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Timescales of Neoproterozoic high-pressure granulites from the Carvalhos Klippe (Southern Brasilia Orogen)
were constrained through multi-mineral petrochronology. The high-grade metamorphism is related to conti-
nental collision processes during the assembly of West Gondwana and provides valuable insights on duration and
rates of collisional settings in the Neoproterozoic. Most of the investigated samples comprises coarse-grained
rutile-kyanite-garnet-orthoclase granulites, reaching peak metamorphic conditions of ~ 825 °C and 12 kbar,
based on phase equilibrium modelling and Zr-in-rutile thermometry. Prograde to a near peak stage (630-620 Ma)
was constrained by garnet Lu-Hf and U-Pb ages from high Y-HREE and low Th/U monazite domains. Low Y-
HREE, high Th/U and Eu/Eu* monazite domains record the metamorphic peak (615-605 Ma) after substantial
garnet growth, presence of melt and plagioclase consumption. The retrograde stage highlighted by high Y-HREE
and Th/U and depleted Eu/Eu* monazite domains, reflects garnet dissolution and melt crystallization during the
retrograde path (605-600 Ma). Zircon ages have a main cluster between 630 and 605 Ma, most likely related to
near-peak cooling. Cooling ages obtained by rutile and apatite U-Pb and biotite Rb-Sr ranging from 570 to 540
Ma suggest slow cooling rates of 2-8 °C/Myr during the retrograde path, contrasting with the modern collisional
orogens due to hotter mantle temperatures or low erosion rate and/or heat-producing elements concentration.
This study demonstrates that the timescales of high-pressure granulites may provide a robust framework for
understanding continental settings throughout the Earth’s history.

1. Introduction evidence of plate tectonics on Earth since, at least, these times (e.g.,

Chowdhury and Chakraborty, 2019). However, these rocks record slow

High-pressure granulites are geological witnesses of deep crustal
metamorphic processes that occur during collisional orogenesis due to
crustal subduction into mantle depths associated with crustal thickening
(O’brien, 2008). High-pressure granulites started to appear rarely in the
rock record at the Archean—Proterozoic boundary (e.g., Anderson et al.,
2012, Li et al., 2023), possibly recording the beginning of collisional
settings (Cawood et al., 2013). These metamorphic conditions (high-
pressure granulite facies) are attained, at present, in plate margin
collisional settings, suggesting that these Neoarchean rocks preserve
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cooling-exhumation rates that differ from rapid cooling rates observed
in modern tectonics, indicating different styles of plate tectonics acting
on early Earth (Chowdhury and Chakraborty, 2019; Chowdhury et al.,
2021; Cawood et al., 2022).

Comparing orogenic rates (i.e., cooling and exhumation rates)
throughout Earth’s history is a valuable way to evaluate secular changes
(e.g., Chowdhury et al., 2021). However, reliably constraining these
rates remains challenging. Petrochronology offers a robust approach for
estimating pressure-temperature-time (P-T-t) trajectories from various
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geological records (Engi et al., 2017). This approach has been success-
fully applied to high-grade metamorphic rocks, highlighting its rele-
vance for studying the timescales of high-pressure metamorphism and,
consequently, the processes of burial and exhumation during continen-
tal collision throughout Earth’s evolution (e.g., Moller et al., 2000;
Lotout et al., 2023). Otherwise, diffusion chronometry studies (Kohn
and Penniston-Dorland, 2017) in major metamorphic minerals (e.g.,
garnet) have been used as a complementary tool to access the duration
of metamorphic reactions (e.g., Liu et al., 2025), and to obtain the
timescales of high-grade metamorphism (e.g., Xu et al., 2025) which
also could be a complementary tool to understand metamorphic secular
changes.

Recent advances in petrochronological techniques allow the simul-
taneous measurement of isotopic ratios and chemical composition
extracted from the same ablated material by laser ablation split stream
inductively coupled plasma mass spectrometry (LASS-ICP-MS)
(Kylander-Clark et al., 2013; Kylander-Clark, 2017). The LASS-ICP-MS is
a valuable tool to access multiple episodes of growth or consumption of
major phases (i.e. garnet, feldspar), relating specific P-T conditions
during metamorphic evolution constrained by thermodynamic model-
ling with dates/ages and trace element zoning in accessory phases
(Hermann and Rubatto, 2003; Finger and Krenn, 2007; Holder et al.,
2015; Hacker et al., 2015; Wang et al., 2015, 2017; Rocha et al., 2017;
Hacker et al., 2019). Additionally, the recent development of triple
quadrupole mass spectrometers enhanced in situ geochronology in
several major metamorphic minerals such as garnet and biotite, which
are important records of metamorphic evolution (Hogmalm et al., 2017;
Ribeiro et al., 2023, 2024; Simpson et al., 2021; Zack and Hogmalm,
2016). Such advances allow the combination of multiple petrochron-
ometers including monazite, zircon, titanite, rutile, apatite, garnet and
biotite, with distinct stages of the metamorphism to constrain pressur-
e-temperature-time-deformation (P-T-t-d) paths and, consequently,
rates of tectono-metamorphic processes (e.g., Mottram et al., 2015;
Wawrzenitz et al., 2015; Cioffi et al., 2019; Lotout et al., 2020; Ribeiro
et al., 2022; Wang et al., 2023a; Wang et al., 2024).

The Southern Brasilia Orogen (southeastern Brazil) is a collisional
orogen associated with the Neoproterozoic assembly of West Gondwana
(Campos Neto and Caby, 1999, 2000) and serves as a natural laboratory
for studying orogenic processes in the late Cryogenian to Ediacaran. It
exposes high-pressure felsic granulites characterized by rutile-kyanite-
garnet-orthoclase assemblages with subordinate garnet-clinopyroxene
mafic granulites (Campos Neto and Caby, 1999; Garcia and Neto,
2003; Cioffi et al., 2012; Reno et al., 2012; Motta and Moraes, 2017;
Coelho et al., 2017; Li et al., 2021; Fumes et al., 2022; Benetti et al.,
2024b). The available metamorphic and cooling ages for these high-
pressure granulites range from 640 to 530 Ma (e.g., Campos Neto
et al., 2010; Reno et al., 2012; Motta and Moraes, 2017; Coelho et al.,
2017; Lietal., 2021; Fumes et al., 2022; Benetti et al., 2024a), making it
difficult to reconstruct their metamorphic evolution due to overlapping
age uncertainties and the lack of well constrained P-T-t correlations and
textural evidence for equilibrium mineral assemblages.

To investigate the timescales of deep crustal processes associated
with high-pressure metamorphism during continental collision, we
applied a multi-mineral petrochronology approach to high-pressure
felsic granulites from the Carvalhos Klippe in the Andrelandia Nappe
System (Southern Brasilia Orogen). These high-pressure granulites offer
a unique opportunity to constrain the timescales of Neoproterozoic
collisional settings, essential for understanding changes in plate tec-
tonics throughout Earth’s evolution and for providing empirical data to
validate numerical geodynamic models (e.g., Chowdhury et al., 2021).

2. Geological setting
2.1. The Southern Brasilia Orogen

The Brasilia Orogen is part of the Tocantins Province (Almeida et al.,
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2000) and represents a Neoproterozoic collisional orogen associated
with the amalgamation of West Gondwana during the Brasiliano-Pan-
African orogenic event (Brito Neves et al.,1999; Cordani et al., 2003).
The Brasilia Orogen is divided into two segments: Northern Brasilia
Orogen (Fuck et al., 2017) and Southern Brasilia Orogen (Valeriano
et al., 2008, Valeriano, 2017).

The southernmost portion of the Brasilia Orogen (Fig. 1) is a result of
an Ediacaran collision between an active margin, the Paranapanema
paleocontinent, onto a passive margin, the Sao Francisco paleocontinent
(Brito Neves et al., 1999, Campos Neto and Caby, 1999, 2000; Trouw
et al., 2000, 2013). It is characterized by a pile of sub-horizontal thick-
skinned nappes transported towards the ENE to the Sao Francisco
paleocontinent (Campos Neto et al., 2004). Three main tectonic domains
are recognized from WSW to ENE: (i) Socorro-Guaxupé Nappe, inter-
preted as a root remnant of the magmatic arc domain developed in the
active margin of the Paranapanema paleocontinent containing HT and
UHT rocks (Campos Neto and Caby, 2000; Mora et al., 2014; Motta et al.,
2021; Rocha et al., 2017, 2018; Rossi-Vieira et al., 2023; Tedeschi et al.,
2017; Trouw et al., 2013; Vinagre et al., 2014; Trouw et al., 2000); (ii)
Andrelandia Nappe System, consisting in subducted metasedimentary
rocks divided into three high-pressure allochthons terrains (Campos
Neto et al., 2010, 2011; Campos Neto and Caby, 1999; Reno et al., 2009,
2012; Coelho et al., 2017; Tedeschi et al., 2017; Frugis et al., 2018;
Kuster et al., 2020); and (iii) the passive continental margin domain,
consisting of Archean and Paleoproterozoic basement rocks, interpreted
as part of the reworked Sao Francisco paleocontinent during the Neo-
proterozoic orogeny (Cioffi et al., 2016a,b, 2019; Amaral et al., 2019;
Oliveira et al., 2019). It also includes the Sao Vicente Complex (Westin
et al., 2016a) and the Carrancas Nappe System (Campos Neto et al.,
2004, 2011; Trouw et al., 2013, Westin et al., 2019, Carvalho et al.,
2020; Marimon et al., 2021, 2022, 2023). These units are composed of
metasedimentary rocks related to the Sao Franciscan passive margin
which extends to the Lima Duarte Nappe within the Ribeira Belt (Rocha
et al., 2024a,b).

The Andrelandia Nappe System (ANS) occurs underneath the
Socorro-Guaxupé Nappe and comprises subducted metasedimentary
forming an inverted metamorphic pile, with amphibolite facies rocks at
the base and high-pressure granulites at the top (Campos Neto and Caby,
1999, Campos Neto et al., 2010, 2011; Motta and Moraes, 2017; Coelho
et al.,, 2017, Benetti et al., 2024a, b). Possible coesite remnants is
described in the high-pressure granulite domain, suggesting meta-
morphism under ultra-high-pressure conditions (Campos Neto et al.,
2024a,b), although this report has been contested (Schonig, 2024). The
ANS is organized into three allochthonous terrains from top to bottom: i)
the Trés Pontas-Varginha Nappe (Campos Neto and Caby, 1999, 2000)
and the Pouso Alto Nappe (northern and southern sectors, respectively),
and the associated klippen (Aiuruoca, Carvalhos, and Serra da
Natureza). These nappes and klippen are essentially composed of high-
pressure granulites, mainly felsic granulites (rutile-kyanite-garnet-
orthoclase granulite) and subordinate mafic granulites (garnet-clino-
pyroxene granulite) (Campos Neto et al., 2010; Cioffi et al., 2012; Reno
et al., 2009, 2012; Motta and Moraes, 2017; Coelho et al., 2017; Li et al.,
2021; Benetti et al., 2024b); ii) the Liberdade Nappe is predominantly
composed of rutile-kyanite-garnet mica schists/gneisses at upper
amphibolite metamorphic conditions (Trouw et al., 2000; Motta and
Moraes, 2017); and iii) the Andrelandia Nappe, correlated in the western
portion to the Carmo da Cachoeira Nappe, predominantly composed of
metagraywackes and metapelites with metamorphic peak at middle to
upper amphibolite facies (Trouw et al., 1983; Motta and Moraes, 2017;
Frugis et al., 2018; Benetti et al., 2024a).

2.2. The Carvalhos Klippe
The Carvalhos Klippe (Supplementary Data 2 — Fig. S1) overlies the

Liberdade Nappe and comprises metasedimentary and minor metamafic
rocks recording high-pressure granulite facies peak metamorphism with
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Fig. 1. (a) Geological map of the southernmost portion of the Brasilia Orogen with the location of the Carvalhos Klippe in a red rectangle (modified from Campos
Neto et al., 2011; Trouw et al., 2013; Cioffi et al., 2019); (b) West Gondwana contextualization (Gray et al., 2008).

evidence of partial melting at ~ 850 °C and 14 kbar (Campos Neto and
Caby, 2000; Reno et al., 2009; Campos Neto et al., 2010; Cioffi et al.,
2012). The predominant high-pressure felsic granulites preserve
centimeter-scale metamorphic banding varying from fine/medium- to
coarse-grained bands. These bands show a great variety of composition,
reflecting in distinct colors (white to light, medium and dark gray)
representing different proportions of rock-forming minerals, and diverse
textures, including millimeter- to centimeter-scale garnet porphyro-
blasts. The Carvalhos Klippe can be divided into two main tectono-
metamorphic units (Campos Neto et al., 2010): (1) the upper unit rep-
resenting most of the exposed klippe; and (2) the lower unit predomi-
nantly exposed in the northwestern portion.

The upper unit is characterized by light-gray colored, coarse-grained
rutile-kyanite-garnet-orthoclase granulite exhibiting garnet and kyanite
porphyroblasts (Fig. 2 a,b,c) with heterogeneous banding (Fig. 2b).
Additionally, fine-banded, white-colored rutile-garnet-orthoclase gran-
ulite with minor kyanite and higher plagioclase proportions occurs
subordinately (Fig. 2d). The lower unit is composed predominantly of
medium-gray-colored biotite-kyanite-garnet-orthoclase granulite with
centimeter-sized garnet porphyroblasts (Fig. 2e). Subordinate dark-gray
medium-grained plagioclase-garnet-biotite ~granulite also occurs
(Fig. 2f).
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Fig. 2. Field aspects of the Carvalhos Klippe high-pressure felsic granulites. (a-c) light-gray rutile-kyanite-garnet-orthoclase granulite with garnet and kyanite
porphyroblasts; (d) white-colored fine-banded rutile-garnet-orthoclase granulite; (e) medium-gray coarse-grained biotite-kyanite-garnet-orthoclase granulite with
centimeter garnet porphyroblast; (f) dark-gray plagioclase-garnet-biotite granulite. Mineral abbreviations follow Whitney and Evans (2010).
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3. Results

Seven samples of the representative lithotypes of high-pressure felsic
granulites from the Carvalhos Klippe were selected for detailed petro-
chronological studies (Supplementary Data 2 — Table S1). All analytical
data are provided in Supplementary Data 1 — Tables T1-T9 with meth-
odological details in Supplementary Data 2 — Material A1-A8.

3.1. Petrography

A brief description of the selected samples for petrochronology is
provided below. For additional petrography information on granulites
from the Carvalhos Klippe see Campos Neto et al. (2010) and Cioffi et al.
(2012).

Sample CK-1E is a coarse-grained porphyroblastic rutile-kyanite-
garnet-orthoclase granulite, with garnet (up to 5 mm in diameter) and
kyanite (up to 4 mm in length) porphyroblasts within a matrix composed
of quartz (25-30 vol%), orthoclase (20-25 vol%) and rutile (5-8 vol%).
Garnet (5-10 vol%) porphyroblasts encompass abundant prismatic
rutile inclusions and display trails of acicular rutile defining internal
foliation that truncate the external main foliation (Fig. 3a). Apatite,
quartz, kyanite and ilmenite inclusions in garnet are present to a lesser
extent (Fig. 4b). Garnet grains display resorbed rims, partially replaced
by biotite + plagioclase + quartz + kyanite (Figs. 3a, b). Kyanite (15-20
vol%) is mostly found as oriented porphyroblasts within the matrix,
often with rutile and ameboid quartz and minor monazite inclusions.
Common accessory minerals (< 5 vol%) include ilmenite, apatite,
monazite and zircon.

Sample CK-2A is a medium-grained rutile-kyanite-garnet-orthoclase
granulite with garnet (up to 3 mm in diameter) and kyanite (up to 1 mm
in length) porphyroblasts and a matrix composed of quartz (20-25 vol
%), orthoclase (15-20 vol%), rutile (5-8 vol%) and plagioclase (5-10
vol%). Garnet porphyroblasts display quartz, rutile, biotite, zircon,
monazite, and apatite inclusions. Garnet also occurs as fine-grained
crystals (up to 500 pm in diameter) in the granoblastic matrix
(Fig. 3c). Kyanite (8-12 vol%) mostly occurs as inclusion-free por-
phyroblasts and fewer grains contain minor rutile, biotite, and quartz
inclusions. Disequilibrium textures with biotite are observed at kyanite
rims. Most of the biotite grains (5-8 vol%) occur replacing garnet and
kyanite rims, interpreted as a retrograde phase. Common accessory
minerals are ilmenite, monazite, zircon and apatite.

Sample CK-2B is a coarse-grained rutile-kyanite-garnet-orthoclase
granulite displaying porphyroblastic texture, characterized by garnet
(up to 9 mm in diameter) and kyanite (up to 4 mm in length) por-
phyroblasts within a matrix composed of quartz (15-25 vol%), ortho-
clase (20-25 vol%) and rutile (8-10 vol%). Garnet (20-25 vol%)
porphyroblasts have prismatic and acicular rutile and ameboid quartz
inclusions (Fig. 3d). Kyanite (10-15 vol%) porphyroblasts are oriented
along the main foliation and have rutile and ameboid quartz inclusions.
Locally, kyanite aggregates are present in the garnet rim. Late biotite
(~5 vol%) is less abundant than in other samples and appears as tiny
grains within matrix quartz and feldspar. Common accessory minerals
include ilmenite, apatite, monazite and zircon.

Sample CK-2H is a medium to coarse-grained (kyanite)-rutile-garnet-
orthoclase granulite exhibiting porphyroblastic texture (garnet por-
phyroblasts up to 3 mm in diameter) and matrix displaying nemato-
granoblastic texture with quartz (25-35 vol%), orthoclase (20-25 vol
%), plagioclase (20-25 vol%), rutile (5-10 vol%) and minor kyanite (<
5 vol%). Garnet (10-15 vol%) porphyroblasts are poikiloblastic with
large inclusions of ameboid quartz, feldspar, biotite, and rutile (Fig. 3e).
Biotite (< 5 vol%) is often observed around garnet rims and is also
present as submillimeter thick layers defining the metamorphic folia-
tion. Common accessory minerals include ilmenite, monazite, apatite,
zircon and muscovite.

Sample CK-4C is a fine- to medium-grained, light gray to white-
colored rutile-garnet-orthoclase granulite. Fine-grained garnet grains
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(up to 1 mm in diameter) (5-7 vol%) are usually free of inclusions, with
only a few rounded quartz (Fig. 3f) and biotite inclusions. Matrix is
mostly composed of quartz (30-35 vol%), perthitic orthoclase (20-25
vol%), plagioclase (10-15 vol%) and accessory kyanite, biotite and
rutile. Biotite is only associated with small and randomly oriented
crystals in the matrix or associated with the garnet rim. Other common
accessory minerals are apatite, monazite, muscovite, opaques and
zircon.

Sample CK-12B is a coarse-grained, porphyroblastic biotite-kyanite-
garnet-orthoclase granulite characterized by large centimeter garnet
porphyroblasts (up to 2 cm in diameter) and millimeter-scale kyanite
crystals. Matrix is mostly composed of quartz (15-20 vol%), and
orthoclase (10-15 vol%). Garnet porphyroblasts (30-35 vol%) are poi-
kiloblastic with large inclusions of ameboid quartz, rutile, biotite,
monazite, and ilmenite. Partial replacement of biotite + muscovite +
kyanite along the garnet rims are common (Fig. 3g). Porphyroblastic
kyanite is oriented in metamorphic foliation or in association with
biotite and muscovite around the garnet rims (Fig. 3g). Biotite (5-8 vol
%) is frequently associated with muscovite and kyanite at the garnet
rims or as submillimeter lepidoblastic (biotite + muscovite) layers in the
vicinity of kyanite porphyroblasts. Common accessory minerals are
rutile, ilmenite, muscovite, monazite and zircon.

Sample CK-13 is a dark-gray fine- to medium-grained plagioclase-
garnet-biotite granulite with kyanite, displaying medium- to coarse-
grained garnet porphyroblasts (up to 2 mm in diameter) (15—20 vol
%). Matrix is composed of orthoclase (25——30 vol%), biotite (~20 vol
%), quartz (~20 vol%), plagioclase (10-15 vol%), and kyanite (5 vol%).
Garnet porphyroblasts have kyanite, plagioclase, quartz, apatite, rutile,
ilmenite, zircon, and pyrite inclusions. Garnet rims are partially
replaced by biotite (Fig. 3h). Common accessory minerals include rutile,
zircon, monazite, and xenotime.

3.2. Mineral chemistry and phase equilibrium modelling

The plagioclase-garnet-biotite granulite with kyanite (sample CK-13)
is the granulite facies equivalent of the garnet-biotite-plagioclase-quartz
schist of the Santo Antonio Schist unit (Trouw et al., 1983), identified in
the lower grade, subsolidus amphibolite facies nappes from Andrelandia
Nappe System. Due to the comparison of similar geochemical compo-
sitions between these rocks, Cioffi et al. (2012) suggested minimal de-
grees of melt extraction at high-grade (granulite facies) conditions.
Consequently, sample CK-13 was likely less affected by melt loss and is
the best candidate to represent the photolith composition, making it
suitable for precise P-T estimation of the Carvalhos Klippe.

Garnet porphyroblast from sample CK-13 have compositional
zoning, with core exhibiting higher contents of almandine (XAlm = 0.60
- 0.65), grossular (XGrs = 0.17) and spessartine (XSps = 0.015 — 0.028)
and lower contents of pyrope (XPrp = 0.15 — 0.21). Garnet mantle is
depleted in grossular (XGrs = 0.08 — 0.14), in almandine (XAlm = 0.58 —
0.60) and spessartine (XSps = 0.005 - 0.015) and enriched in pyrope
(XPrp = 0.20 — 0.34). The garnet rim is characterized by higher contents
of almandine (XAlm = 0.65 — 0.70) and spessartine (XSps = 0.020 —
0.028) and lower contents of grossular (XGrs = 0.08 — 0.10) and pyrope
(XPrp = 0.18 — 0.20) (Fig. 4). Matrix biotite grains have XMg varying
from 0.58 to 0.62 and Ti content ranging from 0.15 to 0.20 (pfu; per
formula unit). Plagioclase grains are mostly oligoclase, with higher
anorthite contents at the cores (XAn = 0.20 — 0.30).

The modelled sample (CK-13) has a peak metamorphic assemblage of
garnet + biotite + orthoclase + plagioclase + quartz + rutile + melt
related to ~ 8 % of Fe as FeoO3 and ~ 1.15 mol% of H,0 (Figs. 5a, b).
That mineral assemblage is stable in a range of ~11.0 — 14.5 kbar and ~
820-835 °C (Fig. 5c¢). Peak conditions are compatible with garnet
mantle isopleths of XGrs = 0.08 (Fig. 4b) and XPrp = 0.34 (Fig. 4d) and
plagioclase composition of XAn = 0.20 and reveal a P-T condition of ~
12.4 kbar and ~ 825 °C (red star, Fig. 5d). The modelling reasonably
simulates the modal proportion of ~ 23 vol% of garnet, ~25 vol% of
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Fig. 3. Transmitted light, plane polarized photomicrographs of the studied high-pressure felsic granulites from the Carvalhos Klippe and (b) mineral phase map. (a,b)
garnet porphyroblast with biotite replacement (CK-1E); (c) rutile-kyanite-garnet-orthoclase granulite (CK-2A); (d) rutile-kyanite-garnet-orthoclase granulite (CK-2b);
(e) ameboid quartz and rutile inclusions in garnet porphyroblast (CK-2H); (f) rutile-garnet-orthoclase granulite (CK-4C); (g) biotite-kyanite-garnet-orthoclase
granulite with garnet partial replacement of biotite + muscovite + kyanite (CK-12B); (h) plagioclase-garnet-biotite granulite with kyanite (CK-13). Mineral ab-
breviations follow Whitney and Evans (2010).
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plagioclase, ~18 vol% of orthoclase and ~ 3 vol% of melt (Figs. 5e, f, g,
h) as observed in the sample.

3.3. Garnet Lu-Hf geochronology

Two samples from the upper tectono-metamorphic unit (CK-2A, CK-
4C) and one sample from lower unit (CK-13) were selected for in situ Lu-
Hf garnet geochronology. The complete Lu-Hf dataset (n = 114 spots)
from sample CK-2A yields an inverse Lu-Hf isochron date of 659 + 30
Ma (MSWD = 1.2, n = 114) with an initial '7® Hf/ 77Hf of 0.2797 +
0.0018 (Fig. 4e).

Sample CK-4C displays small garnet crystals which yield an inverse
Lu-Hf isochron age of 619 + 22 Ma (MSWD = 0.88, n = 49) and 17 Hf/
177Hf initial ratio of 0.2854 = 0.0053 (Fig. 4f). Garnet porphyroblasts of
sample CK-13 yields and inverse Lu-Hf isochron date of 638 + 19 Ma
(MSWD = 1, n = 63) and initial 7 Hf/'”’Hf of 0.2814 + 0.0008
(Fig. 4g).

3.4. Monagite U-Pb and trace elements

In situ U-Pb and trace element monazite analyses of five samples
from the upper tectono-metamorphic unit (CK-1E, CK-2A, CK-2B, CK-
2H, CK-4C) and one sample from the lower unit (CK-12B) were con-
ducted using LASS-ICP-MS. X-ray Ca, U, Th and Y compositional maps
were used to guide the analyses on different compositional domains. U-
Pb date errors are reported at 2 sigma level. Monazite ages are reported
with decimal digits, as measurements were made using the multi-
collector ICP-MS. Overdispersion dates are reported by the second
uncertainty.

Trace element data were normalized to the chondrite following the
McDonough and Sun (1995) values. Description of textural and zoning
patterns, textural context, X-ray compositional maps and spot locations
for all studied monazite grains and complementary chemical informa-
tion are provided in Supplementary Data 2 — Table S2 and Supplemen-
tary Figs. S$2-S13. Summarized chemical and isotopic results are
provided in Supplementary Data 2 — Table S3.

3.4.1. Sample CK-1E

Six matrix monazite grains (M1, M2, M3, M4, M5 and M6) and one
monazite inclusion in kyanite (M7) were investigated in sample CK-1E.
Matrix monazite crystals (~100 to 300 um in diameter) have irregular to
subhedral shapes and are characterized by concentric zoning. Matrix
cores are associated with the lowest Y-HREE concentrations (Y contents
72 — 1900 ppm, Gdn/Luy = 39 - 1125, Gdy/Luy mean = 516), Eu/Eu*
ratios varying from 0.26 to 0.76 (Eu/Eu* mean = 0.63) and higher Th/U
ratios from 4 to 64 (Th/U mean = 17) (Fig. 6a). Low Y-HREE matrix
monazite cores yielded a lower intercept age of 605.8 + 1.4 Ma (MSWD
= 0.97, n = 27) (Fig. 6b).

Matrix monazite rims show enriched Y-HREE contents (Y contents
from 294 to 2161 ppm, Y mean = 1241 ppm, Gdyn/Luy = 230 — 649;
Gdy/Luy mean = 439), Eu/Eu* varying from 0.17 to 0.76 (Eu/Eu*
mean = 0.61) and low Th/U ratios ranging 9 — 37 (Fig. 6¢). High Y-HREE
matrix monazite rims display a lower intercept age of 600.3 + 2.5 Ma
(MSWD = 1.5, n = 18) (Fig. 60).

One monazite inclusion in kyanite (M7) has ~ 160 ym in diameter
and subhedral shape (Fig. 6d). It has homogeneous zoning evidenced for
depleted Y-HREE contents (Y contents 477 — 1355 ppm, Y mean = 751
ppm, Gdyn/Luy ratios between 389 and 1171; Gdy/Luy mean = 752),
high Eu/Eu* with values between 0.59 and 0.69 and low Th/U from 7 to
16 (mean = 10) that encompass a U-Pb concordant data (102-106 % of
concordance) yielding a weighted mean age of 609.8 + 2.8 Ma (MSWD
= 0.47; n = 4) (Fig. 6d).

3.4.2. Sample CK-2A

Three matrix monazite grains from sample CK-2A (M1, M7 and M8)
(Fig. 7a) show lobate shape and concentric zoning encompassing Y-
HREE enriched domain (Y contents of 1408 — 13842 ppm, Gdn/Luy = 43
- 581), Eu/Eu* varying from 0.05 to 0.50 and Th/U ratios from 10 to
105 yield a weighted mean age of 606.8 + 1.4 Ma (MSWD = 0.83, n =
20) (Fig. 7b).

Matrix monazite grains with Y-HREE depleted domain (Y contents of
425 - 1066 ppm, Gdy/Luy = 970 — 1526), Eu/Eu* ranging from 0.27 to
0.33 and Th/U ratios from 58 to 86 display a weighted mean age of
613.3 + 4.2 (MSWD = 0.99, n = 4). (Fig. 7¢).

One monazite associated to retrograde biotite (M10, Fig. 7d) has an
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irregular shape and concentric zoning, and it is characterized by Y-HREE
depleted values (Y contents of 243 — 515 ppm, Gdy/Luy = 1006 — 1355),
Eu/Eu* ratios varying from 0.24 to 0.30 and Th/U values from 48 to 69.
One data with high Y and HREE patterns is associated with the influence
of the high Y rim domain that is near to the spot location. Monazite
enclosed in retrograde biotite yields a weighted mean average age of
614.3 + 2.7 (MSWD = 0.89, n = 8) (Fig. 7e).

Monazite grains included in garnet (M11 and M15) shows lobate
shape and concentric to homogeneous zoning and shows depleted Y-
HREE pattern (Fig. 7d), Y contents of 512 — 1575 ppm, Gdn/Luy = 360 —
1674), Eu/Eu* values from 0.26 to 0.38 and Th/U ratio from 38 to 81
with a weighted mean age of 611.2 + 2.5 (MSWD = 0.92, n = 11)
(Fig. 7).

3.4.3. Sample CK-2B

In sample CK-2B two matrix monazite grains (M8 and M13) were
investigated (Fig. 8a). Monazite grain M8 have a diameter of up to 700
um and shows subhedral shape with patchy zoning characterized by a Y-
HREE-depleted domain (Y contents 168 — 3291 ppm, Gdy/Luy = 188 —
1937), Eu/Eu* varying from 0.23 to 0.74 and Th/U ratios from 4 to 51
and a Y-HREE-enriched domain (Y contents ~ 14000 ppm, Gdy/Luy =
42 - 58), Eu/Eu* varying from 0.37 to 0.47 and low Th/U ratios ranging
from 10 to 14.

Matrix monazite M13 has a lobate shape with flat zoning defined by a
Y-HREE-depleted domain (Y contents of 273 — 1630 ppm, Gdy/Luy =
538 — 1590), Eu/Eu* ratios ranging from 0.23 to 0.39 and Th/U ratios
ranging from 42 to 51.

One monazite enclosed in garnet mantle (M12) shows a lobate shape
with patchy zoning (Fig. 8b) discriminated by low to intermediary Y and
HREE concentrations (Y contents of 260 — 1600 ppm, Gdy/Luy = 1066 —
1370) high Eu/Eu* (median = 0.73) and Th/U ratios varying from 4 to
8. By contrast, one high Y-HREE spot (Y = 15731 ppm, Gdy/Luy = 89),

with Eu/Eu* = 0.30 and low Th/U ratio of 5 was used to calculate a
weighted mean age together with high-Y-HREE matrix monazite
domain. The high Y-HREE and low Th/U domain were preserved in
matrix monazite and monazite enclosed in garnet and yielded a
weighted mean age of 621.0 + 4.0 Ma (MSWD = 2.8, n = 3) (Fig. 8¢c).

The low Y-HREE domains on matrix monazite grains yield a lower
intercept age of 611.6 + 1.3 (MSWD = 1.8, n = 43) excluding an older
concordant data (Fig. 8d). Additionally, the same lower intercept age of
612.3 + 2.1 (MSWD = 0.41, n = 9) (Fig. 8e) with Stacey and Kramers
(1975) Pb model anchored is registered on monazite inclusion in garnet
with low Y-HREE and high Eu/Eu* domain.

3.4.4. Samples CK-2H, CK-4C and CK-12B

Two monazite crystals (M13 and M14) (~ 200 pym in diameter) in
sample CK-2H were examined and display subhedral shapes. The matrix
monazite (M13) exhibits concentric zoning, is associated with zircon
and is surrounded by rutile. Monazite M13 yielded a lower intercept age
of 609.1 + 1.9 Ma (MSWD = 1.1; n = 12) with the exception of a
younger outlier (589.57 + 5.4 Ma) (Fig. 9a). The lower intercept age
calculated is from a chemical domain with intermediated to high Y-
HREE concentrations (Y contents of 201 — 14831 ppm; Y mean = 1993
ppm; Gdn/Luy = 35 - 1272; Gdy/Luy mean = 745), Eu/Eu* ratio mean
of 0.27 and low Th/U (mean = 11). Monazite M14 with flat to concentric
zoning is located at the garnet rim adjacent to zircon yielded a lower
intercept age of 603.9 + 1.8 Ma (MSWD = 1.7, n = 13) (Fig. 9b),
calculated from a Y-HREE depleted domain (Y = 181 - 1124 ppm; Y
mean = 297 ppm, Gdy/Luy = 578 — 1898; Gdn/Luy mean = 1483), with
lower Eu/Eu* (mean = 0.15) and higher Th/U (mean = 31) ratios than
the matrix monazite.

Five monazite crystals in the matrix (up to 300 um in diameter) were
analyzed in sample CK-4C (M2, M4, M8, M11 and M14). These crystals
present shapes ranging from euhedral (e.g., M14) to lobate (e.g., M8)
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and display complex zoning patterns (e.g., M8 patchy zoning; Fig. 9¢)
and abundant apatite inclusions (M8, M11 and M14) and locally calcite
(M2) and quartz-feldspar rounded inclusions (M8). Matrix grains which
yield a lower intercept age of 606.8 + 1.6 Ma (MSWD = 1.9; n = 50)
(Fig. 9¢) have Y contents ranging from 1323 to 11987 ppm (Y mean =
3619 ppm), Gdn/Luy from 57 to 1048 (Gdy/Luy mean = 532), low Eu/
Eu* ratio with mean = 0.07 and high Th/U ratio (Th/U = 30 - 121;
mean = 61). Patchy zoned monazite (M8) with large apatite inclusions
(Fig. 9c) encompasses the oldest concordant data with a weighted mean
age of 630.2 + 2.5 Ma (MSWD = 0.33; n = 7) (Fig. 9d). This domain
admits a high Y-HREE concentration ranging from 1877 to 11605 ppm
(Y mean = 4664 ppm), Gdy/Luy ratio from 86 to 908 (Gdy/Luy mean =
532) of low Eu/Eu* mean = 0.11 (Eu/Eu* = 0.03 - 0.44) and high Th/U
(mean = 43 and values between 35 and 61).

One matrix monazite adjacent to biotite and ilmenite (M6) and three
monazite grains enclosed in garnet porphyroblast (M1, M2 and M9)
were investigated in sample CK-12B. Mostly, the U-Pb results reveal a
discordant dataset (Figs. 9e, f) compared to other analyzed samples. The

10

matrix monazite M6 (~100 um in diameter) has an irregular shape and
provided a lower intercept age of 596.9 + 4.8 Ma (MSWD =2.7,n =12)
(Fig. 9e). This lower intercept age was calculated from all different
chemical domains (Y = 513 — 14248 ppm; Gdn/Luy = 45 — 1207), with
Eu/Eu* higher than 0.40 and a low Th/U ratio (mean = 16). Monazite
inclusions (up to 300 pm) in coarse-grained garnet porphyroblasts near
to fractures have irregular shapes, are characterized by complex patchy
zoning with different chemical domains (Y = 538 — 14402 ppm; Gdn/
Luy = 62 - 1601; Eu/Eu* > 0.36; Th/U mean = 18) which yielded a
lower intercept age of 599.4 + 1.5 Ma (MSWD = 1.3; n = 47) (Fig. 9f).
Apparently, there is not any textural or chemical control on the distri-
bution of ages, since all analyzed domains provided younger ages of ca.
600 Ma.

3.5. Zircon U-Pb and trace elements

Zircon grains from sample CK-13 display oscillatory zoned inherited
cores and thick low luminescent rims with sector zoning (Fig. 10a). The
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and monazite inclusion in garnet, respectively.

cores show resorption textures characterized by irregular shapes and
thin high luminescent recrystallization fronts at the core-rim bound-
aries. The inherited cores have high Th/U ratios (0.2-1.4) and steep
chondrite-normalized HREE patterns with average Gdn/Yby of 0.07, in
contrast to sector zoned rims that display low Th/U ratios (0.01-0.03)
and less steep HREE patterns with average Gdn/Yby of 0.38 (Fig. 10b).
Most of the inherited cores yield U-Pb dates ranging from 1000-700 Ma
(Fig. 10c) with only two older concordant dates at ca. 2.4 and 2.1 Ga.
Zircon rims yield U-Pb data that spread along concordia from ca. 640 to
595 Ma with a main cluster of 2°°Pb/23®U dates within the 630-605 Ma
range (Fig. 10c).

3.6. Rutile U-Pb geochronology and Zr-in-rutile thermometry

Trace element and U-Pb data were simultaneously acquired via
LASS-ICP-MS from two samples from the upper unit (CK-1E and CK-2B)
and two samples from the lower unit (CK-12B1 and CK-13). Rutile grains
occur within the matrix and as inclusions in kyanite and/or garnet
porphyroblasts.

Rutile grains from sample CK-1E yielded a concordia age of 550 + 8
Ma (Fig. 11a) (MSWD = 1.9, n = 46). Uranium contents vary between 6
and 23 ppm, with smaller age uncertainties generally correlated to
higher U values. Results from Zr-in-rutile thermometry (calibration of
Tombkins et al., 2007 at 12 kbar) are within the 652-768 (+30) °C range,
equivalent to Zr concentrations from 279 to 1007 ppm (Fig. 11a).

Rutile U-Pb analyses for sample CK-2B are slightly discordant. A
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lower intercept age of 556 + 7 Ma (Fig. 11b) was calculated anchoring
the uncorrected data through the initial 2”Pb,/2%°Pb value of the Stacey
and Kramers (1975) model (MSWD = 3, n = 64) in the Tera-Wasserburg
diagram. Uranium contents are within the 23-66 ppm range, with Zr
concentrations varying from 400 to 1780 ppm and correspondent Zr-in-
rutile temperatures ranging from 682 to 830 (+30) °C at 12 kbar
(Fig. 11Db).

Sample CK-12B rutile data yielded a concordia age of 551 + 8 Ma
(MSWD = 2, n = 35) (Fig. 11c). The U and Zr contents range from 10 to
26 ppm and from 383 to 1090 ppm, respectively. Estimated Zr-in-rutile
temperatures are in the interval of 680 to 776 °C at 12 kbar (Fig. 11c).

Individual dates for sample CK-13 are moderately discordant,
resulting in a lower intercept age of 571 + 14 Ma (MSWD =1, n = 13)
(Fig. 11d). Most of the grains analyzed show relatively low U contents
(5-10 ppm), while overall maximum values do not surpass 31 ppm.
Zirconium contents of 258 to 1021 ppm result in Zr-in-rutile tempera-
tures of 646 to 770 °C at 12 kbar (Fig. 11d).

3.7. Apatite U-Pb geochronology

Apatite U-Pb data were acquired for two samples from the upper unit
(samples CK-2A and CK-2H). Tera-Wasserburg diagrams were plotted to
calculate the lower intercept ages due to high common Pb to radiogenic
Pb ratios in apatite. The dataset of both samples admits a good spread in
23815 /206p}, ratios (F igs. 11e, f), which allows the calculations of a lower
intercept age and an initial Pb composition in the upper intercept via
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linear regression (Ribeiro et al., 2020). Samples CK-2A and CK-2H yield
lower intercept ages of 538 + 12 Ma (MSWD = 1.5 and n = 33; Fig. 11e)
and of 545 + 12 Ma (MSDW = 1.4 and n = 32; Fig. 11f), respectively.

3.8. Biotite Rb-Sr geochronology

Biotite Rb-Sr geochronology was acquired for two samples from the
upper unit (samples CK-2A and CK-2H). Sample CK-2A is characterized
by an inverse isochron age of 537 + 3 Ma (MSWD = 1.0, n = 49;
Fig. 11g) with an anchored initial 8 Sr/30sr; ratio of 0.73 + 0.03 akin to
common crustal rocks (Rosel and Zack, 2022). Sample CK-2H has biotite
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grains which yield a comparatively older inverse isochron date of 545 +
3 Ma (MSWD = 0.6, n = 45; Fig. 11h) using the same anchoring
approach. Anchoring the isochron to a typical crustal 875r/8%gr; better
constrains the isochrons for highly Rb-enriched minerals like the biotite
grains from both samples (Rosel and Zack, 2022).
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4. Discussion

4.1. Petrochronology of high-pressure granulites from the Carvalhos
Klippe

The near-peak conditions for the Carvalhos Klippe of ~ 825 °C and
12 kbar were obtained from low grossular and high pyrope garnet
mantle associated with the peak mineral assemblage of garnet + biotite
+ orthoclase + plagioclase + kyanite + quartz + rutile + melt (Figs. 4b
and 7). The calculated Zr-in-rutile temperatures (Figs. 11a, d) are
slightly lower and are interpreted as minimum temperatures.

Garnet is a key metamorphic mineral, and higher abundances are
expected at peak metamorphic conditions (Fig. 5e). High spessartine
cores may reflect growth in lower temperatures along the prograde path.
The garnet Lu-Hf geochronology is a useful tool for tracing the timing of
one of the most relevant metamorphic minerals (Tamblyn et al., 2022),
especially in high-grade metamorphic rocks due to its high closure
temperatures over 750 °C (e.g. Smit et al., 2013). Additionally, garnet is
a sink for HREE and Y, hence linking garnet and monazite chemistry and
age might shed light into the petrochronological relationship between
these key chronometers in metamorphic rocks (e.g., Foster et al., 2000;
Rubatto et al., 2006; Holder et al., 2015).

The garnet Lu-Hf isochron age of 638 + 19 Ma (Fig. 4g) obtained
from sample CK-13 most likely reflects the prograde to near-peak
metamorphic conditions due to the prograde garnet growth preserved
in high spessartine cores (Fig. 4c). Because Lu is strongly partitioned to
garnet during early crystallization, the Lu-Hf age may reflect the
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prograde stages of garnet growth. In contrast, textural features such as
ameboid quartz and plagioclase inclusions (Fig. 4a) may reflect near
peak peritectic garnet growth. The fine-banded, white-colored rutile-
garnet-orthoclase granulite (CK-4C) with inclusion-free small garnet
crystals yields a garnet Lu-Hf isochron age of 619 + 22 Ma (Fig. 4f),
possibly recording the peritectic garnet growth during near-peak
metamorphic conditions evidenced by rounded quartz inclusions
which might be related to a melt phase (Fig. 3f). The rutile-kyanite-
garnet-orthoclase granulite (CK-2A) produces an isochron age with
high uncertainty of 659 + 30 Ma due to lesser radiogenic isotopic ratios
(Fig. 4e), which is also in agreement within uncertainty with the pro-
grade stage age.

The growth of Y-HREE-enriched monazite is usually associated with
prograde metamorphism before significant garnet growth or associated
with garnet consumption during retrograde metamorphism (e.g. Cottle
et al., 2009; Foster and Parrish, 2003; Hermann and Rubatto, 2003; Pyle
and Spear, 2003; Spear and Pyle, 2002; Williams et al., 2007, Wang
et al., 2015, 2017; Rocha et al., 2017). Monazite in the high-pressure
felsic granulites of the Carvalhos Klippe records three distinct growth
stages during the metamorphic evolution revealing a correlation to trace
element content (especially Y and heavy rare earth element [HREE]) and
Th/U ratios. Thorium contents in monazite chemical domains are also
used to correlate growth in association to melt, once Th is mostly frac-
tionated into monazite in the presence of melt (Dumond et al., 2015;
Rocha et al., 2017), and it is expected to increase Th/U ratios in
monazite associated with increasing metamorphic grade (Yakymchuk
and Brown, 2019). We used those proxies to evaluate monazite
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crystallization along the metamorphic path.

Stage I monazite is preserved in a few high Y-HREE and low Th/U
domains in monazite inclusion in garnet porphyroblast and/or within
the matrix, yielding U-Pb dates spanning from 630 to 620 Ma. We
interpreted these ages (samples CK-2B, CK-4C) reflecting monazite
growth before the biotite dehydration melting reaction responsible for
abundant garnet growth and/or associated with xenotime breakdown
during the prograde path (e.g., Shrestha et al., 2019). Additionally, the
ca. 630 Ma age obtained in monazite with large apatite inclusions (grain
MS8; sample CK-4C) could represent monazite growth associated with
apatite dissolution during prograde suprasolidus conditions (Johnson
et al., 2015, Yakymchuk, 2017).

Stage II monazite is represented by low Y-HREE domains with high
Th/U and Eu/Eu* ratios reflecting garnet growth, presence of melt and
plagioclase consumption, respectively, during the high-pressure granu-
lite facies metamorphism (Rubatto et al., 2006, 2013; Dumond et al.,
2015; Holder et al., 2015; Hacker et al., 2015; Rocha et al., 2017) related
to the biotite dehydration melting reaction (biotite + plagioclase +
quartz = garnet + K-feldspar + melt) (Vielzeuf and Schmidt, 2001) at
615-605 Ma. These chemical domains are found in matrix monazite
grains, as well as in monazite enclosed in kyanite and garnet porphyr-
oblasts and monazite associated with retrograde biotite. Under (ultra)
high-pressure metamorphic conditions, plagioclase is consumed
(O’Brien and Rotzler, 2003) which affects the Eu concentration in
accessory minerals (e.g., monazite) (Rubatto et al., 2006; Holder et al.,
2015; Hacker et al., 2015). The trend of plagioclase consumption at the
peak conditions is reinforced by thermodynamic modelling (Fig. 5f).
Although, Eu concentrations in monazite can also be influenced by ox-
ygen fugacity (fO3) and/or fluid-rock interaction (Holder et al., 2020),
we correlated the Eu/Eu* to plagioclase consumption by biotite dehy-
dration during the high-pressure granulite metamorphic peak.

Stage III monazite (605-600 Ma) is characterized by high Y-HREE
domains with high Th/U and low Eu/Eu* ratios, being interpreted to
reflect garnet consumption during the retrograde path and melt crys-
tallization during the cooling after high-grade metamorphism. A same
age of ca. 600 Ma is also recorded in distinct chemical patterns in matrix
monazite grains and exceptionally in monazite grains that are filling
fractures in coarse-grained garnet porphyroblast (i.e., M1, M2, M14,
sample CK-12B; Fig. 9f).These monazite patchy zoning domains likely
reflect decoupling between ages and chemistry and may be affected by
dissolution-reprecipitation driven by retrograde fluids that could have
modified the U-Pb isotopic system (Seydoux-Guillaume et al., 2002;
Harlov and Hetherington, 2010).

Zircon grains from sample CK-13 display thick sector zoned meta-
morphic overgrowths with low Th/U ratios and HREE-depleted patterns
that yield a main cluster of dates ranging from 630 to 605 Ma (Fig. 10).
The high age spread hampers a precise definition of metamorphic stages,
but based on theoretical studies (Kelsey et al., 2008; Yakymchuk and
Brown, 2014; Kohn et al., 2015) we interpret that the main zircon
growth stage is related to cooling near-peak metamorphic conditions.

The cooling to temperatures below 600 + 100 °C is constrained by U-
Pb dating of rutile grains (Cherniak, 2000; Vry and Baker, 2006;
Kooijman et al., 2010), which are part of the peak mineral assemblage.
These ages overlap within uncertainty with U-Pb apatite ages (closure
temperatures of ~ 450 + 100 °C — Chamberlain and Bowring, 2001;
Schoene and Bowring, 2007; Chew and Spikings, 2015; — see Oriolo et al.
2018 for additional information). The late stages of retrograde evolution
are constrained by biotite Rb-Sr ages. In the analyzed samples (CK-2A,
CK-2H), biotite is interpreted to be the result of biotite dehydration
back-reactions at high-temperature. Therefore, Rb-Sr biotite ages are
interpreted as cooling ages due to lower closure temperatures of the
biotite Rb-Sr system (~350 + 50 °C; Jager, 1977; Verschure et al.,
1980).

The obtained U-Pb rutile dates range between ca. 570 and 550 Ma
which are slightly older than the U-Pb apatite and Rb-Sr biotite dates,
ranging from ca. 550 to 540 Ma (Fig. 11). The 60-70 Myr interval
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between peak conditions of ~ 825 °C recorded by 615-605 Ma monazite
ages and retrograde cooling to temperatures of ~ 350-450 °C recorded
by U-Pb apatite and Rb-Sr biotite ages (Fig. 12), provides evidence for
slow cooling rates of 5-8 °C/Myr in the high-pressure felsic granulites of
the Carvalhos Klippe. The cooling rates would be even slower within the
2-8 °C/Myr range if only U-Pb rutile ages of 570-550 Ma are considered.
Despite that apatite and rutile U-Pb ages can be reset (e.g., Ewing et al.,
2013; Strachan et al., 2024) in polyphase metamorphic terranes (e.g.,
Wang and Guo, 2017; Wang et al., 2023a) there is not any evidence of a
late thermal overprint in the present study. Therefore, it is assumed that
the U-Pb rutile and apatite ages from the high-pressure granulites of the
Carvalhos Klippe reflect cooling ages.

4.2. Timescales of high-pressure granulite facies metamorphism along the
Earth’s secular evolution

Paleoproterozoic high-pressure granulites of ca. 1.88 Ga associated
with the Columbia formation in the North China Craton record ca. 90
Myr from the metamorphic peak at ~ 860-880 °C and 12 kbar to
retrograde conditions of ~ 850 °C and 9 kbar (Li et al., 2023). Addi-
tionally, the age interval of 1.85-1.65 Ga obtained by zircon, titanite
and rutile U-Pb ages of mafic dykes from the North China Craton that
underwent high-pressure granulite metamorphism also record slow
cooling rates of 1-3 °C/My (Wang et al., 2023a).

In contrast, Early Paleozoic high-pressure granulites related to Pan-
gea formation record metamorphic peak of ~ 860-890 °C, 11-12 kbar at
ca. 330 Ma and retrograde conditions of ~ 805-850 °C and 7 kbar at ca.
300 Ma yielding 30 Myr of exhumation recorded by zircon and monazite
(Li et al., 2023). Using this local case study in China, it is possible to
suggest a secular change in exhumation rates from the Paleoproterozoic
to Paleozoic (Brown, 2014; Li et al., 2023).

Applying multi-mineral petrochronology to constrain the timescales
of high-pressure granulites is a key approach to unraveling Earth’s
secular evolution offering relevant insights of tectonic changes (Brown
and Johnson, 2018). Although diffusion chronology could be applied to
constrain metamorphic timescales (e.g., Chakraborty, 2006; Xu et al.,
2015), detailed multi-mineral petrochronological studies remain limited
and can provide valuable information to improve our understanding of
tectonic processes. In this study, we used multi-mineral petrochronology
to shed light on the timing of metamorphism and cooling from natural
records of continental collision during the Neoproterozoic.

The high-pressure felsic granulites from the Carvalhos Klippe record
a metamorphic peak of ~ 825 °C and 12 kbar at 615-605 Ma con-
strained by U-Pb monazite ages, with apatite and rutile U-Pb and biotite
Rb-Sr dates suggesting cooling rates of ~2-8 °C/Myr (considering a
simple linear and constant cooling path). Alternatively, the slight dif-
ference between rutile U-Pb and biotite Rb-Sr ages (570-550 Ma and
550-540 Ma, respectively) could suggest a final stage of fast cooling
related to cooling rates of ~ 10-30 °C/My. High-pressure granulites
associated to the Gondwana assembly during the Pan-African orogeny
from the Mozambique Belt (Tanzania) report monazite and zircon peak
ages of 655-610 Ma with slow cooling rates (2-5 °C/Myr) (Moller et al.,
2000).

Peel-back orogenesis is a tectonic style which is associated with
hotter mantle conditions operated during late Archean to early Prote-
rozoic, which implies in shallow slab break-off that leads the mantle
upwelling (Chowdhury et al., 2020, 2021). This mechanism operates
under a hot and weak lithosphere which implies in long-lived meta-
morphism related to slow cooling (e.g., Chowdhury et al., 2021). The
similar slow cooling rates (< 8 °C/Myr) related to the Gondwana
amalgamation could be compatible and associated with thermo-
mechanical models of peel-back driven orogenesis (Chowdhury et al.,
2021).

The natural record of high-pressure granulites suggests that slow
cooling of the lower collisional crust prevailed until the late Neo-
proterozoic. By contrast, monazite U-Pb ages of 26-19 Ma related to
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granulite facies overprint associated to titanite and rutile U-Pb cooling
ages of 12.5-9 Ma from the Ama Drime Massif (Central Himalaya)
reflect fast cooling rates (ca. 20-30 °C/Myr) during the Cenozoic Hi-
malayan continental collision (Wang et al., 2024). Similar cooling rates
are also reported in the Greater Himalayan Crystalline Complex (Wang
et al., 2015).

The high-pressure felsic granulites from the Namcha Barwa Com-
plex, also associated with the India-Asian collision (i.e., Himalaya)
display ca. 17 Myr of cooling history recorded through metamorphic
peak at 25-24 Ma obtained by zircon U-Pb ages (Tian et al., 2019) and
cooling to amphibolite facies at ca. 8 Ma constrained by hornblende
40Ar/3°Ar ages (Ding et al., 2001) within cooling rates of ~ 20 °C/Ma
contrasting with the Neoproterozoic record.

The cooling history from Paleoproterozoic to Cenozoic recorded by
different high-pressure granulites may reflect the variations of mantle
temperatures associated with the Earth’s secular cooling or high con-
tents of heat-producing elements (i.e., U, Th, K) which implies in a
radiogenic heating and/or in different erosion rates (e.g., Clark et al.,
2011). Modern orogenesis (e.g., Himalaya) display rapid cooling which
differs from the Neoproterozoic example from our study, implying that
collisional orogens in the Neoproterozoic remained hot longer than
collisional orogens in the Cenozoic. This might be associated with
mantle secular cooling or to climate consequences such as low erosion
rates and compositional consequences as presence of heat-producing
elements (Brown, 2014; Clark et al., 2011). The differences in cooling

16

rates could be also related to thermal structures such as lithospheric
extension which would result in long-lived cooling (Wang et al., 2023a
and references therein). Additionally, contrasting cooling rates might be
influenced by different mechanisms of exhumation resulting in fast or
protracted cooling (Wang and Guo, 2017).

4.3. Timing of continental collision in the southernmost portion of Brasilia
Orogen

The compilation of the geochronological data from the high-pressure
granulites from the Andrelandia Nappe System reveals the metamorphic
evolution and cooling stages (Fig. 12). Our monazite dataset defines
prograde metamorphic ages of 630-620 Ma, based on analyses of high
Y-HREE, and low Th/U monazite domains interpreted as a growth stage
associated with lower garnet proportions. The Lu-Hf garnet ages
(Figs. 4e, g) probably reflect the prograde to near-peak conditions (stage
D), which agree within uncertainty with the high Y-HREE, and low Th/U
monazite domains at 630-620 Ma, interpreted to reflect a growth stage
before biotite breakdown and peritectic garnet growth along with melt.
Similarly, a prograde age of ca. 620 Ma has been described in high HREE
and low Th/U monazite grains from the Pouso Alto Nappe (Benetti et al.,
2024b).

Available zircon and monazite U-Pb ages from the upper nappes and
associated klippen suggest contemporaneous high-pressure meta-
morphic peak of ~ 825-1000 °C and ~ 12-20 kbar (stage II) in the
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Pouso Alto Nappe (Benetti et al., 2024b), Carvalhos (Campos Neto et al.,
2010; Reno et al., 2012; this work) and Serra da Natureza klippen (Motta
and Moraes, 2017), while the Trés Pontas-Varginha Nappe records
slightly older ages with ages of ca. 640-620 Ma interpreted to be asso-
ciated to the peak conditions (Reno et al., 2009; Li et al., 2021; Campos
Neto et al., 2024a). Ages obtained in low Y-HREE, high Th/U and Eu/
Eu* domains from matrix monazite and monazite inclusions in garnet
(this work) are interpreted to reflect crystallization at ca. 615-605 Ma
under high-pressure granulite conditions.

The 600-590 Ma ages reported in the Trés Pontas-Varginha Nappe,
including monazite, zircon and rutile U-Pb ages (Campos Neto et al.,
2024a) and *°Ar-3°Ar biotite ages (Reno et al., 2010), are interpreted to
reflect retrograde conditions. Similarly, ca. 605-600 Ma ages are re-
ported in high Y-HREE, high Th/U and low Eu/Eu* monazite grains (this
work; Reno et al., 2012) for the Carvalhos Klippe which are interpreted
to reflect garnet resorption and melt crystallization (stage III). In this
work, the cooling stage (stage IV) was addressed by using lower closure
temperature geochronometers, including rutile and apatite U-Pb and
biotite Rb-Sr, with ages ranging from 570 to 540 Ma. Those ages are
equivalent to hornblende *°Ar-3°Ar ages from the mafic high-pressure
granulites from the Carvalhos Klippe (Reno et al., 2010) and biotite
40Ar-3%Ar ages from the Trés Pontas-Varginha Nappe (Westin et al.,
2021) (Fig. 12). Additionally, high-pressure granulites (garnet +
kyanite + rutile + K-feldspar + quartz + plagioclase) from the Passos
Nappe (Southern Brasilia Orogen) record monazite ages related to
metamorphic peak of ca. 635 Ma and rutile U-Pb ages of ca. 590 Ma,
defining similar cooling rates of ~ 5 °C/Myr (Fumes et al., 2022).

5. Conclusions

Multi-mineral petrochronology of Neoproterozoic high-pressure fel-
sic granulites from the Carvalhos Klippe in the Southern Brasilia Orogen
provide a timescale of 90 Myr from prograde to cooling history
(630-540 Ma). Garnet Lu-Hf ages (660-620 Ma) represent the timing of
prograde to near-peak conditions. Also, monazite chemical domains
with a complex history of (re)crystallization and dissolution-
precipitation evidence by Y, HREE, Th/U and Eu/Eu* patterns offer a
correlation to prograde (620-630 Ma), peak (615-605 Ma) and retro-
grade (605-600 Ma) stages. Zircon ages spanning 630-605 Ma may be
related to cooling near-peak metamorphic conditions. Rutile ages
(570-550 Ma), apatite ages (550-540 Ma) and retrograde biotite ages
(550-540 Ma) unravel 60-70 Myr of cooling history associated with
slow cooling rate of 2-8 °C/Ma.

The high-pressure felsic granulites of the Carvalhos Klippe record a
long-lived metamorphic evolution related to continental collisional in
West Gondwana. These high-pressure granulites may reflect hotter
mantle conditions in the Neoproterozoic or low erosion rates and in-
crease concentration of heat-producing elements. We evaluated the
impact of a robust petrochronological dataset to compare different high-
pressure granulite timescales to comprehend behavior of collisional
settings, and consequently, how plate tectonics dynamics change along
the Earth’s evolution. These multi-mineral petrochronological insights
provide valuable empirical data that can be integrated into thermo-
mechanical numerical models to enhance our understanding of conti-
nental collision and the framework of plate tectonics throughout Earth’s
evolution.
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