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a b s t r a c t

The assessment of detrital zircon age records is a key method in basin analysis, but it is prone to several
biases that may compromise accurate sedimentary provenance investigations. High to ultrahigh temper-
ature (HT-UHT) metamorphism (especially if T > 850 �C) is herein presented as a natural cause of bias in
provenance studies based on U-Pb detrital zircon ages, since zircon from rocks submitted to these
extreme and often prolonged conditions frequently yield protracted, apparently concordant, geochrono-
logical records. Such age spreading can result from disturbance of the primary U-Pb zircon system, like-
wise from (re)crystallization processes during multiple and/or prolonged metamorphic events. In this
contribution, available geochronological data on Archean, Neoproterozoic and Palaeozoic HT-UHT meta-
morphic rocks, acquired by different techniques (SIMS and LA-ICP-MS) and showing distinct composi-
tions, are reassessed to demonstrate HT-UHT metamorphism may result in modes and age
distributions of unclear geological meaning. As a consequence, it may induce misinterpretations on U-
Pb detrital zircon provenance analyses, particularly in sedimentary rocks metamorphosed under such
extreme temperature conditions. To evaluate the presence of HT-UHT metamorphism-related bias in
the detrital zircon record, we suggest a workflow for data acquisition and interpretation, combining a
multi-proxy approach with: (i) in situ U-Pb dating coupled with Hf analyses to retrieve the isotopic com-
position of the sources, and (ii) the integration of a petrochronological investigation to typify fingerprints
of the HT-UHT metamorphic event. The proposed workflow is validated in the investigation of one the-
oretical and one natural example allowing a better characterization of the sedimentary sources, maxi-
mum depositional ages, and the tectonic setting of the basin. Our workflow allows to the appraisal of
biases imposed by HT-UHT metamorphism and resulting disturbances in the U-Pb detrital zircon record,
particularly for sedimentary rocks that underwent HT-UHT metamorphism and, finally, suggests ways to
overcome these issues.
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1. Introduction

The investigation of crustal evolution has long been the focus of
many studies in different branches of the Earth Sciences.
Numerous advances in the last decades have contributed to improve
the understanding of how continental crust is generated and recy-
cled through geological time (e.g., Cawood et al., 2012; Hastie
et al., 2016; Johnson et al., 2017; Pereira et al., 2021). Detrital zircon
grains extracted from sedimentary or metasedimentary rocks play
an important role in assembling the puzzle of continental crust evo-
lution. The detrital zircon record registers different aspects of the
formation and distribution of multiple sedimentary sources, some-
times no longer preserved or exposed. Therefore, they represent
important physical remnants to assess the conditions and rates
under which the continental crust evolved through the geological
time (Cawood et al., 2013; Andersen et al., 2019; Barham et al.,
2019). U-Pb dating of detrital zircon has been key to investigate
crustal processes, revealing the maximum depositional ages
(MDA) of sedimentary successions where absolute dating of syn-
sedimentary volcanic rocks is not possible (e.g., Nelson, 2001;
Coutts et al., 2019). Furthermore, detrital zircon dating is used to
match crystallization ages and patterns of protosource rocks, often
combined with isotopic and elemental chemistry (e.g., Fedo et al.,
2003; Andersen, 2005; Litty et al., 2017). Analysing the age distribu-
tions of detrital zircon ages has been considered an effective tool in
assessing the tectonic setting of ancient sedimentary basins, since
different tectonic environments may affect the evolution of sedi-
mentary basins, inducing distinct sediment dispersal (Cawood
et al., 2012). These analyses are key in paleogeographic and palaeo-
tectonic reconstructions (Murphy et al., 2004) and in improving the
understanding of continental crustal growth (Belousova et al., 2010;
Chowdhury et al., 2021; Mulder et al., 2021).

Analytical advances in U-Pb geochronology improved strategies
in statistical analysis of data (Spencer et al., 2016) and ‘‘the
assumption of qualitative representativity” (cf., Andersen et al.,
2019) promoted progress in the systematics of detrital zircon
investigations. Nonetheless, several natural and artificial processes
that could bias provenance interpretations still interfere in modern
detrital zircon studies. Possible biases include differential zircon
fertility, selective preservation of rocks (e.g., Cawood et al., 2013;
Schoene, 2014) and different mineral separation strategies
(Dröllner et al., 2021). In this scenario, metamorphism has been
recognized as a potential source of natural bias, since regional
and contact metamorphism can play a role in inducing post-
depositional Pb loss and partial recrystallization of zircon
(Andersen et al., 2019 and references therein), affecting the U-Pb
geochronometer.

The effect introduced by high to ultrahigh temperature (UHT)
metamorphism, however, remains overlooked despite its disrup-
tive effects on detrital zircon age distributions (e.g., Chew et al.,
2020). Rocks that have experienced temperatures higher than
900 �C (UHT stricto sensu), and in some cases 850 �C (high-
temperature; HT), often exhibit a continuous spectrum of concor-
dant to slightly discordant U-Pb dates (i.e., a protracted record),
which could be the result of concealed Pb-loss, partial recrystal-
lization, dissolution-reprecipitation and/or diffusion or annealing,
and mixed analyses of domains (Friend and Kinny, 1995; Lee
et al., 1997; Wan et al., 2011; Bindeman and Melnik, 2016;
Andersen et al., 2019). Despite covering a relatively small surface
of the globe, HT and UHT metamorphic rocks have widespread dis-
tribution. More than 58 occurrences of UHT metamorphism
(Kelsey and Hand, 2015) have been identified around the world
in rocks as old as the Paleoarchean, mainly associated with back-
arc basins, ridge subduction and continent–continent collisional
settings (Harley, 2016; Santosh and Kusky, 2010), and less
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commonly, to contact metamorphism (Wisniowski et al., 2021).
Furthermore, spreading of U-Pb zircon dates has also been
reported in rocks metamorphosed at HT such as around 850 �C
(Kunz et al., 2018), increasing the potential for this bias to impact
the detrital zircon record of sedimentary basins worldwide.

In this study, we explore the different processes taking place
during HT-UHT metamorphism which can produce protracted
U-Pb zircon records and present a strategy to decode this record,
focusing on high-grade metamorphic rocks, to extract more accu-
rate zircon ages that may contribute to provenance investigations.
We employ two examples, one theoretical and one natural of
metasedimentary rock records to demonstrate that HT-UHT meta-
morphism might introduce bias in zircon provenance investiga-
tions. Finally, we discuss the effect of the protracted record in
detrital zircon investigations of high-grade metamorphic rocks
and their unfolding to non-metamorphosed sedimentary rocks
and propose a flowchart with a workflow to guide the identifica-
tion and an approach to mitigate HT-UHT metamorphism induced
bias.
2. Background

2.1. Zircon U-Pb systematics

Zircon has been a fundamental mineral to resolve many geolog-
ical problems given its ability to precisely date a diverse range of
geological processes that shed light into sedimentary provenance
(Paula-Santos et al., 2015; Moreira et al., 2016; Kuchenbecker
et al., 2020; Seraine et al., 2021), igneous (Araujo et al., 2020;
Ribeiro et al., 2020) and metamorphic events (Rubatto, 2002;
Ganade de Araujo et al., 2014). However, zircon U-Pb systematic
can be affected, among several reasons, by HT-UHT metamorphism
hampering the analysis of geological evolution. Zircon U-Pb data
fromHT-UHTmigmatite and granulite rocks have revealed that con-
cordant to slightly concordant dates spectra spreading over several
million years is relatively common (e.g., Whitehouse and Kemp,
2010; Fornelli et al., 2011; Laurent et al., 2018; Rocha et al., 2018;
Taylor et al., 2020). This spreading might be related to processes
such as (i) episodic zircon growth likely associated with partial
resetting between distinct thermal events, (ii) long-lived partial
melting events, and (iii) post-crystallization disturbance of the
U-Pb isotopic system (Corfu et al., 2003; Taylor et al., 2016;
Rubatto, 2017) and (iv) analytical effect, resulting by the mixing of
(micro) domains of distinct isotopic composition (e.g., Whitehouse
et al., 2014). In the present work, therefore, the term ‘date’ is
employed in referring to an individual U-Pb zircon number obtained
from isotopic ratios of spot analysis, and the term ‘age’ is used for
pooled dates for which geological significance is assigned
(Schoene et al., 2013; Horstwood et al., 2016; Kunz et al., 2018).
2.1.1. Post-crystallization disturbance of zircon U-Pb system
Changes in the zircon composition and internal texture without

external shape modification represents the most common type of
disturbance to the zircon chemistry (e.g., annealing, metamictiza-
tion). Hence, zircon crystals of a meta-igneous rock may preserve
their primary texture even after affected by post crystallization
processes (Fig. 1; Corfu et al., 2003). Zircon grains subjected to
HT-UHT metamorphism often present scattered inner U-Pb dates
(Fig. 1B; Tedeschi et al., 2018) commonly with cores younger than
the rims (i.e., inverse-age zoning; Laurent et al., 2018; Costa et al.,
2022). Such grains often remain concordant (to slightly discordant)
and do not necessarily present clear evidence of Pb loss. Radiation
damage recovery during metamorphism (annealing) is described
by Laurent et al. (2018) as the process responsible for partial



Fig. 1. Schematic cartoon summarising potential zircon formation and recrystallization events during metamorphism (grey trajectory), the respective resulting zircon
textures visible in cathodoluminescence images, and their U-Pb zircon record in probability density plots. (A) Growth of zircon under different pressure, temperature, and
fluid conditions. Zircon recrystallization can occur along the whole pressure–temperature path, strongly controlled by the availability of fluids. Fluid-absent systems result in
solid-state recrystallization, while metasomatic and dissolution recrystallization occur in the presence of fluid (adapted from Chen and Zheng, 2017; the blue path for
subsolidus, pink for peritectic, and yellow for anatectic reactions in A). (B) Zircon 206Pb/238U date spectrum of a single Neoproterozoic metamorphosed igneous rock exhibiting
a protracted record of concordant grains with partial preservation of igneous textures and Hf isotopic signatures. Besides the presence of several dates modes lacking
geological meaning (dashed vertical lines) the rock has only one geological meaningful age of ca. 790 Ma, interpreted as the minimum crystallization age. The protracted
record is attributed to post-crystallization U-Pb disturbance (recrystallization, corresponding to the green path in A; Metaopdalite C8382 from Tedeschi et al., 2018). (C)
Zircon 206Pb/238U date spectrum of zircon with metamorphic textures from a Cambrian migmatite (Paragneiss IZ-405 from Kunz et al., 2018) showing a protracted record
with two dates modes. The spreading of U-Pb data from Kunz et al. (2018) is herewith interpreted as likely representing one or more mechanisms of resetting and
neocrystallization (the coloured areas and circles through the detrital zircon spectrum represent the predominance of each of the processes from A in a neocrystallization
scenario).
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resetting of the U-Pb system in zircon cores, and it is dependent of
distinct variables such as the size of the grain, its strain history and
the presence melt during metamorphic processes (Kelsey and
Hand, 2015 and references therein). In addition to annealing, dif-
ferent processes of recrystallization/replacement have been sug-
gested to cause partial resetting of the U-Pb system in zircon
(Schaltegger et al., 1999; Chen and Zheng, 2017), often through
reaction fronts that migrate from the surface towards the centre
of the grain (Fig. 1A). These processes commonly generate unbal-
ance within the U-Pb system, via loss of Pb or gain of U, often caus-
ing discordance in the 207Pb/235U and 206Pb/238U ages. However,
zircon grains that have underwent significant amounts of loss of
radiogenic Pb not long after crystallization (ancient Pb-loss) can
appear to be concordant, or near-concordant, due to the curvature
of the concordia line in a 207Pb/235U and 206Pb/238U diagram (e.g.,
Andersen et al., 2019). This smearing effect can be responsible
for an artificial record of protracted zircon formation. This is espe-
cially problematic in the case of zircon grains younger than the late
Paleozoic Era (<ca. 400 Ma) due to low amounts of 207Pb commonly
generating high imprecision in the 207Pb/235U age (Bowring and
Schmitz, 2003; Ireland and Williams, 2003; Spencer et al., 2016).
2.1.2. Neocrystallization of zircon during metamorphism
High temperature metamorphism can produce zircon both

through subsolidus reactions (Fig. 1A and B; Möller et al., 2003)
and melt crystallization/interaction in migmatites, mainly record-
ing the cooling path (Fig. 1A and C; Kelsey, 2008; Kohn et al.,
2015). Altogether, these processes can also produce a protracted
zircon record (Fig. 1A). The domain effect (i.e., zircon growth in dif-
ferent compositional domains) can be particularly important in the
3

timing of crystallization of heterogeneous rocks such as migma-
tites (e.g., Harley, 2016; Tedeschi et al., 2018; Fischer et al.,
2021). In order to obtain meaningful petrological information that
correlate to the temporal data (i.e., petrochronology), it is neces-
sary to conduct studies supplementary to geochronology, such as
the combination of in-situ elemental and/or isotopic geochemistry,
petrography and mineral composition of inclusions frommajor and
accessory phases, as well as other types of high-resolution imaging
techniques (e.g., cathodoluminescence, atom probe tomography,
X-ray compositional maps).
2.2. Zircon Lu-Hf system

Zircon is a well-known mineral for hosting high concentrations
of Hf due to the high partition coefficient between zircon and other
phases (e.g., garnet and apatite) in a wide range of melt composi-
tion (Fujimaki, 1986; Bea, 1996; Luo and Ayers, 2009; Nardi
et al., 2013). Lu and Hf partitioning between melt and zircon plays
an important role in controlling zircon isotopic characteristic and it
is mainly controlled by crustal processes. Zircon grains from
juvenile-like rocks are dominated by radiogenic 176Hf/177Hf result-
ing in suprachondritic eHf(t) signatures (i.e., eHf(t) > 0), whereas zir-
con from crustal-like rocks are commonly derived from lower Lu/
Hf sources and therefore are depleted in radiogenic 176Hf/177Hf,
which results in subchondritic eHf(t) (i.e., eHf(t) < 0) (Bouvier
et al., 2007; Vervoort and Kemp, 2016; Spencer et al., 2019). Due
to its ability to record the rock source’s signature and subsequent
crustal processes, Lu-Hf isotopes in zircon has been widely applied
to crustal evolution and detrital provenance studies (e.g., Gerdes
and Zeh, 2009; Kemp et al., 2009; Collins et al., 2011; Westin
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et al., 2016, 2019; Martin et al., 2020; Ribeiro et al., 2020, among
many others).

Additionally, Lu-Hf isotopes in zircon can also be used to detect
the existence of post-crystallization processes that may affect the
zircon U-Pb system such as recent and ancient Pb loss (Vervoort
and Kemp, 2016). Because 176Lu/177Hf and 176Hf/177Hf ratios evolve
with time in response to crustal processes, it is expected that the
176Hf/177Hf ratio and eHf(t) signatures follow a certain crustal evo-
lution trend such as those defined by 176Lu/177Hf between 0.010
and 0.015, commonly associated to the isotopic evolution of the
average continental crust (Vervoort and Blichert-Toft, 1999;
Roberts et al., 2013; Spencer et al., 2019). Therefore, deviations
from this anticipated behaviour could be the result of decoupling
between U-Pb and Lu-Hf systems as a response to post-
crystallization disturbance, since the latter is more prone to
resist geological processes such as HT-UHT metamorphism
(e.g., Khondalite Belt, North China Craton; Jiao et al., 2020). This
assumption is crucial for the strategies we present in the following
sections.
3. Rationale: Theoretical evaluation of the effects of HT-UHT
metamorphism in U-Pb zircon-based provenance investigations

The U-Pb zircon dating of metaigneous rocks is usually consid-
ered to provide a relatively simple zircon record, yielding discrete
ages of crystallization and metamorphism, particularly if the rock
has not been subject to anatexis (Ganade de Araujo et al., 2014;
Rubatto, 2017). However, that is not the case for the zircon cores
of a metaopdalite from Tedeschi et al. (2018), whose U-Pb dates
spread along the concordia curve from 780 to 620 Ma (Fig. 1B, sam-
ple C8382). Tedeschi et al. (2018) interpreted such spreading in
dates as reflecting disturbance of the U-Pb system, caused by the
HT-UHT metamorphism. The original crystallization age of the
metaopdalite was retrieved through coupled in-situ zircon U-Pb
dating and Lu-Hf isotopes, indicating a minimum crystallization
age (ca. 790 Ma). Although the zircon crystals from the metaop-
dalite derives of a single igneous source as demonstrated by these
authors, the zircon 206Pb/238U dates spread over 160 Myr, resem-
bling the typical distribution observed for a multisourced detrital
sedimentary rock. Protracted magmatic crystallization in igneous
suites could last up to 50 Myr (e.g., Jiang et al., 2016), considerably
less than the 160 Myr range of dates from this metaopdalite.

Considering a simplified geological history in which the
metaopdalite would be the single source of a sedimentary deposit,
the resulting detrital zircon date distribution would reflect these
multiple date modes. Such pattern could lead to misinterpretation
of the sedimentary rock as containing multiple sources of different
ages, possibly concealing its ‘original’ sedimentary and tectonos-
tratigraphic settings. Furthermore, a critical issue for provenance
investigations is that the original crystallization age is often con-
siderably under-represented in the whole U-Pb age spectrum
(<5% of the data, in this example; see Tedeschi et al., 2018 for
details).

The following section expands on these observations and dis-
cusses the possible effects of HT-UHT metamorphism in generating
artificial dates (‘ages’) distributions and its implications in the
identification of protosources and the determination of maximum
depositional ages, employing two examples of metaigneous
gneisses extracted from the literature, Lewisian complex (Scot-
land) and Socorro-Guaxupé Nappe (Brazil).
3.1. Spurious ages spectra

Identifying the protolith of a rock that underwent HT-UHT
metamorphic conditions can be challenging because of possible
4

fluids or melt interaction, which can cause open system behaviour
and a non-distinctive bulk-rock composition or typical mineral
assemblage. In such cases, the U-Pb zircon data may not present
reliable information towards unravelling the protolith (i.e., rocks
typically containing single or multiple zircon populations) due
to the smearing effect of U-Pb dates and the absence of
coherent ages.

Protracted concordant zircon dates from Archean protoliths of
UHT orthogneisses were described in the Brasiliano/Pan-African
Socorro-Guaxupé Nappe located in southeast Brazil (analysed with
Laser Ablation Inductively Coupled Plasma Mass Spectrometer –
LA-ICP-MS; Tedeschi et al., 2018; Fig. 2) and in the Lewisian
Complex, northwest Scotland (analysed with Secondary-ion mass
spectrometry – SIMS; Whitehouse and Kemp, 2010; Fig. 3). The
gneisses from the Lewisian Complex and the Socorro-Guaxupé
have differences in bulk-rock composition, their zircon grains were
analysed by different geochronological techniques (LA-ICP-MS vs.
SIMS) and the time span between crystallization and the
UHT-metamorphism is significantly different. Therefore, despite
similarity in the age of the source rocks, these two examples of
UHT metamorphic rocks with Archean protoliths have significant
differences, which makes them ideal to test the capabilities and
limitations of the strategies presented in this study. In both exam-
ples, the crystallization age was assessed by coupling CL imaging of
zircon with U-Pb dating and Lu-Hf isotopes.

Because in both cases the crystallization ages were retained
only by a few zircon (Whitehouse and Kemp, 2010; Tedeschi
et al., 2018), the zircon grains recording the oldest dates could have
been interpreted as inherited or statistical outliers (Figs. 2C, D and
3E, F). Furthermore, these UHT orthogneisses have zircon dates dis-
tribution resembling those from metasedimentary rocks, and
meaningless dates modes could have been misinterpreted as detri-
tal zircon from multiple sources of different ages (Figs. 2 and 3).

The rocks from the Lewisian Complex were crystallized at ca.
2.9 Ga (Whitehouse and Kemp, 2010; Fischer et al., 2021) and
metamorphosed between 2.7 and 2.5 Ga (Taylor et al., 2020;
Fischer et al., 2021), resulting in a time span of ca. 200–400 Myr
between igneous crystallization and metamorphism (Fig. 3). The
rocks from the Socorro-Guaxupé Nappe crystallized at ca. 2.6 Ga
(Tedeschi et al., 2018) and were metamorphosed between 670
and 590 Ma (Rocha et al., 2017; 2018; Tedeschi et al., 2018;
Motta et al., 2021) defining a time gap of ca. 1900–2000 Myr
between crystallization and metamorphism. Prolonged supra-
solidus metamorphism has been suggested between ca. 2.7–
2.5 Ga for the Lewisian Complex, but no discrete tectono-
metamorphic event has been described in the region in order to
explain the spreading of dates between the crystallization and
the onset of the metamorphism (cf., Fischer et al., 2021, for a
review). Similarly, spreading of U-Pb zircon dates has been identi-
fied in the Socorro-Guaxupé Nappe between ca. 2.6–1.8 Ga, with
only one tectono-metamorphic event before the UHT metamor-
phism at ca. 2.4 Ga suggested for the region, which could not
explain the spanning of the age interval (up to 700 Myr; Fig. 2)
(Tedeschi et al., 2018). Rhyacian (2300–2050 Ma) and Statherian
(1800–1600 Ma) tectonic episodes have been described in SE Brazil
(Heilbron et al., 2017), but no evidence that these tectonic events
affected the rocks of the Socorro-Guaxupé Nappe has been found
yet. The date modes identified in the probability density estimate
(PDE) and Kernel density estimate (KDE) plots (Figs. 2, 5 and 6)
are potentially the result of disturbance of the U-Pb system
induced by the UHT metamorphic Neoproterozoic event.

The complexity in unraveling the geochronological record is
remarkably enhanced if rocks showing such protracted records
are eroded and fed into a sedimentary basin and/or if the protolith
of the high temperature to ultrahigh temperature metamorphic
rock was a multi-sourced sedimentary rock.
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Fig. 3. Contrasting interpretations of U-Pb probability density plots of 207Pb/206Pb dates of concordant to slightly discordant zircon from a hypothetical sedimentary rock
sourced from an orthogneiss from the Lewisian Complex (Mesoarchean igneous rock metamorphosed under UHT metamorphism during the Neoarchean; data from
Whitehouse and Kemp, 2010), assumed as a simplified system and exhibiting a protracted geochronological record (Concordia diagram in A and probability density plot in B).
Dark blue corresponds to data from cores and light blue to data from rims and newly formed grains (crystallized from the melt). The interpretations depend on whether the
influence of UHT metamorphism is considered (E and F) or not (C and D), and whether the metamorphism took place before, affecting only a hypothetical source (left side; C
and E), or after the sedimentation (right side; D and F). Red indicates the minimum crystallization age of the protolith (MCA), light blue indicates the hypothetical maximum
depositional age (MDA) within each interpretative case; and the yellow bar represents the prolonged metamorphism identified by Taylor et al. (2020).

Fig. 2. Contrasting interpretations of U-Pb probability density plots of 207Pb/206Pb dates of nearly concordant zircon from an orthogneiss (Neoarchean igneous rock
metamorphosed under UHT conditions during the Neoproterozoic; Tedeschi et al., 2018) exhibiting a protracted geochronological record (Concordia diagram presented in A)
considered as a hypothetical sedimentary rock, assumed as a simplified system. In the PDP, dark grey corresponds to data from cores and light grey, rims and newly formed
grains (crystallized from the melt). The interpretations depend on whether the influence of UHT metamorphism is considered/identified (spectra D and E) or not (spectra B
and C), and if the metamorphism took place before, affecting only the hypothetical source (B and D), or after the sedimentation (C and E). Red indicates the minimum
crystallization age of the protolith (MCA), light blue indicates the hypothetical maximum depositional age (MDA) within each interpretative case; and the orange arrow and
box indicate the data from metamorphic domains.
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Fig. 4. Flowchart with a suggested workflow to evaluate the presence of high to ultrahigh temperature metamorphism-related bias and subsequent strategies to identify the
maximum depositional age under different circumstances and their reliability. The start point of the workflow is indicated by the red arrow on the top left.
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3.2. Maximum depositional age

The best approach to define the maximum depositional age in
provenance studies has been a matter of debate (e.g., Dickinson
and Gehrels, 2009; Spencer et al., 2016). The youngest concordant
zircon grains are often used to infer the maximum depositional
age (e.g., Rainbird et al., 2001), considered as recording the
last event capable of disturbing the U-Pb system of zircon
within the source rock, whether metamorphic, hydrothermal or
magmatic.

In most of the reported HT-UHT metamorphic rocks with pro-
tracted geochronological records, the zircon dataset registers a
minimum U-Pb date corresponding to the age of the last metamor-
phic event according to interpretations (e.g., Whitehouse and
Kemp, 2010; Laurent et al., 2018). Thus, the inferred maximum
depositional age based on U-Pb detrital zircon derived from the
erosion of a HT-UHT metamorphic source is meaningful, since
the sedimentation is subsequent to the closure of the U-Pb system
within concordant zircon (Figs. 2A, C and 3C, E).

The effects on the inferred maximum depositional age are of
particular concern when the HT-UHT metamorphism affects the
sedimentary rock that is the object of study, rather than a rock that
would be the source of a sediment. In this case the original detrital
zircon dates distribution could have shifted modes that might not
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directly represent the geological ages recorded by the source rocks.
Furthermore, the real tectono-thermal events that were experi-
enced by the source rocks would likely be significantly underrepre-
sented or even obliterated (Figs. 2 and 3).

These situations are presented in Figs. 2 and 3. The first scenario
considers that the HT-UHT rock acted as the protosource for a
sediment (Figs. 2B, D and 3C, E). Since the metamorphism can be
recognized in the detrital grains as rims or newly formed grains,
the maximum depositional age determination will not be affected,
as it records the youngest tectono-thermal event in the area, which
is prior to the deposition. When the sediment undergoes HT-UHT
metamorphism the determination of MDA is likely affected. The
youngest dates record the metamorphism, and the subsequent
younger group can record metamorphic grains of a prolonged
metamorphism (ca. 640 Ma in Fig. 2C) or of the subsequent
younger peak obtained from analyses in zircon cores (ca.
1890 Ma in Fig. 2C; ca. 2580 Ma in Fig. 3D). In both cases, however,
they differ significantly from the ‘true’ crystallization age of the
rock (ca. 2575 Ma). Figs. 2D, E and 3E, F demonstrate how the
age distribution can thus, be interpreted if the effects of HT-UHT
metamorphism can be recognized. Nevertheless, in both cases
when the HT-UHT metamorphism is not recognized, dates (‘ages’)
modes of unclear geological meaning might affect interpretations
on provenance investigations.



Fig. 5. Correlation between the U-Pb dates and Hf isotopic signatures of the rocks used as ‘protosources’ for the theoretical sediment. (A) Detrital zircon dates spectra for the
four ‘protosources’ (vertical axes are different) with their correspondent histograms and probability density estimates curves; (B)176Hf/177Hf(t) ratio versus individual dates (t)
(207Pb/206Pb dates for grains > 1 Ga and 206Pb/238U for younger grains; errors are plotted, but can be smaller than the marker); (C, D) Probability density plots and histograms
for the distribution of the apparent 176Hf/177Hf(t) for the samples (C) and for the (D) the hypothetical sediment (all ‘protosources’ together). For sake of comparison, Kernel
density estimates curves are displayed as dashed grey lines in all diagrams.
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4. Strategies to avoid biases imposed by HT-UHTmetamorphism
in provenance studies

In order to ascertain whether a zircon population has been
affected by HT-UHT metamorphism and subsequently disentangle
the evolution history of a rock, one must consider several variables.
We propose a flowchart to support the evaluation and identifica-
tion potential bias imposed on U-Pb zircon data due to HT-UHT
metamorphism (Fig. 4), and provide an approach on how to reduce
or avoid it (Fig. 4).

The routinely acquisition of zircon CL and backscatter electron
images and the analysis of zircon U-Pb and Lu-Hf isotopes are
the primary steps to identify whether the zircon U-Pb system has
been disturbed due to HT-UHT metamorphism. The identification
of zircon metamorphic domains (e.g., bright luminescent rims in
the CL images) cannot be solely used to assign the maximum depo-
sitional age, as they could record disturbance of the U-Pb system
caused either by post- or pre-depositional metamorphism.

4.1. Protolith age determination using zircon U-Pb-Hf data

Retrieving the minimum crystallization age of protosource(s) is
a fundamental step towards identifying the detrital zircon popula-
tions and therefore the provenance of the (meta)sedimentary rock.
The zircon Lu-Hf system has been described to remain closed
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throughout several post-crystallization processes (e.g., Lenting
et al., 2010; Schulz-Isenbeck et al., 2019; Barrote et al., 2020),
including ultrahigh temperature metamorphism (>900 �C), unlike
the U-Pb system, often resulting in decoupling from these two iso-
topic systems within zircon.

An estimation of the minimum crystallization age of a single
population of zircon affected by later processes that result in
Pb-loss is possible if the single population can be demonstrated
to have homogeneous 176Hf/177Hf(t). Within such a population,
the oldest concordant U-Pb date can be used as a minimum
crystallization age.

It is observed that zircon crystals obtained from rocks derived
from a single magmatic source with little influence of magma
mixing or assimilation of host rocks exhibit a well-defined
176Hf/177Hf(t) signature, usually constrained inside a variation of
the fourth decimal 176Hf/177Hf(t) unit (0.000100) (cf., Andersen
et al., 2002; Griffin et al., 2002; Andersen et al., 2004; Belousova
et al., 2006). Wider variations in 176Hf/177Hf(t) ratios in magmatic
zircon populations can occur, with zircon crystals presenting inter-
mediate values between ‘‘isotopic end-members”. This is observed
in systems affected by magma mixing or discrete populations with
different 176Hf/177Hf(t) ratios, as igneous rocks that underwent sig-
nificant assimilation of host rocks and/or other types of xenoliths
(cf., Griffin et al., 2002). It is noteworthy that different igneous
sources related to a single tectonic context may also exhibit a



Fig. 6. Detrital zircon dates distribution for the hypothetical sediment composed of
the four ‘protosources’ from Fig. 5. Uncorrected data presenting Pb-loss are
displayed in (A) and corrected data according to distinctive Hf populations in (B).
Histograms, probability density plots (in red) and Kernel density estimates curves
(grey dashed lines) are displayed, together with the minimum crystallization ages
of each ‘protosource’ represented by the correspondent coloured bands. 207Pb/206Pb
dates were used for grains older than 1.0 Ga and 206Pb/238U dates for younger
grains. The maximum depositional ages considered for each date distribution are
indicated by the blue arrows.
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well-constrained range of 176Hf/177Hf(t) ratios in zircon, as
observed in the Sveconorwegian-related complexes studied by
Andersen et al. (2002, 2004). As a consequence, detrital zircon
obtained from (meta)sedimentary rocks inserted in basins belong-
ing to a restricted tectonic setting (as arc-related basins) also tend
to come from a single source and exhibit a well constrained
176Hf/177Hf(t) signature (cf. Westin et al., 2016), while multisourced
basins tend to exhibit a broad variation in 176Hf/177Hf(t) ratios in
zircon (as observed in the detrital zircon record in Andersen
et al., 2002). Based on these works, we suggest that populations
of single 176Hf/177Hf comprise analyses with ratios that deviate
up to the fourth decimal place of mode in probability density plots
(Figs. 5 and 7). Once the populations are determined based on the
Hf-isotopes, they can be treated as U-Pb-Hf populations and mini-
mum crystallization ages can be estimated. Because igneous rocks
can be multisourced (e.g., granites generated by partial melting of
sediments) and can preserve inherited zircon (Boehnke et al.,
2013), it is important to obtain a reliable number of U-Pb-Hf iso-
topic analyses that allows evaluating the role of the given modes
of 176Hf/177Hf ratios distribution. Dates that do not show a cluster-
ing for Hf isotopes, are more likely to not represent the main
source, but some type of contamination or inheritance and need
to be evaluated accordingly.

Rocks formed in similar tectonic settings and conditions can
have similar Hf isotopic signatures, although showing different
ages. Such issues can be diminished by cross-checking the dates/
ages and Hf isotopic signatures found in your zircon grains to those
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of other rocks that outcrop in the investigated area. It is important
to highlight, however, that this may not be completely conclusive,
as the protosource can be no longer preserved.

When the investigated rock is a migmatite and disturbance of
the U-Pb system has been identified and credited to HT-UHT meta-
morphism, two main scenarios can be envisaged. First, if the U-Pb-
Hf isotopes suggest the existence of only two zircon populations
(one magmatic and one metamorphic), it is likely that the protolith
is an igneous rock or, a metamorphic product of a single-sourced
sedimentary rock (Fig. 4). If three or more zircon U-Pb-Hf popula-
tions can be retrieved, the protolith is likely a multi-sourced sedi-
mentary rock. In this case, the zircon grains and specific zircon
domains recording dates older than the latest metamorphic age
are used to identify protosources.

The youngest population canmainly be interpreted in twoways.
If the zircon dates can be distinguished into different populations by
176Hf/177Hf (Figs. 5 and 7) and all these populations display U-Pb
dates that spread along the concordia curve, this record is likely
the product of HT-UHT metamorphism of a sedimentary rock (type
1). Otherwise, if the spread of U-Pb dates is not observed for all
unique 176Hf/177Hf(t) populations, the record suggests provenance
from one or more protosources that have been disturbed by HT-
UHT metamorphism (or similar process capable of disturbing the
U-Pb isotopic system) prior to deposition (type 2). To disclose
whether the cause of the U-Pb isotopic system disturbing has been
the HT-UHTmetamorphism, it is necessary to find evidence of such
conditions in thedetrital record (seediscussionbelow—section4.2).

The investigation of the youngest group of zircon grains and
domains has a pivotal role in evaluating the determination of the
maximum depositional age. For this purpose, it is mandatory iden-
tifying the zircon CL-domains related to the HT-UHT metamor-
phism. For type 1 cases, the maximum depositional age of the
rock might be estimated based on the oldest date from each
176Hf/177Hf(t) population of cores. The maximum depositional age
would be constrained by the youngest dates interpreted to be
impervious to post-crystallization disturbance. For type 2 cases,
the youngest metamorphic domain of a protracted record provides
the best approximation of the maximum depositional age.

4.2. Identifying HT-UHT metamorphism in the detrital record

Identifying zircon grains that record HT-UHT metamorphism in
the zircon population is important: (i) to consider the possibility
that a protracted record can be the product of (re)crystallization
during metamorphism, and; (ii) it can provide hints on whether
a given population could have its U-Pb system disturbed; (iii)
and assist in the correlation with potential protosources (Fig. 1).
The first is particularly important in the use of the youngest popu-
lation in the determination of the maximum depositional age. The
second has implications in the identification of protosources based
on the old zircon populations.

In type 1 rocks, where the present metamorphic rock has been
subjected to HT-UHT metamorphism post deposition/crystalliza-
tion, traditional P-T estimations via metamorphic petrology tech-
niques would likely identify the existence of the HT-UHT
conditions. However, identifying ancient HT-UHT metamorphic
events that have affected the detritus in their source previously
to deposition is much more difficult.

The interplay between the phases that breakdown and (re)crys-
tallize during sub- and suprasolidus metamorphism together with
the interchange of melt with host and adjacent rocks are the two
main known factors controlling the Hf isotopic signature in the
newly formedmetamorphic zircon crystals (or domains). Consider-
ing a closed system, the absence of a Lu-Hf-host metamorphic
phase (e.g., garnet) during anatexis usually lead to the mainte-
nance of 176Hf/177Hf ratios inherited from the protolith, which



Fig. 7. Correlation between the U-Pb and Hf isotopic signatures of zircon populations in the stromatic metatexite (sample PC12.2) and the leucosome (sample PC12.3) from
the migmatite. (A) Detrital zircon dates spectra for the stromatic metatexite (sample PC12.2) and leucosome (sample PC12.3) with their correspondent histograms and
probability density estimate curves; (B) Concordia diagram for zircon cores from the stromatic metatexite (sample PC12.2) and leucosome (sample PC12.3); (C) 176Hf/177Hf(t)
ratio versus individual dates (t) (206Pb/238U dates; errors are plotted, but can be smaller than the marker) and zircon U-Pb dates spectra for each 176Hf/177Hf(t) population
identified in both samples; (C, D) Probability density estimates and histograms for the distribution of the 176Hf/177Hf(t) for each population (C) and (D) for the whole dataset
considering samples PC12.2 and PC12.3. For sake of comparison, Kernel density estimates curves are displayed as dashed grey lines in all diagrams.
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prevent the distinction of different metamorphic stages or events
(Taylor et al., 2016; Rubatto, 2017; Tedeschi et al., 2018; Finch
et al. 2021).

Multi-proxy approaches, including the analysis of multiple
detrital minerals, (e.g., Johnson et al., 2018; Chew et al., 2020;
Guo et al., 2020) can increase the successful identification of the
source rocks’ metamorphic history. Through thermometry-based
investigations in geochronometers, such as Ti-in-zircon and Zr-
in-rutile, HT-UHT conditions can be identified. There are examples
in which temperatures >850 �C are recorded by the Ti-in-zircon
proxy (Ewing et al., 2013; Kelsey and Hand, 2015). Cherniak and
Watson (2007) have demonstrated that original Ti should be
retained in zircon even under UHT conditions due to slow diffu-
sion. However, the Ti-in-zircon thermometry on newly-grown zir-
con grains should be carefully evaluated, since recrystallization can
produce the redistribution of Ti and that zircon more likely records
the retrograde path, having crystallized during the cooling of the
melt (Cherniak and Watson, 2007; Rocha et al., 2018; Motta
et al., 2021). Ti-in-zircon can constitute a good approach to identify
the existence of HT-UHT metamorphism, because time and tem-
perature are constrained within the same mineral.

Furthermore, analysis of inclusions and the trace element geo-
chemistry inventory of rutile and zircon crystals can further con-
tribute to P-T determinations (e.g., Hart et al., 2016) and
protolith identification (e.g., Meinhold, 2010; Grimes et al.,
2015). Garnet has burgeoned as a relevant mineral in provenance
studies, providing geochemical correlation with possible sources
(e.g., Tolosana-Delgado et al., 2018; Schönig et al., 2021), as well
as chronological data, recording lower grade metamorphic events
not even registered by zircon (re)crystallization (e.g., Lu-Hf dating;
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Thiessen et al., 2019; Sm-Nd dating; Volante et al., 2020). In some
cases, REE partitioning between phases can result in distinctive
REE abundances and help correlate garnet growth and zircon
crystallization during metamorphism (cf., Rubatto, 2017), which
is particularly useful in identifying fingerprints of the metamorphic
events. Petrochronology of monazite can also boost the deconvolu-
tion of the metamorphic evolution in high to ultrahigh tempera-
ture metamorphic rocks, due to its high closure temperature in
some cases (Tc = 900–1100 �C; Cherniak et al., 2004), absence of
metamictization (Barrote et al., 2020) and its correlation with gar-
net growth (Rocha et al., 2017).

Titanite (Tc < 650 �C; Cherniak, 1993) and apatite (Tc < 600 �C;
Cherniak et al., 1991) have lower closure temperatures, but their
geochemical composition can be useful in retrieving igneous
sources (Bruand et al., 2017) and, combined with U-Pb dating, they
may constrain the crystal cooling history during the lower temper-
ature trajectory of the protracted metamorphism (Cioffi et al.,
2019), which in turn can be useful towards determining the max-
imum depositional age of a rock.
5. Study cases

In this section, we employ the proposed flowchart to the inves-
tigation of two study cases involving the potential effects of HT-
UHT temperature (> 850 �C) metamorphism on U-Pb zircon-
based provenance studies. The examples used herein constitute
HT-UHT metamorphic rocks from the Socorro-Guaxupé Nappe
(SE Brazil). In the first example, we analyse the U-Pb zircon age
spectra of a hypothetical sedimentary rock sourced by four known
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igneous rocks subjected to ultrahigh temperature metamorphism.
The Hf isotopic signatures have been used to demonstrate that
the zircon grains crystallized from a single igneous source and
their continuous U-Pb dates distributed along the concordia
resulted from loss of radiogenic Pb (Tedeschi et al., 2018). In the
second case, the flowchart is applied to the investigation of a
metasedimentary migmatite whose U-Pb zircon geochronological
record exhibits a continuous spreading in the concordia curve
and, thus, not considering the effects of HT-UHT metamorphism
may induce misleading sedimentary provenance interpretations.

5.1. Socorro-Guxupé Nappe: Geological setting

The Socorro-Guaxupé Nappe is part of a series of east-verging
Nappe systems in the southern Brasília Orogen (SE Brazil). The
southern Brasília Orogen was formed during the Neoproterozoic–
early Palaeozoic Gondwana assembly, following the convergence
and collision between the active and passive margins of the
Paranapanema and São Francisco-Congo paleocontinents, respec-
tively (Mantovani and Brito-Neves, 2005, 2009; Campos Neto
et al., 2011, 2020; Trouw et al., 2013). The Socorro-Guaxupé Nappe
mainly comprises granulite and amphibolite metamorphic facies
rocks interpreted to record the remnants of a Neoproterozoic mag-
matic arc (790–640 Ma; e.g., Campos Neto and Figueiredo 1995;
Vinagre et al., 2014; Rocha et al., 2018; Tedeschi et al., 2018;
Motta et al., 2021), associated metasedimentary rock units (e.g.,
Campos Neto et al., 2011, 2020) and relicts of the Paleoproterozoic
(2.1 Ga; Trouw, 2008) and Archean (2.7–2.6 Ga; Tedeschi et al.,
2018) basement. Granulite and migmatite rocks from the
Socorro-Guaxupé Nappe experienced UHT metamorphism with
P-T conditions of �900–1040 �C at 12–14 kbar (Rocha et al.,
2017, 2018; Del Lama et al., 2000; Motta et al., 2021) dated at ca.
650–630 Ma (Tedeschi et al., 2018) and 630–625 Ma (Rocha
et al., 2017, 2018; Motta et al., 2021). Zircon grains recording dates
from ca. 630 Ma to 600 Ma have been interpreted as the transition
from metamorphic peak to retrograde cooling stage (Mora et al.,
2014; Rocha et al., 2017, 2018; Tedeschi et al., 2018; Motta et al.,
2021), in accordance with the continental collision evolution
recorded in the basement and metamafic rocks (Coelho et al.,
2017; Tedeschi et al., 2017; Cioffi et al., 2019).

5.2. The hypothetical sedimentary rock sourced by UHT metamorphic
rocks

The U-Pb concordant zircon data from the Socorro-Guaxupé
Nappe spread along the concordia in the Wetherill diagram and
are from four HT-UHT metamorphic rocks (Tedeschi et al., 2018):

(i) an orthopyroxene-clinopyroxene banded granulite from the
basement (minimum crystallization age - MCA - ca. 2575 Ma; sam-
ple C833A);

(ii) a metaopdalite (ca. 790 Ma; sample C8382);
(iii) orthopyroxene-clinopyroxene banded granulite (ca.

690 Ma; sample C838A) and;
(iv) a mafic granulite enclave (ca. 660 Ma; sample C716B).
The minimum crystallization ages were retrieved by coupling

zircon U-Pb and Lu-Hf isotopic data for these samples (Fig. 5). In
order to simplify the investigated system, only zircon core data
were considered.

5.2.1. U-Pb zircon spectrum interpretation
The diagram presented in Fig. 6A shows data uncorrected for

Pb-loss from four samples, representing a theoretical sedimentary
rock sourced by the erosion of the Socorro-Guaxupé UHT rocks.
Eight foremost dates modes separated in two main groups can be
observed. One group comprises Neoarchean (ca. 2575 Ma) to Pale-
oproterozoic (ca. 1440 Ma) zircon dates, with one significant mode
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at ca. 2480 Ma. The youngest group encloses Neoproterozoic zircon
dates, spanning ca. 790–570 Ma, with seven modes at ca. 760 Ma,
715 Ma, 675 Ma, 660 Ma, 650 Ma, 630 Ma and 610 Ma.

The diagram presented in Fig. 6B displays the retrieved mini-
mum crystallization ages based on the 176Hf/177Hf(t) distribution
versus U-Pb dates of the samples shown in Fig. 5B–D. In the dia-
gram with the retrieved ages (Fig. 6B), the main modes represent
the oldest dates related to a given source based on the 176Hf/177Hf(t)
populations, corresponding to minimum crystallization ages of ca.
2560 Ma, 790 Ma, 690 Ma and 660 Ma. The comparison between
the two diagrams (Fig. 6A and B) draws attention to three main
points: (i) the modes are not equivalent in both plots; (ii) the
actual crystallization ages of most of the sources is underrepre-
sented in the uncorrected diagram; and (iii) the maximum deposi-
tional ages differ in each situation.

The number of modes in both diagrams is different, further-
more, the maximum probability values and peak shapes differ.
The diagram with the uncorrected data suggests contributions
from sources of ca. 2.58 Ga to ca. 1.44 Ga (Fig. 6A), with the most
representative contribution from a protosource crystallized at ca.
2.48 Ga. Conversely, the diagram with the Hf-corrected data
(Fig. 6B) indicates that only one source crystallized at ca. 2.58 Ga
contributed for pre-Neoproterozoic grains (the oldest U-Pb date
for which 176Hf/177Hf(t) analyses are available and indicate single
zircon population). Consequently, there is a difference of at least
75 Myr between the oldest source dates that contributed to the zir-
con U-Pb record between the two strategies.

The same issue is observed for the younger protosources. Some
dates modes record relatively similar maximum probability ages
on both uncorrected (ca. 760 Ma, 675 Ma and 660 Ma) and Hf-
corrected (ca. 790 Ma, 690 Ma and 660 Ma) age distribution. The
modes at ca. 690 Ma and 670 Ma in the corrected age distribution
are indistinguishable from the ca. 680 Ma and 660 Ma modes from
the uncorrected age distribution, respectively, as their values are
within analytical uncertainty (±2%–3% for laser-based methods)
of each other. However, the youngest modes in the uncorrected
age distribution (modes at 630 Ma and 615 Ma) cannot be corre-
lated with verified protosources. This last observation is notably
important, since the youngest age group is used to retrieve the
maximum depositional age of (meta)sedimentary rocks. The max-
imum depositional age, considering the youngest dates without
recalculation for Pb loss, is ca. 590 Ma. For the Pb loss-corrected
age distribution, based on single Hf population discrimination,
the maximum depositional age is represented by the youngest rock
age (protosource) which is ca. 660 Ma in this hypothetical scenario.

5.2.2. Implications
The results from the hypothetical study demonstrate that

provenance interpretations are significantly distinct when the data
is corrected to account for the Pb-loss induced by the HT-UHT tem-
perature metamorphism, with differences in the interpreted
amount of protosources and their crystallization ages. Eight to
ten protosources can potentially be identified when Pb-loss is not
taken into account, whereas only four of them truly represent reli-
able protosources. The retrieved minimum crystallization ages
based on single population from Hf-isotopic composition consti-
tutes a more robust and reliable approach to constrain the ages
of the protosources, which is key to unravel the tectonic setting
in which the sediment was deposited (cf., Cawood et al., 2012).
The difference in the crystallization ages for the protosources also
has implications for determining the maximum depositional ages.
In this example, the reliable maximum depositional age is ca.
660 Ma, differing ca. 70 Myr from the uncorrected maximum depo-
sitional age (ca. 590 Ma). Considering the tectonic setting for the
evolution of the southern Brasília Orogen (cf., Trouw et al., 2013;
Campos Neto et al., 2020), a 70 Myr difference could mean that
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the hypothetical sediments would have been deposited either
within a subduction-related setting (trench, intra or forearc basin)
or later, during a continental collisional setting, such as in a fore-
land basin.

5.3. Para-derived HT-UHT migmatite: A natural example

The studied migmatite sample from the Socorro-Guaxupé
Nappe is a metatexite composed mainly of hornblende-biotite
stromatic metatexite (sample PC12.2) and leucosome (sample
PC12.3). The felsic bands from the hornblende-biotite stromatic
metatexite have variable amounts of plagioclase, orthoclase,
quartz, biotite, hornblende and opaque minerals (ilmenite and
magnetite). The mafic bands are composed of biotite, hornblende
and opaque minerals (ilmenite, magnetite and sulphides), with rel-
atively homogeneous amounts of plagioclase, orthoclase and
quartz. Apatite, monazite, zircon and titanite are observed as
accessory mineral phases in both bands. The leucosome has a
granitic composition and is composed of plagioclase, quartz, lesser
biotite and minor amounts of opaque minerals, apatite and zircon.
The outcrop and microphotographies are available in the Supple-
mentary Data 1A. The nature of the protolith (magmatic or sedi-
mentary) cannot be interpreted based solely on petrography.
Fig. 8. Flowchart applied to the zircon dataset from the stromatic metatexite (sample PC1
the evaluation of the natural example.
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5.3.1. U-Pb zircon age distribution interpretation
Zircon grains from the stromatic metatexite and leucosome

have been analysed, with the detailed description of the methods
available in the Supplementary Data 1. The LA-ICP-MS U-Pb zircon
analyses results are available in the Supplementary Data 2. The
concordant U-Pb data of zircon cores from the stromatic metatex-
ite (n = 138, sample PC12.2) and the leucosome (n = 44, sample
PC12.3) continuously spread along the concordia in the Concordia
diagram (Fig. 7B). A range of dates between ca. 805 Ma and 580 Ma
is observed in the metatexite, with two outliers (ca. 995 Ma and ca.
535 Ma). A continuous distribution of concordant dates between
ca. 790 Ma and 605 Ma is observed for the stromatic metatexite,
and ten modes are identified in a PDE diagram at: ca. 780 Ma,
770 Ma, 760 Ma, 740 Ma, 735 Ma, 700 Ma, 715 Ma, 680 Ma,
645 Ma and 620 Ma (Fig. 7A). Four zircon populations were identi-
fied in the stromatic metatexite, based on the PDE for apparent
176Hf/177Hf(t) and considering the fourth decimal place criteria,
proposed herewith (Fig. 7C and D).

Population I is characterised by 176Hf/177Hf(t) ratios between
0.28183 and 0.28192, with U-Pb dates between ca. 805 Ma and
650 Ma; population II has 176Hf/177Hf(t) ratios between 0.28193
and 0.28203 and U-Pb dates between ca. 790 Ma and 605 Ma with
one outlier dating ca. 995 Ma; population III has 176Hf/177Hf(t)
2.2) and the leucosome (sample PC12.3), with the highlighted path corresponding to
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ratios between 0.28203 and 0.28213 and U-Pb dates between ca.
785 Ma and 640 Ma; and population IV has 176Hf/177Hf(t) ratios
between 0.28214 and 0.28224 and U-Pb dates between ca.
775 Ma and 620 Ma.

A range of dates between ca. 710 Ma and 575 Ma is observed for
the grains from the leucosome, with a continuous distribution of
concordant dates between ca. 680 Ma and 595 Ma. Five modes
were identified in the probability density estimate diagram at ca.
670 Ma, 660 Ma, 640 Ma, 620 Ma and 600 Ma (Fig. 7A).

The 176Hf/177Hf(t) (0.28197–0.28203) from the zircon cores of
the leucosome (sample PC12.3) indicate a single population, with
isotopic signature similar to that of population II from the stro-
matic metatexite (Fig. 7C).

The zircon grains of both samples were imaged via cathodolu-
minescence (CL), however, no systematic correlation between
Fig. 9. U-Pb detrital zircon dates spectra for the migmatite comprising both the stromati
data, presenting Pb-loss and possibly prolonged metamorphism are displayed in (A) an
density estimates curves (red) and Kernel density estimates curves (grey dashed lines) a
by the correspondent coloured bands. 206Pb/238U dates were used for all grains. The maxim
arrow if zircon grains from Population II are considered and by the orange arrow if they
corrected data (B) is indicated by the blue arrow.
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different textural domains and dates was observed (Step I, Fig. 8;
see Supplementary Data 1C). The 176Hf/177Hf(t) data indicate multi-
ple zircon populations with a narrow range of 176Hf/177Hf(t) ratios
and smear of dates (Step II and III) (Fig. 7C–E). The possible
explanations are (i) the zircon U-Pb system has been disturbed
(e.g., Pb-loss); (ii) multiple stages of zircon growth during pro-
longed metamorphism; or (iii) an analytical effect (e.g., mixing of
domains).

Four distinct zircon single populations were retrieved using the
176Hf/177Hf(t) ratios of zircon cores (Step IV) (Fig. 7B and C), consis-
tent with a sedimentary protolith with multiple sources. Since the
zircon from the leucosome and the zircon population II from
the stromatic metatexite have similar 176Hf/177Hf(t), it is likely that
population II records the anatectic event associated with the
leucosome bands of the stromatic metatexite (see photos on the
c metatexite (PC12.2) and the leucosome (PC12.3) presented in Fig. 7A. Uncorrected
d corrected data according to Hf isotopic signature in (B). Histograms, probability
re displayed. The minimum crystallization ages of each ‘protosource’ is represented
um depositional age considered for uncorrected data (A) are indicated by the green

are not considered (see text for discussion). The maximum depositional age for the
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Supplementary Data 1). Alternatively, it can also represent a differ-
ent protosource. Considering that all populations present U-Pb
dates spreading along the concordia (Step V, Fig. 8), we conclude
that the studied rock underwent HT-UHT metamorphism after
deposition (Type 1) (Fig. 8). This statement may sound obvious
since the rock is a migmatite, but one can envisage alternatively
a scenario in which one of the protosources was a HT-UHT rock,
that then was eroded to form a sediment later metamorphosed
(under conditions bellow < 850 �C). In this case, the zircon record
of this rock would show the spreading of U-Pb dates only for one
group of 176Hf/177Hf(t) ratios, meaning that the metamorphism took
place before the sedimentation of the investigated rock.

From the four zircon populations identified by the Hf isotopic
data, three of them (excluding population II associated to anatexis)
can be considered as representative for possible protosources of
the sediments that were later metamorphosed under U(HT) meta-
morphic conditions. The oldest grains of each population are used
as proxies for maximum depositional ages, determining the mini-
mum crystallization ages of the protosources: ca. 804 Ma, for pop-
ulation I; ca. 786 Ma for population III; and ca. 776 Ma for the
population IV (Fig. 9B).

5.3.2. Implications
Even though the observed distribution of zircon U-Pb dates

could already suggest a metasedimentary origin for a migmatite,
the smearing of dates in the concordia diagram (Fig. 7B) resem-
bling those patterns observed for igneous protoliths that under-
went metamorphism under high-temperature conditions and the
non-diagnostic mineral assemblage of the stromatic metatexite
hampered the determination of the protolith nature.

In a first unaware attempt, several potential sources could have
been pointed out based on the PDE’s U-Pb date modes identified in
the two analysed samples (Fig. 7A). All those modes, however, are
younger than the minimum crystallization ages retrieved for the
protosources. Thus, these dates modes may have been produced
as a consequence of the HT-UHT isotopic disturbance and/or new
crystallization during metamorphism, and therefore the geological
meanings of these modes are unclear.

The population II, comprising grains from the stromatic meta-
texite and the leucosome, more likely constitute the best represen-
tative of the anatexis during the metamorphic event. Thus, with
the presence of at least three distinct protosources, the protolith
of the migmatites was a metasedimentary rock. To disclose
whether the zircon U-Pb record of this population represents pro-
longed metamorphism, multiple metamorphic events and/or data
resetting, a petrochronological investigation would be required
(likewise the proposed in section 4.2).

The minimum crystallization ages of the protosources are indis-
tinguishable when all sources of uncertainty are considered, sug-
gesting that the zircon grains might have originated from rocks
crystallized within a narrow age interval or that these zircon do
not preserve any dates that approximate that of crystallization,
reflecting instead later disturbing by metamorphism and/or
hydrothermalism. The first hypothesis agrees with the interpreta-
tion that the Socorro-Guaxupé Nappe host rocks from a Neopro-
terozoic magmatic arc and their associated sedimentary basins
(e.g., Campos Neto and Figueiredo, 1995; Vinagre et al., 2014;
Rocha et al., 2018; Motta et al., 2021). Regardless, the U-Pb data
from the zircon cores of this sample (PC12-2) can be used to esti-
mate maximum depositional age; however, it requires critical eval-
uation and Pb-loss correction to avoid underestimation. Based on
the uncorrected data, two possible estimates for the maximum
depositional age could be determined considering the youngest
zircon core from the stromatic metatexite (sample PC12.2): ca.
605 Ma, if zircons from Population II are considered; and ca.
620 Ma, if zircon from Population II are excluded due to their
14
176Hf/177Hf(t) ratios being the same as those found in the leuco-
some (Fig. 9A). Based on the corrected data, an estimated maxi-
mum depositional age of ca. 775 Ma is obtained (Fig. 9B). This
implies in a ca. 155–170 Myr difference between corrected and
uncorrected data.
6. Conclusions

The protracted zircon record produced during high to ultrahigh
temperatures (>850 �C) metamorphism is widespread and
occurred along the geological time. This study presents the HT-
UHT metamorphism as a potentially significant natural phe-
nomenon that could bias sedimentary provenance studies based
on detrital zircon U-Pb analyses. In spite of the possibility of being
generated by methodological and/or analytical procedures, the
concordant protracted records of U-Pb zircon dates have been
extensively described for HT-UHT metamorphic rocks, which
strongly suggest a correlation with processes related to these
extreme temperature conditions. This spread in concordant dates
has been recognized regardless of the technique applied for U-Pb
dating, the time span between the crystallization or deposition
and the metamorphism, the composition, and the age of the rock.

The HT-UHTmetamorphism can affect the detrital zircon record
by (1) disturbing the U-Pb system in previously crystallized zircon
which produces unreliable probability of distribution in dates, or
(2) forming zircon during multiple and/or prolonged metamorphic
events. Circumventing the impact of these metamorphic events on
zircon records, provenance interpretation and their application in
tectonic setting determinations, however, requires the identifica-
tion of several variables. The first order outreach is whether the
HT-UHT metamorphism affected the source of the sediment or
the already deposited basin-fill strata. The maximum depositional
age is less affected in the first case, as grains recording the meta-
morphism of the source invariably pre-date the sedimentation. In
cases in which the basin-fill successions undergo HT-UHT meta-
morphism, their maximum depositional age might be substantially
affected, inducing the formation of a spurious younger age.
Remarkable variations might be also expected for the ages of older
and multi-aged detrital zircon content.

To increase the success of extracting provenance information
from such rocks, this study suggests a workflow to evaluate the
presence of this bias and associated approaches to overcome its
effects. The workflow was tested in a hypothetical sediment whose
sources are metaigneous rocks concededly metamorphosed on
UHT conditions, and a natural migmatite of uncertain origin and
age, that also experienced HT-UHT metamorphism. In both cases
spurious date modes, generated by the HT-UHT metamorphism,
could have been interpreted as protosources, and caused underrep-
resentation of less-disturbed U-Pb zircon populations from the
protosources and underestimation of maximum depositional ages
which could greatly impact the interpretation of the depositional
setting. These effects were minimised by the workflow proposed
here and more robust age determinations were obtained from
the combined U-Pb-Hf investigation, with better constraints on
provenance, protosource age, maximum depositional age and, ulti-
mately, depositional setting. Tracking the HT-UHT metamorphism
in the detrital record of non-metamorphosed sediments and sedi-
mentary rocks is more challenging however, as the protracted
record can be produced by other processes. Moreover, finding the
evidence of HT-UHT metamorphism in the detrital record can be
not only defiant, but also a time-consuming task.

Other factors might also play crucial roles for sedimentary suc-
cessions fed by temperature-disturbed zircon grains, like the
geometry of the basin, sedimentary partitioning, and regimes
(e.g., distance from the source, erosion rates, balance between
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different types of sources). It might be especially relevant for syn-
orogenic basins lacking volcanics and index fossils and fed by
multi-aged sources. The HT-UHT metamorphism in sedimentary
sources may contribute on spreading the age spectra of the anal-
ysed syn-orogenic strata, as well as changing the time span
between the deposition and the zircon crystallization ages. Since
the definition of meaningful age sources and the maximum depo-
sitional age in provenance studies based on U-Pb detrital zircon
ages should rely on statistically robust data, the bias analysed here
also needs to consider the statistical representativity of disturbed
detrital zircon in the age spectra.

In summary, our study shows that, although HT-UHT metamor-
phic rocks occur in relatively small volume in the crust, not consid-
ering the effects of this type of metamorphism could lead to
misinterpretation in tracking sedimentary sources, determining
maximum depositional ages and analysing geodynamic settings
of sedimentary basins.
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