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Abstract Zircon U-Pb geochronology is a very robust dating method but the accuracy of determined
ages can sometimes be compromised. This is because, as commonly observed, the U-Pb isotope system can
be reopened during the post-crystallization evolution of a zircon. The present manuscript investigates the
capability of traverses by LA-ICP-MS to identify zones of well-preserved U-Pb isotope systematics within zir-
con crystals. The data for the different zones can be used to construct internal Discordia lines that provide
age information about crystallization and metamorphism of single zircon crystals. To test our approach, we
analyzed zircons from three ca. 3.96 Ga Acasta gneisses. Results demonstrate that such a method allows
retrieval of original crystallization age in most of the studied zircons, even in those that experienced ancient
U-Pb disturbances resulting in discordant U-Pb data. It was also possible to estimate disturbance ages,
though not as precisely as for the igneous crystallization, in many of the studied crystals.

1. Introduction

Zircon U-Pb geochronology is probably the most reliable dating technique in Earth Sciences. It has two
major advantages. First of all, the U-Pb isotope system includes two chronometers with distinct half-lives
and that have parents and daughters made of the same chemical elements (e.g., Schoene, 2014). This
means that disturbances affecting the U-Pb systems can only result in decoupling of daughters from
parents (e.g., 206Pb from 238U) but not parents nor daughters from each other (i.e., 238U from 235U or 206Pb
from 207Pb). As a consequence, the two chronometers remain chemically coupled but can be temporally
decoupled, as often seen (e.g., Corfu, 2013; Wetherill, 1963). However, even when there is evidence for
decoupling, meaningful age information can sometime be retrieved by using Discordia lines in Concordia
diagrams, which can indicate the age of original crystallization and that of U-Pb system reopening, or allow
deconvolution of mixtures between age components (e.g., Allègre, 1967; Amelin et al., 1999, 2000; Catan-
zaro & Kulp, 1964; Guitreau & Blichert-Toft, 2014; Schoene, 2014; Wetherill, 1956). The second advantage of
zircon U-Pb geochronology arises out of zircon’s refractory and retentive nature such that it survives most
geological processes (e.g., crust reworking, weathering, erosion) and most chemical elements diffuse very
slowly in zircon’s crystal lattice (e.g., Cherniak & Watson, 2003). Good examples of this preservation capabil-
ity are provided by up to 4.38 Ga Jack Hills detrital zircons (e.g., Harrison, 2009), 4.0 Ga Acasta gneiss zircons
(e.g., Stern & Bleeker, 1998), and 3.9 Ga Napier complex zircons (e.g., Black et al., 1986), the latter of which
experienced two ultrahigh-temperature granulite events.

However, zircon has also long been known to imperfectly preserve its lattice over time (e.g., Holland & Gott-
fried, 1955; Murakami et al., 1991), which is a direct consequence of what makes zircon interesting for geo-
chronology, namely its high U and Th contents. Radioactive U and Th isotopes inevitably decay over time
inducing defect formation and bond destruction through emissions of high energy alpha-particles and
nuclei recoil chains (e.g., Ewing et al., 2003). Therefore, despite zircon being a very robust information-
keeper, it can be sensitive to thermal events resulting in a (partial) loss of chemical and/or isotopic informa-
tion. However, zircon can also record thermal events through recrystallization and/or formation of over-
growths (e.g., M€oller et al., 2003). This behavior is directly responsible for some of the complexities
observed in ancient zircon crystals (e.g., Kusiak et al., 2013a, 2013b; Pidgeon et al., 2017; Valley et al., 2015).
Plastic and seismically induced deformation can also affect the U-Pb isotope systems as pointed out by
Timms et al. (2006) and Kovaleva and Kl€otzli (2017).
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Despite the excellent spatial resolution that microbeam techniques can achieve in the present-day, dat-
ing methods commonly do not allow the full potential of U-Pb information in zircon to be exploited.
This is because either part of the variability in U-Pb ages is an artifact of the dating approach or because
only the most concordant data are taken into account as they are easier to interpret. However, U-Pb
systems can retain the memory of multiple events which can only be retrieved when meaningful Dis-
cordia lines are established (e.g., Schoene, 2014). This implies that one U-Pb analysis cannot unambigu-
ously depict the crystallization age of a zircon, unless it is fully concordant. Yet, even very limitedly
discordant data can result in the establishment of inaccurate crystallization ages (e.g., Corfu, 2013; Gui-
treau & Blichert-Toft, 2014; Williams et al., 1984). In the search for Concordance, a large number of U-Pb
data are commonly discarded. This is a critical issue for ancient crystals because they are even more
prone to lattice damaging and disturbances than younger ones, such that only a small subset of all ana-
lyzed zircons exhibit concordant data. This issue is even more critical for detrital zircons (e.g., Amelin
et al., 2000; Gehrels, 2014; Guitreau & Blichert-Toft, 2014) as some populations can be completely
avoided and hence go unidentified because they are too discordant. Zircon texture as revealed by CL
and BSE images is an excellent indicator of crystal magmatic and metamorphic history (e.g., Corfu et al.,
2003), and, to a first-order, a good proxy of U-Pb concordance (e.g., Connelly, 2001) but many examples,
especially in ancient zircons, show that crystal texture does not unambiguously discriminate between
disturbed and undisturbed domains (e.g., Valley et al., 2015). Another problem deals with the analytical
volume inherent in spot-mode LA-ICP-MS analysis because while the laser spot may be centrally placed
within a zone observed in CL, there is no guarantee that it remains within that zone as it bores into the
crystal. Examination of the data on a cycle-by-cycle basis can minimize, but not eliminate this problem
fully given that there could be domains of similar age but with different U-Pb systematics. (e.g., Zirak-
parvar, 2015; Zirakparvar et al., 2017). Dating zircon multiple times, and in different locations, can
enable internal Discordia lines to be identified (e.g., Guitreau & Blichert-Toft, 2014), and if the zircon his-
tory is not too complex, these lines, contrary to single spots, can reveal actual crystallization and distur-
bance ages.

In this contribution, we have tested the capability of U-Pb traverses by LA-ICP-MS to decipher ancient zir-
con crystallization and disturbance histories at the scale of single crystals. A major advantage of traverses,
compared to spot analyses, is that zircon textures, as revealed by CL and BSE images, can be more accu-
rately associated to the collected U-Pb data because of the shallower excavation of the laser during tra-
verses compared to spot analyses. In addition, data acquisition with LA-ICP-MS traverses is not dictated
by a user’s interpretation of which part of a crystal is the most likely to reveal valuable age information. In
contrast, zircon, itself, exposes this information that can subsequently be put in relation with the
observed texture, and not the other way around. In practice, age patterns can be followed throughout
crystals, hence, revealing if zones with distinct U-Pb systematics are present. If multiple zones exist within
a crystal, their corresponding U-Pb data can be isolated from the traverse’s signal and considered as inde-
pendent data sets because of the negligible downhole fractionation that occurs during LA-ICP-MS raster-
ing (e.g., Ko�sler & Sylvester, 2003). When plotted together on a Concordia plot, data for different zones
within a same crystal can provide information regarding the crystallization and the disturbance histories
of the analyzed crystal. This traverse-based approach provides a time effective alternative to the more
labor intensive method of taking the zircon crystal out of the mount once it has been analyzed, and then
sectioning it to examine the analytical volume in relation to the CL/BSE image (e.g., Zirakparvar, 2015; Zir-
akparvar et al., 2017). To test our U-Pb dating approach, we analyzed zircons from Acasta gneisses
because they are well-documented examples of ancient zircon populations that exhibit complex U-Pb
patterns (e.g., Bauer et al., 2017; Bowring & Williams, 1999; Guitreau et al., 2012, 2014; Iizuka et al., 2007,
2009; Mojzsis et al., 2014; Reimink et al., 2014, 2016; Stern & Bleeker, 1998). These complexities are, never-
theless, well-documented and commonly interpreted as artifacts of multistage ancient and recent Pb-
loss, as well as recrystallization and formation of zircon overgrowths during distinct metamorphic events
(e.g., Bowring & Williams, 1999; Guitreau et al., 2012; Mojzsis et al., 2014; Sano et al., 1999). In addition, the
magmatic and metamorphic history of the Acasta Gneiss Complex (AGC) is understood well-enough (e.g.,
Iizuka et al., 2007; Reimink et al., 2016) so that ages determined using our approach can be compared to
known events in the AGC, and in turn validate the use of U-Pb traverses by LA-ICP-MS to unravel crystalli-
zation and metamorphic histories of single zircon crystals.
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2. The Magmatic and Metamorphic Record of the Acasta Gneiss Complex

The Acasta Gneiss Complex (AGC) is a small (�20 km2) crustal domain that is located in the Northwest Terri-
tories of Canada and it crops out on the western edge of the Slave craton (Figure 1). Rocks making up the
AGC are essentially orthogneisses with dioritic to granitic compositions. They are in low strain in the eastern
part of the complex and in high strain in the western part (Bowring et al., 1989; Bowring & Williams, 1999;
Iizuka et al., 2007). Minor amphibolites can also be found as centimeter to kilometer-scale enclaves through-
out the AGC (e.g., Iizuka et al., 2007; Koshida et al., 2016; Reimink et al., 2016).

The AGC was accidentally discovered during a reconnaissance campaign for the Wopmay Orogen in the
1980s (King, 1986). The AGC was initially studied by Sam Bowring who proposed a crystallization age of
3,962 6 3 Ma for the protolith to the oldest gneisses based on zircon U-Pb ages measured by SHRIMP (Sen-
sitive High Resolution Ion Microprobe; Bowring et al., 1989). During the 1990s, the Geological Survey of Can-
ada (GSC) launched large-scale campaigns for the study of the Slave craton which notably resulted in a
deeper understanding of the AGC geological history (Bleeker & Davies, 1999; Bleeker & Stern, 1997). During
these studies, Stern and Bleeker (1998) pushed the crystallization age of the oldest protolith to Acasta
gneisses back to 4,025 6 15 Ma (2r) also using zircon U-Pb geochronology by SHRIMP. Shortly after, Bowr-
ing and Williams (1999) also discovered very old zircon ages that they similarly interpreted as the age of the
protolith to the studied Acasta gneisses, which gave 4,002 6 4, 4,012 6 6, and 4,031 6 3 Ma (1r). The above-
mentioned studies, together with Hodges et al. (1995) and Sano et al. (1999), have documented several
magmatic and metamorphic events using U-Pb geochronology applied to zircon and apatite, as well as
40Ar/39Ar ages on hornblende and biotite (Table 1).

In spite of detailed geochronology, the origin of the AGC remained enigmatic, notably concerning the sour-
ces involved in its formation. The Sm-Nd isotope analyses performed in the 1990s to tackle this issue were

Figure 1. Geological map of the Acasta Gneiss Complex (AGC) with detail of sampling locations (after Iizuka et al., 2007;
Mojzsis et al., 2014). The inset shows the location of the AGC relative to Canada.
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somewhat inconclusive because debates existed regarding the pristineness of the Sm-Nd isotope systemat-
ics in the Acasta gneisses (Bowring & Housh, 1995; Moorbath et al., 1997). Amelin et al. (1999, 2000), pre-
sented the first Lu-Hf isotope data for Acasta gneiss zircons and identified significant involvement of an
enriched reservoir in the AGC formation at �3.8, �3.7, and �3.6 Ga. However, they did not analyze zircons
belonging to the oldest recognized events (>3.9 Ga). In the late 2000s, a Japanese group revisited the AGC.
They produced a detailed map, refined the known magmatic and metamorphic history of the AGC (Iizuka
et al., 2007), and presented Lu-Hf isotope analyses by LA-MC-ICP-MS for numerous zircons that led them to
conclude that even the oldest Acasta gneisses contained a reworked Hadean crustal component (Iizuka
et al., 2009). The Japanese group also identified an inherited zircon core dated at 4.2 Ga (Iizuka et al., 2006),
which is the only Hadean zircon so far discovered in a meta-igneous sample. Following the work of Iizuka
et al. (2006, 2007, 2009), a group led by Steve Mojzsis published a series of paper in which it was shown
that both juvenile and reworked sources were involved, and that some Acasta gneisses preserved negative
142Nd and positive 182W anomalies (Guitreau et al., 2014; Mojzsis et al., 2014; Roth et al., 2014; Willbold et al.,
2015). Most recently, a group led by Tom Chacko tackled the issue of the context of formation of the AGC
and proposed that it started out as a mafic plateau, analogous to Iceland, 4.02 Gyr ago and evolved by shal-
low crustal processes until 3.6 Ga when voluminous TTGs were generated, perhaps in a subduction-like set-
ting (Reimink et al., 2014, 2016). This group obtained a concordant ID-TIMS zircon age of 4,013.7 6 0.3 Ma
(Reimink et al., 2016), that they propose represent the best age estimate for the oldest component of AGC
magmatism. Finally, Bauer et al. (2017) presented laser-ablation split-stream Lu-Hf and U-Pb isotope data
for Acasta gneiss zircons that reveal a major change in the source of AGC rocks at about 3.6 Ga, with the
involvement of juvenile material, and the progressive disappearance of the >4.0 Ga crustal signature. A
summary of the magmatic and metamorphic history of the AGC derived from the studies presented above
is given in Table 1.

3. Analytical Details

3.1. U-Th-Pb Dating of Zircon by LA-ICP-MS Traverses
Prior to analysis, zircons from three Acasta samples (AG09008g, AG09016, and AG09017) previously ana-
lyzed by Guitreau et al. (2012) were handpicked, mounted in epoxy, and imaged by cathodoluminescence
(CL) as well as by back-scattered electrons (BSE) using a Jeol JSM-5910LV scanning electron microscope at
the Laboratoire Magmas et Volcans (LMV, Universit�e Clermont Auvergne, Clermont-Ferrand, France). During
both CL and BSE image acquisition, the acceleration voltage was set to 15 kV. Zircon internal textures, as
revealed by CL and BSE images, were used to select crystals to be analyzed by LA-ICP-MS, determine the
locations for the traverses, and interpret the resulting data. We mounted and imaged a total of 94, 151, and
53 zircon crystals from AG09008g, AG09016, and AG09017, respectively, and further selected 21, 92, and 19

Table 1
Summary of Geological Events That Occurred at the Acasta Gneiss Complex

Episode # Age (Ga) Geological event References

1 4,200 Crystallization of the zircon core identified by Iizuka et al. (2006) l
2 4,020–4,000 Formation of the oldest diorites and tonalites d, f, h, i, r, s
3 3,960–3,920 Tonalite formation a, b, m, o, p, q, s, t
4 �3,800 Inherited zircon age a, d, g, i, k, m, o, q
5 �3,750 Granitoid formation b, g, k, m, o, q, s, t
6 3,600–3,550 Anatexis and granitoid formation b, d, g, i, k, m, o, p, q, s, t
7 3,400–3,350 Regional metamorphism and granitoid formation d, e, i, m, q, s, t
8 3,150–3,100 Regional metamorphism d
9 2,950–2,900 Regional metamorphism, granitoid formation, garnet formation d, s, t
10 2,550–2,600 Granite intrusion h
11 1,900–1,800 Wopmay orogen c, i, j

Notes. References are as follows: (a) Bowring et al. (1989); (b) Bowring and Housh (1995); (c) Hodges et al. (1995);
(d) Bleeker and Stern (1997); (e) Moorbath et al. (1997); (f) Stern and Bleeker (1998); (g) Amelin et al. (1999); (h) Bleeker
and Davies (1999); (i) Bowring and Williams (1999); (j) Sano et al. (1999); (k) Amelin et al. (2000); (l) Iizuka et al. (2006);
(m) Iizuka et al. (2007); (n) Iizuka et al. (2009); (o) Guitreau et al. (2012); (p) Guitreau et al. (2014); (q) Mojzsis et al. (2014);
(r) Reimink et al. (2014); (s) Reimink et al. (2016); (t) Bauer et al. (2017).
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zircons, respectively, for LA-ICP-MS analyses. The number of crystals mounted in epoxy was essentially
determined by the quantity and quality of zircons available from each sample, whereas the selection for LA-
ICP-MS analysis was based on the preservation of magmatic and metamorphic textures and/or the absence
of advanced metamictization and alteration features as described in Corfu et al. (2003). Yet, we endeavored
to analyze a representative suite of zircon crystals and, hence, no population was purposefully excluded on
the basis of appearance, which, in turn, allows the limit of our dating method to be tested.

U-Th-Pb analyses were done at the LMV using a Resonetics Resolution M-50 laser-ablation system coupled
to an Agilent 7500 ICP-MS with a dual pumping system (Paquette et al., 2014). LA-ICP-MS operating condi-
tions are given in Table 2. The presence of common Pb was monitored using the 204Pb signal but this latter
was not used to correct data because of its poor precision that results from the presence of 204Hg (isobaric
interference on 204Pb) in the He gas. When the 204Pb signal was statistically above the background level,
data were simply not considered, which happened for 31 traverses. Because of imprecisions inherent to the
detection of common Pb at mass 204, we further monitored the presence of common lead by comparing
measured 232Th/238U ratios to time-integrated ones calculated from 208Pb/206Pb (e.g., Ireland & Williams,
2003). This technique relies on the fact that 208Pb is the lead isotope that is the most sensitive to common
Pb contamination (e.g., Andersen, 2002) and assumes that Pb isotopes in the analyzed zircon account for
the measured Th/U. Oxide formation was assessed using the 232Th16O/232Th ratio during measurements of
NIST SRM 612 (Table 2). Acasta zircons were analyzed as groups of six that were bracketed by four analyses
of the zircon standard 91500 (1,065.4 6 0.3 Ma; Wiedenbeck et al., 1995) that was used as an external stan-
dard. Further, the zircon standards AS3 (1,099.1 6 0.5 Ma; Paces & Miller, 1993; Schmitz et al., 2003) and
Ple�sovice (337.13 6 0.37 Ma; Sl�ama et al., 2008) were also analyzed as unknowns during each session for
quality control. All analyses were done as traverses. The terrestrial mean value of 137.818 (Hiess et al., 2012),
for the 238U/235U, was used to calculate 207Pb/235U ratios. Age calculations were done using decay constants
provided by Jaffey et al. (1971) and LeRoux and Glendenin (1963), as well as the Isoplot software (Ludwig,

Table 2
LA-ICP-MS Operating Conditions

Analysis U-Pb geochronology
ICP-MS model Agilent 7500
Forward Power 1,350 W
Auxiliary gas (Ar) �0.8 L/min
Ar sample �0.8 L/min
Oxide ThO/Th �0.5%
Additional gas flow (N2) 3 mL/min

Laser model Resonetics resolution M-50
Wavelength 193 nm
Pulse duration < 4 ns
Energy 3.95 mJ
Fluence 2.6 J/cm2

Frequency 4 Hz
Spot diameter 20 lm
Carrier gas He
Carrier gas flow �0.7 L/min
Traverse length 80–100 mm
Traverse rate �1.5 mm/s or �0.2 mm/cycle
Traverse depth 3–5 mm

Data acquisition
Protocol Time-resolved analysis
Masses measured 202, 204, 206, 207, 208, 232, 238
Settling time 20 ls
Dwell-time per isotope 10–30 ms
Background counting time 20 s
Sample measurement time 60 s
Measurement type Standard bracketing
External standard AS3, Ple�sovice, 91500
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2008), which was also use to plot U-Pb data in Concordia diagrams. Results for AS3 and Ple�sovice zircon
standards are reported in supporting information Table S1 and presented in Figure S1. Altogether, our anal-
yses of AS3 gave a concordant age of 1,102.7 6 4.6 Ma (2r) and a weighted average 207Pb/206Pb age of
1,101.4 6 6.6 Ma (2r; supporting information Figure S1), which are well within uncertainty of the consensus
age reported in Paces and Miller (1993). For Ple�sovice, we obtained a concordant age of 339.3 6 1.7 Ma (2r)
and a weighted average 207Pb/206Pb age of 341.3 6 9.2 Ma (2r; supporting information Figure S1), in good
agreement with the consensus age reported in Sl�ama et al. (2008).

Semiquantitative concentrations were also calculated by external normalization to the zircon standard
91500. The range of determined U, Th, and Pb concentrations for AS3 were 159–376, 94–180, and 40–83
ppm (supporting information Table S1), respectively, which agree well with those reported in Paces and Mil-
ler (1993). Concerning the range of determined U, Th, and Pb concentrations for Ple�sovice, they were 268–
843, 21–75, and 16–45 ppm (supporting information Table S1), respectively, consistent with concentrations
reported in Sl�ama et al. (2008).

3.2. Handling of U-Pb Data for LA-ICP-MS Traverses
U-Th-Pb data obtained for zircon standards did not exhibit progressive downhole fractionation, which usu-
ally results in a continuous drift of elemental ratios, as also noted by Ko�sler and Sylvester (2003). As a conse-
quence, the fractionation is identical for each point of a traverse and this does not require standards and
unknowns to be analyzed for the same duration. Moreover, signals acquired during traverses can be cut
and considered as separate U-Th-Pb data sets. In order to assess the precision and accuracy of such portions
of signal, we have divided a 400 cycle-traverse for each zircon standard (i.e., AS3 and Ple�sovice) into 8 sub-
sets of 50 cycles. Each subset of AS3 and Ple�sovice traverses gave 206Pb/238U and 207Pb/206Pb ages consis-
tent within error with those recommended for these standards (supporting information Table S2). The
measured 206Pb/238U and 207Pb/206Pb ratios determined for each subset of AS3 traverse were associated
with uncertainties of 5–7% and 2–4% (supporting information Table S2), respectively, whereas the uncer-
tainty on the same ratios for full traverses were 1–4% and 1–2% (supporting information Table S1), respec-
tively. The measured 206Pb/238U and 207Pb/206Pb ratios determined for each subset of Ple�sovice traverse
were associated with uncertainties of 2–3% and 4–6% (supporting information Table S2), respectively,
whereas the uncertainty on the same ratios for full traverses were 1–4% and 1–3% (supporting information
Table S1), respectively. Considered together, the AS3 subsets gave a concordant age of 1,099 6 14 Ma (2r),
a weighted average 206Pb/238U of 1,101 6 19 Ma (2r) and a weighted average 207Pb/206Pb of 1,098 6 18 Ma
(2r; supporting information Figure S2), all in good agreement with the consensus age (Paces & Miller, 1993).
The subsets for Ple�sovice traverse gave a concordant age of 338.6 6 3.0 Ma (2r), a weighted average
206Pb/238U of 338.8 6 4.1 Ma (2r) and a weighted average 207Pb/206Pb of 329 6 37 Ma (2r; supporting infor-
mation Figure S2), all in good agreement with the consensus age (Sl�ama et al., 2008). Therefore, cutting the
signal acquired during LA-ICP-MS traverses does not affect the accuracy of calculated ages but merely
increases the uncertainty associated with them.

The time-resolved signal for each isotope and isotopic ratio measured in Acasta zircons was carefully looked
at and the isolation of subsets of data was essentially based on 238U/206Pb and/or 207Pb/206Pb plateaus and
valleys. Internal textures revealed by CL and BSE images, together with variations in Th/U, were parameters
that weighted on subset selection in some instances. Once isolated, the U-Th-Pb data for the subsets were
plotted in Concordia diagrams, using Isoplot software (Ludwig, 2008), to infer age information. For each and
every traverse, the selection of data used to construct Discordia lines was essentially based on the relation-
ship between the zircon texture, the evolution of ages, Th/U, and elemental concentrations throughout the
U-Th-Pb isotope analysis. If a datapoint was clearly unrelated to others within a traverse, we either calcu-
lated a Concordia age or built a Discordia line to link this datapoint to the origin (i.e., 0 Ma), which is equiva-
lent to considering the measured 207Pb/206Pb age. Traverses are better than spot analyses and CL/BSE
images in identifying domains of coherent U-Pb systematics but are not immune to issues related to spatial
resolution (e.g., coherent zircon domains are smaller than the beam diameter). In such a case, age plateaus
and/or valleys may still be identifiable but would correspond to mixed U-Pb isotope information of limited
value. To mitigate this issue, we compared obtained ages to those from zircons of the same population and
looked at data distribution in Concordia diagrams, in which case it is possible to identify mixing lines. In
addition, zircon internal textures were also used as a first-order assessment of genetically unrelated zones
sampled during traverses.
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4. Results

4.1. Acasta Zircon Internal Textures
As also described in most studies of the AGC (e.g., Bowring & Williams, 1999; Iizuka et al., 2006, 2007; Mojzsis
et al., 2014; Reimink et al., 2014), Acasta zircons exhibit various internal textures (Figure 2 and supporting
information S3–S5) that can be grouped into five different types. The first type corresponds to zircon
crystals that are homogeneously dark in CL images, and bright in BSE images, and with no visible zoning
(Figure 2). The second type, which is rare, corresponds to crystals that exhibit few broad zones of different
brightness in CL and BSE images that are similar to zircons crystallized under mafic conditions (e.g., Corfu
et al., 2003). The third type corresponds to zircons that have homogeneous and dark outer-part (in CL
images) that surrounds more or less rounded inner-domains with fine oscillatory zoning (Figure 2), much
like magmatic zircons (e.g., Corfu et al., 2003). The thickness of the outer-parts varies greatly from crystal to
crystal, and they sometimes appear to be the continuation of their oscillatory-zoned center. The third zircon
type corresponds to crystals with best optical quality. The fourth type describes crystals that have consistent
zoning from core to rim but, contrary to type 3, this zoning is marked by small domains with patchy and
chaotic textures (dark in CL and bright in BSE images), that resemble alteration and/or lattice damaging.
The fifth type corresponds to almost entirely mottled crystals that are quite dark in CL images (Figure 2).
These crystals also have visible cavities which is generally a sign of advanced metamictization and alteration
(e.g., Corfu et al., 2003). Zircon types 3 and 5 greatly dominate in AG09008g (supporting information Figure
S3), whereas types 3 and 4 are the most abundant in AG09016 (supporting information Figure S4). With the
exception of type 5, which is absent, all types are equally represented in AG09017 (supporting information
Figure S5).

Imaged crystals commonly show well-developed cracks that are perpendicular to the zoning and/or have
radial distribution (e.g., AG09008g_24, AG09008g_44, AG09017_13, AG09017_40, AG09017_42,
AG09016_103, AG09016_131, AG09016_136; supporting information Figures S3–S5). These fractures are vis-
ible within bright domains (low U and Th contents) and do not propagate into the darkest zones (high U
and Th content) in CL images (Figures 2 and supporting information S3–S5). The formation of these cracks
is generally interpreted as resulting from the stress experienced by pristine domains with low U and Th con-
tents, and that is generated by the swelling of surrounding U and Th-rich zones that are at an advanced

Figure 2. Key textures of Acasta gneiss zircons analyzed herein as revealed by cathodoluminescence (CL) and back-
scattered electron (BSE) images. For each crystal, the CL image is the upper one and the BSE image is the lower one.
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stage of amorphization (Corfu et al., 2003; Hay & Dempster, 2009; Holland & Gottfried, 1955; Lee & Tromp,
1995; Murakami et al., 1991). The optical properties of zircon crystals can, therefore, predict to some degree
the pristineness of the U-Th-Pb isotope data that will be acquired, and help further interpret the calculated
ages.

4.2. U-Th-Pb Traverses in Acasta Zircons
Results for LA-ICP-MS traverses can be found in supporting information Tables S3–S4 as well as in
Figures 3–6 and supporting information Figures S6–S11. The first observation that comes from our analyses
is that zones with distinct U-Th-Pb isotope systematics can be identified within single crystals and that this
is the case for most of the studied zircons (supporting information Figures S6–S8). When plotted in Concor-
dia diagrams, U-Pb data for isolated zones define internal Discordia lines for most of the analyzed crystals
(supporting information Figures S9–S11). Only few zircons display constant U-Th-Pb isotope systematics
throughout their entire traverse. Therefore, the presence of internal Discordia lines is a common feature of
almost all Acasta zircons. Figure 3 presents the key behaviors that we observed for zircon U-Pb isotope sys-
tematics. Some rare crystals exhibited fully concordant U-Pb data (Figure 3a) and/or slight reverse discor-
dance (Figure 3b). Most of the studied zircons had discordant U-Pb data but to several degrees and with
various intercepts, which is illustrated in Figures 3c–3e. These latter show little discordance with limited
spread (Figure 3c), larger spread going from concordant to quite discordant (Figure 3d), and large spread in
discordance with no concordant data (Figure 3e). Some crystals also had two Discordia lines (Figure 3f) that

Figure 3. Cathodoluminescence (CL) images and corresponding Concordia diagrams for zircons that display key behaviors observed in analyzed zircon popula-
tions. White arrows in CL images represent traverses done by LA-ICP-MS. See text for details.
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can be attributed to the coexistence of an igneous and a metamorphic domain, and/or patterns corre-
sponding to distinct timings of Pb-loss. The first case is evidenced in AG09017_19 (Figure 3f; supporting
information Figure S6B and Tables S3–S4) by the CL texture that shows an oscillatory-zoned center that is
sinuously surrounded by a dark outer-part that seems to resorb it. Data for the dark zone (grey spots in Fig-
ure 3f) are associated with Th/U� 0.1 (supporting information Table S3), whereas data from the central
domain (dark spots in Figure 3f) all have Th/U> 0.1 (supporting information Table S3). Note that the upper-
intercept age of the Discordia line defined by grey spots in Figure 3f is consistent with that determined in
the structureless zircon in Figure 3c, which also has Th/U< 0.1 (supporting information Table S3) that is
commonly found in metamorphic zircons (e.g., Hoskin & Schaltegger, 2003; Vavra et al., 1999). Finally, sub-
horizontal spread has also been observed in some rare instances (Figures 3g and 3h), which could result
from mixing between unrelated zircon domains and/or presence of undetected common Pb. We can rule
out the latter hypothesis as measured and calculated 232Th/238U ratios commonly agree well with each
other, uncertainty-considered, for all identified zones (supporting information Table S3). The following sec-
tions present and discuss results sample by sample and in more details.
4.2.1. AG09008g
Zircons from sample AG09008g exhibit 207Pb/206Pb ages that range from 3,160 6 48 Ma (2r; 21% discor-
dant) to 4,009 6 31 Ma (9%; Figure 4a; supporting information Table S3). Apparent degrees of discordance
range from 26% to 45% but are mostly moderate as testified to by the average value of 11% for this zircon
population. Measured 232Th/238U ratios range from 0.03 to 0.50 and display good agreement with time-
integrated ones (i.e., calculated from 208Pb/206Pb) within analytical uncertainty. Uranium concentrations
range from 123 to 1,439 ppm, whereas Th concentrations vary between 7 and 586 ppm. Ages, degrees of

Figure 4. Cumulative plot of (a) 207Pb/206Pb ages, (b) oldest 207Pb/206Pb ages within each zircon crystal, (c) Concordia plot for data presented in Figures 4a and 4b,
and (d) oldest Discordia upper-intercept ages for AG09008g zircons. The grey areas in Figures 4a, 4b, and 4d represent the age range for the protolith to the oldest
Acasta gneisses (i.e., 3,920–4,020 Ma). Percentages correspond to the amount of datapoints that fall in the grey areas. The inset in Figure 4a is a histogram of
207Pb/206Pb ages presented in the same Figure. The age given in Figure 4d is the weighted average of data corresponding to black squares.
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discordance, Th/U ratios, and elemental concentrations are generally correlated between data from the
same crystal such that the youngest is the most discordant, has the lowest Th/U, and the highest U and Th
concentrations. However, when data from the entire zircon population are plotted together, these correla-
tions are not visible. Nevertheless, a fan shape that opens up as discordance increases can be seen in a
discordance-versus-age diagram.

If we select the oldest zone in each of AG09008g zircons and pool this information together, obtained
207Pb/206Pb ages range from 3,431 6 28 Ma (4%) to 4,009 6 31 Ma (9%; Figure 4a; supporting information
Table S3). Other parameters vary within more restricted ranges compared to full population. Apparent
degrees of discordance vary from 0% to 15% (average 5 7%), without correlation with age, nor Th/U ratios.
Measured 232Th/238U ratios range from 0.04 to 0.48, and U and Th concentrations range from 183 to 1,036
ppm and from 44 to 366 ppm, respectively.

In a Concordia plot (Figure 4c), it is visible that U-Pb data for AG09008g define a triangular shape indicative
of multistage evolution of this zircon population, as observed by other authors (e.g., Bauer et al., 2017;
Bowring & Williams, 1999) and consistent with the complex histogram of ages visible in the inset of Figure
4a. Age on or very close to the Concordia spread between 4,000 and 3,100 Ma. U-Pb data that correspond
to ages shown in Figure 4b form two groups: (1) a near-concordant to concordant one with ages of 3,800–
4,000 Ma, and (2) a near-concordant to concordant one around 3,400 Ma, which is consistent with the drop
of ages in Figure 4b.

Figure 5. Cumulative plot of (a) 207Pb/206Pb ages, (b) oldest 207Pb/206Pb ages within each zircon crystal, (c) Concordia plot for data presented in Figures 5a and 5b,
and (d) oldest Discordia upper-intercept ages for AG09016 zircons (c). The grey areas in Figures 5a, 5b, and 5d represent the age range for the protolith to the old-
est Acasta gneisses (i.e., 3,920–4,020 Ma). Percentages correspond to the amount of datapoints that fall in the grey areas. The insets in Figures 5a and 5b are histo-
grams of 207Pb/206Pb ages presented in the same respective Figures. The age given in Figure 5d is the weighted average of data corresponding to black squares.
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Despite rare exceptions, AG09008g zircons display internal Discordia lines (supporting information Table S4
and Figure S9). Upper-intercept ages range from 4,087 to 3,098 Ma with uncertainties essentially varying
between 23 and �80 Ma, but some extreme, though rare, values up to 510 Ma also exist (supporting infor-
mation Table S4 and Figure 4d). The large uncertainties in upper-intercept ages are accounted for by the
limited spread in 206Pb/238U and 207Pb/235U values among zones of the same crystal, the degrees of discor-
dance of data used to build the Discordia lines, and/or that Discordia lines are sometimes almost parallel to
the Concordia curve. Lower-intercept ages range from 3,032 to essentially 0 Ma and are often poorly con-
strained as illustrated by extreme uncertainties from 210 to 2,800 Ma (supporting information Table S4),
which merely derive from the fact that data used to build Discordia lines are not very discordant. The obser-
vations on lower-intercept ages indicate that AG09008g zircons underwent U-Pb disturbances at various
times from ancient to recent as already observed in previous studies (e.g., Bowring et al., 1989; Guitreau
et al., 2012).
4.2.2. AG09016
Zircons from sample AG09016 exhibit 207Pb/206Pb ages that range from 2,949 6 26 Ma (31%) to 3,997 6 27
Ma (0%; Figure 5a). Apparent degrees of discordance range from 29% to 53%, but most are moderate as
shown by the average value of 12%. Measured 232Th/238U ratios range from 0.02 to 0.97 and are consistent
with those calculated from 208Pb/206Pb (time-integrated). Zircons from AG09016 have U concentrations that
range from 125 to 3,072 ppm, whereas Th concentrations vary between 15 and 1,794 ppm. Out of the 92
analyses performed on AG09016 zircons, we further selected 67 traverses because those remaining clearly
contained a common Pb component. Alike AG09008g zircons, parameters correlate at the scale of single
crystals but not when the entire population is considered.

Figure 6. Cumulative plot of (a) 207Pb/206Pb ages, (b) oldest 207Pb/206Pb ages within each zircon crystal, (c) Concordia plot for data presented in Figures 6a and 6b,
and (d) oldest Discordia upper-intercept ages for AG09017 zircons (c). The grey areas in Figures 6a, 6b, and 6d represent the age range for the protolith to the old-
est Acasta gneisses (i.e., 3,920–4,020 Ma). Percentages correspond to the amount of datapoints that fall in the grey areas. The inset in Figure 6a is a histogram of
207Pb/206Pb ages presented in the same Figure. The age given in Figure 6b is the weighted average of data corresponding to the plateau visible within the grey
area whereas the age given in Figure 6d is the weighted average of data corresponding to black squares.
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If we select the oldest zone in each of AG09016 zircons and pool this information together, obtained
207Pb/206Pb ages range from 3,720 6 32 Ma (6%) to 3,997 6 27 Ma (0%; Figure 5b). Much like for AG09008g
zircons, other parameters vary within restricted ranges compared to full population. Apparent degrees of
discordance range from 25% to 48% (average 5 8%). Measured 232Th/238U ratios range from 0.04 to 0.62,
and U and Th concentrations range from 125 to 977 ppm and from 329 to 609 ppm, respectively. In addi-
tion, a broad positive correlation can be seen between 207Pb/206Pb ages and 232Th/238U.

Zircon U-Pb data in Figure 5c define a rough positive correlation with ages on, or very close to, the Concor-
dia curve which spread between 4,000 and 3,700 Ma. This correlation does not regress to zero. The exis-
tence of a single broad positive correlation is consistent with the relatively simple histograms visible in the
insets of Figures 5a and 5b.

Identified zones within AG09016 zircons define internal Discordia lines for most crystals (supporting infor-
mation Table S4 and Figure S10). Upper-intercept ages range from 3,460 to 4,172 Ma with precisions com-
monly ranging from 16 to �70 Ma, though with rare but larger errors up to 240 Ma (supporting information
Table S4 and Figure 5d). Lower-intercept ages range from 2,721 down to �0 Ma with uncertainties from 63
to 5,900 Ma (supporting information Table S4). Much like AG09008g zircons, those from AG09016 under-
went ancient and recent U-Pb disturbances as evidenced by the variable lower-intercept ages.
4.2.3. AG09017
Zircons from sample AG09017 exhibit 207Pb/206Pb ages that range from 2,790 6 25 Ma (27%) to 4,048 6 36
Ma (–2%; Figure 6a). Apparent degrees of discordance range from 28% to 69%, with a majority being mod-
erate as illustrated by the average value of 11%. Measured 232Th/238U ratios range from 0.04 to 0.62 which
agrees well with those calculated from 208Pb/206Pb (time-integrated) uncertainty considered. Zircons from
AG09017 exhibit U concentrations that range from 149 to 3,402 ppm, whereas Th concentrations vary
between 32 and 2,219 ppm. Alike AG09008g and AG09016 zircons, ages, degrees of discordance, Th/U
ratios, and elemental concentrations correlate at the scale of single crystals but not when the entire popula-
tion is considered.

If we select the oldest zone in each of AG09017 zircons and pool this information together, obtained
207Pb/206Pb ages range from 3,742 6 32 Ma (13%) to 4,048 6 36 Ma (–2%; Figure 6b). Much like for
AG09008g and AG09016 zircons, Ages, degrees of discordance, Th/U ratios, and elemental concentrations
vary within restricted ranges compared to full population. Apparent degrees of discordance range from
28% to 27%, with an average value of 6%, measured 232Th/238U ratios range from 0.07 to 0.54 and U and
Th concentrations vary from 149 to 1,207 ppm and from 50 to 673 ppm, respectively. In addition, a broad
positive correlation can be seen between 207Pb/206Pb ages and 232Th/238U.

U-Pb data for AG09017 zircons define a very broad positive correlation in a Concordia plot (Figure 6c) with
ages on, or very close to, the Concordia curve spreading between 4,000 and 3,700 Ma. The correlation does
not regress to zero much like for AG09016 data. The distribution of ages displayed in the inset of Figure 6a
is consistent with a single broad correlation in Figure 6c.

Identified zones within AG09017 zircons define internal Discordia lines with some displaying good fit (sup-
porting information Table S4 and Figure S11). Upper-intercept ages range from 3,051 to 4,076 Ma with
uncertainties commonly ranging from 13 to 90 Ma, except for two Discordia lines that give uncertainties on
the upper-intercept ages of 150 and 280 Ma (supporting information Table S4 and Figure 6d). Lower-
intercept ages range from 2,926 down to �0 Ma and associated uncertainties from 43 to 3,200 Ma (support-
ing information Table S4). Therefore, much like zircons from AG09008g and AG09016, those from AG09017
exhibit evidence for ancient and recent U-Pb disturbances.

5. Discussion

5.1. Retrieval of Zircon Crystallization Ages
Guitreau et al. (2012) showed that zircons from AG09008g, AG09016, and AG09017 exhibit large variations
in U-Pb ages despite broadly consistent Lu-Hf isotope systematics. Similar behavior is common in Archean
zircons (e.g., Gerdes & Zeh, 2009; Guitreau et al., 2012) and has been reproduced experimentally (Lenting
et al., 2010). The U-Pb isotope system is more sensitive to thermal events than the Lu-Hf isotope system
merely because Pb is much less retentive than U, Hf, and Lu in zircon (e.g., Cherniak & Watson, 2003) in
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addition to being essentially excluded from the lattice during crystallization (e.g., Watson et al., 1997). Conse-
quently, variable U-Pb ages associated with consistent Hf isotope compositions strongly suggest that
AG09008g, AG09016, and AG09017 originally had simple zircon populations that formed at 3,982 6 20,
3,947 6 13, and 3,974 6 12 Ma, respectively (Guitreau & Blichert-Toft, 2014; Guitreau et al., 2012). Therefore,
one would expect that virtually all zircons can provide information about the timing of original crystallization
of the protoliths to the studied Acasta gneisses. However, results for LA-ICP-MS traverses indicate that only
16% of the zones identified in AG09008g zircons have 207Pb/206Pb ages that fall within the 3,920–4,020 Ma
range (Figure 4a), which corresponds to the lower and the upper-bound for the age of the oldest Acasta
gneisses (i.e., Bowring & Williams, 1999; Guitreau et al., 2012, 2014; Iizuka et al., 2007; Mojzsis et al., 2014; Reim-
ink et al., 2014; Stern & Bleeker, 1998). This percentage increases up to 32% for AG09016 zircons and 30% for
AG09017 zircons (Figures 5a and 6a). If we, now, consider the oldest coherent zone within each of the ana-
lyzed Acasta zircons (i.e., one age per crystal), the percentage of ages that fall within the 3,920–4,020 Ma range
rises up to 29%, 52%, and 58% for AG09008g, AG09016, and AG09017, respectively (Figures 4b, 5b, and 6b).
The differences in percentages illustrate the fact that studied Acasta zircons have internal age complexities
that may challenge the identification of the timing of original crystallization. This is exacerbated by the fact
that fine oscillatory-zoned domains, resembling simple magmatic textures, did not always correspond to the
oldest domains and did not always have simple and consistent U-Pb systematics, as visible in supporting infor-
mation Figures S6–S8. In this context, LA-ICP-MS traverses are useful because they can factually identify oldest
zones within single crystals and subsequently associate them to crystal textures, in contrast to dating proce-
dures that involve selection of target-zones based on crystal texture revealed by CL/BSE images. It should be
noted that the above-given percentages are minimum values as some of the analyzed zircons may be meta-
morphic and/or have lost information concerning primary crystallization, notably through metamorphic
recrystallization. This latter points account for the 3,400 Ma zircons present in AG09008g (Figure 4c). Further-
more, we have purposely chosen a range of target ages for the calculation of percentages, rather than a fixed
value, in order to give credit to all groups that studied the Acasta gneisses and because most of the oldest
generations of Acasta gneisses contain similarly complex zircon populations (e.g., Bauer et al., 2017; Bowring
& Williams, 1999; Iizuka et al., 2007; Mojzsis et al., 2014; Reimink et al., 2016). Therefore, the above-given per-
centages would certainly change if fixed values were to be targeted but the general increase visible from con-
sidering all identified zones to only considering oldest zones would still stand out.

Although powerful at minimizing the issue of U-Pb system reopening, the selection of the oldest zone
within a traverse still suffers from the fact that one U-Pb datapoint cannot provide unambiguous crystalliza-
tion age (e.g., Corfu, 2013; Guitreau & Blichert-Toft, 2014). In this context, the use of internal Discordia lines
is relevant because they can provide multiple information. First of all, internal Discordia lines indicate if the
studied zircon is made of multiple unrelated components or not, and help interpret multiple age patterns.
Second, internal Discordia lines help interpret and/or refine crystallization ages by indicating if discordant
data result from recent or ancient U-Pb disturbance(s). If it is recent and that the identified zones are
related, the 207Pb/206Pb age of the oldest zone confidently depicts the crystallization age of the zircon. If,
instead, the disturbance is ancient, the upper-intercept age most likely provides a more accurate crystalliza-
tion age than the oldest 207Pb/206Pb date. When internal Discordia lines are taken into account, 40%, 64%,
and 68% of AG09008g, AG09016, and AG09017 zircons, respectively, display upper-intercept ages that fall
within the 3,920–4,020 Ma range (Figures 4–6; supporting information Table S4 and Figures S9–S11). If
uncertainties associated with upper-intercept ages are considered, these values increase up to 65%, 87%,
and 89%, respectively, although some of the reported errors are quite large (Figures 4–6; supporting infor-
mation Table S4 and Figures S9–S11). Therefore, our results reveal that in a zircon population that devel-
oped complexities due to multistage U-Pb disturbances, it is possible to significantly increase the number
of crystals that reveal their original crystallization age by using internal Discordia lines built from LA-ICP-MS-
traverse data. In spot dating, a large number of U-Pb data are discarded because they are very often discor-
dant and, hence, difficult to interpret, especially in zircon populations like those from Acasta gneisses. The
traverse method, hence, significantly reduces the number of analyses needed to establish a sample crystalli-
zation age because even discordant data can provide meaningful information, the best example being zir-
con AG09017_44 (Figure 3e).

The method of dating zircons by LA-ICP-MS traverses, as illustrated in this study, has a great potential for
studies of ancient and/or complex crystals because it can alleviate issues related to complex age patterns
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and/or U-Pb disturbances. Studies dealing with coupled U-Pb and Lu-Hf isotope systems in detrital zircons
are probably the first victim of the one-spot dating approach because these crystals are isolated from their
crystallization environment and cannot be treated statistically as is done for igneous crystals (e.g., Guitreau
& Blichert-Toft, 2014). Using the traverse approach could improve the accuracy of determined crystallization
ages and, in turn, greatly increase the meaningfulness of calculated EHf that pertain to source reservoirs.
Moreover, in detrital zircon studies, crystals with discordant U-Pb ages are normally discarded, hence, possi-
bly inducing a bias in the final detrital zircon data set. This bias could be greatly reduced by using the
method presented in this study. In addition, traverse acquisition times typical varied between 50s and 70s
depending on the length of the traverse which does not differ significantly from LA-ICP-MS analyses in
spot-mode (e.g., Schoene, 2014). This is much faster than measurements done with other microbeam tech-
niques (i.e., SIMS and SHRIMP) as commonly known (e.g., Ko�sler & Sylvester, 2003; Schoene, 2014). Data
from LA-ICP-MS analyses in traverse mode take longer to process than those acquired in spot mode
because the former include an additional step to instrumental fractionation correction that is the isolation
of plateaus and valleys from the transect signal. This step does not require an extensive amount of time in
itself which makes this method a time-worth complement to existing techniques.

A potential problem of the application of the method outlined in this study to detrital zircons is that these
crystals are isolated from their crystallization environment and, hence, cannot be compared with each
other. Consequently, if a zircon underwent multistage Pb-loss and still exhibit a single Discordia line at the
scale of the analytical uncertainty, the ages derived from the upper and lower-intercepts are likely to be
spurious. In spot-analyses, discordance filters are often applied so as to remove most discordant data and,
hence, eliminate spurious ages. In this context, our approach can be used as an age- mapping technique
that objectively reveals the oldest and most concordant age within a crystal, which can then be used as is.
However, LA-ICP-MS traverses can go even further in the selection of meaningful ages by allowing the
removal of all data in zircons that exhibit Discordia lines with non-zero intercept (i.e., ancient Pb-loss). This
filter avoids the possibility of selecting spurious intercepts due to multistage Pb-loss. It is shown in support-
ing information Figure S12 that this filtering works very well provided that zircon textures are taken into
consideration.

5.2. Interpretation of Acasta Zircon U-Pb Ages
It is evident from our results that a large spectrum of ages has been obtained (i.e., 207Pb/206Pb ages, upper
and lower-intercepts) and that they do not all relate to original igneous crystallization (supporting informa-
tion Tables S3 and S4 and Figures S9–S11). These ages arguably provide additional information about mag-
matic and metamorphic events experienced by Acasta gneiss zircons but some of them may also be
meaningless. In this section, we assess the meaning of Discordia lines and their associated ages, as well as
the 207Pb/206Pb age of some of the identified zones, in regard of the known history of the AGC in order to
understand the limitations of the approach undertaken in this study.
5.2.1. Ages of Igneous Crystallization
It can be seen in Figures 4–6 that a large number of zircons have ages that fall in the estimated range for
original igneous crystallization (3,920–4,020 Ma; Table 1). If upper-intercept ages that cluster as plateaus
within the 3,920–4,020 Ma range (black squares in Figures 4–6) are used to estimate original igneous crystal-
lization ages for AG09008g, AG09016, and AG09017, we obtain, respectively, 3,975 6 17 Ma (N 5 6;
MSWD 5 0.99), 3,947 6 5 Ma (N 5 31; MSWD 5 0.91), and 3,956 6 9 Ma (N 5 9; MSWD 5 0.50). These ages
are consistent with those previously determined in Guitreau et al. (2012) (3,982 6 20 Ma for AG09008g,
3,947 6 13 Ma for AG09016, and 3,974 6 12 Ma for AG09017), which indicates that the method tested in
this study provides valid results. When U-Pb data for zones that display the oldest 207Pb/206Pb ages are
used to estimate crystallization ages for AG09008g, AG09016, and AG09017, we obtain, respectively,
3,959 6 27 Ma (N 5 13; MSWD 5 2.0), 3,947 6 5 Ma (N 5 80; MSWD 5 0.89), and 3,977 6 14 Ma (N 5 27;
MSWD 5 5.9; Figure 7). These ages agree well with those previously determined using upper-intercepts.
However, there are 207Pb/206Pb and upper-intercept ages that are clearly older than the estimated age for
crystallization in all Acasta samples studied herein (Figures 4–6; supporting information Tables S3 and S4).
This is probably most obvious in AG09017 for which the MSWD is quite large (Figure 7c). Interestingly,
when concordant data for AG09016 and AG09017 zircons only are taken into account, they show a spread
along Concordia (Figures 7d and 7e) that is larger than what is commonly observed in a simple zircon popu-
lation. These distributions could be interpreted as reflecting the influence of common Pb, the presence of
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multiple age-components (i.e., magmatic and inherited) and/or artifact of ancient Pb mobility. Contamina-
tion by common Pb can be excluded because measured and time-integrated Th/U are consistent in most of
the analyzed zircons (supporting information Table S3) and even when discrepancies are observed they are
too small to represent a significant change in U-Pb systematics, especially at the scale of analytical uncer-
tainties. The oldest ages may, hence, reflect the actual crystallization age of the Acasta gneisses but could
also be artifacts of ancient Pb-addition such as seen in the Napier complex (e.g., Black et al., 1986). Mojzsis
et al. (2014) studied Acasta gneisses for their zircon U-Th-Pb isotope systematics coupled with REE and Ti
concentrations, as well as textures revealed by CL images, and proposed that zircons with ages >4,000 Ma
were inherited and that Acasta gneisses crystallized �3,920 Myr ago. We note that the oldest 207Pb/206Pb
ages we obtained for AG09017 correspond to either structureless or very broadly zoned crystals that belong
to types 1 and 2 (Figure 2; supporting information Figure S5 and Tables S3 and S4). Therefore, these zircons,
or at least part of them, may be inherited from older lithologies. However, AG09017 zircons that contained
concordant domains (i.e., AG09017_2, AG09017_27, AG09017_30, AG09017_37, AG09017_39, AG09017_48;
supporting information Figure S11) also show evidence for ancient Pb-loss and/or Pb-addition (e.g.,
AG09017_30), the latter of which results in 207Pb/206Pb ratios that corresponds to ages artificially older than
those of actual crystallization (e.g., Kusiak et al., 2013a; Williams et al., 1984). Note that zircon AG09017_34,
which also belongs to type 1, similarly displays inversely discordant data that correspond to a very old age
(Figure 3b and supporting information Figure S5). In contrast, zircons with concordant ages that comply
with the estimated time of crystallization display well-preserved fine oscillatory zoning that is typical of type
3 crystals and characteristic of magmatic zircons (Figures 2, supporting information Figure S5 and Tables S3
and S4). Alike AG09017 zircons, those from AG09016 exhibit ancient U-Pb disturbances that resulted in
both normal and slight reverse discordance which can account for the spread along Concordia. Yet, the old-
est 207Pb/206Pb age is found within the core of a zircon that exhibits a structureless texture in CL and BSE
images and may, hence, be inherited. This said, concordant data for AG09016 still allow a Concordia age of
3,943 6 19 Ma (MSWD 5 2.1) to be calculated, which agrees with previous estimates. As a consequence, we

Figure 7. Concordia plot for oldest and most concordant zones (see text for details).
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surmise that the estimated ages of crystallization deduced from upper-intercept ages are accurate. We can-
not exclude either of the hypotheses regarding the distribution of concordant data along Concordia (see
Figures 7d and 7e) and, in fact, suggest that this is both due to the presence of inherited cores and an arti-
fact of ancient Pb-mobility. Sample AG09008g also contains older ages than the estimated crystallization
age but U-Pb data are commonly more discordant than for AG09016 and AG09017, and zircon textures
reveal more radiation damage. These facts altogether with the larger uncertainty associated with AG09008g
crystallization age prevent an understanding of the reasons for the age distribution within this sample.
However, we assume that it is similar to AG09016 and AG09017.

The upper-intercept age of zircon AG09016_126 is older than the estimated crystallization age of its host-
rock, uncertainty-considered (i.e., 4,172 6 100 Ma). Sample AG09016 is equivalent to sample AC012 from
Iizuka et al. (2006) in which a 4.2 Ga core was discovered and, interestingly, the center of zircon
AG09016_126 resembles an inherited core. However, zircon magmatic history interpreted from textures
revealed by CL/BSE images can be misleading in such ancient and multistage gneisses. Moreover, the corre-
sponding Discordia line is made of three discordant datapoints and, hence, not robust enough to conclude
with confidence that zircon AG09016_126 has an inherited Hadean core. This example clearly illustrates the
limit of dating zircons by LA-ICP-MS traverses because the Discordia line observed for AG09016_126 may
have meaningless intercepts which could arise from undetected presence of common Pb and/or multistage
Pb-loss (i.e., ancient and recent). If contamination by common Pb is assessed using the differences observed
between measured and time-integrated Th/U ratios (supporting information Table S3), data for zircon
AG09016_126 could be seen as having been contaminated by a little amount of common Pb given that all
time-integrated ratios are slightly higher than those measured, uncertainty-considered. However, when cor-
rected for common Pb estimated using 208Pb/206Pb, data for zircon AG09016_126 give upper and lower-
intercept ages of 4,156 6 100 and 2,122 6 190 Ma (MSWD 5 1.5), respectively, which are essentially identical
to those obtained with uncorrected data uncertainty considered. Consequently, common Pb cannot
account for the Discordia line observed. We cannot conclude on the role of recent Pb-loss because the
approach presented here cannot discriminate between specific timings of Pb-loss when U-Pb data form
only one Discordia line. The way forward would be to conduct LA-ICP-MS traverses on zircons that were pre-
treated by chemical abrasion (e.g., Mattinson, 2005), which includes zircon annealing at very high tempera-
ture, so as to cure crystal lattice, and subsequent aggressive chemical leaching which removes discordant
domains and impurities, such as common Pb. New generations of mass spectrometers such as ICP-MS/MS
(e.g., Woods & McCurdy, 2013) may also be useful as they can eliminate 204Hg at mass 204 and would allow
common Pb to be more accurately detected, which currently is a major pitfall of zircon U-Pb dating by LA-
ICP-MS. The method presented herein, hence, can be improved. Nevertheless, the good agreement
between dates obtained in this study and those from the literature indicates that dating zircon using LA-
ICP-MS traverses is an interesting complement to already existing techniques and that there is room for
improvement.
5.2.2. Recorded Tectono-Metamorphic Events
Zircon can be used to assess metamorphic history of the AGC to a first-order because this mineral has the
capability of growing new zones and/or recrystallize under metamorphic conditions. However, this ulti-
mately depends on the pressure-temperature conditions of metamorphism, as well as on the availability of
zirconium and the amount of damage accumulated within crystal lattice through U and Th radioactive
decay at the time of metamorphism (e.g., Ewing et al., 2003; Holland & Gottfried, 1955). Therefore, zircon
can experience a thermal event without recording it. For long-lived zircon crystals, such as those from
Acasta gneisses, there should be a large range of sensitivities to disturbances as U and Th concentrations
vary between �100 and �3,000 ppm and between �10 and �2,000 ppm, respectively. As a consequence,
what started out as a simple zircon population should have evolved into a complex population that
recorded distinct episodes and to various degrees. This is evidenced in Acasta zircons by various crystal tex-
tures that correspond to igneous crystallization up to metamorphic recrystallization and alteration (Figure 2;
supporting information S3–S5), as well as by variations in Th/U ratios and U-Pb ages (supporting informa-
tion Tables S3 and S4 and Figures 4–6). The timing of tectono-metamorphic events recorded by Acasta
gneiss zircons can be assessed in two ways, which consist in considering (1) Discordia upper-intercept and/
or concordant ages for zones or crystals that exhibit metamorphic textures, and (2) Discordia lower-
intercept ages (i.e., disturbances to the U-Pb systematics). However, it is obvious from our results (support-
ing information Table S4 and Figures S9–S11) that the uncertainty on lower-intercepts is commonly quite
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large (>200 Ma) which does not allow thermal events to be discussed with the same precision as for crystal-
lization ages. Nevertheless, the precision is still good enough to estimate the disturbance history of some of
the studied zircons. It is interesting to note that tectono-metamorphic events deduced from Discordia
upper-intercepts and/or concordant ages are always older than those derived from lower-intercepts.

upper-intercept and concordant ages are considered, the zircons we analyzed from AG09008g recorded events
corresponding to episodes 5, 6, 7, and 8 (see Table 1), whereas, zircons from AG09016 dominantly recorded the
episode 5 (i.e., �3,750 Ma metamorphism) and very limitedly recorded the episode 6. In contrast, zircons from
AG09017 very limitedly recorded episodes 5, 6, and 8. However, all samples exhibit a sort of continuum between
about 3,800 up to the actual age of crystallization. We suggest that this distribution is mainly an artifact of
ancient U-Pb disturbance and/or multistage Pb-loss (e.g., ancient and recent).

Discordia lines for zircons from all Acasta gneisses studied herein point to the same lower-intercept ages.
Considering these latter with uncertainties below 500 Myr, and excluding recent Pb-loss, allow seven
tectono-metamorphic events to be identified (supporting information Figure S13 and Table S4). The timing
of these events is as follows: (1) 2,800–2,900 Ma, which is equivalent to 9 in Table 1, (2) �2,400 Ma, (3)
1,700–1,900 Ma, which corresponds to 11 in Table 1, (4) 1,300–1,400 Ma, (5) �1,100 Ma, (6) 500–700 Ma,
and (7) �200 Ma (supporting information Figure S13). The time constrain on these events is somewhat
loose but still good enough to allow resolution of ages from each other. It is interesting to note that some
events are visible in more than one sample which is the case for the three oldest events (1, 2, and 3; sup-
porting information Figure S13), the event 3 being the most recorded one among lower-intercepts. The
younger ages are somewhat shifted from one sample to the other. It is tempting to try and tie these ages to
major geological events that occurred either within the Slave craton or at the scale of Laurentia. However, it
should be kept in mind that additional recent Pb-loss in analyzed zircons can modify lower-intercept ages
and make them meaningless, which could be the case for some of the identified ages above. Therefore,
one should verify the validity of these ages by dating metamorphic minerals (e.g., monazite, apatite) associ-
ated with zircons before drawing any conclusion from them. Yet, we note that the first event matches well
with an episode of basement formation in the Slave craton (Table 1) (Bauer et al., 2017; Bleeker & Stern,
1997) as well as with the age of the garnets within AG09017 (Maneiro, 2016). The second event matches
the breakup of Sclavia (Bleeker, 2003) whereas the third event most likely corresponds to the Wopmay oro-
gen, which was already documented for the AGC, notably by U-Pb ages in apatite (e.g., Sano et al., 1999).
The fourth event coincides with limited magmatic activity at the western and eastern margin of Laurentia
(e.g., Ernst & Bleeker, 2010) but at the scale of the uncertainties on the lower-intercept ages is not so far off
from the massive 1,270 Ma Mackenzie LIP (e.g., Bleeker & Hall, 2007; Ernst & Bleeker, 2010). The Grenville
orogen could account for the fifth event, as it occurred in Laurentia and was global (e.g., Karlstrom et al.,
2001). The sixth event complies with the rifting of Laurentia that notably induced the formation of some
kimberlite fields within the Lake de Gras area (e.g., Bleeker & Hall, 2007).

>LA-ICP-MS traverses in zircons that have advanced radiation-damage textures in CL and BSE images, cou-
pled with Th/U< 0.2, can rarely retrieve original igneous crystallization ages but can provide useful informa-
tion regarding tectono-metamorphic events, which nevertheless should be further tested independently for
validation.

6. Conclusions

In order to obtain more robust U-Pb ages on ancient zircons, we have tested the capability of LA-ICP-MS tra-
verses to identify zones of coherent U-Th-Pb isotope systematics within single crystals from three 3.96 Ga
Acasta gneisses previously analyzed by Guitreau et al. (2012). Our results show that using traverses help cir-
cumvent issues related to complex zircons (e.g., ancient U-Pb disturbance, presence of multiple age-compo-
nents). The method presented herein is complementary to existing techniques because it allows better
association of age patterns to textures revealed by CL and BSE images and identification of least disturbed
domains. It also increases the confidence on the meaning of oldest 207Pb/206Pb ages identified within a zir-
con population through the construction of internal Discordia lines and, in turn, on the interpretation of
age distribution in complex zircon populations as evidenced by Acasta gneisses (i.e., crystal inheritance and
ancient Pb mobility). The method outlined in this paper further allows retrieval of original crystallization age
using internal Discordia upper-intercept age in the case where the studied zircon experienced ancient U-Pb
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disturbance. Moreover, crystallization and disturbance histories can be depicted at the scale of single zircon
crystals, which is extremely interesting for detrital zircons as they have been isolated from their crystalliza-
tion environment. Finally, this approach induces higher yield of meaningful data, which means that fewer
analyses are needed to establish crystallization ages and, in turn, less dumping of data as commonly done
in zircon U-Pb geochronology by LA-ICP-MS.

References
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