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ARTICLE INFO ABSTRACT

Keywords: Petrostructural analysis of 31 mantle xenoliths from three kimberlitic pipes intruding the Neoproterozoic Brasilia
Craton belt close to the southwestern margin of the Sao Francisco craton (SFC) reveals microstructures and compositions
Mfm,ﬂe similar to those observed in cratonic roots worldwide. (1) The spinel-peridotites sampling the upper section of
](;(1:;/01 rnriation the lithospheric mantle have dominantly refractory modal and mineral compositions, whereas garnet-peridotites
Annealing sampling the deep lithospheric mantle have more fertile compositions, consistent with those observed in cratonic
Metasomatism roots worldwide. (2) The spinel-peridotites present a variation in microstructure from coarse-granular to coarse-

porphyroclastic, but similar olivine crystallographic preferred orientations (CPO). (3) The garnet-peridotites
have fine-porphyroclastic microstructures. (4) Many coarse-porphyroclastic spinel-peridotites display Fe-
enrichment in olivine and pyroxenes, often associated with Ti-enrichment in pyroxenes or spinel and occur-
rence of modal phlogopite. (5) Equilibrium temperatures and pressures of garnet-peridotites are consistent with a
cratonic geotherm, but equilibrium conditions of spinel-peridotites require a warmer geotherm. We interpret
these observations as indicating that the xenoliths sample the SFC mantle root, which extends beneath the
Brasilia belt, but was modified by reactive transport of the magmas forming the Alto Parnaiba Igneous Province
(APIP) between 120 and 90 Ma. The APIP magmatism resulted in heterogeneous modal metasomatism, Fe
enrichment, development of coarse-porphyroclastic microstructures in spinel peridotites and fine-
porphyroclastic microstructures in garnet-peridotites, and moderate heating of the cratonic mantle root. These
changes may produce a decrease in seismic velocities explaining the local weak negative anomaly observed in the
lithospheric mantle beneath the APIP, which contrasts with the positive velocity anomalies characterizing the
SFC mantle root in P-wave tomography models. However, reactive magma transport did not erase the olivine
CPO. Comparison of the average seismic properties of the xenoliths with seismological data implies dominantly
subhorizontal fossil flow directions and a non-negligible contribution of the cratonic root to teleseismic S-waves
splitting.

Melt-rock reaction
Seismic anisotropy
Seismic velocities

1. Introduction

Cratons, with their thick, buoyant, chemically depleted, low heat
flow, and high strength lithospheric mantle (Boyd and Mertzman, 1987;
Durrheim and Mooney, 1991; Griffin et al., 1998; King, 2005), play an
essential role in the tectonic evolution of continental plates. They
constitute the strong nuclei around which continents have grown,
exerting a major control on the deformation and magmatism

distribution at the plate scale (e.g., Tommasi and Vauchez, 2015 and
references therein). However, the processes leading to the formation and
allowing for the longevity of cratonic roots over billions of years are still
debated (cf. reviews on craton formation processes in Griffin et al., 2003
and Arndt et al.,, 2009 and numerical models testing the stability of
cratonic roots in Doin et al., 1997 and Lenardic et al., 2003).

The Sao Francisco craton (SFC) is a key element in the construction
of western Gondwana. It played a major role on many of the late



Neoproterozoic to early Paleozoic collisions leading to the amalgam-
ation of this supercontinent (Valeriano et al., 2008). These collisions are
presently recorded by the orogenic belts that surround the SFC: the
Ribeira-Aracuai system in the SE, the Brasilia-Tocantins system in the
WSW and W, and the Borborema Province in the NNE (Fig. 1). However,
its actual limits are still debated. Geophysical observations, such as
negative Bouguer anomalies and faster than average seismic velocities,
consistently point to a larger extent of the craton at depth than its pre-
sent outcropping area, especially beneath the Brasilia and Ribeira-Ara-
cuai Neoproterozoic collisional belts (Assumpcao et al., 2004; Pereira
and Fuck, 2005; Rocha et al., 2011; Assumpcao et al., 2017; Rocha et al.,
2019). However, beneath the eastern Brasilia belt, the seismic tomog-
raphy models show a smaller low velocity anomaly that hints at modi-
fication of the lithospheric mantle beneath the Brasilia belt by the
Cretaceous magmatism forming the Alto Parnaiba Igneous Province
(APIP), one of the world's most voluminous mafic potassic igneous
provinces (Gibson et al., 1995).

This study aims to test the existence of a cratonic mantle root
beneath the eastern Brasilia belt and to determine the possible effects of
the APIP magmatism on the seismic properties of the lithospheric mantle
in this region. These questions are fundamental for constraining: (1) the
paleo-geometry of the SFC, with implications of the geodynamical
evolution of the South America plate, and (2) the ability of a major
magmatic event to change the lithospheric mantle, with implications for
cratons longevity. We investigate these questions through a petrophys-
ical study of 31 mantle xenoliths carried to the surface by three APIP

Fig. 1. Schematic map of eastern Brazil showing the Sao Francisco craton and
surrounding Neoproterozoic orogenic belts, which strongly remobilized the
western and eastern margins of the craton. The studied samples were extracted
from the mantle by Cretaceous kimberlites intruding the Brasilia belt (yellow
stars): Canastra-1 (C) and Indaia-1 and Limeira-1 (I-L) kimberlites. Yellow dots
mark other Alto Parnaiba Igneous Province volcanics. The inset (modified from
Assumpcao et al., 2013) locates the map in northeastern South America. Cra-
tons are depicted in dark gray (Am: Amazonian craton, SFC: Sao Francisco
craton), Neoproterozoic belts in medium gray (Br: Brasilia; R: Ribeira; A: Ara-
cuafi; BP: Borborema Province), and Paleozoic basins in light gray (Pr: Parana;
Pb: Parnaiba). The dashed blue contour in both maps marks the limit of the Sao
Francisco craton at depth inferred from seismic and gravity data (Rocha et al.,
2019). Red bars are teleseismic shear wave splitting data from Melo and
Assumpcao (2018). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

kimberlites of different ages (120, 90, and 81 Ma), which intruded the
Neoproterozoic Brasilia belt close to the southwestern outcropping
boundary of the SFC. We characterized the xenoliths microstructures
and their relations with modal and major-element mineral composi-
tions, measured the crystal-preferred orientations of olivine and py-
roxenes, and estimated equilibrium temperature and pressure
conditions. Based on these data, we calculated the seismic properties of
the lithospheric mantle, which we compare to seismological data in SE
Brazil.

2. Geological setting

The studied xenoliths were extracted from the mantle during the
Cretaceous by kimberlites from the APIP, a NW-SE elongated volcanic
field emplaced in the Brasilia belt, between the SFC and Parana basin
(Fig. 1). The APIP (>15,000 km?®) involves a rather diverse suite of
ultrapotassic-potassic, ultramafic-mafic, silica-undersaturated lavas and
hypabyssal intrusions (kimberlites, olivine lamproites, and kamafugites;
Gibson et al., 1995). The role of a mantle plume in triggering the APIP
magmatism is still debated (Gibson et al., 1995; Carlson et al., 1996,
2007; Guarino et al., 2013). However, geochemical data converge on
that the APIP magmatism results from low degrees (<2%) of melting of a
heterogeneous subcontinental mantle, which was depleted by melt
removal during the Archean or late Proterozoic and re-enriched by
metasomatism, probably in the Neoproterozoic (Gibson et al., 1995;
Carlson et al., 1996, 2007; Guarino et al., 2013). Most APIP kimberlites,
including the Limeira-1 and Indaia-1 bodies from which the presently
studied spinel-peridotites are derived, have ages ranging between 91
and 80 Ma (Read et al., 2004; Guarino et al., 2013). However, some
diamond-bearing kimberlites, like the Canastra-1 body where the pres-
ently studied garnet-peridotites have been collected, are as old as 120
Ma (Pereira and Fuck, 2005). The youngest expressions of this magmatic
event are extrusives kamafugites (81-61 Ma; Read et al., 2004; Guarino
et al., 2013).

The kimberlites that carried the studied peridotites are intrusive in
the nappes of the external (pipe Canastra-1) or internal (pipes Limeira-1
and Indaia-1) domains of the Brasilia belt (Fig. 1). These structures
result from the collision of the Paranapanema and Goids micro-
continents and the Goias magmatic arc with the SFC at 640-610 Ma
(Valeriano et al., 2008). The external domain is extremely narrow in the
study area (Fig. 1), where it is composed of an imbricated stack of east-
verging tectonic nappes that thrusted Neoproterozoic passive margin
formations (metasedimentary and metavolcanic rocks, with predomi-
nance of siliciclastic units) above the craton. The deformation of the
outcropping formations occurred mainly under greenschist conditions.
It is characterized by a gently west-dipping foliation of variable in-
tensity, locally reworked by upright folding. Displacements are domi-
nantly towards the craton (Ulhein et al., 2013; Valeriano et al., 2008).
Basement rocks with Archean to Paleoproterozoic ages outcrop in
anticlinal folds between the nappes and locally within the thrust slices.
WNW-oriented sinistral strike-slip faults acted as transfer zones between
the thrust systems (Ulhein et al., 2013; Valeriano et al., 2008). The in-
ternal domain of the Brasilia belt comprises a series of east-verging
nappes that override the thrust-and-fold belt of the external zone.
These nappes are composed of metasedimentary sequences deposed on a
distal shelf or slope environment intercalated with metavolcanics. They
display an inverted metamorphic gradient from amphibolite or even
granulite to greenschist facies (Valeriano et al., 2008). West of the study
region, the continuation of the Brasilia belt is covered by the Parana
Basin (Fig. 1). To the northwest, the Brasilia belt transitions to the Goias
massif, which is interpreted as a microcontinent formed between 3 and
0.8 Ga (Valeriano et al., 2008), and to the Neoproterozoic Goias
magmatic arc, formed between 890 and 640 Ma (Pimentel et al., 2004).

In the vicinity of the study area, the Archean to Paleoproterozoic
basement of the SFC is mainly covered by Neoproterozoic sediments of
the Sao Francisco Supergroup (Fig. 1), but 3.2-2.7 Ga old greenstone



belt and TTG associations crop out farther south and east. The Sao
Francisco Supergroup comprises coastal carbonated sediments (Salitre
Formation), platform carbonate and siliciclastics rocks (Bambui Group),
and terrestrial sediments interspersed with carbonates (Trés Marias
Group; Bizzi et al., 2003). It also contains diamictites correlated to the
Sturtian (ca. 715-660 Ma) or Marinoan (635 Ma) worldwide glaciations
(Figueiredo et al., 2009; Babinski et al., 2012). Some studies propose
that the Bambui sedimentation may be as young as 560 Ma, representing
a foreland basin associated with the Brasilia orogeny (Paula-Santos
et al., 2015). However, the Neoproterozoic deformation that formed the
Brasilia belt also generated folds and shallow sub-horizontal thrusts in
the sediments the Sao Francisco Supergroup (Fig. 1; Dardenne, 2000).

In the present study, we analyze mantle xenoliths from three APIP
kimberlitic pipes. The Canastra-1 kimberlitic body (C in Fig. 1) is
intrusive in greenschist faciesmetasedimentary nappes (Canastra group)
of the external domain of the Brasilia belt. This pipeis located at ~25 km
west of the outcropping limit of the SFC, which is marked by a low-angle
thrust that carried the Brasilia belt units onto the sediments of the Sao
Francisco Supergroup (Fig. 1). The Canastra-1 kimberlite pipe was the
first economically viable mineralized kimberlitic body discovered in
Brazil (Cabral Neto et al., 2017). K—Ar dating on phlogopite produced
ages of 120 + 10 Ma for this kimberlite (Pereira and Fuck, 2005). The
kimberlitic bodies Indaid-1 and Limeira-1 (I-L on Fig. 1), also known as
Perdizes-03-A and Perdizes-04-A, are intrusive in the 790 Ma old Monte
Carmelo granitic complex (Nannini, 2016). This granitic complex was
strongly reworked at ca. 630 Ma during the Brasilia orogeny, when it
was extensively deformed in an east-verging nappe together with
amphibolite and amphibole-chlorite schists of the Araxa group in the
internal domain of the Brasilia belt (Seer and de Moraes, 2013). The
Indaia-1 and Limeira-1 kimberlites are located ~60-70 km west of the
outcropping limit of the SFC. In situ U—Pb perovskite data produced
ages of 80 + 5 Ma for the Indaia-1 and of 91 + 6 Ma for the Limeira-1
kimberlite (Guarino et al., 2013).

Previous studies on peridotite xenoliths and xenocrysts from the
APIP magmatic bodies focused on their mineralogy and geochemistry,
aiming to unravel their ages, chemical evolution, and the thermal
gradient prevailing in the lithospheric mantle at the extraction times
(Carvalho and Leonardos, 1997; Carlson et al., 2007; Costa, 2008;
Nannini, 2016). Garnet and spinel-peridotites from the Coromandel
kimberlite field, which includes the Limeira-1 and Indaia-1 bodies and
the 95 Ma-old diamond-bearing Trés Ranchos kimberlite, are depleted in
Ca, Al, and Re and display Re-depletion model ages between 1.9 and 3.7
Ga, supporting that the APIP province is underlain by early-Proterozoic
to late-Archean refractory lithospheric mantle of the SFC (Carlson et al.,
2007). However, petrological and geochemical data for the spinel-
peridotites from the Limeira-1 and Indaia-1 kimberlites indicate chem-
ical modification of this refractory mantle lithosphere by reactive
percolation of fluids or melts, which produced both cryptic and modal
metasomatism, including crystallization of phlogopite, secondary cli-
nopyroxene, ilmenite, and amphibole (Nannini, 2016). Thermobaro-
metric data for most garnet-peridotite xenoliths from the Canastra-1 and
Trés Ranchos-4 kimberlites fit to a typical cold cratonic geotherm,
consistent with a surface heat flow of 40 mW,/m?2, which places the deep
(>120 km) lithospheric mantle in the diamond stability field (Carvalho
and Leonardos, 1997; Costa, 2008). However, comparison of thermo-
barometric estimates based on the composition of clinopyroxene xen-
ocrysts in early Cretaceous kimberlites and late Cretaceous kamafugites
erupted onto the SFC sedimentary cover, ~50-100 km to the southwest
of the Limeira-1 and Indaia-1 bodies, implies heating of the lithospheric
mantle by ~250 °C between 89 and 85 Ma, placing most of the litho-
spheric mantle beneath the APIP into the graphite stability field by the
late Cretaceous (Read et al., 2004).

3. Methods

3.1. Sampling

We studied 31 samples of mantle xenoliths brought to the surface by
the APIP kimberlitic magmatism (Table 1). 21 spinel peridotites from
the pipes Indaia-1 and Limeira-1 (labelled In1-XX and Lm1-XX, respec-
tively — Table 1) from the Monte Carmelo district in the Coromandel
region, previously studied for their chemistry by Nannini (2016), and 10
garnet-bearing peridotites and pyroxenites from the pipe Canastra-1
(labelled C-XX - Table 1), previously studied for their equilibrium
pressure and temperature conditions by Costa (2008).

3.2. Crystallographic preferred orientations

Crystallographic preferred orientations (CPO) of olivine, pyroxenes,
garnet, spinel, and phlogopite have been measured through indexation
of electron backscattered diffraction (EBSD) patterns produced by
interaction of a vertical incident electron beam and a carefully polished
thin section tilted at 70° to the horizontal. Measurements were per-
formed in the Geosciences Montpellier SEM-EBSD facility using a JEOL
JSM 5600 scanning electron microscope equipped with a Nordlys II
EBSD Detector and AZtecHKL software from Oxford Instruments. We
used an acceleration voltage of 17 kV and a working distance of 24 mm.
Crystal orientation maps covering nearly the entire thin section were
obtained for all samples using steps between 15 pm and 50 pm,
depending on grain size. Indexing rates varied from 60% to 90%,
depending on the degree of fracturing and reaction with the host kim-
berlitic magmas in the thin section. During post-acquisition data treat-
ment, we eliminated inaccurate indexing points (MAD >1.3° and wild
spikes), corrected for rare misindexing due to olivine pseudo-symmetry,
and filled up non-indexed pixels having at least six coherent neighboring
measurements with the average of the neighbors' orientations. This
procedure was controlled by comparing EBSD maps to observations in
optical microscopy.

We performed EBSD data analysis using the MTEX toolbox in Matlab
(http://mtex-toolbox.github.io/; Hielscher and Schaeben, 2008; Bach-
mann et al., 2010; Bachmann et al., 2011). This analysis included the
calculation of the orientation distribution functions (ODF), the analysis
of the misorientation within grains and at grain boundaries, the quan-
tification of grain size and shapes, and plotting of pole figs. A “de la
Vallée Poussin” kernel function with a half-width of 10° was used to
calculate the ODF. To prevent overrepresentation of large grains, CPOs
are plotted in lower hemisphere stereographic projections using the
mean orientation of each grain. Because of the small size of the xeno-
liths, the thin sections were cut in random orientations relative to the
foliation and lineation. To allow easy comparison among different
samples, all CPO data were rotated into a common orientation, with the
maximum concentration of olivine [100]-axis in the E-W direction and
the maximum concentration of the [010]-axis in the N-S direction of the
pole figure.

The strength of the olivine CPO was quantified using the dimen-
sionless J-index (1 = random CPO and co = perfect alignment; Bunge,
1982). In naturally deformed peridotites, the J-index, when calculated
using the same parameters as in this study, ranges between 1 and 18
(strong CPO), with an average at ~4.8 (Tommasi and Vauchez, 2015). J-
index was calculated using both one-orientation datum per pixel and the
mean orientation of each grain. The first option, which is presented in
the figures, allows relating the CPO strength to variations in grain size.
Large crystals contribute more to the J-index and to the anisotropy of
physical properties. The olivine CPO symmetry is characterized by the
dimensionless BA-index (Mainprice et al., 2014). This index allows
classifying the olivine CPO symmetry into 3 types: (1) fiber-[010],
characterized by a point concentration of [010] and distribution of
[100] within a girdle orthogonal to [010] (BA-index<0.35), (2) ortho-
rhombic, characterized by point concentrations of both [100] and [010]


http://mtex-toolbox.github.io/;

Table 1

Provenance, lithology, modal compositions and equilibrium conditions for all studied samples.

Sample Pipe Rock Type Microstructure Modal composition (%) T (°C) Ca-in-Opx P (GPa)
ol Opx Cpx Sp Gt Phl Par Opx-Gt

C-100 Canastra 1 Garnet lherzolite Fine-porphyroclastic 69 13 11 0 6 0 0 1232 5.2
C-104 Canastra 1 Garnet lherzolite Fine-porphyroclastic 64 16 18 0 2 0 0 1236 5.4
C-106a Canastra 1 Garnet lherzolite Fine-porphyroclastic 60 30 7 0 4 0 0 1238 5.3
C-106b Canastra 1 Garnet harzburgite Fine-porphyroclastic 40 52 5 0 3 0 0 1238 -
C-94 Canastra 1 Clinopyroxenite# Coarse-granular 0 10 60 0 30 0 <1 - -
C-147 Canastra 1 Clinopyroxenite# Coarse-granular 0 3 46 0 50 0 1 - -
C-95 Canastra 1 Websterite Coarse-granular 0 28 37 0 16 0 19 973 -
C-203 Canastra 1 Websterite Coarse-granular 0 24 45 0 29 0 2 790 -
C-127 Canastra 1 Websterite Coarse-porphyroclastic 0 51 21 0 0 0 29 887 -
C-150 Canastra 1 Websterite Coarse-porphyroclastic 0 48 40 0 0 0 12 990 -
In1-3 Indaia 1 Spinel lherzolite Coarse-granular 73 21 3 1 0 0 0 811 -
Inl-4 Indaid 1 Spinel lherzolite Coarse-granular 71 16 12 1 0 0 0 711 -
Inl-5 Indaid 1 Dunite Coarse-granular 93 5 1 0 0 1 0 681 -
Inl-6 Indaia 1 Spinel lherzolite Coarse-granular 49 36 11 2 0 <1 0 - -
In1-9b Indaia 1 Spinel harzburgite Coarse-granular 73 19 5 3 0 0 0 620 -
Inl-14a Indaia 1 Spinel lherzolite Coarse-granular 76 16 7 1 0 0 0 686 -
In1-20b Indaia 1 Spinel harzburgite Coarse-granular 87 9 1 0 0 2 0 846 -
Inl-24a Indaia 1 Spinel harzburgite Coarse-granular 85 14 0 1 0 0 0 830 -
In1-34 Indaid 1 Spinel harzburgite Coarse-granular 86 9 3 1 0 <1 <1 813 -
Lm1-20a Limeira 1 Spinel harzburgite Coarse-granular 85 8 5 1 0 <1 0 833 -
Lm1-36 Limeira 1 Spinel harzburgite Coarse-granular 82 13 2 3 0 <1 <1 920 -
Inl-1 Indaia 1 Spinel lherzolite Coarse-porphyroclastic 68 26 5 0 0 <1 <1 1057 -
In1-2 Indaia 1 Spinel lherzolite Coarse-porphyroclastic 84 6 7 <1 0 3 0 913 -
Lm1l-15a Limeira 1 Dunite Coarse-porphyroclastic 93 2 3 <1 0 2 0 782 -
Lm1-15b Limeira 1 Dunite Coarse-porphyroclastic 90 4 3 1 0 3 0 - -
Lml-17a Limeira 1 Spinel lherzolite Coarse-porphyroclastic 69 22 6 3 0 0 0 849 -
Lm1-20b Limeira 1 Spinel harzburgite Coarse-porphyroclastic 88 8 3 <1 0 0 0 850 -
Lm1-22 Limeira 1 Spinel lherzolite Coarse-porphyroclastic 85 6 7 <1 0 2 0 899 -
Lml-26a Limeira 1 Dunite Coarse-porphyroclastic 86 4 3 1 0 5 0 995 -
Lm1-26b Limeira 1 Dunite Coarse-porphyroclastic 88 4 4 1 0 4 0 - -
Lm1-29 Limeira 1 Dunite Coarse-porphyroclastic 100 0 0 <1 0 0 0 - -

Modal compositions based on EBSD maps area fractions and petrographic description; Ol: olivine, Opx: orthopyroxene, Cpx: clinopyroxene, Sp: spinel, Gt: garnet, Phl:

phlogopite, Par: pargasite; # opx only within keliphitic rims.

(0.35 < BA-index<0.65), and (3) fiber-[100], characterized by a point
concentration of [100] and distribution of [010] within a girdle
orthogonal to [100] (BA-index>0.65). Consistency between the CPO of
olivine and pyroxenes is analyzed based on the dominant slip systems for
each mineral. The CPO are considered to be correlated (formed by the
same deformation event) when the dominant slip direction and normal
to slip planes in the different minerals are parallel: [100]5 // [001]opx //
[001]¢px and [010]o; // [100]6px // [010]cpx (cf., Bascou et al., 2002;
Green and Radcliffe, 1972; Frets et al., 2012; Ross and Nielsen, 1978;
Tommasi et al., 2000). Pyroxenes CPO with multiple maxima may show
partial correlation, with one maxima family aligned with the olivine
CPO and another not.

The automatic grain detection routine in the MTEX toolbox (Bach-
mann et al., 2010) is used for quantitative analysis of grain sizes and
shapes. Grains boundaries were defined by misorientation angles be-
tween adjacent pixels higher than 15°. Grains composed of less than 6
pixels as well as grains cut by the limits of the map were not considered
in this analysis. We estimate the intracrystalline orientation gradients,
which are a proxy of the dislocation density, by the misorientation of
each pixel relative to the mean orientation of the grain (M2M). M2M
averages over the entire EBSD map are used to quantify the variation in
intensity of recrystallization between samples. Low values indicate
effective recrystallization, because recrystallized grains have low
intracrystalline orientation gradients. The sinuosity of grain shapes is
quantified by the shape factor, which is the ratio between the actual
perimeter of the grain and the perimeter of a circle with the same area as
the grain. The shape factor increases with increasing sinuosity of the
grain boundaries. Recrystallization, in particular under static conditions
(annealing), where decrease in grain boundary energy is the main
driving force for grain boundary migration, should produce a decrease
in the shape factor.

3.3. Modes, mineral compositions, and thermobarometry

Modal compositions are derived from EBSD mapping over single thin
sections. However, many thin-sections are small and the peridotites,
often coarse-grained. The modal compositions presented in Table 1
might therefore be biased if the rocks were compositionally heteroge-
neous at the mm to cm scale. Since phlogopite, which is difficult to
polish, is often poorly indexed, its modal content may be slightly
underestimated.

Major element composition of olivine, orthopyroxene, clinopyrox-
ene, spinel, and garnet were analyzed using a Cameca SX100 electron
microprobe at the University of Montpellier. Number of analyzed grains,
average compositions, standard deviations, and analytical conditions
are presented in the Supplementary Material Table S1. This table also
presents mineral compositions previously obtained on the studied xe-
noliths by Nannini (2016) using a JEOL JXA-8600 eletron microprobe at
the Universidade de Sao Paulo (USP) and by Costa (2008) using a
Cameca SX50 electron microprobe at the Universidade de Brasilia
(UnB). Equilibrium temperatures were calculated using the Ca-in-opx
geothermometer (Brey et al., 1990; revised by Nimis and Griitter,
2010). Equilibrium pressures for the garnet peridotites were calculated
using the orthopyroxene-garnet geobarometer of Nickel and Green
(1985). As no geobarometer is available for spinel peridotites, equilib-
rium pressure ranges are estimated based on the absence of plagioclase
and of garnet in the studied peridotites, considering their Cr and Al
contents (Supplementary Information Table S1) and the effect of Cr on
the spinel-garnet phase transition (Ziberna et al., 2013).

The geotherms were calculated for two sets of surface and reduced
heat flow: 40 and 20 mW/m? for the cratonic geotherm and 50 and 30
mW/m? for the warmer geotherm. We used a Moho depth of 42 km,
based on receiver function data (Assumpcao et al., 2017), thermal
conductivities of 2.5 W.m~L.K™! and 3.35 W.m~L.K ™! for the crust and



mantle, respectively, and an exponential decay in heat production with
depth with a characteristic length scale of 10 km.

3.4. Seismic properties

Seismic properties were calculated using the CPO of all major phases
and their respective modal content estimated from EBSD maps (Main-
price et al., 2011). “In situ” seismic properties were estimated using
elastic tensors and density of olivine, pyroxenes, and garnet calculated
for different pressures and temperatures along the cratonic or the
warmer geotherm based on experimentally determined pressure and
temperature derivatives (Abramson et al., 1997; Chai et al., 1997a,
1997b; Collins and Brown, 1998). Voigt-Reuss-Hill averaging was
applied in all calculations.

The APIP magmatism may have produced heating and meta-
somatism in the lithospheric mantle. We estimated the effect of heating
on the seismic velocities by comparing seismic velocity profiles calcu-
lated for an isotropic (random CPO) refractory peridotite (83% olivine,
12% orthopyroxene, 5% clinopyroxene, which is the average composi-
tion of the studied spinel peridotites, Table 1) using the two geotherms.
We estimated the effect of varying the Fe content in olivine (Mg# = Mg/
(Mg + Fe)) by comparing seismic velocity profiles calculated using
elastic constants for olivine with Mg#93 (typical cratonic composition)
and with Mg#90 (the average value in the spinel peridotites). Elastic
constants for olivine with Mg#93 were obtained by interpolating elastic
constant data for olivine with Mg#90 and Mg#100 (Abramson et al.,
1997; Isaak et al., 1989).

Anelastic effects were not considered in the seismic property calcu-
lations. Anelasticity enhances the reduction in seismic velocity associ-
ated with a given negative temperature anomaly (Jackson and Faul,
2010). This effect is stronger for long period waves, because the velocity
reduction is proportional to the integral of the attenuation at all fre-
quencies above the considered one (Takei, 2017). At temperatures
below 1200 °C anelastic effects are small (Takei, 2017), but for the
deepest part of the lithospheric mantle and the asthenosphere, the
predictions of reduction in seismic velocities associated with an increase
in temperature in the present study are conservative estimates.

4. Modal compositions

Refractory, olivine-rich (>80%) modal compositions predominate
among the spinel peridotites from the Indaia-1 and Limeira-1 pipes (15/
21, including 6 dunites; Fig. 2 and Table 1). The remaining spinel-
bearing peridotites are clinopyroxene-poor lherzolites (4 samples).
Only two lherzolites contain >10% clinopyroxene. The proportion of
orthopyroxene varies between 0 and 36% and is inversely proportional
to the olivine content. 13 spinel peridotites contain <1% to 4% of
phlogopite, among which three also contain amphibole (<1%).

Canastra-1 xenoliths include 4 garnet peridotites (3 lherzolites and 1
harzburgite), 2 garnet clinopyroxenites, 2 garnet websterites, and 2
garnet-free websterites (Fig. 2 and Table 1). All pyroxenites, except one
(C-94), contain pargasite. Pargasite contents are exceptionally high in
one garnet websterite (19%) and in the two garnet-free websterites
(12-29%). Spinel is only present in the kelyphitic coronae around garnet
or, in garnet-free websterite C-150, associated with pargasite. Neither
the peridotites nor the pyroxenites contain phlogopite.

5. Microstructures
5.1. Canastra-1 xenoliths

5.1.1. Garnet peridotites

The garnet peridotites have fine-porphyroclastic microstructures
(Table 1) characterized by coarse porphyroclasts of olivine, ortho- and
clinopyroxene, and garnet (2-10 mm wide) surrounded by a matrix of
fine-grained olivine with grain sizes ranging from 200 to 500 pm
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Fig. 2. Modal compositions (recalculated to a 100% olivine-orthopyroxene-
clinopyroxene assemblage).

(Figs. 3a,b and 4a). This matrix composes 40-60 area % of the samples.
The olivine neoblasts in the matrix exhibit dominantly polygonal shapes
with 120° triple junctions and do not display intracrystalline deforma-
tion features. Some garnet-peridotites have olivine porphyroclasts up to
10 mm wide. These porphyroclasts have irregular shapes, display
undulose extinction and closely spaced subgrains boundaries, and are
partially replaced by recrystallized grains (Fig. 3a). In other samples,
olivine is fully recrystallized (Fig. 3b), leading to low average intra-
granular misorientation and shape factor values at the thin section scale
(Fig. 4b,c). Orthopyroxene porphyroclasts occur either associated with
garnet and diopside or isolated (Fig. 3a,b). They have mainly curved
grain boundaries and irregular, but slightly elongated shapes marking
the foliation (Fig. 3a). Orthopyroxene porphyroclasts may also display
angular shapes (Fig. 3b). In both cases, they present undulose extinction
and kink bands (white arrows in Fig. 3b) and are locally partially
recrystallized to very fine grain sizes (70-80 pm; black arrow in Fig. 3b).
Clinopyroxene porphyroclasts have irregular to rounded shapes with
gently curved grain boundaries and often display undulose extinction
(Fig. 3a,b). Garnet porphyroclasts are generally smaller than the other
minerals (mean diameter of 2 mm). They are systematically surrounded
by kelyphitic coronae of variable thickness composed of tiny grains of
orthopyroxene, clinopyroxene, phlogopite and spinel (Fig. 3a,b). Garnet
is mainly rounded, but it may show a weak elongation parallel to the
pyroxenes elongation (Fig. 3a).

5.1.2. Pyroxenites

Garnet clinopyroxenites present a coarse-granular microstructure
(Table 1). They are composed of 2-7 mm wide rounded to polygonal
garnet grains with kelyphitic coronae of variable width intercalated
with irregularly shaped clinopyroxenes (Fig. 3c). Clinopyroxenes have
curved grain boundaries (Fig. 3c); some grains show undulose extinction
and, more rarely, subgrains. The clinopyroxenes also present spongy
rims, recording limited partial melting during extraction.

Garnet-bearing websterites also have a coarse-granular microstruc-
ture, with grain sizes of 1-2 mm on average. They often display a rough
foliation marked by elongated garnet aggregates (S in Fig. 3d). Garnet
crystals have irregular shapes and are sometimes slightly elongated
parallel to the foliation. They do not display kelyphitic coronae. Py-
roxenes have irregular shapes, but, locally, grain boundaries may be
straight and form 120° triple junctions. Orthopyroxene contains kinks



Fig. 3. Typical microstructures of the Canastra-1 mantle xenoliths. (a) Partially recrystallized garnet-peridotite C-100, characterized by the coexistence of coarse
olivine (ol) and ortho- and clinopyroxene crystals (opx, cpx) with irregular shapes, rounded garnet (gt) crystals, and a matrix of fine polygonal olivine crystals. (b)
Garnet-peridotite C-106, in which olivine is fully recrystallized. (c) Coarse-granular garnet-clinopyroxenite C-147. (d) Coarse-granular garnet-websterite C-203 with
minor pargasite (par); (e) Coarse-porphyroclastic amphibole-websterite C-127. (a,b,c) Cross-polarized and (d,e) natural light microphotographs. S outlines the

compositional banding in (d) and (e).

and undulose extinction. Clinopyroxene also displays undulose extinc-
tion and subgrains and locally forms aggregates composed of polygonal
strain-free crystals with slightly smaller sizes (0.5 mm on average).

Garnet-free websterites display coarse-porphyroclastic microstruc-
tures (Table 1). They present a rough compositional layering marked by
alternating ortho- and clinopyroxene-rich lenses (S in Fig. 3e). Ortho-
pyroxene is coarse grained with sinuous grain boundaries. It displays
undulose extinction and kink bands and often contains exsolutions.
Clinopyroxene has a bimodal grain size distribution, with coarse grains
(up to 3 mm wide) with irregular shapes and undulose extinction and
smaller polygonal strain-free crystals (0.3 mm on average).

In both garnet-bearing and garnet-free websterites, amphibole
(Fig. 3d,e) often replaces the pyroxenes. The amount of replacement

varies from sample to sample (Table 1), either forming local amphibole-
rich patches (Fig. 3d) or being pervasive at sample scale (Fig. 3d,e).
Spinel occurs as small crystals (<0.1 mm) associated with amphibole in
garnet-free websterite C-150 or in the kelyphitic coronae in garnet-
clinopyroxenites.

5.2. Limeira-1 and Indaia-1 spinel peridotites

The spinel peridotites from the Limeira-1 and Indaia-1 pipes were
classified in two categories: porphyroclastic and coarse-granular, ac-
cording to the olivine grain morphology, mainly the sinuosity of olivine
grain boundaries, which was quantified using the shape factor (Fig. 4
and Table 1). Porphyroclastic peridotites are characterized by olivine
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Fig. 4. (a) Mean grain size of olivine vs. mean grain size of orthopyroxene. (b)
Mean olivine shape factor vs. mean orthopyroxene shape factor. (c) Mean shape
factor vs. mean intragranular misorientation in olivine. All data are apparent
(2D) values (no stereological corrections) derived from EBSD data weighted by
grain area. Microstructural data for all samples is presented in Supplementary
Material Table S2.

crystals with sinuous grain boundaries, whereas coarse-granular peri-
dotites tend to display more polygonal olivine grain shapes. There is a
continuous variation between these two microstructures. However, for
descriptive purposes, we defined an arbitrary limit between the two
groups at an olivine shape factor of 2.2. Coarse-granular microstructures
(shape factor < 2.2) predominate among Indaia-1 peridotites (9/11),
whereas porphyroclastic microstructures (shape factor > 2.2) predom-
inate among Limeira-1 peridotites (8/10).

5.2.1. Coarse-granular spinel peridotites

This group contains medium- to coarse-grained peridotites (Fig. 4a)
with compositions ranging from dunite to orthopyroxene-rich lherzolite
(Fig. 2 and Table 1). Phlogopite and amphibole are rare in this group;
they are observed only as accessory minerals (<1%) in four harzburgites
(Table 1). Olivine crystals show dominantly straight grain boundaries,
locally forming polygonal shapes (Fig. 5a,b,c,d). Coarse-granular peri-
dotites are therefore characterized by low average olivine shape factors
(<2.2; Fig. 4b,c). A single peridotite in this group - Lm1-20a - displays a
strong shape-preferred orientation (SPO) of olivine, orthopyroxene, and
spinel, leading to a tabular microstructure (Fig. 5a,b). The remaining
samples show no clear olivine SPO (Fig. 5c,d). A large proportion of
olivine is free of internal deformation features (Fig. 5b,d). However,
some grains display undulose extinction or widely spaced subgrain
boundaries (black arrow in Fig. 5d). This results in dispersion of the
average olivine M2M values (Fig. 4c): two coarse-granular peridotites
yield M2M as low as the strongly recrystallized garnet-peridotites from
Canastra-1, but other coarse-granular peridotites have higher M2M
values (2-3.2°) that overlap with the lower range of M2M values of the
porphyroclastic spinel peridotites.

Orthopyroxenes have irregular shapes with gently curved grain
boundaries (Fig. 5a,c). They locally display cuspate terminations at
orthopyroxene-olivine contacts (white arrows in Fig. 5c). These pyrox-
ene shapes are associated with shape factors <2.5. Clinopyroxene is
usually finer grained and has more irregular shapes than orthopyroxene
(Fig. 5a,c). In many samples, the clinopyroxene has a clear interstitial
habitus (Fig. 5a,c). Spinel is fine- to medium-grained and has amoeboid
shapes, sometimes containing rounded olivine inclusions (white arrow
in Fig. 5d). Phlogopite and pargasite, when present, occur dispersed in
the rock as small crystals with interstitial habitus or associated with
orthopyroxene.

5.2.2. Porphyroclastic spinel peridotites

This group is composed of dunites, harzburgites, and clinopyroxene-
poor lherzolites, but highly refractory compositions predominate
(Fig. 2). All porphyroclastic spinel peridotites are coarse-grained and
most contain phlogopite and/or amphibole as accessory minerals (Fig. 2
and Table 1). They are dominantly composed of coarse olivine crystals
with irregular shapes and sinuous grain boundaries (Fig. 5e,f,g,h). Area-
weighted average olivine grain sizes range between 1.5 and 3.2 mm
(Fig. 4a), but coarser grains may attain up to 10 mm. In several por-
phyroclastic peridotites, olivine-olivine contacts are sinuous, but the
wavelength of the grain boundary sinuosity (<100 pm) is small when
compared to the grain size (mm) and 120° triple junctions (black arrows
in Figs. 5f, h) are observed despite the sinuosity of the boundaries,
suggesting that grain shapes were initially polygonal. These coarse
olivine crystals are locally rimmed by neoblasts with sizes similar to the
wavelength of sinuosity of the grain boundaries (<100 pm, Figs. 5g,h
and white arrows in 6). Coarse olivine crystals often display undulose
extinction and subgrains (white arrows in Figs. 5f,h), but no clear SPO.
Average M2M values for olivine in this group range between 2 and 5°,
being on average higher, but partially overlapping those of coarse-
granular peridotites (Fig. 4c).

Orthopyroxene usually displays very irregular grain shapes (Fig. Se,f,
g,h), which are associated with shape factors ranging from 1.8 to 3.2
(Fig. 4b). Orthopyroxene grain sizes are on average smaller than that of
olivine (Fig. 4a), but they may be highly variable within each sample.



Fig. 5. Typical microstructures of the Limeira-1 and Indaid-1 spinel-peridotites. (a,c,e,g) EBSD phase maps showing the shapes and spatial distribution of the
different mineral phases. (b,d,f,h) Thin section-scale photomicrographs in cross-polarized light of the domains marked by a rectangle onto the EBSD maps. (a,b)
Coarse-granular spinel peridotite Lm1-20a, which is characterized by a strong preferred orientation of tabular olivine crystals and interstitial pyroxenes with cuspate
termination and curved grain boundaries. (c,d) Coarse-granular spinel peridotite In1-9b characterized by coarse polygonal olivine crystals with rare subgrains (black
arrow in d), coarse orthopyroxene with irregular shapes, gently curved grain boundaries, and local cuspate terminations (white arrows in c), interstitial clinopyr-
oxene, and interstitial spinel with rounded olivine inclusions (white arrow in d). (e,f) Coarse porphyroclastic lherzolite In1-2 characterized by irregularly shaped
olivine with strong undulose extinction (white arrows in f) and planar subgrain boundaries and a domanial distribution of ortho- and clinopyroxene forming seams of
crystals with interstitial shapes along olivine grain boundaries (best seen in e), and pockets of phlogopite, pyroxenes and spinel (gray arrow in e). (g,h) Coarse
porphyroclastic harzburgite In1-1 composed of coarse olivine crystals with sinuous grain boundaries lined by very fine-grained neoblasts (white arrows in g), locally
forming 120° triple junctions (black arrow in h) and coarse irregularly-shaped orthopyroxenes rimmed by fine-grained clinopyroxene and containing rounded olivine
inclusions (black arrow in g). Olivine porphyroclasts have undulose extinction and subgrains (white arrows in h).



Coarse orthopyroxene grains often show undulose extinction and kink
bands. Cuspate terminations and embayments at orthopyroxene-olivine
contacts and rounded olivine inclusions (black arrow in Fig. 5g) are
common. Orthopyroxene also occurs as medium-size crystals with
interstitial habitus, which form pyroxene-rich seams with irregular
shapes along olivine grain boundaries (Fig. 5e). Aggregates of ortho-,
clinopyroxene, and spinel, which might be derived from former garnets,
are observed locally.

Clinopyroxene in the harzburgites and dunites often only occurs as
very fine-grained aggregates (grains are ~100 pm wide) accompanied
by minor spinel, which rim (yellow arrows in Fig. 6) or fill fractures
across orthopyroxene crystals. Otherwise, clinopyroxene is medium-
grained and has dominantly interstitial shapes (Fig. 5e,f). The clino-
pyroxene forms aggregates with orthopyroxene or spinel that delineate
an anastomosed network across the sample (Fig. 5e). It may also be
concentrated in patches with orthopyroxene and/or spinel or occur as
isolated interstitial grains. In some clinopyroxene-rich harzburgites, like
Lm1-26b, clinopyroxene occurs both as fine-grained aggregates
rimming orthopyroxene and as isolated grains with interstitial shapes.

Phlogopite occurs either dispersed in the rock as crystals with
interstitial habitus or in plurimilimetric pockets, often associated with
pyroxenes and spinel (gray arrow in Fig. 5e). Amphibole occurs as rare
small grains associated with pyroxenes.

6. Mineral compositions

Modal content of olivine in the presently studied mantle xenoliths is
coherent with that in cratonic mantle xenoliths worldwide. However,
olivine is often richer in Fe, displaying lower Mg# (molar Mg/(Mg +
Fe)), especially in samples displaying porphyroclastic microstructures
(Fig. 7a). Olivine in the garnet peridotites yields Mg# of ~90, a value
coherent with those of peridotites with similar fine-porphyroclastic
microstructures derived from the deep lithospheric mantle in other
cratons (e.g., Boyd and Mertzman, 1987; Pearson et al., 2003; Baptiste
et al., 2012). The spinel peridotites record important variations of the
olivine Mg#, between 83.7 and 93, but most have Mg# between 90 and
93, consistent with data from other cratons (Fig. 7a). There is no linear
correlation between the olivine Mg# and modal proportion, but all
porphyroclastic peridotites with Fe-rich olivine (Mg# < 89) contain
>80% modal olivine (Fig. 7a). The lowest olivine Mg# (83.7) is, how-
ever, displayed by the coarse-granular peridotite In1-6, which has an
abnormally low olivine modal content for a peridotite (49%), indicating
melt-rock reactions crystallizing pyroxenes. Most Fe-rich peridotites

Fig. 6. Detail of Fig. 5g showing coarse olivine crystals lined by fine-grained
neoblasts (white arrows) and coarse irregularly-shaped orthopyroxenes rim-
med by fine-grained clinopyroxene and minor spinel (yellow arrows). Insert
displays an enlargement of the clinopyroxene-spinel rims (same sample, but
domain outside the field of view of the main image, indicated as Fig. 6i in
Fig. 5g). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

contain modal phlogopite (Fig. 7a), but phlogopite is also present in
some spinel peridotites with Mg-rich olivine (Mg# > 91) (Table 1).

Ni content in olivine varies between 2750 and 3500 ppm, which are
the values observed in olivine from cratons worldwide (Fig. 8a). The
only exception is the coarse-granular lherzolite In1-6, which has a very
low Ni content (1857 ppm). There is no systematic correlation between
the composition of olivine and the microstructure of the peridotites, but
coarse-granular spinel peridotites display more homogeneous Ni con-
tents and Mg# in olivine than porphyroclastic spinel peridotites
(Fig. 8a). Ca content in olivine is usually <350 ppm, but the garnet-
peridotites and the spinel peridotites In1-1 and Lm1-29 contain
olivine exceptionally rich in Ca (>500 ppm; Fig. 8b). Porphyroclastic
spinel peridotites yield, on average, higher Ca contents in olivine
(Fig. 8b).

The Mg# of orthopyroxene varies between 87 and 94 in spinel pe-
ridotites and between 90 and 93 in garnet peridotites (Fig. 7b, 8c). The
Mg# of clinopyroxene varies between 88 and 95 in spinel peridotites
and between 91 and 94 in garnet peridotites (Fig. 7c, 8e). There is no
correlation between modal content of ortho- or clinopyroxene and their
Mg# or between the pyroxenes Mg# and the microstructural type or the
presence of phlogopite (Fig. 7b,c). However, the Mg# of olivine and
orthopyroxene are positively correlated, suggesting equilibrium
(Fig. 8c). The data are aligned close to the correlation line 1:1, with the
Mg# of orthopyroxene usually slightly higher than Mg# of olivine,
especially in the spinel peridotites containing phlogopite and in the
garnet peridotites (Fig. 8c). These observations are coherent with those
in peridotite xenoliths from cratons worldwide (Fig. 8c).

The Mg# of clinopyroxene also displays a positive correlation with
the Mg# of orthopyroxene and olivine, but Mg#,y values are system-
atically higher than that of olivine, suggesting disequilibrium between
these minerals (Fig. 8e). The present data are coherent with observations
in other cratons, but plot predominantly in the upper limit of Mg
enrichment of clinopyroxene relative to olivine (Fig. 8e). Most presently
studied peridotites plot close or slightly above the Fe—Mg equilibrium
between olivine and clinopyroxene in troctolites (Lissenberg and Dick,
2008).

TiO4 content in orthopyroxene from porphyroclastic spinel perido-
tites is highly variable, ranging from <0.05 wt% to 0.2 wt%. The range
of variation is smaller in the coarse-granular peridotites, which have
orthopyroxenes with TiOy content <0.13 wt% (Fig. 8d). In garnet pe-
ridotites, orthopyroxenes have TiO, contents between 0.13 and 0.15 wt
%. There is no clear correlation between orthopyroxene TiO, content
and Mg#, but the highest TiO2 contents are associated with the lowest
Mg# (Fig. 8d). TiO, content in clinopyroxene is also variable, attaining
0.35 wt% (Fig. 8f). There is a rough inverse correlation between the TiO5
content and Mg# in clinopyroxene (Fig. 8f). Clinopyroxene in
phlogopite-bearing spinel-peridotites and garnet-peridotites displays,
on average, higher TiO; contents, but high TiO, contents are also
documented in some phlogopite-free coarse-granular spinel peridotites
(Fig. 8f). The TiO4 content of both pyroxenes in the present study covers
almost the entire range observed in cratonic mantle xenoliths worldwide
(Fig. 8d,f).

The Cr# (Cr# = Cr/(Cr + Al)) of spinel in the presently studied spinel
peridotites varies between 10 and 95 (Fig. 8g). All phlogopite-free spinel
peridotites plot along the olivine spinel mantle array (OSMA, Arai,
1987). However, half of the studied phlogopite-bearing porphyroclastic
spinel peridotites plot out of the OSMA (Fig. 8g), an evidence for
chemical disequilibrium between the two phases. Most of these
phlogopite-bearing porphyroclastic spinel peridotites contain chromite
(Cr# > 80) associated with olivine with variable Mg# (between 85 and
92), but the dunite Lm1-29 contains spinel with low Cr# and olivine
with high Mg# (Fig. 8g). The TiO, content of spinel in coarse-granular
spinel peridotites is usually <0.5 wt%. It is more variable in the por-
phyroclastic spinel peridotites, where it may attain >4 wt% (Fig. 8h).
Spinels enriched in TiO3 have low Mg#, but low Mg# spinel may display
low TiO5 content.
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Fig. 9. (a) Crystal preferred orientations (CPO) of olivine, orthopyroxene, and clinopyroxene for the garnet peridotites. Lower hemisphere stereographic projections.
To allow easy comparison among different samples, all CPO were rotated into a common orientation, with the eigenvector of the olivine [010]-axis distribution in the
N-S direction of the pole fig. (Y) and that of the [100]-axis as close as possible to the E-W direction (X). For olivine, porphyroclasts and recrystallized grains were
discriminated based on a grain size threshold equal to ten times the mean. The CPO of the porphyroclasts is plotted on the top of the contoured recrystallized grains
CPO. The patchy aspect of the pyroxenes pole figures results from the low number of grains in the analyzed area. (b and c) Crystal orientation maps, colored based on
the orientation of the grain relative to the long axis of the map (legend in the inset), of garnet peridotites C100 and C104 (C106a and b have a similar texture). These
maps illustrate the domanial texture of the recrystallized matrix, characterized by plurimillimetric domains with similar CPO, which hint at orientation inheritance

from an originally coarse-grained microstructure.

Garnet in garnet peridotites is pyrope, with Mg# between 83.7 and
85.9, TiO2 contents ranging from 0.5 to 0.7 wt%, and CroO3 contents
between 1.9 and 2.7 wt%.

7. Crystallographic preferred orientations
7.1. Garnet peridotites

The strength of the olivine CPO in the garnet peridotites depends on
the intensity of recrystallization. C100, which preserves a few coarse
olivine porphyroclasts, has a moderate intensity CPO with an ortho-
rhombic symmetry. The strong [100] and [001] point maxima in Fig. 9
correspond to the porphyroclasts. The other garnet peridotite samples,
which are almost fully recrystallized, have weaker olivine CPO (Fig. 9a).
A notable feature of the olivine CPO in these samples is that the [001]
maximum is similar or even stronger in intensity than the [100] one
(Fig. 9a). Analysis of olivine orientation maps for the four garnet peri-
dotites highlights a domanial texture, characterized by domains in
which recrystallized olivine grains display a similar CPO, sometimes
coherent with the orientation of remaining portions of porphyroclasts,
but that is markedly different than the CPO of the neighboring domains
(Figs. 9b,c).

Even though the CPO of orthopyroxenes is poorly defined in the
garnet peridotites due to the small amount of crystals, there is a
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tendency of the [001],px maximum to be at low angle to the [001];
maximum (Fig. 9a). The CPO of the clinopyroxenes is even more poorly
defined than that of orthopyroxene, as the number of grains in a thin
section is smaller. Nevertheless, in sample C104, which contains more
clinopyroxene grains, the clinopyroxene CPO is characterized by align-
ment of the [100]¢px and [010]px maxima with the olivine [100], and
[010], maxima, respectively.

7.2. Spinel peridotites

Olivine CPO in the spinel peridotites is usually stronger than in the
garnet peridotites (Fig. 10). The J-indexes vary between 1.6 and 9. Most
samples have J-indexes >2.5, corresponding to moderate to strong CPO.
However, all samples with J-index >7 are very coarse grained. In these
samples <100 olivine grains could be measured, what results in over-
estimation the J-index (Ben and Mainprice, 1998). Most samples have
olivine CPO with an orthorhombic symmetry, characterized by three
roughly orthogonal maxima of [100], [010], and [001] with systemat-
ically stronger concentrations of [100] and [010] relative to [001]
(Figs. 10 and 11). Some samples show some dispersion of [100] and
[001] in the plane normal to the [010] maximum, that is, an axial-[010]
tendency (Fig. 11). Olivine CPO with tendency to axial-[100] symmetry,
characterized by a point maximum of [100] and incomplete girdles of
[010] and [001] normal to it, is rare (Figs. 10 and 11). Coarse granular
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Fig. 10. Olivine CPO symmetry (BA index) vs. CPO strength (J index). Data for
mantle xenoliths from the Kaapvaal (Baptiste et al., 2012) and Siberian cratons
(Bascou et al., 2011) recalculated using MTEX with the same parameters as the
present study are shown for comparison. Arrows indicate samples for which the
J-index is probably overestimated due to the coarse olivine grain size and small
size of the xenoliths.

and porphyroclastic peridotites display similar variability in intensity
and symmetry of the olivine CPO (Fig. 10), consistent with previous
observations in mantle xenoliths from the Kaapval (Baptiste et al., 2012)
and Siberian cratons (Bascou et al., 2011). Most spinel-peridotites do not
show any clear SPO. Their olivine CPO cannot therefore be directly
related to a structural reference frame. Nevertheless, the coarse-granular
peridotite Lm1-20a, which displays a strong SPO marking the foliation
and lineation (Fig. 5a,b), has correlated olivine CPO and SPO: the
maximum concentrations of [010] and [100] axes are oriented
perpendicular and parallel to the grains elongation, respectively
(Fig. 11).

In several spinel peridotites, as in the garnet peridotites, the number
of clino- and orthopyroxene crystals in the thin sections was low and,
thus, the resulting CPO are not statistically representative (Fig. 11).
When enough grains could be measured, the CPO of ortho- and clino-
pyroxene are generally weaker than that of olivine. Most coarse-
granular spinel peridotites have orthopyroxene CPO correlated with
the olivine CPO: the [001]opx and [100],px maxima tend to align with
the [100],; and [010], maxima, respectively (Fig. 11). The exceptions
are the coarse-granular spinel peridotites In1-20a and In1-34, which
have almost random orthopyroxene CPO, and In1-3, which displays
[001] maxima for clino- and orthopyroxene subparallel to the [001]4
maximum. However, in contrast to the garnet peridotites, the spinel
peridotite In1-3 displays an olivine CPO characterized by a maximum
concentration of [100] significantly stronger than the [001] one. In the
porphyroclastic spinel peridotites, the correlation between olivine and
orthopyroxene CPO is weaker (Fig. 11). Half of the porphyroclastic
spinel peridotites show partial correlation between the orthopyroxene
and olivine CPOs, whereas the other half has orthopyroxene CPO un-
correlated with the olivine CPO.

In >50% of the spinel peridotites, the clinopyroxene CPO is similar to
the orthopyroxene CPO. The clusters of [100], [010] and [001] of cli-
nopyroxene duplicate the clusters of the same axes of orthopyroxene
(Fig. 11). This similarity is strongest in samples In1-1, In1-20b and
In1-24a, where most or all clinopyroxenes occur as small crystals
rimming the orthopyroxenes (Fig. 5g, 6). EBSD crystallographic orien-
tation maps show that all clinopyroxene grains rimming a coarse
orthopyroxene have orientations similar to that of the orthopyroxene,
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implying topotaxial replacement of orthopyroxene by clinopyroxene. In
the remaining spinel peridotites, which display coarser clinopyroxenes
with often an interstitial habitus, the clinopyroxene CPO is very weak,
nearly random, and does not show clear correlation with the CPO of
olivine or orthopyroxene.

8. Thermobarometry

Due to the secondary nature of most clinopyroxenes, indicated by
their interstitial habitus (Figs. 3 and 5) and chemical disequilibrium
relative to the bulk-rock (Fig. 8e), two-pyroxene thermometers provide
spurious estimates for many samples. We focus therefore on the equi-
librium temperatures calculated using the Ca in orthopyroxene ther-
mometer (Brey et al., 1990, revised by Nimis and Griitter, 2010). The
garnet peridotites yield equilibrium temperatures around 1230-1240 °C
(Table 1). Their equilibrium pressures, estimated based on the gar-
net-orthopyroxene barometer (Nickel and Green, 1985), range between
5.2 and 5.4 GPa (Table 1). These values are consistent with previous
estimates for garnet peridotites from the Canastra-1 and Trés Ranchos
diamond-bearing kimberlites (Costa, 2008). Although there is a large
dispersion, the ensemble of the pressure-temperature data for APIP
garnet peridotites is coherent with a typical cratonic steady-state geo-
therm built using surface and reduced heat flows of 40 and 20 mW/m?,
respectively, which intercepts the 1350 °C adiabat at ~200 km depth
(Fig. 12).

Equilibrium temperatures for the spinel-peridotites range between
620 °C and 1057 °C (Table 1). Coarse-granular peridotites display on
average lower equilibrium temperatures than coarse-porphyroclastic
peridotites, although there is some overlap between the two groups
(Fig. 12). Although there is no reliable barometer for spinel peridotites,
maximum equilibrium depths for these rocks may be estimated based on
the absence of garnet in their mineralogy and on their Cr/(Cr + Al)
contents, which control the spinel to garnet transition (Klemme, 2004;
Ziberna et al., 2013). The temperature and pressure estimates for the
spinel peridotites cannot be reconciled with a cratonic steady-state
geotherm, in contrast to that of the garnet peridotites xenoliths
(Fig. 12 and Table 1). However, the data for all samples, except the
hottest one (coarse-porphyroclastic spinel lherzolite Inl-1), are
coherent with a geotherm characterized by surface and reduced heat
flows of 50 and 30 mW/m?, respectively (Fig. 12). This warmer geo-
therm predicts a 132 km thick lithosphere.

The porphyroclastic spinel lherzolite In1-1, which does not fit to this
geotherm, shows an extreme variation in Ca content (0.26-1.5 vol%
CaO) in orthopyroxene and is characterized by fine-grained clinopyr-
oxene and spinel aggregates rimming the orthopyroxene crystals
(Fig. 6), consistent with Ca enrichment towards the rims. If the analyses
are separated in two groups with a limit at 1 vol% CaO, we obtain
temperatures of 883 °C and 1173 °C. Thus, the high equilibrium tem-
perature obtained for this sample is likely associated with reactive melt
transport and did not represent a steady-state geotherm.

9. Seismic properties

We computed the seismic properties of all spinel peridotites at
different depths (45, 75, 100, 125, 150, and 175 km) along both a cold
cratonic geotherm (surface and reduced heat flows of 40 and 20 mW/
m?, respectively) and a warmer geotherm (surface and reduced heat
flows of 50 and 30 mW/m? respectively). The cold geotherm is
consistent with the garnet peridotites equilibrium conditions, whereas
the warmer one fits the equilibrium conditions of the spinel peridotites
(Fig. 12). Seismic properties for the garnet peridotites were calculated at
their equilibrium pressure and temperature. The density, elastic con-
stants, and seismic properties for all individual samples are presented in
Supplementary Material Table S3.
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Fig. 11. Crystal preferred orientations (CPO) of olivine, orthopyroxene,
and clinopyroxene for the spinel peridotites: (a) coarse-granular and (b)
coarse-porphyroclastic. Lower hemisphere stereographic projections. To
allow easy comparison among different samples, all CPO were rotated into
a common orientation, with the eigenvector of the olivine [010]-axis dis-
tribution in the N-S direction of the pole fig. (Y) and that of the [100]-axis
as close as possible to the E-W direction (X). The line and dot in the olivine
pole figure of sample Lm1-20a represent the foliation and lineation
defined by the olivine shape preferred orientation.
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Fig. 12. P-T plot comparing the equilibration conditions estimated for the
studied mantle peridotites to a typical cratonic geotherm (surface and reduced
heat flows of 40 and 20 mW/mz, respectively) and a warmer geotherm (surface
and reduced heat flows of 50 and 30 mW/m?, respectively). As no barometers
are available for spinel peridotites equilibrium pressure ranges are presented as
bars, based on the absence of plagioclase and of garnet in the studied perido-
tites, considering their Cr and Al contents (Supplementary Information
Table S1) and the effect of Cr on the spinel-garnet phase transition. Phase
transitions after Ziberna et al. (2013). Garnet-in curves are displayed for a
fertile lherzolite = Gt-in(1), a cratonic clinopyroxene-bearing peridotite
(LSK261) representative of refractory subcratonic mantle that underwent low
degrees of refertilization = Gt-in(2), and a refractory peridotite = Gt-in(3). The
spinel-out curve is based on the composition of the cratonic peridotite LSK261.
Moho depth is based on receiver function data (Assumpcao et al., 2017).

9.1. Seismic anisotropy

Seismic anisotropy varies weakly with temperature and pressure.
Fig. 13 presents the maximum anisotropy for P-, S-, and surface waves
calculated using the warm geotherm at 75 km depth for all spinel pe-
ridotites and at 175 km depth for the garnet peridotites. The maximum
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propagation anisotropy of P- and the maximum polarization anisotropy
of S-waves are positively correlated, with the maximum P-wave prop-
agation anisotropy usually higher than the S-wave polarization one
(Fig. 13a). The maximum propagation anisotropy of the slow Sz-wave
and &, which correspond to the azimuthal anisotropy of Rayleigh waves

2
and the radial anisotropy of surface waves (¢ = (%) ), respectively, if

the olivine [100] and [010] maxima are horizontal and vertical,
respectively, are also positively correlated (Fig. 12b). The variation in
intensity of the seismic anisotropy among the studied samples results
essentially from variations in the olivine modal content and CPO in-
tensity and, to a lesser extent, in the olivine CPO symmetry (Figs. 2 and
9). Higher olivine modal contents and CPO intensities are associated
with stronger anisotropy. The very weak olivine CPO of most garnet
peridotites results in very weak anisotropy for all seismic waves
(Fig. 13). There is no relation between microstructure and intensity of
seismic anisotropy in the spinel-peridotites, in consistency with the lack
of correlation between microstructure and olivine CPO intensity or
symmetry (Fig. 9).

Since seismic waves average properties over large volumes (tens of
km wide), we calculated mean seismic properties for the shallow mantle
lithosphere by averaging the elastic properties of all spinel peridotites of
the Limeira-1 and Indaia-1 pipes. This averaging represents the
maximum anisotropy that may be associated with the studied xenoliths,
since it considers a coherent orientation of the flow direction and plane
for all samples. Average seismic properties of the spinel peridotites at
different depths for the two geotherms are presented in Table 2. The
average seismic properties of the spinel peridotites at 75 km depth
estimated using the cratonic geotherm are presented in Fig. 14 (top). For
the deep lithospheric mantle, the average sample calculated based on
the elastic properties of all garnet peridotites has a very weak anisot-
ropy, due to the strong dispersion of the olivine CPO resulting from
recrystallization. Because this recrystallization likely is a late phenom-
enon associated with the kimberlite magmatism (cf. discussion section),
we choose to present in Fig. 14 (bottom) the seismic properties of the
least recrystallized garnet peridotite C100 as representative of the deep
lithospheric mantle.

Most studied xenoliths do not display a clear shape preferred
orientation, which would define the relation between the olivine CPO
and the past flow direction and plane. Thus, in the following, the seismic
properties are described relative to the olivine CPO reference frame (cf.
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Fig. 13. Seismic anisotropy of individual samples calculated at 2.2 GPa and 910 °C (75 km depth, warm geotherm) for the spinel peridotites and at 5.4 GPa and
1438 °C (175 km depth) for the garnet peridotites. (a) Maximum P-waves propagation anisotropy vs. maximum S-waves polarization anisotropy. For comparison,
data for mantle xenoliths from the Kaapvaal (Baptiste et al., 2012) and Siberian cratons (Bascou et al., 2011) are presented. (b) Maximum propagation anisotropy of
S2-waves and ¢, which correspond to the azimuthal anisotropy of Rayleigh waves and the polarization (radial) anisotropy of surface waves, respectively, if the

maximum of [100],, is horizontal and that of [010],; is vertical.
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Table 2

Seismic properties of the lithospheric mantle at 45, 75, and 175 km depth based on the studied peridotites compositions and CPO and geotherms fitting the garnet peridotites (craton cold) or spinel peridotites (craton

warm) equilibration conditions.
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Maximum
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* relative to the P- and S-wave velocity at the same depth considering the warm geotherm; # &

calculated assuming max [100]ol horizontal and max [010]ol vertical, i.e. horizontal flow plane and direction.
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Fig. 14). The mean spinel-bearing peridotite is more anisotropic than the
garnet-bearing peridotite, but the seismic anisotropy patterns are
similar. The fastest P-wave propagation and the S-wave fast polarization
are parallel to the [100], maximum and the slowest P-wave velocities to
the [010], maximum. High polarization anisotropy should be observed
for S-waves propagating at high angle to both the [100],) and the [010],;
maxima, whereas apparent isotropy should be observed for waves
propagating within +30° to the [100], maximum and + 60° to the
[010], maximum. Vp/Vs ratios are also anisotropic. The lowest values
correspond to propagation directions parallel to the [010], maximum
and the highest for propagation directions parallel to the [100]4
maximum.

For relating fast- and slow- S-wave velocity (Vs; and Vsy) patterns to
surface wave data, one needs to make a hypothesis on the geographical
orientation of olivine CPO. If the [100] maximum is horizontal, Love
waves will correspond to S in Fig. 14. They will show moderate to weak
azimuthal anisotropy (<2%) with a 90° periodicity and fastest propa-
gation at 45° of the [100], maximum. Rayleigh waves will correspond
to Sy in Fig. 14. The Rayleigh waves azimuthal anisotropy will be
moderate (up to 4%) in the shallow lithospheric mantle and weak in the
deep mantle lithosphere (up to 2%), with a 180° periodicity and fastest
propagation parallel to the flow direction. The surface waves' radial
anisotropy will vary as a function of the propagation azimuth, displaying
an azimuthally averaged & of 1.03 (Table 2).

9.2. Effects of heating and compositional variations on seismic velocities

Analysis of the mineral compositions (Figs. 7 and 8) and the equi-
librium pressure and temperature conditions (Fig. 12) supports that the
studied peridotites have been variably enriched in Fe and heated relative
to the original cratonic conditions. The possible effect of these processes
on the seismic velocities was estimated by comparing seismic velocity
profiles calculated for an isotropic refractory peridotite using the
cratonic and the warmer geotherms (Fig. 15). For the cratonic geotherm,
we also considered the effect of varying the Fe content in olivine by
comparing seismic velocities calculated for olivine with Mg#93 (which
is a typical cratonic composition) and Mg#90 (the average value in the
spinel peridotites).

For the cratonic geotherm, which is associated with a ~ 200 km thick
plate, P- and S-wave velocities decrease and Vp/Vs ratio increases
continuously from the Moho to 175 km depth (Fig. 15). For the warmer
geotherm, a minimum in both P- and S-wave velocities at ~125 km
depth marks the lithosphere-asthenosphere boundary (Fig. 15a,b). This
minimum results from a change between temperature-controlled seismic
velocities in the lithosphere to pressure-controlled ones in the
asthenosphere, where an adiabatic temperature gradient prevails. The
maximum contrast in seismic velocity between the two geotherms: 3%
for mean (isotropic) P-waves and 3.5% for S-waves, is observed at this
depth. The velocity contrast associated with two geotherms decreases
towards the Moho (Fig. 15a,b). It is of 1.2% for mean P-waves and 1.4%
S-waves velocities at 45 km depth. Vp-Vs1 ratios are lower for the colder
geotherm at all depths, but the difference is small (Fig. 15c).

Varying the Fe-content of olivine enhances the contrast in seismic
velocities. Compared to a cold and Fe-depleted craton, P-waves in a
warm lithospheric mantle with a standard olivine composition (Mg#90)
are reduced by 1.5% and S-waves by 2% at 45 km and by 3.2% and
4.1%, respectively, at 125 km depth. Vp/Vs ratios are increased. How-
ever, for both P-wave velocity and Vp/Vs ratio, the variation due to the
modeled change in temperature and/or composition is at all depths
significantly lower than the range of variability due to anisotropy at
constant temperature and composition. The variation in S-wave veloc-
ities due to a change in the geotherm (with or without a change in Fe
content of olivine) is equivalent to the one that could be produced by
anisotropy alone in most of the lithospheric mantle.

The seismic profiles in Fig. 15 were calculated for a garnet-free, re-
fractory composition, which corresponds to the mean composition of the



Fig. 14. Representative seismic properties for shallow and deep sections of the lithospheric mantle beneath the study area based on the average elastic constant
tensor for the spinel-peridotites at 2.17 GPa and 670 °C (75 km depth, cratonic geotherm) and on the elastic constants of the garnet peridotite C100 at 5.4 GPa and
1238 °C (175 km depth). Lower hemisphere stereographic projections displaying the variation of the property as a function of the propagation direction relative to
the CPO reference frame (inset on the top left). From left to right: P wave velocities (Vp; km/s), S wave polarization anisotropy (AVs = 200 x (Vsl — Vs2)/(Vsl +
Vs2) in %); S1 wave velocities (Vs1; km/s), S2 wave velocities (Vs2; km/s), the bars indicate the orientation of the polarization plane, and Vp/Vs1 ratio. Black squares
mark the highest values and white circles, the lowest ones. Seismic properties data are listed in Table 2 and the corresponding elastic tensors, in Supplementary
Material Table S4.

spinel peridotites. In more fertile (Al and Ca-rich) peridotites, occur- 10. Discussion
rence of garnet results in higher P- and S-wave velocities and lower Vp/

Vs below 75-90 km depth, as documented by the difference between the 10.1. Composition, microstructures, and thermal evolution of the

seismic velocities calculated at 175 km for the cratonic geotherm for the
garnet-peridotite C100 (6% garnet), and a refractory peridotite (no
garnet), both with olivine Mg#90, in Fig. 15. For the compositions
considered, the seismic velocities of a refractory peridotite (no garnet
and olivine Mg#93) and a fertile peridotite (garnet-bearing and olivine
Mg#90) are similar. However, the density of the refractory peridotite is
significantly lower (3.38 kg.m 3 relative to 3.54 kg.m~>; Supplementary
Material Tables 3 & 4). The gravimetric signatures of the two lithologies

lithospheric mantle

The petrostructural analysis of mantle xenoliths from three kimber-
litic pipes intruding the external domains of the Neoproterozoic Brasilia
belt highlights characteristics similar to observations in cratonic roots
worldwide. However, the present study also brings to light evidence for
modification of this cratonic root by reactive melt percolation, with
minor associated deformation. These observations are described and

will therefore differ. discussed in the following.

Fig. 15. Variation with depth of the P- and S-wave velocities and of the Vp/Vs ratio calculated considering the average elastic constants of the spinel peridotites
along the two geotherms that best fit the garnet-peridotites and spinel-peridotites equilibration conditions and, for the cold geotherm two different olivine Mg#: 90,
which is the average value for the spinel peridotites, and 93, which is a more typical cratonic composition. The light-brown domain indicates the variability
associated with the CPO-induced anisotropy for each property. Note that for both P-wave velocities and Vp/Vs ratio the anisotropy-induced variability is much
stronger than the variations associated with a change in the geotherm or olivine composition at all depths. The difference between the predictions for the cold
geotherm and olivine Mg#90 and that for garnet peridotite C100 (black dot) quantify the effect of the presence of garnet on the seismic properties. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The xenolith sampling from cratonic roots worldwide shows a pre-
dominance of refractory peridotites with coarse-granular textures in
most of the lithospheric mantle, but more fertile peridotites with fine-
porphyroclastic microstructures (often described as ‘mylonitic, mosaic,
or fluidal’) are common among the peridotites equilibrated at the
highest temperatures and pressures (Boullier and Nicolas, 1975; Boyd
and Nixon, 1975; Harte, 1977; Griffin et al., 1999; Kopylova and Caro,
2004; Vauchez et al., 2005; Bascou et al., 2011; Baptiste et al., 2012).
This variation with depth of composition and microstructure is also
observed among the presently studied mantle xenoliths.

The garnet-peridotites, which sample the deeper part of the litho-
spheric mantle (Fig. 12), have more fertile compositions (Figs. 2, 7, 8,
Table 1). Similarly to the ‘mylonitic’ microstructures of deep kimberlite-
borne peridotites from other cratons, the fine-porphyroclastic micro-
structures and high equilibration temperatures of the Canastra-1 garnet-
peridotite xenoliths imply high-stress deformation shortly before their
extraction by the kimberlitic magmas. The preservation of domains in
which recrystallized olivine grains display a similar CPO, coherent with
the orientation of remaining portions of their parent grain, but markedly
different than the CPO from neighboring domains (Fig. 9) indicates
nevertheless low finite strains, despite the almost total recrystallization
of the olivine. We follow therefore previous studies (Green and Gue-
guen, 1974; Goetze, 1975; Vauchez et al., 2005; Skemer and Karato,
2008; Baptiste et al., 2012; Tommasi and Ishikawa, 2014; Liu et al.,
2019) and propose that the recrystallization producing the fine-grained
porphyroclastic microstructures is related to the formation of the dykes
allowing for the fast transport of the kimberlitic magmas from the base
of the craton to the surface. The main arguments justifying this inter-
pretation are: (1) at the high equilibration temperatures that charac-
terize these xenoliths (>1200 °C) grain growth is fast and small
recrystallized grain sizes cannot be preserved for long times, implying
that the deformation shortly predated extraction, and (2) strain rates
calculated based on olivine flow laws using the equilibrium tempera-
tures and stresses estimated based on the recrystallized grain sizes are
too fast (> > 10~ °s™ D to represent the deformation at the base of the
craton associated with a velocity gradient related to the convective
mantle. This microstructure records therefore a high stress, but low
strain event, leading to ‘fragmentation’ of the rock without large dis-
placements. The high temperatures (>1200 °C, Fig. 12) allowed for
partial re-equilibration of the microstructure, producing the polygonal
arrangement of olivine neoblasts in the matrix (Figs. 3a,b).

Half of the studied spinel-peridotites have coarse-granular micro-
structures and dominantly refractory compositions. Their coarse grain
sizes, straight olivine grain boundaries, and low intragranular mis-
orientations (Figs. 4,5), together with well-developed CPOs (Figs. 10,
11) point to deformation followed by effective annealing, which pro-
duced almost full microstructural re-equilibration. Effective annealing
despite the rather low equilibration temperatures (< 900 °C; Fig. 12)
implies a long quiescence interval since the last deformation episode.
The cusp-like terminations of orthopyroxenes in the coarse-granular
peridotites (Fig. 5a,b) record post-kinematic reactive melt migration.
The gently curved boundaries of these orthopyroxenes suggest, how-
ever, that this reactive melt percolation is ancient. Additional evidence
for interaction with percolating melts or fluids encompasses occurrence
of interstitial phlogopite or pargasite (Table 1) and Ti-enrichment in
pyroxenes (Fig. 8f) in some samples. However, the timing of this
metasomatism cannot be determined.

In contrast, the other half of the presently studied spinel-peridotites
display coarse-porphyroclastic microstructures, which are rare in spinel
peridotites from cratonic environments (e.g., Boullierand Nicolas, 1975;
Harte, 1977; Vauchez et al., 2005; Bascou et al., 2011; Baptiste et al.,
2012). These samples show a peculiar microstructure, in which roughly
polygonal coarse olivine grains show a short length-scale sinuosity of
their boundaries, rather high intragranular misorientations, and are
often rimmed by fine-grained neoblasts (Figs. 4, 5). We interpret this
microstructure as resulting from the modification of the original coarse-

18

granular microstructure by a process that shortly predated the extrac-
tion of the xenoliths by the kimberlitic magmatism, since annealing,
which is favored by long residence times in the lithospheric mantle at
temperatures >900 °C, would have decreased the intragranular
misorientation, smoothed the sinuosity of the olivine grain boundaries,
and increased the recrystallized grain sizes. The increase in intra-
granular misorientation implies a higher density of stored dislocations
and, hence, an increase in deviatoric stress. The olivine recrystallized
grain sizes <100 pm imply stresses >50 MPa using the calibration of Van
der Wal et al. (1993). Thus, deformation at rather high stress was
involved in the development of the porphyroclastic microstructure in
the spinel peridotites. However, finite strains must have remained low,
since the porphyroclasts preserved roughly equiaxed shapes and display
no shape preferred orientation.

The porphyroclastic spinel peridotites display extensive petrographic
and geochemical evidence for reactive melt percolation. This evidence
encompasses: (1) the very irregular grain boundaries of orthopyroxene,
which show short-wavelength embayments filled by olivine (Fig. 5e,f,g,
h), (2) pyroxenes and spinels with interstitial habitus forming anasto-
mosed networks or patches in the more fertile coarse-porphyroclastic
peridotites (Fig. 5e), (3) the very fine-grained aggregates of clinopyr-
oxene and minor spinel that rim, of fill fractures in, orthopyroxene
crystals in the more refractory coarse-porphyroclastic peridotites
(Fig. 6), and (4) the common occurrence of modal phlogopite, which is
usually associated with Fe-enrichment in olivine and pyroxenes, Ca-
enrichment of olivine, and in some samples Ti-enrichment of pyrox-
enes (Fig. 8). Based on the association of microstructural features
pointing to high stress, but low strain, evidence for reactive melt
percolation, and lack of annealing, we interpret the coarse-
porphyroclastic peridotites as recording microstructural and composi-
tional changes related to reactive melt transport through the litho-
spheric mantle, shortly before and during the APIP magmatism.

Another major characteristic of cratonic roots is the cold geotherm
(e.g., Boyd and Nixon, 1975; Harte, 1977). Equilibrium temperatures
and pressures substantiate that the fine-porphyroclastic garnet perido-
tites are equilibrated on a typical cratonic geotherm (Fig. 12). However,
the equilibration conditions of all spinel peridotites imply a warmer
geotherm or local transient heating in the lithospheric mantle. Among
the spinel peridotites, the coarse-porphyroclastic ones yield on average
higher equilibrium temperatures than the coarse-granular ones
(Fig. 12). This is consistent with the more extensive evidence of
microstructural and compositional changes in the coarse-
porphyroclastic peridotites (Figs. 5 and 8).

Garnet- and spinel-peridotites are derived from kimberlitic pipes
with different ages: ~120 Ma for Canastra-1 (Pereira and Fuck, 2005)
and 80-91 Ma for Indaia-1 and Limeira-1, respectively (Guarino et al.,
2013). They probably sample not only different depths and locations of
the cratonic mantle, but also different stages of its evolution in response
to the APIP magmatism: the xenoliths from Canastra-1 sampling the
state of the mantle at the beginning of the APIP magmatism and those
from Limeira-1 and Indaia-1 at a later stage. The better fit of the equi-
librium temperatures of the Limeira-1 and Indaia-1 xenoliths by a
warmer geotherm than that adjusting the Canastra-1 garnet-peridotite
data (Fig. 11) suggests therefore moderate heating of the lithospheric
mantle between the extraction of the garnet peridotites by the Canastra-
1 kimberlite at 120 Ma and of the spinel peridotites by the Limeira-1 and
Indaia-1 kimberlites at 80-91 Ma. This is consistent with the presence of
diamond in the Canastra-1 kimberlite and its absence in the two other
pipes. Heating of the lithospheric mantle during the APIP magmatism
had previously been suggested based on comparison of geothermometry
in clinopyroxenes from APIP kimberlites and kamafugites, which hinted
at heating of the lithospheric mantle by ~250 °C between the two
magmatic events, that is, between 89 and 85 Ma (Read et al., 2004). The
present data implies heating started before 90 Ma.

Based on these observations, we conclude that the studied peridotites
sample a cratonic mantle, which was modified by reactive melt



percolation during the formation of the APIP. Our data support therefore
the westward continuation of the Sao Francisco craton beneath the
eastern Brasilia belt proposed based on geophysical data (Assumpcao
et al., 2004; Pereira and Fuck, 2005; Rocha et al., 2011; Assumpcao
et al., 2017; Rocha et al., 2019). The present observations also support
that reactive melt percolation during the formation of the APIP resulted
in significant modification of the composition and moderate heating,
thinning the lithospheric mantle to <130 km beneath the igneous
province. This interpretation is also supported by previous thermo-
barometric and geochemical data for mantle xenoliths brought to the
surface by the APIP magmatism (Carvalho and Leonardos, 1997; Read
etal.,2004; Carlson et al., 2007; Costa, 2008). The petrophysical dataon
the xenoliths represent a step forward by allowing quantitative esti-
mations of the effect of these changes on the seismic signature of the
lithospheric mantle beneath the APIP.

10.2. Crystal preferred orientations and seismic anisotropy

Olivine CPO in coarse-granular and coarse-porphyroclastic spinel
peridotites are similar (Figs. 9,10); this is consistent with the assumption
that the finite strain involved in the change from coarse-granular to
coarse-porphyroclastic microstructure was weak. By consequence, this
change in microstructure did not significantly modify the seismic
anisotropy signature of the cratonic root (Fig. 13). In contrast, the
almost complete recrystallization of olivine in the garnet peridotites
resulted in significant dispersion of the olivine CPO and reduction of the
seismic anisotropy (Figs. 9, 13). However, if the fine-porphyroclastic
microstructure of these samples results from the initial stages of the
kimberlitic magmatism, as proposed in the previous section, the
occurrence of such microstructures and the associated reduction in
seismic anisotropy may be restricted to small volumes of the base of the
lithospheric mantle beneath the craton, which are over-represented in
the sampling by the Canastra-1 kimberlite.

For the spinel peridotites, the clear olivine CPO with dominantly
orthorhombic patterns characterized by [100] and [010] maxima
stronger than the [001] one is best interpreted as formed through
deformation by dislocation creep with dominant activation of the [100]
(010) slip system in response to pure or simple shear (Tommasi et al.,
1999; Tommasi et al., 2000). This interpretation is corroborated by the
relation between olivine CPO and SPO in peridotite Lm1-20 (Fig. 5a,e),
which is the sole sample in the suite displaying a clear lineation and
foliation. Further constraints on the relation between the olivine CPO
and the macroscopic deformation may be derived, nevertheless, from
the joint analysis of the olivine and pyroxene CPO. The parallelism be-
tween the [100]o; and [001],px maxima and of [010], and [100]4px
maxima observed in most coarse-granular peridotites and part of the
coarse-porphyroclastic peridotites, points to coherent deformation of
the two phases. This relation between olivine and orthopyroxene CPO
corroborates dominant activation of [100] glide in olivine, because
orthopyroxene deforms essentially by glide of dislocations along the
[001] direction (Raleigh and Paterson, 1965; Green and Radcliffe, 1972;
Ross and Nielsen, 1978; Frets et al., 2012). The uncorrelated olivine and
pyroxene CPO for the remainder coarse-porphyroclastic peridotites is
interpreted as recording post-kinematic crystallization of pyroxenes.
This interpretation is supported by the interstitial shapes and chemical
evidence for metasomatism in these peridotites (Figs. 5 and 7). The
olivine CPO measured in the spinel peridotites corresponds therefore to
that most commonly observed in mantle peridotites (cf. reviews in Ben
Ismail and Mainprice, 1998; Tommasi and Vauchez, 2015). It is
consistent with deformation under moderate to high temperature,
moderate pressure, dry conditions.

In contrast, the garnet peridotites have olivine CPO characterized by
two weak orthogonal maxima of [100] and [001] or a stronger con-
centration of [001] than [100] and parallelism between the [001],; and
[001],px maxima. Similar CPO have been described in deep xenoliths
from other cratons, like the Tanzanian and Kapvaal in Africa (Vauchez

19

et al., 2005; Baptiste et al., 2012), where they were ascribed to simul-
taneous activation of the [001] and [100] glide directions in olivine, due
to the higher pressures prevailing at these depths or high stresses during
deformation (e.g., Durham and Goetze, 1977; Couvy et al., 2004;
Mainprice et al., 2005; Demouchy et al., 2013).

The olivine CPO measured in the APIP peridotites produce seismic
anisotropy patterns in which the fast propagation of P- and Sy-waves and
polarization of fast split S-waves mark the the past or present flow di-
rection in the lithospheric and sublithospheric mantle, respectively (cf.
reviews in Ben Ismail and Mainprice, 2000; Tommasi and Vauchez,
2015). CPO and seismic anisotropy intensities estimated for the shallow
sections of the lithospheric mantle are similar to those calculated for
mantle xenoliths from the Kaapvaal, Tanzanian, and Siberian cratonic
roots (Figs. 10 and 13). If we consider that the CPO of the spinel peri-
dotites were less modified by the kimberlitic magmatism than that of the
garnet peridotites, the spinel peridotites' average seismic properties
(Fig. 14) represent an estimate of the maximum anisotropy in the mantle
lithosphere beneath the sampling sites, since this averaging supposes a
coherent orientation of the past flow direction and plane within the
volume sampled by the seismic waves. The sign and intensity of the
seismic anisotropy sampled by different waves will depend on the
orientation of the past flow direction and plane. We may try therefore to
constrain this orientation by the analysis of multiple seismological
datasets.

Regional anisotropic surface wave tomography models are not
available for continental South America. Global anisotropic surface
wave tomography models show, nevertheless, a variation between
positive radial anisotropy values at 125 km depth (¢ ~1.05) to slightly
negative values (£ ~0.98) at 250 depth beneath the SE Brazil (French
and Romanowicz, 2014; Chang et al., 2014). Faster Love than Rayleigh
waves in the uppermost mantle are corroborated by a two-station
inversion up to periods of 50s, which samples essentially depths
<100 km, north of the study region (Assumpcao et al., 2004). The two
sets of observations point to dominant horizontal flow directions within
the lithospheric mantle, but dominant vertical flow directions in the
sublithospheric mantle. The polarization anisotropy for S-waves esti-
mated for the APIP spinel xenoliths, considering a fossil horizontal flow
plane is slightly lower (¢ ~1.03) than the one obtained in the tomo-
graphic models (Table 2). Yet, this xenolith-based calculation considers
homogeneous azimuthal sampling, which is never achieved in reality.
Higher € values will be observed, for instance, if directions oblique to the
fossil flow direction are more frequently sampled (Fig. 14). Vertical
fossil flow planes with horizontal flow directions would produce positive
but significantly smaller & values (Fig. 14), less consistent with the
seismological observations.

Teleseismic S-wave splitting data in the southwestern SFC show a
consistent orientation of the fast polarization directions (Fig. 1), which
vary from ESE-WNW (120-130°) in the vicinity of the Canastra
kimberlite to E-W in the vicinity of the Limeira-1 and Indaia-1 pipes
(James and Assumpcao, 1996; Heintz et al., 2003; Assumpcao et al.,
2006; Chagas de Melo et al., 2018). These fast-polarization directions
clearly contrast with the NE-SW fast polarizations measured further
southeast, which are clearly parallel to the Neoproterozoic transpres-
sional shear zones in the Ribeira belt (Figs. 1 and 16). This lateral
variation in the orientation of the fast polarization direction of tele-
seismic S-waves has been interpreted as recording deviation of an
asthenospheric flow globally parallel to the South America absolute
plate motion by the SFC craton root (Heintz et al., 2003; Assumpcao
et al., 2006; Melo and Assumpcao, 2018). However, the present study
shows that the lithospheric mantle of the craton is anisotropic. As tele-
seismic S-wave splitting integrates the anisotropy over its path, these
observations should therefore record the combination of the seismic
anisotropy produced by olivine CPO fossilized in the lithosphere and
that resulting from present-day flow in the asthenosphere. These two
signals will add up if the fast-polarizations in the two layers are parallel,
but interfere destructively if they are not, leading to lower apparent



Fig. 16. Sampling sites for the studied mantle xenoliths and APIP magmatism
relative to P-wave seismic tomography model of Rocha et al. (2019) at 200 km
depth. The blue and dashed red lines indicate the extent of the craton deduced
from seismic and gravity data, respectively (Rocha et al., 2019). White, green,
and orange bars show teleseismic shear wave splitting data from Melo and
Assumpcao (2018), Prado et al. (2012), and Bastow et al. (2015). The red arrow
indicates the South America absolute plate motion of model HS3-NUVEL1A.
(For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

delay times and fast polarizations that depend on the initial polarization
of the incoming S-wave (Silver and Savage, 1994). Measured delay times
vary from 0.6 s at station BRCB in the interior of the craton to 0.85-1.1 s
in the stations on its southwestern border (Fig. 1).

The present study allows constraining the maximum possible
contribution of the lithosphere to the measured shear wave splitting.
Weak teleseismic S-wave splitting will be produced in the cratonic root if
the past flow directions were vertical, whereas strong splitting will be
produced if the past flow direction was horizontal and the flow plane
vertical (Fig. 14). A fossil horizontal flow plane, which is the structure
that best explains the polarization anisotropy detected in surface wave
tomography models, would result in moderate polarization anisotropy
(<3%) for vertically propagating S-waves (Fig. 14). Considering that the
cratonic lithospheric mantle is presently 100 km thick beneath the re-
gion sampled by the pipes, delay times of up to 0.6 s may be acquired
within the cratonic root. Higher delay times would be produced within
the thicker interior of the cratonic root. The lower delay times measured
in the SFC interior relative to its southwestern border may therefore be
explained by a higher obliquity between the lithospheric and astheno-
spheric anisotropy beneath the center of the SFC. They may also result
from a weaker asthenospheric contribution beneath the thicker part of
the craton, due to deformation concentrated in a thinner layer (Fouch
et al., 2000), or to a change in olivine deformation with increasing
pressure leading to less effective anisotropy production at depths >250
km (Mainprice et al., 2005).
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10.3. Seismic velocities and variations in composition and thermal
structure of the SFC lithospheric mantle

Regional body-wave seismic tomography models (Assumpcao et al.,
2017; Rocha et al., 2019) display higher than average velocities (+1% in
the most recent inversion of Rocha et al., 2019) over a broad area, which
encompasses the southern part of the SFC and the foreland domains of
the Neoproterozoic Aracuai and Brasilia belts. However, beneath the
APIP, the same models image a smaller domain where seismic velocities
are slightly lower than average (up to —0.5% in the most recent inver-
sion of Rocha et al., 2019, Fig. 16). A strong positive velocity anomaly
(+5%) onto an average velocity of 4.49 km/s is imaged at 100 km depth
beneath the southern part of the SFC in Rayleigh-wave seismic tomog-
raphy models of South America (Feng et al., 2007; Assumpcao et al.,
2017). The surface wave model did image the low velocity anomaly
beneath the APIP, probably due its lower lateral resolution.

The lateral variations in seismic velocities imaged by these regional
tomographic models are consistent with the seismic velocities predicted
based on the xenoliths compositions and equilibrium temperatures. A
refractory composition of the pristine SFC mantle root is consistent with
the on average high Mg# of olivine and pyroxenes of the coarse-granular
peridotites, which overlap with those of xenoliths from other cratonic
roots worldwide (Figs. 7 and 8). Such a composition together with a cold
geotherm may explain the higher than average seismic velocities and the
negative Bouguer anomaly that characterizes the SFC (Assumpcao et al.,
2017; Rocha et al., 2019). The contrast in seismic velocities beneath the
APIP and most of the SFC cannot be explained by Fe-enrichment alone,
but it may result from an association of moderate heating of the litho-
sphere with Fe-enrichment due to reactive melt transport in the litho-
spheric mantle beneath the APIP. When both effects are considered, the
estimated contrast in P-wave anomalies between the cold refractory core
of the SFC and the region modified by the APIP magmatism ranges from
1.5% at 45 km depth to 3.2% at 125 km depth (Fig. 15 and Table 2). For
S-waves, it ranges from 2% at 45 km depth to 4% at 125 km depth
(Fig. 15 and Table 2). These estimates are conservative ones, since
anelasticity is not considered in the present calculations. In most of the
lithospheric mantle, anelastic effects will be negligible, due to the low
temperatures and coarse grain sizes (Jackson and Faul, 2010; Takei,
2017). However, at the base of the lithosphere, anelastic effects will
result in a larger decrease in seismic velocities for a given temperature
increase, especially for long period waves. By consequence, the observed
anomalies will require weaker variations in temperature or composition
than those modeled here.

Extension of the SFC cratonic mantle beneath the foreland of the
Brasilia belt has also been proposed based on seismic refraction data
from a line located north of the APIP magmatic province, which showed
velocities of 8.23 km/s within the shallow lithospheric mantle beneath
both the craton and the foreland of the Brasilia belt and of 8.05 km/s
beneath the Goias magmatic arc (Soares et al., 2006). P-wave velocities
observed beneath the eastern Brasilia belt are indeed best fit by the mean
P-wave velocities calculated for the average spinel peridotite at 45 km
depth considering a cratonic composition and geotherm (Table 2). A
warmer geotherm and more fertile composition are required for repro-
ducing the P-wave velocities observed beneath the Goias magmatic arc.

11. Conclusion

The mantle xenoliths analyzed in the present study have sampled the
lithospheric mantle beneath the foreland of the Neoproterozoic Brasilia
belt, within 50 km from the outcropping limit of the SFC. In addition to a
complex tectonic evolution in the Precambrian and early Paleozoic, this
region was subjected to extensive mafic-ultrapotassic magmatism in the
Cretaceous (APIP). The xenoliths sampled a deep section of the litho-
spheric mantle (garnet-peridotites and pyroxenites from the Canastra-1
kimberlitic pipe) during the early stages of the APIP magmatism and the
upper/middle lithospheric mantle (spinel-peridotites from the Indaia-1



and Limeira-1 kimberlitic pipes) during the late stages of the APIP
magmatism.

The petrostructural analysis of these mantle xenoliths highlights
characteristics similar to observations in cratonic roots worldwide: (1)
refractory compositions and coarse-granular microstructures in spinel-
peridotites, which sampled the upper section of the lithospheric
mantle, (2) fine-porphyroclastic, strongly recrystallized microstruc-
tures, and more fertile compositions among the garnet-peridotites,
which sampled the deep section of the lithospheric mantle, and (3)
equilibrium conditions for the garnet-peridotites consistent with a cold
geotherm, consistent with a 200 km thick lithosphere. These data
corroborate the continuation of the SFC mantle root beneath the eastern
Brasilia belt.

However, the present study also highlights evidence for modification
of this cratonic root by reactive melt percolation, with minor associated
deformation: (1) development of porphyroclastic microstructures at the
expenses of coarse-granular ones in the spinel peridotites, (2) micro-
structural evidence for secondary crystallization of clinopyroxene and in
a lesser extent of orthopyroxene in the spinel peridotites, (3) Fe-
enrichment in olivine and pyroxenes, Ti-enrichment in pyroxenes and/
or spinel, and occurrence of modal phlogopite and less frequently
amphibole, which are usually associated with coarse-porphyroclastic
microstructures in spinel-peridotites, (4) amphibole replacing pyrox-
enes in coarse-granular or coarse-porphyroclastic pyroxenites, and (5)
equilibrium conditions for most spinel-peridotites not consistent with a
cratonic geotherm and requiring a warmer geotherm. We interpret these
changes as associated with the Cretaceous APIP magmatism, although
evidence for older melt-rock interaction events is also preserved in the
coarse-granular peridotites. This interpretation is supported by the dif-
ference in equilibration conditions between the garnet-peridotites,
which were extracted from the mantle at ~120 Ma, and the spinel pe-
ridotites, which were extracted from the mantle at 80-91 Ma. The
former equilibrated on a typical cratonic geotherm, while the latter
equilibrated on a warmer geotherm.

The interpretation oflocal modification of the SFC mantleroot by the
APIP magmatism is further supported by the fact that the lower seismic
velocities observed beneath the APIP (— 0.5% anomalies) relative to
most of the SFC root (up to +1% anomalies) in P-wave tomography
models (Rocha et al., 2019) may be fully accounted by the moderate
heating of the lithosphere and Fe-enrichment due to reactive melt
transport in the lithospheric mantle documented in the studied xeno-
liths. The joint analysis of the mantle xenoliths and seismological data
indicates therefore that reactive melt percolation during a major and
long-lived magmatic event may effectively change the composition and
locally thin a cratonic root.

The present study shows, nevertheless, that this magmatic rejuve-
nation did not significantly modify the olivine CPO and, hence, the
seismic anisotropy signature of the lithospheric mantle beneath the
APIP. Comparison of seismic properties computed based on the xeno-
liths data with seismological observations implies that fossil flow di-
rections in the cratonic root should be dominantly subhorizontal and
that delay times of up to 0.6 s between the fast and slow split S-waves
may be acquired by teleseismic S-waves propagating in the cratonic root
beneath the area sampled by the xenoliths. Lateral variations in tele-
seismic S-waves delay times in the southern SFC might therefore record
variable obliquity between the lithospheric and asthenospheric flow
directions as well as present-day variations in the craton root thickness.
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