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ARTICLE INFO ABSTRACT

Editor: Claudia Romano Mafic rocks are the most common type of igneous rocks on Earth, however, constraining the crystallization age of

mafic rocks can be challenging. Apatite is a common accessory phase in mafic rocks and is amenable to dating

Keywords: using the U-Pb system. However, the U-Pb system in apatite has a relatively low closure temperature (~350°-

Maﬁ_c rocks 550 °C) and is therefore prone to resetting by later thermal and metasomatic events. Here, a recently developed

;p?;;tz " Lu—Hf dating method using laser ablation reaction-cell mass spectrometry is applied to apatite from mafic rocks.
-] ating

The Lu—Hf system in apatite has a higher closure temperature (~650°-750 °C) compared to U-Pb, increasing the
chances of obtaining primary crystallization ages. Furthermore, the laser-ablation method allows rapid data
collection compared to traditional solution-based Lu—Hf dating techniques. Four study areas were selected to
compare the Lu—Hf vs U-Pb systematics of apatite in mafic igneous rocks: the Paleoproterozoic Sudbury Igneous
Complex (Canada), the Neoproterozoic Borborema Province (NE Brazil), the Paleoproterozoic Fennoscandian
Shield (Finland), the Archean Yilgarn Craton and adjacent Mesoproterozoic Albany Fraser Orogen (Western
Australia). For all analyzed samples that have apatite trace element compositions typical of an undisturbed
primary mafic igneous lithology, the Lu—HS system retains primary igneous apatite crystallization ages, whereas
the U-Pb system in the same grains often records isotopic disturbance or a cooling age. In few cases, the Lu—Hf
system has also been disturbed in response to recrystallization, however, such disturbance is readily detected
with trace element data. Hence, this study demonstrates the potential of laser ablation apatite Lu—Hf dating to
obtain primary crystallization ages for otherwise difficult to date mafic rocks.

Lu—Hf dating
LA-ICP-MS/MS
Closure temperature
recrystallisation

1. Introduction

Solid Earth geochronology, particularly for felsic magmatic and
metamorphic rocks, has largely focused on the U-Pb systematics of the
mineral zircon (ZrSiO4), for several reasons: (1) The U-Pb zircon system
exploits two independent decay schemes, 2°U to 2’Pb and 2*%U to
20pp; (2) the U-Pb zircon system is often unaffected by post-
crystallization alteration and U-Pb system disturbances; (3) it has a
high closure temperature for Pb diffusion (>900 °C); and (4) typically
has high radiogenic to initial Pb ratios allowing precise dating (e.g.,
Gehrels, 2011; Puetz and Spencer, 2023; Puetz et al., 2021). However,
dating mafic rocks with zircons is more challenging because zircon
generally has low fertility in mafic lithologies (Jennings et al., 2011;

Boehnke et al., 2013). Zr-rich mafic melts may instead crystallise bad-
deleyite (ZrOy) or zirconolite (CaZrTiO207), which are also amenable to
U-Pb dating (e.g., Soderlund et al., 2010) but are commonly too small to
be analysed using in situ techniques, and in the case of baddeleyite, have
significant crystal orientation effects when analysed via ion beam
methods (Wingate and Compston, 2000). Alternatively, mafic rocks can
be dated by the *“°Ar—%°Ar method applied to plagioclase or pyroxene
(Ware and Jourdan, 2018), however age interpretations can be chal-
lenging, especially for old rocks with significant degrees of alteration
(Jiang et al., 2021).

Apatite is a common accessory phase in many igneous lithologies (e.
g. Piccoli and Candela, 2002;Chew and Spikings, 2015), including
pegmatites, cumulates (Thlen et al., 2014), and carbonatites (McArthur,
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1985). Unlike most other U-bearing accessory phases, apatite is common
in (ultra-)mafic rocks (Spear and Pyle, 2002; Piccoli and Candela, 2002;
Webster and Piccoli, 2015). Apatite also grows in metamorphic rocks,
including those with mafic protoliths, and is found at all metamorphic
grades from diagenetic environments to migmatites (Spear and Pyle,
2002). Several studies have applied apatite U-Pb dating to constrain the
age of (ultra-)mafic rocks (O’Sullivan et al., 2016; Pochon et al., 2016;
Gillespie et al., 2018; Ackerman et al., 2020). However, apatite U-Pb
dating can be challenging since apatite commonly incorporates a sig-
nificant component of non-radiogenic (initial) Pb in its crystal lattice
(Kirkland et al., 2018). Moreover, apatite in mafic rocks tends to have
low U concentrations, resulting in a low ratio of radiogenic Pb to initial
Pb, which results in increased age uncertainty. Additionally, the closure
temperature of Pb diffusion in apatite is significantly lower
(~350—570 °C; Chew and Spikings, 2015) compared to zircon
(~900 °C; Lee et al., 1997). Hence, the U-Pb isotopic system in apatite is
susceptible to being reset by post-crystallization thermal events (Kirk-
land et al., 2018; Glorie et al., 2019; Henrichs et al., 2019). Thus, the
apatite U-Pb system may not record primary igneous or metamorphic
crystallization ages.

The Lu—Hf system in apatite has a significantly higher closure
temperature (~ 660—730 °C; Cherniak, 2000; Barfod et al., 2005;
Glorie et al., 2023) than the U-Pb system, making it less prone to post-
crystallization resetting. For example, Glorie et al. (2022, 2023)
demonstrated that Lu—Hf ages can be preserved in apatite grains that
have experienced up to upper amphibolite-facies metamorphism, during
which the U-Pb system was partially or completely reset in the same
grains. Furthermore, Gillespie et al. (2022) showed apatite Lu—Hf ages
to be similar to Sm—Nd ages for the same samples, consistent with the
similar closure temperature of these two isotopic systems. Traditional
apatite Lu—Hf dating involves sample digestion and addition of an
isotope tracer, followed by chemical separation of Lu and Hf and anal-
ysis by MC-ICP-MS to obtain precise apatite crystallization ages (e.g.,
Larsson and Soderlund, 2005; Barfod et al., 2002; Barfod et al., 2003).
However, the method is time-consuming, and due to the low Hf con-
centration in apatite, large aliquots are required (~0.5 g; Barfod et al.,
2003). Hence, spatially resolved isotope ratios cannot easily be obtained
(Schmidt et al., 2015). In contrast, the recent development of in situ
(laser-ablation based) Lu—Hf geochronology (Simpson et al., 2021)
provides an alternative and more rapid means of dating using the Lu—Hf
system, which requires minimal sample preparation, has spatial reso-
lution sufficient to resolve geological complexity (~60—100 pm), and
preserves the textural context of the analysed mineral grains. This
method uses NH3 gas in the reaction cell of the LA-ICP-MS/MS (laser
ablation tandem inductively coupled mass spectrometer) to chemically
separate 17%Lu from 7CHf, allowing both isotopes to be measured free
from isobaric interferences. A detailed description of the method is
provided in Simpson et al. (2021).

This study presents the first systematic evaluation of Lu—Hf dating of
apatite via LA-ICP-MS/MS for determining the magmatic crystallization
age of mafic (meta-)igneous rocks. Lu—Hf ages, U-Pb ages, and trace
element data are integrated in apatite from mafic igneous rocks span-
ning near-pristine intrusions through to strongly deformed and meta-
morphosed meta-igneous rocks. Case studies from four different
geological settings highlight that the Lu—Hf system in apatite generally
preserves primary igneous crystallization ages, even in metamorphic
rocks in which the U-Pb system in apatite has been thermally reset.
Furthermore, trace element data from apatite allows filtering of those
cases in which the Lu—Hf system is disturbed, primarily as a result of
recrystallization of apatite grains. These findings demonstrate that
Lu—Hf dating of apatite by LA-ICP-MS/MS proves a powerful new tool
in the quest to rapidly, accurately, and routinely date mafic igneous
rocks.
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2. Geological background and sample descriptions

A total of twelve samples of mafic (meta-)igneous rocks were
selected from four geological terranes that have experienced different
degrees of thermal overprinting and/or deformation, which could
potentially disturb the isotopic systematics of apatite. In order of
increasing degree of thermal overprinting, these study areas include: (1)
the Sudbury Igneous Complex in the Superior Craton, Canada; (2) the
Borborema Province, NE Brazil; (3) the Fennoscandian Shield, Finland;
(4) the Yilgarn Craton and Albany Fraser Orogen, Western Australia.

2.1. Sudbury Igneous Complex, Canada

The Sudbury Igneous Structure is located in the southern Canadian
Shield at the boundary between the Archean Superior Province and the
Mesoproterozoic Grenville Orogen (Fig. 1). The structure is divided into
two broad units: (1) country rocks that form the footwall of the Sudbury
Basin and (2) rock units within the Sudbury Basin, which include the
Sudbury Igneous Complex (SIC) and the Whitewater Group (i.e. the
Onwatin and Onaping Formations; Fig. 1). The Sudbury Igneous Com-
plex (SIC) is generally interpreted to represent a differentiated impact
melt sheet located within the Sudbury Structure (Lightfoot et al., 1997;
Lightfoot and Doherty, 2001; Therriault et al., 2002). Detailed de-
scriptions of the geological setting can be found in Dressler et al. (1984),
Dessureau (2003), Lorencak et al. (2004) and Petrus et al., (2015). The
SIC is subdivided into a discontinuous sub-layer and the main mass
(Naldrett et al., 1970; Grieve et al., 1994; Lorencak et al., 2004). The
discontinuous sublayer consists of mafic and ultramafic rocks, which
locally host economically significant Ni—Cu deposits (Dressler et al.,
1984; Dickin et al., 1992; Lightfoot et al., 1997). The main mass com-
prises a variable assemblage of granophyre, quartz gabbro and norite
overlying the strongly brecciated footwall rocks in the basal contact
zone of the structure (Dressler et al., 1984; Grieve et al., 1994). The
southern part of the structure is affected by northwest-directed thrust
faulting, resulting in the present-day elliptical shape of the Sudbury
Basin (Milkereit and Green, 1992) (Fig. 1). A greenschist-facies meta-
morphic overprint is recorded in rocks in the south of the structure and
decreases towards the north (Dietz, 1964; Grieve et al., 1994). The north
of the structure is mostly undeformed with a weak sub-greenschist-facies
metamorphic overprint (Lorencak et al., 2004; Milkereit and Green,
1992).

Three samples were taken from a 3400-m-deep drill hole from the
northwest range of the SIC (Fig. 1), including a quartz gabbro from 2006
m (00ML11), a norite from 2298 m (00ML13) and a gabbro from 3447 m
(OOML19). Sample 00ML11 is a quartz gabbro consisting of cumulus
plagioclase and augite, with 10% cumulus oxides, 8% cumulus apatite,
and intercumulus clinopyroxene, quartz, and feldspar intergrowths
(Dressler et al., 1984; Dessureau, 2003). Sample 00ML13 is a norite from
the lowest unit of the main mass in the North Range. It contains
40—60% hypersthene enclosed in large plagioclase, cumulus ortho-
pyroxene as the only cumulus mineral, with <10% quartz with K-feld-
spar intergrowths, <10% biotite and < 10% clinopyroxene (Dressler
et al., 1984; Dessureau, 2003). Sample 00ML19 is a gabbro from the
footwall breccia, which is heterolithic, composed of angular to sub-
rounded fragments and granoblastic quartz-feldspar intergrowths with
plagioclase crystals (Dressler et al., 1984).

Concordant U-Pb zircon and baddeleyite ages of 1850 + 3.4 Ma,
1850 + 3 Ma and 1849 + 1 Ma (Krogh et al., 1984) were obtained
respectively from a mafic norite, granophyre, and norite within the main
mass of the SIC near the sampled drillhole and are interpreted as con-
straining the crystallization age of the struture, providing a reference
age for this case study. Deformation and greenschist metamorphism are
inferred to have occurred after emplacement of the structure, during the
~1800-1820 Ma Penokean Orogeny (Fleet et al., 1987). Deformation
during the ~1000 Ma Grenville Orogeny is thought to have had a
minimal effect on the Sudbury Basin as Grenvillian metamorphism of
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the regional Sudbury dyke swarm is restricted to within a few kilometres
of the Grenville front to the south (Bethune and Davidson, 1997).

2.2. Borborema Province, NE Brazil

Apatite grains were obtained from Neoprotorozoic mafic intrusions
(leucogabbro and leuconorite) associated with the Brasiliano orogenic
event in Borborema Province, NE Brazil (Almeida et al., 1977; Caxito
et al., 2020; Neves et al., 2014; De Almeida et al., 1981). The Borborema
Province is composed of Archaean — Palaeoproterozoic crustal blocks,
separated by crustal-scale shear zones, and is subdivided into the
northern, southern, and central sub-provinces (Van Schmus et al., 1995).
Samples were selected from the Piranhas-Seridé Domain (PSD), which is
a segment of the northern sub-province of the Borborema Province
(Fig. 2). The PSD is bounded to the north by Phanerozoic sedimentary
rocks of the Coastal Province and the Potiguar Basin; and to the east,
south, and west by the Portalegre, Picui- Joao-Camara, and Patos shear
zones, respectively (Neves, 2003; Dantas, 2017; Medeiros et al., 2021).

The PSD was affected by extensive Ediacaran —Cambrian plutonic
activity, producing six compositionally distinct magmatic suites,
ranging from shoshonitic to alkaline charnockites (Nascimento et al.,
2015) (Fig. 2). Sample CR-137 and Sample CR-146 were sampled from
the Sao Joao do Sabugi shoshonitic Suite, which is composed of
pyroxene-biotite gabbros and diorites and have a fine to medium equi-
granular texture with plagioclase phenocrysts. The mineralogy of the
least evolved rocks comprises augite, diopside (locally replaced by
amphibole), and in more differentiated lithologies (diorite/ quartz
monzonite) consists mostly of hornblende and biotite; with titanite,
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zircon, and apatite as accessory minerals (Nascimento et al., 2015). The
diorites were emplaced at 579 + 7 Ma as determined by U-Pb ages from
magmatic zircon grains (Leterrier et al., 1994). However, nearby gab-
bronorite samples from the same shoshonitic suite (Poco Verde and
Totord) yield slightly older zircon U-Pb crystallization ages of 599 + 16
Ma and 595 + 3 Ma (Archanjo et al., 2013). Additionally, monazite
U-Pb ages of 553 & 10 Ma from the same gabbronorite, indicate that a
thermal event (potentially up to granulite facies) affected this Suite
(Souza de et al., 2006).

Sample CR-138 was collected from gabbro-norite stocks associated
with the Umarizal pluton, and is composed of fayalite, hedenbergite,
hornblende and biotite, with zircon, allanite, titanite, magnetite, and
apatite as accessory minerals (Galindo et al., 1995). Zircon U-Pb ages of
593 + 5 Ma and 601 + 11 Ma have been obtained for the Umarizal
pluton (McReath et al., 2002; Sa et al., 2013). Additionally, a zircon
U-Pb age of 581 + 4 Ma was obtained from migmatized hornfels in the
contact aureole of the Umarizal pluton, which is interpreted to date
high-temperature (~ 700-800 °C) contact metamorphism of the country
rocks (Nascimento Souza and Oliveira, 2022). A Rb—Sr age of 545 + 7
Ma for the Umarizal pluton (Galindo, 1993), suggests a protracted
cooling history following pluton emplacement and contact
metamorphism.

2.3. Fennoscandian Shield, Finland

Samples were obtained from mafic intrusions in the Raahe-Ladoga
zone in Central Finland (Fig. 3). This area represents a series of crustal
blocks, separated by NW-SE trending shear zones and strike-slip faults
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(Woodard et al., 2017). The Raahe-Ladoga zone separates reworked
Archean cratons in the northeast of Finland from Palaeoproterozoic
Svecofennian arc complexes to the southwest (Gaal and Gorbatschev,
1987; Korsman et al., 1999; Korsman, 1988; Woodard et al., 2017).

Two intrusions, described in Lethtovaara, (1976), were selected for
this study: the Ylivieska gabbro and the Parikkala gabbro. The Ylivieska
gabbro (samples 30-73 & 35-73) is located in the northwestern part of
the Raahe-Ladoga zone (Vihanti-Pyhasakmi region). The gabbro out-
crops over approximately 9 x 5 km and is surrounded by sandstone,
felsic volcanic rocks and amphibolite (Salli, 1964). The intrusion is
comprised of a layered gabbroic unit with a peridotite unit (1 km in
diameter) in the SW part of the intrusion. The layered gabbroic unit is
composed of norite, gabbronorite and olivine gabbronorite with horn-
blende gabbro and norite towards the margins (Makkonen et al., 2008).
The peridotie unit is divided into an eastern and western unit; the
eastern unit is composed of 10- to 100-m-thick peridotite, with a mineral
assemblage of serpentinite and plagioclase-lherzolite and is separated by
sheets of variably altered gabbros (Makkonen et al., 2008). Samples
(30-73 and 35-73) were taken from the layered gabbroic unit of
metamorphosed gabbro and gabbronorite.

The Parikkala gabbro (8 x 4 km; sample 17-73) is located in the
southern part of the Raahe-Ladoga zone (Joroinen-Sulkava region)
where it locally intrudes paragneisses. The intrusion is differentiated
into three zones: hornblende-rich gabbros crop out in the northern part
of the intrusion, gabbros in the centre have a high modal proportion of
pyroxene, and olivine gabbros and olivine websterites dominate in the
southern part of the intrusion (Méakinen, 1987). Sample 17-73 is a
coarse-grained, foliated hornblende gabbro. The main minerals are
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plagioclase and hornblende with chlorite, biotite, and minor carbonate
as alteration minerals. This gabbro is inferred to have undergone
regional metamorphism under amphibolite-facies conditions (Palosaari
and Sokta, 1991). Hakli (1971) postulated that the intrusion underwent
post-magmatic tilting to the north.

Both the Ylivieska and Parikkala grabbos were emplaced during the
1900-1880 Ma Svecofennian orogeny, which records both accretionary
and collisional tectonic events (Gorbatschev and Bogdanova, 1993;
Hermansson et al., 2008; Stephens and Andersson, 2015; Lahtinen,
1994; Lehtinen et al., 2005). The intrusions are syn-kinematic and were
emplaced during the deformational and metamorphic peak (Mikinen
and Makkonen, 2004; Makkonen, 2005; Peltonen, 2005). The country
rocks surrounding the intrusions were in most cases extensively meta-
morphosed and deformed during early Svecofennian orogenesis (Gaal
and Gorbatschev, 1987; Kilpelainen, 1998; Koistinen, 1981; Makinen
and Makkonen, 2004). On a regional scale, granite gneiss and granodi-
orite yield U-Pb zircon ages of 1930 + 15 Ma and 1880 + 15 Ma in the
Vihanti-Pyhasalmi area of the northern part of the Raahe-Ladoga Zone
(Helovuori, 1979). Post-tectonic gabbros from the Svecokarelian terrain
in southern Finland are dated at ~1880 Ma (U-Pb on zircon; Patchett
and Kouvo, 1986). The Ylivieska gabbro itself has yielded U-Pb zircon
ages of 1883 + 8 Ma (Patchett and Kouvo, 1986) and ~ 1920 Ma
(Pesonen, 1972), while Vaasjoki and Sakko (1988) dated a gabbroic
intrusive from the Vihanti area, which yielded a U-Pb age of 1901 + 12
Ma. In the southern Raahe-Ladoga zone (Joroinen-Sulkava area), gab-
bros were emplaced between ~1910 and 1870 Ma as recorded by U-Pb
zircon ages for mafic rocks (1880 + 3 Ma from a norite, and 1912 + 12
Ma and ~ 1869 Ma from a gabbro; Huhma,1986). The area underwent
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peak metamorphism and migmatization between ~1840 and 1810 Ma,
as dated by zircon U-Pb (1810 + 7 Ma and 1833 + 22 Ma) and monazite
U-Pb (~1820-1840 Ma) (Korsman et al., 1984; Vaasjoki and Sakko,
1988).

2.4. Yilgarn Craton and Albany Fraser Orogen, Western Australia

The Yilgarn Craton mostly comprises broadly linear, northwest-
southeast trending Meso—Neoarchean granite-gneiss complexes and
greenstone belts that are divided into a series of tectonostratigraphic
terranes (Cassidy et al., 2006) (Fig. 4). These terranes include the
Narryer, Southwest, and Youanmi terranes in the western part of the
craton and the Eastern Goldfields Superterrane, which includes the
Kalgoorlie, Kurnalpi, Burtville, and Yamarna terranes in the east of the
craton (Cassidy et al., 2006). The Yilgarn Craton is bounded by the
Paleo-Mesoproterozoic Albany Fraser Orogen (AFO) to the south and
east, and the Darling Fault and Mesozoic Perth Basin to the west.

Two samples (metagabbro SWY-29 and dolerite dyke 7910-150)
were taken from the Southwest Terrane (Fig. 4). This terrane has been
exposed to higher grade metamorphism (low-pressure granulite facies
conditions) compared to the terranes in the northeast of the Yilgarn
Craton (Myers, 1993; Wilde et al., 1996). Based on regional geology and
geophysical data, the Southwest Terrane is divided (from west to east)
into the Balingup, Boddington and Lake Grace sub-terranes (Wilde et al.,
1996). The higher metamorphic grade in the terrane is likely related to
post-cratonization tilting of the crust, indicated by Rb—Sr biotite cool-
ing ages that become younger towards the western margin of the Yilgarn
Craton (Libby and De Laeter, 1998; Lu et al., 2015).

Metagabbro sample SWY-29, from the ore-hosting Gonneville
intrusion at Julimar, within the Boddinton sub-terrane, is coarse-grained
to pegmatitic and consists of subhedral plagioclase with pyroxene and
other opaque and accessory minerals. A weighted mean 2%Pb/2%°pb
zircon age of 2668 + 4 Ma is interpreted as the igneous crystallization
age of the metagabbro (GSWA 203747; Wingate et al., 2021).

Sample 7910-150 was taken from a dolerite dyke in the Boddinton
sub-terrane, which is likely related to the N-E trending Yandinilling dyke
swarm within the region (Stark et al., 2018b). The sample has an
intergranular ophitic to sub-ophitic texture, comprising of plagioclase,
pyroxene, opaque minerals (magnetite and ilmenite), quartz, and minor
apatite. The dyke lacks any obvious tectonic foliation. Evidence for
alteration includes the growth of brown amphibole along the grain
boundaries of magmatic pyroxene or the complete replacement of py-
roxene grains by a mixture of brown and green amphibole (Stark et al.,
2018b). A baddeleyite U-Pb age of 2615 + 6 Ma was obtained from a
similar NE-trending mafic dyke in the Yandinilling dyke swarm in the
SW Terrane (Stark et al., 2018b), which is inferred to have extended into
the southwestern part of the craton.

Apatite grains were obtained from a gabbro (7710-94) located in the
Nornalup Zone, in the southeastern part of the Albany Fraser Orogen
(AFO) (Fig. 4). The AFO is a Paleo—Mesoproterozoic orogenic belt that
developed along the southern and southeastern margins of the Yilgarn
Craton, reworking the ancient cratonic core. The main lithologies of the
AFO are amphibolite- to granulite-facies paragneiss and orthogneiss,
intruded by late-tectonic plutons (Spaggiari et al., 2009; Myers, 1995).
The Nornalup Zone is one of the litho-tectonic units of the AFO. Meso-
proterozoic granitic intrusions from the Nornalup Zone fall into two
discrete magmatic events, namely the ~1330-1280 Ma Recherche
Supersuite (Myers, 1995), associated with collision Stage I of the AFO
(Clark et al., 2000) and the ~1200-1125 Ma Esperance Supersuite,
corresponding to intracratonic reactivation during Stage II of the AFO
(Clark et al., 2000; Myers, 1993, 1995; Nelson et al., 1995; Clark et al.,
1999). Gabbro sample 7710-94 is a co-genetic gabbroic enclave within a
granite of the Esperance Supersuite. Seismic studies support phases of
mingled granitic and mafic material that may have been intruded as a
series of successive pulses (Spaggiari et al., 2014), while the geochem-
istry of the mafic components within the granite indicate minor
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contamination from the host granite and are compatible with a MORB-
like source (Smithies et al., 2014).

3. Analytical methods

Apatite separates were mounted in 25 mm diameter epoxy disks. The
samples were then ground with 1200, 2000 and 2500 grit sandpaper to
expose the internal portions of grains and subsequently polished (up to
1 pm diamond finish). Apatite grains in each sample were dated by both
the U-Pb and Lu—HIf systems across three analytical sessions. All ana-
lyses were conducted using a RESOlution 193 nm excimer laser-ablation
system coupled to an Agilent 8900 ICP-MS/MS housed at Adelaide Mi-
croscopy, The University of Adelaide. A ‘squid’ mixing device (Laurin
Technic) was used to smooth the pulses of aerosol between the laser and
mass-spectrometer and Ny gas (4 ml/min) was added to the carrier gas
after the sample chamber but before the plasma in order to enhance
signal sensitivity. In the first analytical session, trace element concen-
trations were acquired simultaneously with U-Pb isotopes using the
analytical procedure outlined in Glorie et al. (2019) and Gillespie et al.
(2018). The second analytical session used NH3 (supplied as 10% NHjs
and 90% He) reaction gas to measure Lu—Hf isotopes, following the
analytical approach outlined in Simpson et al. (2021). In the third
analytical session, trace element data, U-Pb isotopes and Lu—Hf iso-
topes were all simultaneously acquired, with Lu—Hf analyses conducted
on apatite grains that were large enough to accommodate a second
ablation spot.

3.1. Apatite U-Pb geochronology

Apatite U-Pb and trace element analysis was conducted using a 30
pm spot size and 5 Hz repetition rate. In the first analytical session, MAD
(ID-TIMS U-Pb age of 473.5 £ 0.7 Ma; Thomson et al., 2012; Chew
et al., 2014) was used as a primary reference material to correct for
instrumental drift and downhole fractionation. Mt. McClure apatite (ID-
TIMS U-Pb age of 523.51 + 1.47 Ma; Schoene and Bowring, 2006) was
analysed as secondary standard to assess accuracy and our obtained
weighted mean 2°°Pb/238U age of 526 + 9 Ma, is in agreement with the
recommended age (Supplement file 2). In the third analytical session,
401 apatite (ID-MC-ICP-MS U-Pb age of 530.3 + 1.5 Ma; Thompson
etal., 2016) was used as a primary reference material and OD306 apatite
(LA-ICP-MS U-Pb age 1597 + 7 Ma; Thompson et al., 2016) was used as
a secondary standard. The calculated weighted mean 2°°Pb/2%8U age for
0OD306 apatite (1596 + 7 Ma) from this session is within uncertainty of
the recommended age.

Data reduction was performed using the LADR software(Norris and
Danyushevsky, 2018). The U-Pb scheme within LADR was configured to
remove initial Pb from the measured values of the reference material,
achieved by subtracting the initial Pb from all the Pb isotope measure-
ments using the Stacey and Kramers (1975) model. For the samples in
this study, apatite U-Pb Terra-Wasserburg plots and U-Pb dates were
calculated from the lower-intercept of unanchored (free regression)
isochrons using IsoplotR (Vermeesch, 2018). Trace element abundances
were simultaneously acquired and reduced in LADR using “3Ca as in-
ternal standard and NIST 610 as the primary trace element reference
material. The trace element data is presented on multi-element
discrimination biplots, plotting Sr/Y ratios vs > LREE concentrations
using the R script of O’Sullivan et al., (2020). The calculated ages for the
reference materials are presented in Table 1 and associated concordia
U-PDb plots for the standards are presented is Supplementary File 2.

3.2. Apatite Lu—Hf geochronology

Lu—Hf analyses were conducted on all apatite grains previously
dated via U-Pb that were large enough to accommodate a second
ablation spot and employed a beam size of 67 pm or 120 pm. The LA-ICP-
MS/MS Lu—Hf dating approach uses NH3 gas in the reaction-cell of the
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Table 1
Secondary reference material ages from the three sessions.
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Mt. McClure apatite OD-306 U-Pb OD-306 Lu—Hf (uncorrected) Bamble (corrected) HR (corrected)
Session Age 20 MSWD Age 20 MSWD Age 20 MSWD Age 20 MSWD Age 20 MSWD
(Ma) Ma) (@ (Ma) Ma) (@ (Ma) Ma) (@ (Ma) Ma) (@ Ma) Ma) (@
1st Session 526 9 0.62(24) - - - - - - - - - - - -
2nd Session - - - - - - 1658 9 1.2 (31) 1097 7 0.68(32) 345 3 0.96(35)
3rd Session - - - 1596 7 2.3(24) 1654 11 1.1 (23) 1097 9 0.9(22) 344 4 0.7 (23)
Expected* 523.51" 1.47 2.1 1597 7 0.2 1597 7 0.2 1097° 5 0.8 (70) 344° 2 0.7(96)

* The ratio between the measured and expected age for OD-306 is used as a session-dependant calibration factor the Lu—Hf ratios for each sample and secondary

reference material.
1

2 Isotope dilution apatite U-Pb age from Thompson et al., 2016

weighted-mean 2°7Pb/23%U closure dates for apatite from Schoene and Bowring, 2006

3 Long-term reference apatite Lu—Hf ages from Glorie et al., 2022 (n) = number of analyses.

mass spectrometer. Reaction products of 7®Hf and 7®Hf are measured
free from isobaric interferences at masses 258 and 260 amu, respec-
tively. 177Hf is subsequently calculated from ”®Hf, assuming natural
abundances. 7%Lu is calculated from the measured !7°Lu signal using
the natural (invariant) isotope ratio (details in Simpson et al., 2021).
The Lu and Hf isotopic data were reduced in LADR (Norris and
Danyushevsky, 2018). For both Lu—Hf analytical sessions, NIST 610

(Nebel et al., 2009) was used as the primary standard, and OD306
apatite (1597 + 7 Ma; Thompson et al., 2016) was used to correct for
matrix-induced fractionation (Glorie et al., 2022; Glorie et al., 2023). In-
house apatite reference materials Bamble (Lu—Hf age: 1097 + 5 Ma)
and Harts Range (Lu—Hf age: 343 + 2 Ma) were analysed to assess
accuracy (Glorie et al., 2023). Lu—Hf ages were calculated from inverse
isochrons using IsoplotR (Vermeesch, 2018; Li and Vermeesch, 2021),

Table 2

Summary of all U-Pb and Lu—Hf ages. (1) U-Pb zircon/baddeleyite age from Krogh et al. (1984); (2) U-Pb zircon age from Corfu Corfu and Lightfoot, (1996); (3) U-Pb
zircon age from Leterrier et al. (1994); (4) U-Pb zircon ages from Archanjo et al. (2013); (5) U-Pb monazite ages from Souza de et al. (2006); (6) U-Pb zircon ages from
McReath et al. (2002); (7) U-Pb zircon ages from Sd et al. (2013); (8) U-Pb zircon ages from Nascimento Souza and Oliveira, (2022); (9) Rb—Sr age from Galindo
(1993); (10) U-Pb zircon ages from Vaasjoki and Sakko, (1988); (11) U-Pb zircon ages from Huhma (1986); (12) U-Pb zircon age from Helovuori (1979); (13) U-Pb
zircon age from Patchett and Kouvo (1986); (14) U-Pb Zircon ages from GSWA 184374 Kirkland et al. (2012); (15) 207pp,/206ph zircon age from GSWA 203747 Wingate
et al. (2021); (16) U-Pb Baddeleyite ages from Stark et al. (2018a); (17) U-Pb Baddeleyite ages from Stark et al. (2018b). (n) = number of analyses.

Analytical Reference age Ap U-Pb Analytical Ap Lu-Hf
Sample Latitude/Longitude session Age 20 Iso Age 20 MSWD session Iso Age (Ma) 20 MSWD
U-Pb (Ma) (Ma) (Ma) (Ma) (n) Lu-Hf (Ma) )
Superior Craton, Canada
OOML11 46°32'37°N / 81°27'2"W 3rd Session 1850 3 1919 76 2(37) 3rd Session 1850 44 1.7(40)
OOML13 46°32/37"N / 81°27'2"W 3rd Session 1849 2 1833 45 1.2(30) 3rd Session 1879 22 1.3(41)
OOML19 46°32'37"N/ 81°27'2"W 3rd Session 1877 54 2.5 (39) 3rd Session 1874 22 1.4(43)
Borborema Province, NE Brazil
CR-137 06°47'127S / 37°23'35"W 3rd Session 579® 7 568 8 3.2(30) 3rd Session 605 25 1.5(35)
599 16
5954 3
553 10
CR-138 05°47'35”S / 37°42'35"W 3rd Session 593© 5 553 14 1.6(21) 3rd Session 615 23 1.4(21)
6017 11
587® 2
564® 4
545 7
CR-146 06°13'477S / 36°34'12.8"W 1st Session 579 7 551 9 3.1 (33) 2nd Session 600 11 1.4(20)
599 16
595 3
553 10
Fennoscandian Shield, Finland
17-73 61°33'55"N / 29°45'26'E 3rd Session 1901419 12 1667 30 2(34) 3rd Session 1824 83 0.83(17)
18801V 3
191200 12
30-73 64°15'36"N / 24°49'16'E 1st Session 193042 15 1714 34 1.9(27) 2nd Session 1907 39 1.3(26)
35-73 64°230"N / 24°31'12'E 3rd Session 188042 15 1782 8 0.72(40) 3rd Session 1899 35 0.83(35)
188313 8
Albany Fraser Orogen, Western Australia
7710-94 33°53'30”S / 122°53'30'E 1st Session 119844 11 1133 11 1.1(33) 2nd Session 1159 12 1.4(42)
SouthWest Yilgarn Craton, Western Australia
SWY-29 31°24'137S / 116°19168'E 1st Session 266815 4 661 17 3(21) 2nd Session 1134 27 2.1(33)
7910-150 32°16'46"S / 116°1719'E 1st Session 139019 3 567 12 4.6(95) 2nd Session 2677 128 0.65(5)
261517 6 991 66 2.2(22)
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anchored to an initial 17”Hf/!7®Hf ratio of 3.5 + 0.05, which captures
the maximum variability of the terrestrial Hf isotopic reservoir (Simpson
et al., 2021; Glorie et al., 2022, 2023; Vervoort, 2014; Fisher and Ver-
voort, 2018). The reported 95% confidence uncertainties for the Lu—Hf
ages are fully propagated, including the uncertainty on the measured
age for the correction standard OD306. The calculated ages for the
reference materials are presented in Table 1 and associated isochron and
weighted mean age calculations are presented is Supplementary File 2.

4. Results

The apatite U-Pb and Lu—Hf results for the four different areas are
described below and are summarized in Table 2. The complete datasets
can be found in Supplementary File 3 (U-Pb + trace elements) and
Supplementary File 4 (Lu—HY).
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4.1. Sudbury Igneous Complex (SIC)

The Sr/Y versus LREE biplot categorizes all analysed apatites fom the
SIC in the mafic field of the diagram, suggesting their trace element
compositions preserve a primary signal from their mafic host lithologies
and have not been modified by post-crystallization processes (Fig. 5a).

The apatite U-Pb and Lu—Hf ages from the three samples from the
SIC are presented in Fig. 6. For sample 00ML11, a total of 37 out of 38
U-Pb apatite analyses plot along a linear array on Tera-Wasserburg
concordia with a 238U—2%Pb lower intercept age of 1919 + 76 Ma
(MSWD = 2). Sample 00ML13, yields a similar variability in 2°’Pb,/2°°Pb
ratios, defining a lower intercept age of 1833 + 45 Ma (n = 30, MSWD
=1.2). Sample 00ML19 has slightly more radiognic 2°”Pb,/2°®Pb ratios,
yielding a U-Pb lower intercept age of 1877 + 54 Ma (n = 39, MSWD =
2.5). Hence, taking the ~2.5-4% uncertainties into account, all U-Pb
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Fig. 5. Multi-element discrimination biplot (Sr/Y vs LREE) from O’Sullivan et al. (2020) for the analysed apatites. (a) samples from Sudbury Igneous Complex; (b)
samples from Piranhas- Seridé Domain (PSD), Borborema Province, NE Brazil; (c) samples from the Raahe-Ladoga zone in Central Finland; and (d) samples from the
Albany Fraser Orogen and SW Yilgarn Craton. Abbreviations for each lithological discrimination field are: ALK = alkali-rich igneous rocks; IM = mafic I-type
granitoids and mafic igneous rocks; LM = low-and medium-grade metamorphic and metasomatic; HM = partial-melts/ leucosomes/high-grade metamorphic; S = S-
type granitoids and high aluminium saturation index (ASI) “felsic” I-types; UM = ultramafic rocks including carbonatites, lherzolites and pyroxenites.
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Fig. 6. Stacked apatite U-Pb Tera-Wasserburg plots (left, in red) and stacked Lu—Hf isochron plots (right, in purple) for samples from the Sudbury Igneous Complex
(calculated in IsoplotR; Vermeesch, 2018). MSWD = mean squared weighted deviation and P(y?) = Chi-squared probability for a single data population. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

dates overlap within uncertainty. 4.2. Borborema Province

Apatite in sample 00ML11 has Lu concentrations of 2.3-3.9 ppm and

Y77Hf/7®Hf ratios ranging between 0.7 and 1.5, with 12.5% of the an-
alyses having slightly higher values between 2.5 and 3.2. The Lu—Hf
isotopic ratios define a Lu—Hf isochron age of 1850 + 44 Ma (n = 40,
MSWD = 1.7). For sample 00ML13, the Lu concentrations vary from 4 to
5.5 ppm and 77Hf/Y7°Hf ratios range between 0.4 and 3.4 with most
ratios <1.5. The resulting Lu—Hf isochron age is 1879 + 22 Ma (n = 41,
MSWD = 1.3). For sample 00ML19, the Lu—Hf data define a Lu—Hf
isochron age of 1874 + 22 Ma (n = 43, MSWD = 1.4) with Lu concen-
trations varying from 1.5 to 4.7 ppm and '77Hf/’®Hf ratios mostly be-
tween 0.4 and 1.5 with ~5% analyses between 1.5 and 2.4. Hence, the
Lu—Hf ages are in good agreement with the U-Pb ages but are more
consistent and with smaller uncertainties (~1-2%).

Similar to the Sudbury Igneous Complex, the Sr/Y versus LREE biplot
confirms that all but two apatite grains from the Borborema Province
preserve primary mafic trace element compositions (Fig. 5b).

The U-Pb and Lu—Hf ages for all samples from the Borborema
Province are presented in Fig. 7. Apatites from leucogabbro sample CR-
137 yield a lower intercept age of 568 + 8 Ma (n = 28, MSWD = 3.2).
Leuconorite samples CR-138 and CR-146 yield a U-Pb lower intercept
age of 553 + 14 Ma (n = 21, MSWD = 1.6) and 551 + 9 Ma (n = 33,
MSWD = 3.1), respectively. In summary, apatite in all three samples
produce consistent latest Ediacaran U-Pb ages.

The Lu—HT results, however, produce significantly different apatite
ages. All samples have relatively radiogenic 17”Hf/'7%Hf ratios, ranging
from 0.1 to 1.2. Sample CR-137 yields a Lu—Hf isochron age of 605 +
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Fig. 7. Stacked apatite U-Pb Tera-Wasserburg plots (left, in red) and stacked Lu—HTf isochron plots (right, in purple) for samples from the Piranhas- Seridé Domain
(PSD), Borborema Province, NE Brazil (calculated in IsoplotR; Vermeesch, 2018). MSWD = mean squared weighted deviation and P(Xz) = Chi-squared probability for
a single data population. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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25 Ma (n = 35, MSWD = 1.5) with Lu concentraions between 1.1 and 7
ppm and Y77Hf/Y7SHf ratios between 0.3 and 1.4. For sample CR-138, a
total of 15 out of 21 analyses yield strongly radiogenic }””Hf/'7°Hf ratios
<0.3 (Lu ~ 4.6-14 ppm) and produce an isochron Lu—Hf age of 615 +
23 Ma (MSWD = 1.4). Sample CR-146 (13/20 analyses with '77Hf/'76Hf
ratios between 0.1 and 0.8 and Lu ~ 7.9-17.3 ppm) yields an isochron
Lu—Hf age of 600 &+ 11 Ma (n = 20, MSWD = 1.4). Hence, apatite from
these samples yield consistent early Ediacaran apatite Lu—Hf ages,
which do not overlap within uncertainty with their equivalent U-Pb
dates.

4.3. Fennoscandian Shield, Finland

The Sr/Y versus LREE biplot for the Ylivieska gabbro reveals that all
but one of the analysed apatite grains are categorized as mafic based on
their trace element compositions. For the Parikaala Gabbro, the apatite
trace element compositions define a mixing line between the mafic and
low-grade metamorphic fields in the discrimination biplot, suggesting a
secondary event may have disturbed the apatite trace element compo-
sitions (Fig. 5¢).

The U-Pb and Lu—Hf ages for all samples from the Fennoscandian
Shield are presented in Fig. 8. Apatites from the Ylivieska gabbro (30-73
& 35-73) yield U-Pb lower intercept ages of 1714 + 34 Ma (n = 27,
MSWD = 1.9) and 1782 + 8 Ma (n = 40, MSWD = 0.72), respectively.
For the Parikkala Gabbro (17-73), the U-Pb lower intercept age of 1667
+ 30 Ma (n = 34, MSWD = 2) is significantly younger than the lower
intercept age obtained from the Ylivieska gabbro.

The 77Hf/'7°Hf ratios for the Ylivieska gabbro are highly variable
(~0.5-2) and the Lu—HTf isotopic data yield consistent isochron ages of
1907 + 39 Ma (30-73; n = 26, MSWD = 1.3) and 1899 + 35 Ma (35-73,
n = 35, MSWD = 0.83), with Lu concentrations between 2.3 and 6.9
ppm. The Lu—Hf data for the Parikkala Gabbro are much more radio-
genic (77Hf/17CHf ratios <0.5), defining an inprecise isochron age of
1824 4+ 83 Ma (n = 17, MWSD = 0.83) with Lu concentrations between
0.7 and 2.6. The large uncertainty reflects the generally low Lu con-
centration of apatite in this sample. The Lu—Hf apatite ages from the
Ylivieska intrusion are considerably older than their respective U-Pb
dates. The Lu—Hf age for the Parikkala Gabbro is older than its U-Pb
age, but consistent within uncertainty with the oldest U-Pb age of the
Ylivieska Gabbro.
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4.4. SW Yilgarn Craton and Albany Fraser Orogen, Western Australia

The Sr/Y versus LREE biplot for gabbro sample 7710-94 (Sr/Y ratio
= 1.13 & LREE = 11,733) from the Albany Fraser Orgen classifies all
apatite grains as mafic. In contrast, apatite from the two samples from
the southwest Yilgarn Craton (South West Terrane) are classified as low-
grade metamorphic (dolerite 7910-150, Sr/Y ratio = 2.50 & LREE =
199) and high-grade metamorphic (metagabbro SWY29, Sr/Y ratio =
0.33 & LREE = 928), and thus do not preserve the primary trace element
compositions of their mafic protoliths (Fig. 5d).

The U-Pb and Lu—Hf ages for all three samples from Western
Australia are presented in Fig. 9. Sample 7710-94 from the Albany
Fraser Orogen produced a U-Pb lower intercept age of 1133 + 11 Ma (n
= 33, MSWD = 1.1). The U-Pb lower intercept ages for samples SWY-29
and 7910-150, both from the SW Yilgarn Craton, are more dispersed
with high MSWD values. Filtering the apatite data for sample SWY-29
with a criterion of log(LREE) ppm < 2.65 (which effectively selects
only low-grade metamorphic apatite), a U-Pb lower intercept age of 661
+ 17 Ma (n = 21, MSWD = 3) is obtained. Sample 7910-150 yields a
U-Pb lower intercept age of 567 + 12 Ma (n = 95, MSWD = 4.6).

Sample 7710-94 from the Albany Fraser Orogen yields 17”Hf/!7°Hf
ratios between 0.1 and 0.9 and Lu concentrations between 3.6 and 16
ppm. The Lu—Hf isotopic ratios define a Lu—Hf isochron age of 1159 +
12 Ma (n = 42, MSWD = 1.4). The Lu—Hf data for sample SWY-29 (SW
Yilgarn Craton) define a Lu—Hf isochron age of 1134 4+ 27 Ma (n = 33,
MSWD = 2.1) with Lu concentraions ranging between 3.3 and 8.1 ppm
with highly variable 177Hf/!®Hf ratios between 0.2 and 3.8.

Sample 7910-150 (SW Yilgarn Craton) yields '77Hf/!7°Hf ratios
between 0.3 and 3.9 with Lu concentrations of 0.5-9.9 ppm. Four out of
27 apatites analysed for Lu—Hf isotopes yield Archean ages, constrained
by an isochron age of 2677 + 128 Ma (n = 5, MSWD = 0.65). The
remaining analyses define a more scattered Lu—Hf isochron with a
lower intercept age of 991 + 66 Ma (n = 22, MSWD = 2.2).

5. Discussion

Based on the four cases studies, we evaluate the apatite Lu—Hf
systematics compared to the apatite U-Pb systematics in the analysed
(meta-)mafic rocks. A summary time-space plot of all the data obtained
in this study and previously published literature dates is presented in
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Fig. 8. Stacked apatite U-Pb Tera-Wasserburg plots (left, in red) and stacked Lu—Hf isochron plots (right, in purple) for samples from the Raahe-Ladoga zone in
Central Finland (calculated in IsoplotR; Vermeesch, 2018). MSWD = mean squared weighted deviation and P(y?) = Chi-squared probability for a single data
population. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. Stacked apatite U-Pb Tera-Wasserburg plots (left, in red) and stacked Lu—Hf isochron plots (right, in purple) for samples from the Albany Fraser Orogen and
SW Yilgarn Craton (calculated in IsoplotR; Vermeesch, 2018). MSWD = mean squared weighted deviation and P(y?) = Chi-squared probability for a single data
population. For the U-Pb plots in sample SWY-29, the data is colour-coded according to the apatite LREE composition. Only grains with log(LREE) ppm < 2.65
(which effectively selects only low-grade metamorphic apatite) were plotted for the youngest lower intercept age. The oldest lower intercept age is denoted by non-
filled ellipses. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Time-space plot of the ages obtained from this study: U-Pb apatite ages (red) and Lu—Hf ages (purple) are illustrated by square symbols. All reference ages
are presented by circle symbols in grey: (1) U-Pb baddeleyite qz-diorite Corfu and Lightfoot, 1996; (2) U-Pb Zircon ages from mafic norite Krogh et al. 1984; (3)
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Fig. 10.

5.1. Sudbury Igneous Complex (Canada): Lu—Hf and U-Pb systematics
of mafic apatite in an area with a simple thermal history

Apatite from the Sudbury Igneous Complex preserves primary mafic
trace element compositions (Fig. 5a). The Sudbury Igneous Complex is
considered to have formed during a meteorite impact at ~1850 Ma
(Krogh et al., 1984). Zircon and baddeleyite grains have produced pre-
cise concordant U-Pb ages of 1850 + 3 Ma and 1849 + 1 Ma (Krogh
et al., 1984). The new apatite U-Pb ages of 1919 + 76 Ma, 1833 + 45
Ma and 1877 + 54 Ma and the more precise apatite Lu—Hf isochron
ages of 1850 + 44 Ma, 1879 + 22 Ma, and 1874 + 22 Ma (Fig. 6.) are in
good agreement with the expected crystallization age. This implies the
U-Pb and Lu—Hf apatite isotopic systems have not been disturbed by
subsequent thermal events (such as those related to the Grenville
Orogeny). This case study demonstrates the ability of the Lu—Hf system
in apatite to provide robust primary crystallization ages for mafic
igneous rocks.

5.2. Borborema Province (Brazil): decoupling between the Lu—Hf and
U-Pb systems

Samples from mafic intrusions in the Piranhas-Serido Domain (PSD)
of the Borborema province yield apatite U-Pb ages that are younger than
their corresponding Lu—Hf ages. Samples CR-137 and CR-146 from the
shoshonitic suite yield U-Pb ages of 568 + 8 Ma and 551 + 9 Ma and
Lu—Hf ages of 605 + 25 Ma and 600 + 11 Ma, respectively. The Lu—Hf
ages are in agreement with the zircon U-Pb ages of 599 + 16 Ma and
595 + 3 Ma from nearby gabbronorite samples from the same magmatic
suite (Archanjo et al., 2013). The apatite U-Pb ages are similar to the
published zircon U-Pb age of a nearby diorite dike (579 + 7 Ma;
Leterrier et al., 1994) and slightly older than a monazite U-Pb age (553
+ 10 Ma; Souza de et al., 2006), suggesting that the U-Pb system might
have been (partially reset) by subsequent thermal events. Similarly,
sample CR-138, taken from the alkaline charnockitic Umarizal pluton,
yields an apatite U-Pb age of 553 + 14 Ma and a Lu—Hf age of 615 + 23
Ma. The Lu—Hf age is in agreement with previously published zircon
ages for this intrusion (593 + 5 Ma, 601 + 11 Ma; 587 + 2 Ma; McReath
et al., 2002; Sa et al., 2013; Nascimento Souza and Oliveira, 2022) and
predates the timing of high-temperature metamorphism and migmati-
zation in the contact aureole (581 + 4 Ma). The apatite U-Pb age is
significantly younger and in good agreement with a Rb—Sr age (545 +
7; Galindo, 1993) for the same intrusion.

Hence, the Lu—Hf system remained undisturbed in apatite from the
sampled mafic rocks and accurately dates the timing of Ediacaran
magmatic emplacement. In contrast, the U-Pb system in apatite in the
same samples has been reset and yields ages similar to regional Rb—Sr
ages, which together likely reflect cooling ages following pluton
emplacement and high-grade metamorphism. The apatite grains from
this case study preserve primary mafic trace element compositions
(Fig. 5b), indicating that they did not recrystallize but lost Pb by volume
diffusion during the post-magmatic thermal history. Hence, the diffusion
of Pb in these apatite grains is decoupled from diffusion of REEs,
consistent with theoretical calculations and empirical observations that
Pb diffuses at lower temperatures than REEs in apatite (Cherniak, 2000;
Glorie et al., 2023). Consequently, when apatite preserves a primary
mafic REE composition, the Lu—Hf system can accurately date
magmatic crystallization whereas the U-Pb system might record post-
magmatic isotopic disturbances.

5.3. Fennoscandian Shield (Finland): Apatite Lu—Hf and U-Pb
systematics in a strongly deformed terrane

Apatite from gabbros in the Fennoscandian study area have con-
trasting trace element compositions, reflecting different degrees of post-
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magmatic modification by metamorphism and deformation. Samples
taken from the largely undeformed Ylivieska gabbro (30-73 and 35-73),
in the northwestern part of the Raahe-Ladoga zone, record primary
mafic apatite trace element compositions (Fig. 5c) and yield U-Pb ages
of 1714 + 34 Ma and 1782 + 8 Ma and Lu—Hf ages of 1907 + 39 Ma
and 1899 + 35 Ma. Concordant zircon ages of ~1920 Ma (Pesonen,
1972) and 1883 4 8 Ma (Patchett and Kouvo, 1986) obtained for the
Ylivieska gabbro, suggests that the Lu—Hf ages correspond with the
early Svecofennian zircon crystallization ages (Gorbatschev and Bog-
danova, 1993; Hermansson et al., 2008; Stephens and Andersson, 2015).
The obtained apatite U-Pb ages are younger, suggesting that post-
magmatic metamorphism induced a thermal reset of the U-Pb system
in apatite while the Lu—Hf system remained undisturbed.

Furthermore, apatite from the foliated Parikkala gabbro from
Joroinen-Sulkava have depleted LREE and Y compositions compared to
apatite from the Ylivieska gabbro. Consequently, apatite trace element
compositions plot along a mixing line between the primary mafic
igneous and low-grade metamorphic fields, consistent with (partial)
recrystallization. The obtained apatite U-Pb age of 1667 + 30 Ma and
the Lu—Hf age of 1824 + 83 Ma are both younger than the published
U-Pb zircon crystallization age (1880 + 3 Ma; Huhma, 1986), although
the Lu—HTf age overlaps with the zircon U-Pb age when considering its
large uncertainty.

Vaasjoki and Sakko (1988) suggested that the Svecofennian orogen
was caused by the collision of Paleoproterozoic oceanic and Archaean
continental plates between ~1930 and ~ 1850 Ma. Following a period
of tectonic quiescence, magmatic underplating induced migmatization
at ~1830-1810 Ma in present-day southern Finland, followed by
emplacement of ~1800-1780 Ma post-tectonic granitoids in the Goth-
ian area of Sweden from ~1750 Ma onwards. The apatite Lu—Hf age
obtained for the Parikkala gabbro is very similar to zircon and monazite
U-Pb ages dating migmatization in the area at ~1840 Ma and 1810 Ma
(Korsman et al., 1984; Vaasjoki and Sakko, 1988), but is also within
uncertainty of the zircon U-Pb crystallization age. Hence, the obtained
Lu—Hf age likely reflects a composite age comprising a mixture of pri-
mary igneous and recrystallized metamorphic apatite. The apatite U-Pb
ages in the Fennoscandian study area are interpreted to record thermal
resetting after peak metamorphism and can thus be interpreted as
cooling ages.

5.4. SW Terrane, Yilgarn Craton: isotopic resetting in a complex, hot
terrane

Mafic sample 7710-94 from the Nornalup zone in the south-eastern
part of the Albany Fraser Orogen yielded an apatite U-Pb age of 1133 +
11 Ma and a Lu—Hf age of 1159 + 12 Ma. Stage II of the Albany Fraser
Orogen, involved widespread high grade metamorphsim and granite
emplacment between ~1300 Ma and ~1100 Ma and is considered a
major tectonothermal event (Nelson et al., 1995; Black et al., 1992;
Pidgeon, 1990). The synchronous emplacement of the granites and
gabbros of Esperance Supersuite coincided with Stage II in the AFO. The
apatite Lu—Hf and U-Pb dates for the sampled gabbro enclave are
internally consistent and also agree with published zircon U-Pb crys-
tallization ages for the Esperance Supersuite of 1135 + 56 Ma (GSWA
833667, Nelson et al., 1995) and 1198 + 11 Ma (GSWA 184374, Kirk-
land et al., 2012; Myers, 1995; Nelson et al., 1995; Clark et al., 2000).
The new apatite dates for this sample serve as a reference for under-
standing the systematics of the more complex Lu—Hf and U-Pb sys-
tematics in apatite from the adjacent Yilgarn Craton.

For meta-gabbro sample SWY-29, a Lu—Hf isochron age of 1134 +
27 Ma (n = 33, MSWD = 2.1) was obtained. Given the sample was taken
from an Archean gabbro (2668 + 4 Ma; Wingate et al., 2021), the
Lu—HI apatite system must have been reset. The apatite trace element
data is consistent with apatite (re)growth during high-temperature
metamorphism (Fig. 5d), and concequently, the apatite Lu—Hf age is
interpreted to date this metamophic overprint. The reset apatite Lu—Hf
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age may be a result of recrystallization and/or thermal diffusion, given
that Stage II of the AFO is associated with widespread UHT conditons.
Given the Lu—Hf closure temperature in apatite (~660-730 °C; Gloire
et al., 2023), we suggest that this metamorphic event exceeded 730 °C to
allow for complete isotopic reequilibration. The reset Lu—Hf age cor-
responds to the timing of Stage II of the Albany-Fraser Orogeny, which
reworked the SW Yilgarn Craton margin (Clark et al., 2000; Liebmann
et al., 2023).

Sample 7910-150 was taken from a dolerite dyke, which has pre-
viously yielded baddeleyite ID-TIMS U-Pb ages of 2610 + 25 Ma and
1390 + 3 Ma (Stark et al., 2018a; Stark et al., 2018b). In our data, out of
27 grains of apatites analysed for Lu—Hf ratios, only five grains preserve
a primary Archean crystallization age of 2677 + 128 Ma. The Lu—Hf
ratios for the other apatite grains in this sample have large individual
uncertainties and define an array with an imprecise Lu—Hf age of 991 +
66 Ma. The trace element data plot as a linear array in the low-
temperature field on the LREE vs Sr/Y biplot (Fig. 5d). There is no
clear difference in trace element composition for the grains that preserve
an Archean Lu—Hf age, compared to the other analysed apatite grains
from this sample. Hence, the preferred interpretation is that the majority
of the apatite recrystallized under low-temperature metamorphic con-
ditions. The five Archean apatite grains dated in sample 7910-150 are
interpreted to record the primary mafic emplacement age of the dyke
prior to recrystallization. The imprecise Lu—Hf isochron age of 991 +
66 Ma agrees within uncertainty with published biotite *°Ar/3°Ar and
Rb—Sr ages of ~1000-1100 Ma from the same locality, which are
thought to represent a thermal event and thus a cooling age, or possibly
a fluid flow event (Lu et al., 2015). These ages correspond to the AFO
Stage I metamorphic event in the adjacent Pinjara Orogen that is con-
strained by metamorphic monazite U-Pb ages of 1083 + 3 Ma and 1023
+ 9 Ma, a U-Pb apatite cooling age of 921 + 23 Ma, and youngest
detrital zircon U-Pb ages between ~1100 Ma and ~ 1023 Ma from the
Northampton and Mullingarra complexes in the north of the Pinjara
Orogen (Bruguier et al., 1999; Ksienzyk et al., 2012).

The apatite U-Pb data from samples SWY-29 and 7910-150 from the
southwest Yilgarn Craton both record significant scatter and Neo-
proterozoic ages of 661 + 17 Ma and 567 + 12 Ma, respectively. Given
the significant degree of scatter and associated high MSWD values, these
ages are unlikely to record the timing of mafic magmatism and instead
are attributed to open system behaviour during a subsequent Ediacaran
thermal event, likely corresponding to the ~750-520 Ma Kuunga
Orogeny, which occurred when Indo-Antarctica and Australo-Antarctica
collided during the assembly of Gondwana (Markwitz et al., 2017;
Halpin et al., 2017; Daczko et al., 2018; Mulder et al., 2019). The
youngest U-Pb age obtained is consistent with ~590-560 Ma biotite
Rb—Sr ages for the sheared margins of a similar NW-trending mafic
dyke within the same terrane (Compston and Arriens, 1968). A number
of studies (Libby et al., 1999: Libby and De Laeter, 1998; Lu et al., 2015)
obtained <1000 Ma Rb—Sr biotite ages along the western margin of the
SW terrane, indicating a significant late Neoprotorozoic to early Palae-
ozoic thermal event within the region.

This case study illustrates that dating mafic magmatism in complex
hot terranes remains challenging. However, where the apatite trace el-
ements preserve a primary mafic composition, Lu—Hf dates can confi-
dently be used to constrain magmatic emplacement ages. When the trace
element data record high-temperature or low-temperature modifica-
tions, the Lu—Hf system might record the timing of metamorphism and/
or deformation. The U-Pb dates, however, record cooling ages related to
the last significant regional thermal event.

6. Conclusion

This study demonstrates that apatite Lu—Hf dating is a suitable
method to date the timing of magmatic crystallization of mafic rocks.
Given the higher closure temperature of the apatite Lu—Hf system
compared to the U-Pb system, Lu—Hf dates are more likely to preserve
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the timing of apatite crystallization in terranes that have undergone
significant post-magmatic reworking. In such terranes, apatite U-Pb
dates are often cooling ages that may have limited geological signifi-
cance. Apatite trace element composition is a key monitor for potential
later modification of the grain chemistry (i.e., by dissolution/repreci-
pitation). If secondary disturbances are detected (LREE and/or Sr
depletion), apatite may have been recrystallized or the Lu—Hf system
might have been disturbed by volume diffusion. In such cases, the
Lu—Hf system may date the timing of deformation or metamorphism.
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