpub-
lished data; Carvalho et al. 2022) and is therefore cold
and thick. The olivine Mg#, bulk rock compositions, the
1870s/1880s data, and minimum Ty, (1.8 to 3.2 Ga) of the
Limeira peridotites (this study; Carlson et al. 2007), which
are derived from outside the classically-drawn boundaries
of the craton nucleus, confirm the existence of refractory
Paleoproterozoic to Neoarchean mantle lithosphere beneath
this area. Their garnet-free nature may be due to the greatly
expanded stability of spinel in Cr-rich peridotites (spinel
Cr# 70-89) (Klemme 2004), or alternatively, the depleted
mantle may not have had sufficient Al available to form
garnet. In any case, it is evident that the mantle lithosphere
sampled by this kimberlite was also cold and old.

The P-T data for the Redondao garnet peridotites indicate
that the lithosphere there is at least up to ~160 km, with
the new Paleoproterozoic-Mesoproterozoic minimum Tgy,
ages (1.3-2.2 Ga) contrasting greatly with the Palaeozoic
to Mesozoic exposed crust (Svisero et al. 1977, 1984). In
instances where there is no fresh olivine, such as for the
Redondao xenoliths, the degree of peridotite depletion may
be estimated by the Cr,0; in garnet. Pyrope garnets from
global Archean suites (>2.5 Ga) have 3.5-7.3 wt% Cr,0;,
Paleo- and Mesoproterozoic age suites have 2.6-6.0 wt%
Cr,0; and Neoproterozoic suites tend to have much lower
Cr,0; of 1.7-2.8 wt% (Griffin et al. 1999). Although the Cr
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concentration is a function of the degree of depletion, and it
is being increasingly recognised that there are ultra-refrac-
tory mantle lithospheres formed in the post-Archean Earth
(Scott et al. 2020; Barrett et al. 2022), the occurrence of high
Cr-pyrope garnets in mantle xenoliths from the Redondao
kimberlite (4.3—7.0 wt% Cr,0;) (Table 4) suggests a refrac-
tory sub-continental lithospheric mantle. Thus, the chemical
and isotopic data indicate that the mantle lithosphere repre-
sented by the Redonddo xenoliths is old and cold, despite
also being outside the classically drawn craton limits.

Extension of the craton to include kimberlite
regions (APIP, Redondao)

Properties of the Limeira and Redondéao peridotites coupled
with recent geophysical models offer a revised interpretation
of the extent of the Sdo Francisco Craton. Key to this argu-
ment is that despite the crust being “off-craton”, the mantle
lithosphere beneath these locations meets the Pearson et al.
(2021) definition of being cratonic; that is, the lithosphere-
asthenosphere boundary (LAB) extends to >150 km depth
and has been stable for ca. 1 Ga. The application of the
Schaeffer and Lebedev (2013) tomographic model to South
America illustrates changes in S-wave velocity in 2-dimen-
sional slices at depths of 150, 175 and 200 km (Fig. 9a, b,
c¢). High velocity anomalies at depths exceeding 175 km
(Fig. 9b) occur beneath the north-eastern extent of the Sao
Francisco Craton in the Borborema Province, and beneath
a large region to the south-western region of the craton,
encompassing the APIP (Limeira) and Brasilia Belt orog-
eny. Velocities are slightly lower to the north of the craton,
encompassing the Redondédo kimberlite, which may be due
to post-cratonic lithospheric thinning (Rocha et al. 2019a;
Celli et al. 2020).

Tomographical studies have also identified the high
velocity signature in the lithospheric mantle to the south-
west of the craton (Assumpgao et al. 2004; Rocha et al.
2011, 2019a; Assumpgdo et al. 2017; Celli et al. 2020), with
some suggesting that the Sdo Francisco Craton could be part
of a much larger continental block (Pereira and Fuck 2005).
Most of the models associated with the Sdo Francisco Cra-
ton predict a maximum cratonic root depth between 200
and 250 km. Our thermobarometrical data suggest xenolith
extraction depths are between ~120-160 km and at tem-
peratures lower than what the LAB is typically considered
(ca. 1350 °C), which means that the lithosphere must extend
deeper than 160 km. Lower velocity regions correspond to
known basins, such as the Parana and Parnaiba basins and
the Transbrasiliano Lineament (Fig. 9), which would have
been subject to significant lithospheric reworking and defor-
mation during their Neoproterozoic formation (Rocha et al.
2019b). Between 150 and 175 km depth, the S@o Francisco
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Craton appears to diverge into two lobes separated by a
region of low velocity (Fig. 9a, b). An explanation for the
subsurface topography of the craton may be due to litho-
spheric thinning by the Pirapora aulacogen, an aborted Pro-
terozoic rift structure relict from the breakup of Gondwana
(Alkmim et al. 2007; Rocha et al. 2019a; Teixeira et al.
2021), although higher resolution seismic data are needed
to properly evaluate this. We examine the extent in more
detail below.

The SW extent of the Sao Francisco Craton beneath
the APIP

The presence of a cratonic root underneath the APIP, to the
west of the Sdo Francisco Craton surface-mapped extent,
has been inferred in multiple studies (Carlson et al. 2007;
Assumpgao et al. 2017; Teixeira et al. 2017; Fernandes et
al. 2021; Azzone et al. 2022; Carvalho et al. 2022; Guarino
et al. 2024). Regions of anomalously high P and S-wave
seismic velocity, low density, resistive electric response,
low temperature and thus higher magnetic susceptibility,
are well documented and correlated with global cratons and
Precambrian shields (Polet and Anderson 1995; Artemieva
2011; Pearson et al. 2021; Ciardelli et al. 2022). High veloc-
ity anomalies (HVAs) suggest the presence of cold, chemi-
cally distinct mantle, one that is olivine rich and FeO-poor
(Frederiksen et al. 2001).

The NE limit of the Sao Francisco Craton with the
Borborema Province

The north-eastern margin between the Sao Francisco Cra-
ton and the Borborema province (Fig. 9) is tectonically and
stratigraphically complex as a result of several episodes of
collisional tectonics and magmatism since their amalgama-
tion as part of west Gondwana between 590 and 570 Ma
(Ganade de Araujo et al. 2014). The Borborema Province
is believed to be a rifted fragment of the Benino-Nigerian
Shield (de Souza Filho and Seoane 2022), segregated by
extensive E-W trending shear zones that occurred during
the late-Neoproterozoic Brasiliano orogeny (Hasui 2012;
Neves 2021). Lithospheric discontinuities beneath the Per-
nambuco Lineament, an extensive shear zone, represented
by a transition from conductive to resistive lithosphere and
anorthward gradient of high to low P-wave velocity anoma-
lies (Rocha et al. 2019a), suggest a progression from sta-
ble cratonic lithosphere to one that is thin and/or modified
(Santos et al. 2014; Rocha et al. 2019a; de Souza Filho and
Seoane 2024). The S-wave tomographical model of Schaef-
fer and Lebedev (2013) supports the existence of thick
cratonic lithosphere extending north of the conventionally
defined Séao Francisco Craton into the southern Borborema
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Province, potentially to the juncture of a paleo-suture zone
formed between two continental blocks (Fig. 9). Alterna-
tively, these high velocity anomalies observed to the north
of the Sdo Francisco Craton may be generated by the north-
ward subducted Sdo Francisco paleo-slab underneath the
Borborema province (de Oliveira et al. 2023). We therefore
suggest that the northern lithospheric boundary of the Séo
Francisco Craton is approximately beneath the Pernambuco
Lineament, despite the surface representation of the craton
being somewhat southward, within the Rio Preto, Riacho do
Pontal and Sergipana fold and thrust belts (Fig. 1) (Ganade
etal. 2021; Neves 2021; de Souza Filho and Seoane 2024).

The W limit of the Sao Francisco Craton with the
transbrasiliano lineament and Parnaiba block

The western Sdo Francisco cratonic margin with the Bor-
borema Province and the Amazonian Craton is overlain by
the Parnaiba intracratonic basin, which is underpinned by
high to moderately resistive regions in the upper mantle that
are representative of relict continental lithosphere (de Souza
Filho and Seoane 2024). Low P-wave velocity anomalies
trending NE-SW are in agreement with the orientation of the
Transbrasiliano Lineament (Fig. 9), a~200 km wide feature
separating the Sdo Francisco and Amazonian paleo plates
which were merged during a series of collisions between
950 and 550 Ma (de Azevedo et al. 2015). This region of
anomalously low velocity between the Amazonian and Sao
Francisco cratons is interpreted as the approximate location
of the upper mantle boundary zone.

The SW limit of the Sao Francisco Craton with the
Paranapanema block

S-wave tomographic slices of the lithosphere from Schaeffer
and Lebedev (2013) (Fig. 9) display sustained high velocity
anomalies until ~175 km depth (Fig. 9b) to the south-west
of the Sdo Francisco Craton extending beneath the APIP
and Paranapanema cratonic block which is obscured at the
surface by the Parana sedimentary basin and flood basalts
(Rocha et al. 2011, 2019b). The Paranapanema block has
been described as both a cohesive cratonic block (Cordani
et al. 1984; Mantovani and de Brito Neves 2005) and as
an accumulation of multiple lithospheric fragments sepa-
rated by suture zones (Rocha et al. 2011). Low velocity
anomalies coincide closely with the suggested limits of the
lithospheric feature (Milani and Ramos 1998; Rocha et al.
2011). Collisional magmatism in the region at 790 Ma has
been interpreted to mark approximate closure between the
Paranapanema and greater Sdo Francsico Craton (Heilbron
etal. 2017; Rocha et al. 2019b). Although the cratonic litho-
sphere of the Sao Francisco Craton and Paranapanema block
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Fig. 7 Summary histogram showing the distribution of Re-deple-
tion Os model ages Ty (Ga) for South American mantle xenoliths
compared to Archean, ophiolitic and abyssal xenolith suites. Global
abyssal peridotite and Papua New Guinea (PNG) ophiolite peridotite
represent Os isotopic compositions of the modern convecting mantle,
values are from Barrett et al. (2022). North Atlantic Craton values are

from Wittig et al. (2010) and the Zimbabwe Craton values are from
Smith et al. (2009). Brazilian mantle xenolith suites are from Carlson
et al. (2007); Ngonge et al. (2019), Patagonian mantle xenolith suites
are from Schilling et al. (2008); Mundl et al. (2016); Schilling et al.
(2017). Global curves only show relative distribution of probability
and do not correspond to the same y-axis scale as the histogram data
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Fig. 8 Pressure temperature estimates for mantle xenoliths from
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et al. 2022) are slightly warmer than geotherms predicted for the Sao
Franciso cratonic boundary (36 mW/m?) and estimate the intercept

Table 6 Summary of temperature and pressure estimates for mantle
xenoliths from Limeira-1 (LIM), Brauna (B) and Redondao (RE) kim-

berlites

between the mantle adiabat (Hasterok and Chapman 2011) and LAB
at 160-220 km depth. 'T[SUD22grt-cpx] (Sudholz et al. 2022),> TNi
(Ryan et al. 1996),> T [BKN] (Brey and Kohler 1990),* P[SUDcpx]
(Sudholz et al. 2022)

part of the S8o Francsico Craton in the Pearson et al. (2021)
classification, their 1 Ga age is only a guideline, and these
two blocks have been joined and stabilised for a period far

longer than typical for orogens. Thus, the two blocks are

on track to being cratonised and incorporated on this basis.

The E limit of the Sao Francisco Craton including the

High velocities also observed beneath the Araguai oro-
genic belt imply that cratonic mantle extends eastward of
the surface expression of the Sdo Francisco Craton (Fig. 9),
underpinning a complicated and modified amalgamation of

Sample Temperature Pressure
LIM-2 12763
LIM-5 10723
B-4G 1007 ! 2.8¢

1
E:ZIH izzz 5 Aracuai belt
B9L 1078 !
B-11N 10251 194
RE-01 12602, 1122 454
RE-02 125321119 344
RE-04 131321393 ! 494
"' T [Sud22,,,,] from Sudholz et al. (2022),> Ty; from Ryan and

Griffin (1996), ° T [BKN] from Brey and Kohler (1990), 4 P [Sud-
22...] from Sudholz et al. (2021)

cpx

were accreted together<1 Ga, tomographic velocity mod-
els imply a continuation of thick lithosphere between the
two, potentially representing a sutured interface. Nonethe-
less, the resolution of the model is approximately 200 km,
and therefore it may not be high enough to distinguish two
formerly separate blocks. For this reason, we include up to
the interface zone between the Sao Francisco Craton and
Paranapanema block in our revised craton limits (Fig. 9d).
Although the age of collision being less than ~1 Ga (ca.
790 Ma) would exclude the Paranapanema block from being

@ Springer

reworked Sao Francisco Craton Archean and Paleoprotero-
zoic crustal terranes (Noce et al. 2007; de Morisson Vale-
riano et al. 2016; Rocha et al. 2019a). Various suggestions
of the connection between the Sdo Fransico Craton and the
Congo Craton following the Araguai belt N-S during the
formation of the Atlantic Ocean have been made (Rocha
et al. 2019a and references therein). Given the evidence
for the Aracguai belt being a highly modified region of Sao
Francisco cratonic basement and observations of subsurface
cratonic features, we suggest that the Sdo Francisco Craton
margins extend to include the surrounding orogenic belts.
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Conclusions

The Sao Francisco Craton boundaries are commonly defined
by the surface expression of ancient Archean age crust and
surrounding mobile belts. Recognition of the critical role
played by the volumetrically dominant portions of cratons
— their mantle lithospheric roots — in stabilising lithospheres
through time allows for a more detailed examination of the
potential extent of the S&o Francisco Craton. Petrologi-
cal and thermobarometric data from peridotites from the
Limeira and Redonddo kimberlites show that these ancient
ultra-refractory peridotite xenoliths were extracted at depths
beyond 150 km in classically defined ‘off-craton’ regions.
The combination of petrological and thermobarometric data
with geophysical models supports the evidence for the exis-
tence of a thick, refractory cratonic root beneath the APIP
and Redonddo kimberlites to the south-west and north of
the canonically defined Sdo Francisco Craton boundaries
(Almeida 1977). The proposed revised boundary for the Sdo
Francisco Craton encompasses both crustal and subsurface
components to define a more accurate representation of the
craton area.
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