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ABSTRACT

We present high-precision isotope dilution-thermal ionization mass spectrometry (ID-TIMS) U-Pb zircon data
from the Carboniferous Punteglias granodiorite from the Central Alpine basement in the Aar massif in Switzer-
land. These analyses yield complex age spectra consisting of both concordant and normally discordant dates,
which form a linear array indicative of mixing of two age components within individual zircon crystals. While
the upper intercept age reflects zircon growth during Variscan magmatism, the lower intercept of 24 + 11 Ma is
coincident with the Alpine orogeny. There is poor evidence from cathodo-luminescence imagery that magmatic
zircon may have younger overgrowths, therefore, we pretreated an aliquot of zircon with physical abrasion fol-
lowed by chemical abrasion to remove any potential later zircon overgrowths, and to directly date the initial
magmatic domains of the zircon. This pretreatment significantly reduced age dispersion and yielded an age of
335.479 + 0.041 Ma for the crystallization of zircon in the Punteglias granodiorite. Due to the effectiveness of
this pretreatment, we interpret that the magmatic zircon was overgrown with younger domains during the
Alpine orogeny. Detangling the observed complications in the Punteglias granodiorite zircons was largely possi-
ble due to the particularly high analytical precision of the ID-TIMS U-Pb dates that made it possible to detect dis-
cordance between the 206Pb/238U and 207Pb/235U systems. Lower-precision U-Pb ID-TIMS dates would not allow
identification of such a two-component mixture and lead to analytically concordant points spreading over 10° to
100 years, and potentially leading to erroneous scientific interpretation. As an example, we model two hypotheti-
cal situations of simple mixing of two age components in the U-Pb concordia space to demonstrate the effect of
precision on the ability to accurately interpret geological models from complicated age spectra. Combining these
new high-precision data and modeling results highlights the importance of choosing the optimal, physical and/or
chemical sample pre-treatment and the challenge of accurately interpreting complicated U-Pb data in terms of
crystallization age.

1. Introduction

crete, previously imaged or chemically characterized volumes of zircon
crystals through in-situ analysis. However, they require well character-

Precise and accurate U-Pb geochronology is important for resolving
many problems in Earth sciences, such as establishing synchrony or
causality between different geological events through absolute dating.
The isotope dilution, thermal ionization mass spectrometry (ID-TIMS)
U-Pb technique is generally considered to be the “gold standard” of
geochronology due to its high analytical precision and accuracy. Mostly
applied to the mineral zircon (ZrSiO,), U-Pb dates are known to be
highly reliable, because zircon tends to be robust in the face of post-
crystallization alteration and system disturbance. Another class of tech-
niques such as laser ablation, inductively coupled plasma mass spec-
trometry (LA-ICPMS) or secondary ion mass spectrometry (SIMS) are
capable of highly spatially resolved U-Pb geochronology, targeting dis-
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ized reference materials to calibrate mass and elemental discrimination
correction factors and are less precise.

A series of advancements in chemical and mass spectrometric tech-
niques used in ID-TIMS geochronology have improved the precision
and accuracy below 0.1% for single crystal 209Pb/238U ages. Among
these are the chemical abrasion treatment to mitigate Pb-loss (e.g.,
Widmann et al., 2019), the introduction of calibrated EARTHTIME
(202pb-)205pp-233y-235U (ET535 and ET2535) tracer solutions (e.g.,
Condon et al., 2015), lowering of procedural Pb blanks to 100-300 fg
(e.g., Schaltegger et al., 2021a) and improvement of collector sensitiv-
ity through the development of higher stability multipliers and high-
ohmic resistor based or capacitive-based Faraday technologies (e.g.,
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von Quadt et al., 2016; Szymanowski and Schoene, 2020). This in-
creased precision, especially when working with small sample volumes,
commonly yields protracted age spectra, wherein several individual zir-
con dates of the same sample do not all overlap within uncertainty. In-
terpretation of such complicated high-precision age spectra has led to
novel conceptual models of eruption mechanics (e.g., Wotzlaw et al.,
2013; Curry et al., 2021), batholith formation (e.g., Samperton et al.,
2015; Gaynor et al., 2019a), porphyry development (e.g., Tapster et al.,
2016; Large et al., 2021), thermochronology of igneous rocks (e.g.,
Samperton et al., 2017), and the dynamics of large igneous provinces
(e.g., Schoene et al., 2019; Gaynor et al., 2022). However, for these
models to accurately reflect natural processes, it is crucial that the U-Pb
data are carefully evaluated and correctly interpreted.

Geological interpretations of protracted zircon spectra commonly
invoke several mechanisms for their origin: (1) Pb-loss leading to ages
that postdate crystallization, (2) prolonged zircon growth within a sin-
gle magma reservoir, referred to as autocrysts, (3) inheritance of zircon
and/or domains of zircon from previous magma pulses, referred to as
antecrysts, (4) inheritance of ancient zircon from either wall rock or the
anatectic source, referred to as xenocrysts (e.g., Miller et al., 2007).
Mechanisms (2) to (4) involve mixing of multiple ages of crystallization
in a single crystal, which are in turn lumped together into a single dis-
solved analyte prior to analysis. Identifying the nature of each zircon
crystal before or after analysis either requires additional geochemical
information, or imaging of sectioned crystals, and relies strictly upon
accurate interpretation of individual ages and of the cause of age dis-
persion.

To investigate the possible complications in zircon age spectra and
how different techniques can resolve them, we analyzed a suite of zir-
con crystals from the Punteglias granodiorite from the Alpine basement
(Aar Massif, Switzerland), using several analytical techniques and pre-
treatment methods. This sample had previously been analyzed by
Schaltegger and Corfu (1992), however there have been significant im-
provements in U-Pb analytical methods since those data were gener-
ated. Zircons from the selected sample are relatively large, have pro-
duced significant in-growth of radiogenic Pb (Pb*), and are therefore
capable of providing the highest precision U-Pb dates, more precise
than many typical samples of interest. Preliminary CA-ID-TIMS analysis
of these grains yielded complicated and discordant spectra, which re-
quired a physical abrasion step prior to chemical abrasion in order to
remove the margins of the grain. This exercise revealed complicated
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zircon systematics that may go undetected in lower-precision data sets.
Altogether, these data highlight the need for careful assessment of com-
plicated U-Pb dates, in order to ensure a more accurate interpretation of
a geologic age.

2. Geological setting

The Aar Massif is one of the crystalline external massifs of the Alpine
basement, exposed as an elongated belt of rocks which formed during
Variscan and pre-Variscan orogenic cycles (e.g., von Raumer et al.,
2013). The Variscan orogeny juxtaposed the continental margins of
Laurussia and Gondwana during oceanic subduction in the Devonian
and continental collision in the Carboniferous. During the waning peri-
ods of this orogeny, extensive melting of lithospheric mantle and lower
crust in a strongly overthickened orogenic root occurred in an exten-
sional to transtensional tectonic setting, leading to the intrusion of in-
termediate to felsic magmas into the middle and upper crust. The late-
Variscan batholiths emplaced in general during distinct pulses of lithos-
pheric extension, exhumation and decompressional melting from 340
to 290 Ma ago, with some degree of diachroneity in different Variscan
domains, e.g., the Bohemian Massif (Schulmann et al., 2014) or the
French Massif Central (Vanderhaeghe et al., 2020).

The Aar batholith formed during multiple additions of melts be-
tween 348 and 298 Ma (Schaltegger and Corfu, 1992, 1995). One con-
spicuous pulse consisted of ca. 332-335 Ma shoshonitic diorites, mon-
zonites, syenites, granodiorites and granites, (e.g., Schaltegger et al.,
1991; Schaltegger, 1997), which are characterized by non-radiogenic
initial Hf isotope compositions and interpreted as the products of melt-
ing of a strongly enriched lithospheric mantle source that partly under-
went crustal contamination (Schaltegger and Corfu, 1992). High-K in-
termediate to mafic rocks termed “vaugnerites” or “durbachites” are
found along the entire strike of the Variscan root zone (e.g., von
Raumer et al., 2013; Janousek et al., 2020). One member of this group
of rocks is the Punteglias granodiorite, which is exposed as a lens-
shaped body over approximately 10 km? in the southeastern margin of
the Aar Massif (Fig. 1). It is a heterogeneous intrusion, ranging from
monzodiorite to granodiorite and granite (Seeman, 1975; Schaltegger
et al., 1991).

The rocks of the Punteglias intrusion were subject to overprinting
during the Alpine orogeny, with alteration and replacement of mag-
matic feldspars, biotite and amphibole under greenschist facies condi-

- Punteglias
granodiorite

Disentis (KAWETE)

Andermatt

Variscan Aar batholith

[ Ritifirn Group! Group A
|| Fruttstock Group / Group B
[ | Haslital Group / Group C

[__] Metamarphic basement
I variscan volcanic rocks

Fig. 1. Geologic map of the Aar massif, showing the extent of the pulsed Carboniferous magmatism of the Aar batholith and highlighting the location of sample
KAWG676 of the Punteglias granodiorite presented in this study (modified after Berger et al., 2017).
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tions, with a temperature peak of 450 °C prior to 20 Ma (Challandes et
al., 2008; Rolland et al., 2009; Janots and Rubatto, 2014). Tradition-
ally, discordant U-Pb ages from untreated and physically abraded bulk
zircon aliquots from late Variscan intrusive rocks were interpreted to be
the result of Pb-loss during this metamorphic overprint (e.g.,
Schaltegger and von Quadt, 1990; Schaltegger and Corfu, 1992).

3. Methods

Zircon of sample KAW676 was separated using standard procedures
and dated using physical abrasion ID-TIMS techniques by Schaltegger
and Corfu (1992). The original sample consisted of aproximately 25 kg
of rock, and yielded large quantities of zircon. The analyzed zircon ma-
terial was taken from a fraction that was non-magnetic at 1° side slope
on a Frantz magnetic separator at maximum magnet intensity.

Three aliquots of zircon were picked from the separate, and two un-
derwent physical abrasion (PA) for 5 h (676PA) and 12 h (676PA2) in
the presence of minor amounts of pyrite to obtain a polished surface
and remove the outer crystalline domains. These two latter aliquots
were washed in an ultrasonic bath with 7 M HNOs, and then H,O. All
three aliquots of zircon were subsequently annealed in a muffle furnace
at 900 °C for 48 h (Mundil et al., 2004). The annealed grains were
chemical abraded at 210 °C for 12 h in concentrated HF in 3 ml Savillex
vials placed in a Parr digestion vessel (Mattinson, 2005; Widmann et
al., 2019). The grain fragments remaining after chemical abrasion were
then leached on a hotplate at 80 °C in 6 N HCL overnight, followed by
further cleaning through four rounds of 7 N HNOj; in combination with
ultrasonication. Individual cleaned zircon crystals were then loaded
into individual 200 pl Savillex microcapsules, spiked with the EARTH-
TIME 202pb + 205pph + 233 U + 235 U tracer solution (calibration ver-
sion 3; Condon et al., 2015; McLean et al., 2015) and dissolved with
about 70 pl HF and trace HNO; in a Parr digestion vessel at 210 °C for
48 h. Following dissolution, the samples were dried down and con-
verted to a chloride by placing them back in the oven overnight in 6 N
HCL. The samples were then dried down again and re-dissolved in 3 N
HCI and purified to U and Pb through anion exchange column chro-
matography (Krogh, 1973). Once purified, the U and Pb fractions were
combined in cleaned 7 ml Savillex beakers and dried down with trace
H3PO,, prior to loading on outgassed zone-refined Re ribbon filaments
with a Si-gel emitter. U and Pb isotope analyses were completed on an
IsotopX Phoenix TIMS machine at the University of Geneva (Switzer-
land). Lead measurements were made in dynamic mode using a Daly
photomultiplier, and U was measured as an oxide in static mode using
Faraday cups coupled to 1012 Q resistors. The 180/160 oxygen isotope
ratio in uranium oxide was assumed to be 0.00205 based on previous
measurements of the U500 standard. Mass fractionation of Pb was cor-
rected using a 202Pb/205Pb ratio of 0.99506 and U was corrected using
the composition of the spike solution (Condon et al., 2015). The abun-
dance of U was calculated using a sample composition 238U /235U ratio
of 137.818 + 0.045 (20; Hiess et al., 2012). All common Pb was con-
sidered laboratory blank and was corrected using the long-term isotopic
composition of the Pb blank at the University of Geneva (Schaltegger et
al., 2021a). All data were processed with the Tripoli and Redux U-Pb
software packages (Bowring et al., 2011; McLean et al., 2011). All ages
were corrected for initial 239Th disequilibrium in the melt using a U/Th
ratio of the magma of 3.5. Earthtime ET100Ma standard solution ana-
lyzed during the period of these analyses yielded a 206Pb/238U date of
100.1785 + 0.0064 Ma (MSWD = 2.7; n = 15), within uncertainty of
the recently reported inter-laboratory calibrated value of
100.173 = 0.003 Ma for this solution (Schaltegger et al., 2021a; data-
base at DOI: 10/gk53tk). The uncertainty of weighted mean 206Pb /238U
ages is given in the X/Y/Z notation, where X = analytical error only/
Y = with uncertainty of spike calibration added/Z = with uncertainty
of decay constants added (Schoene et al., 2019).
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4. Results

All CA-ID-TIMS zircon analyses yielded Carboniferous Th-corrected
206ph /2381 ages between 335.5 and 314 Ma (Table S1), however disper-
sion within the age spectra varied significantly between aliquots, and
many analyses are normally discordant (Fig. 3). Fourteen zircon analy-
ses from the aliquot which were chemically abraded but did not un-
dergo physical abrasion (aliquot 676) yielded 206Pb/238U ages between
313.95 = 0.10 Ma and 334.655 + 0.081 Ma. Only 5 of the 14 results
are concordant, the remaining are normally discordant. Eight zircon
analyses from aliquot 676PA, which underwent a light physical abra-
sion of 5 h prior to chemical abrasion, yielded 20°Pb/238U ages between
323.73 + 0.12 Ma and 334.509 = 0.099 Ma. Only 6 of the 8 grains an-
alyzed are concordant, the remaining two grains are normally discor-
dant. Ten zircon analyses from aliquot 676PA2, which underwent mod-
erate physical abrasion of approximately 12 h prior to chemical abra-
sion, yielded 206Pb/238U ages between 332.046 + 0.081 Ma and
335.503 * 0.078 Ma. All ten analyses were concordant. Zircon analy-
ses from all three aliquots yielded 207Pb/206Pb ages around 335 Ma.

5. Discussion
5.1. Interpreting a crystallization age of the punteglias granodiorite

Zircon geochronology from all aliquots of the Punteglias granodior-
ite analyzed by ID-TIMS yield complicated age spectra, commonly with
little to no overlap between individual analyses and showing significant
age dispersion. As a result, a simple interpretation of the zircon crystal-
lization age of this sample is not possible. Instead, because of the com-
plications of these data and their high precision, they serve as an excel-
lent example to illustrate complications that can appear in U-Pb zircon
data sets.

While there is significant scatter in the CA-ID-TIMS 206Pb/238U ages
of the grains analyzed from the Punteglias granodiorite, combining all
analyses yields a linear fit within concordia space, indicating an upper
intercept of 334.6 + 0.60 Ma and a lower intercept of 24 + 11 Ma
(MSWD = 5.2, n = 32; Fig. 3). Given the abundances of
260-1100 ppm for both Th and U in zircon from sample 676 (Ruiz et
al., n.d.), these zircon crystals only received time integrated alpha doses
of 8-14 x 107 /g, which indicates it is unlikely that they became
metamict due to radiation damage (e.g., Murakami et al., 1991;
Pidgeon, 2014). Therefore, the observed younger ages are unlikely to
reflect Pb-loss, particularly given the twelve hour, 210 °C chemical
abrasion pretreatment all ID-TIMS analyses received for this study. In-
stead, we interpret the observed linear array as being indicative of mix-
ing of two discrete zircon age domains within individual grains, and
these two intercept ages reflecting regional geologic events. The upper
intercept corresponds to the first magmatic pulse of Late Variscan melts
(group A in Fig. 1; Schaltegger and Corfu, 1992). The lower intercept
age points to the Alpine metamorphic overprint, which reached upper
greenschist conditions in the region between approximately 17-22 Ma
and causing significant fluid alteration to the region and variably de-
forming the granitic basement (e.g., Marquer and Burkhard, 1992;
Challandes et al., 2008; Rolland et al., 2009; Berger et al., 2017;
Wehrens et al., 2017). From these data we infer epitaxial growth of
Alpine rims over existing zircon crystals, not readily visible in CL im-
ages (Fig. 2; Fig. S1).

Mixing of two discrete age domains (metamorphic overgrowth onto
igneous zircon, or magmatic autocrystic zircon overgrowing antecrystic
or xenocrystic cores) can fundamentally bias an age determination if it
remains unresolved. In our example here, overgrowth of Variscan ig-
neous zircon during Alpine metamorphism obfuscates the crystalliza-
tion age of the Punteglias granodiorite without proper pre-treatment.
As these rims are not more than 5-10 pm thick and are easily over-
looked in CL-imagery (Fig. 2), even small volumes of Alpine rim do-
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Fig. 2. Cathodoluminescence imagery of representative zircon from sample KAW676, including grains with (A) no chemical pre-treatment and (B) thermally an-
nealing and 12 h of chemical abrasion at 210 °C. Several grains host poorly visible epitactic rims, which are potentially younger zircon overgrowths. Grains which
have undergone chemical abrasion do not appear to have preferentially dissolved exterior domains, as many grains are still euhedral to subhederal. They, how-
ever, include many channelized dissolution pathways, likely from the preferential dissolution of mineral inclusions or metamict domains within zircon grains, as
the chemically abraded zircons do not host the mineral inclusions observed in the untreated grains.

mains can significantly affect the bulk zircon age, causing normally dis-
cordant ages. Therefore, on aliquots 676PA and 676PA2 we utilized
physical abrasion prior to thermal annealing and chemical abrasion, to
remove exterior domains that may have crystallized during Miocene
metamorphism. These two aliquots have significantly smaller varia-
tions in discordance, and the more intensely physically abraded grains
(676PA2) yielded only concordant analyses, a significantly suppressed
age range, and a group of six zircon with overlapping 2°°Pb/238U ages.
As a result, we interpret that the discordance is the result of Alpine zir-
con overgrowths, and that physical abrasion was largely effective in re-
moving these younger zircon domains. There are also no anomalously
older analyses within any of the three aliquots, the oldest grains ana-
lyzed form a coherent population, so we also interpret this zircon did
not crystallize with any significant inheritance.

The statistically equivalent older population of aliquot 676PA2
yielded a 206Pb/238U weighted mean age of 335.479 = 0.041/0.096/
0.37 Ma (n = 4; MWSD = 0.27; analyses Z10, Z9, Z3, Z6; Table S1),
and is interpreted to most accurately reflect the crystallization of the
Punteglias granodiorite. Including the two overlapping, younger analy-
ses Z4 and Z7 into this weighted mean yields a more precise weighted
mean calculation (335.440 = 0.035/0.094/0.37 Ma), but it also yields
a MWSD of 2.8, indicative that these six analyses do not represent a sin-
gle population. Including these, the weighted mean age becomes
younger by 39 kyr, highlighting how easy it is to shift a calculated age
out of accuracy by inappropriately selecting data for weighted mean
age calculation. It is likely that these two grains still contain minimal
volumes of Alpine crystallographic domains.

Several studies have highlighted the potential problems with chemi-
cal abrasion preferentially dissolving exterior domains of the grain, and
therefore biasing CA-ID-TIMS datasets artificially towards older ages
(e.g., Samperton et al., 2015; Rivera et al., 2016; Curry et al., 2021). In
this example, the subtle Alpine overgrowths are still present in the data
set for chemically abraded zircon, because chemical abrasion preferen-
tially dissolves more internal damaged and metamict zircon domains
and mineral inclusions rather than preferentially the outer grain (Fig.
2B). If chemical abrasion preferentially dissolved exterior crystallo-
graphic domains there should not be any significant difference in the

data generated from physically abraded and non-physically abraded
zircon aliquots.

5.2. Implications for high-precision U-Pb interpretations

The CA-ID-TIMS results from the Punteglias granodiorite serve as an
example how mixing of zircon domains crystallized within individual
grains during two temporally separated geologic events can lead to dis-
cordant data. Similar data may erroneously be interpreted in terms of
prolonged zircon growth within a single magma system (autocrysts), or
zircon growth in an individual magma and the incorporation of vari-
ably older components (e.g., antecrysts or xenocrysts). Zircon dates that
analytically overlap with concordia indicate agreement between their
206pb/238Y and 207Pb/235U dates within uncertainty, suggesting that the
analysis does not reflect incorporation of an age component signifi-
cantly different than the bulk of the grain, i.e., does not reflect
xenocrystic inheritance. Therefore, it is common for extended concor-
dant age spectra to be interpreted as reflecting the magmatic history of
an individual sample implying protracted autocrystic growth and/or re-
cycling of antecrysts. These different interpretations may lead to con-
trasting genetic models for intermediate to high silica magma systems.

However, the degree of overlap with the concordia uncertainty band
for an individual analysis is rooted in analytical uncertainty; 207Pb/235U
ages tend to be less precise than 209Pb/238U ages due to the lower
amount of radiogenic 297Pb relative to 206Pb (Fig. 4). Overall, the preci-
sion on individual zircon ages is a function of analyte material and lab
practices, any common Pb present in analysis (e.g., as procedural lab
blank) is overwhelmed as the zircon contains high abundances of Pb*,
which also allows for better counting statistics during measurement.
Variations in Pb*/Pb, are dependent upon the [U] of a zircon, the dura-
tion of radiogenic in-growth and the procedural lab blank, and as a re-
sult can vary significantly between data sets and different labs. In addi-
tion, the data compiled in Fig. 4 may represent lower uncertainties in U-
Pb measurement relative to other data compilations, as analytical Pb
fractionation was corrected during measurement using the ET2535
spike, and U isotope compositions were precisely measured on Faraday
collectors coupled 1012 Q resistance amplifiers. Due to the high preci-
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sion of the analyses presented here, it is possible to identify discordance
and interpret the data array by two-component mixing of zircon do-
mains that formed during two geologically separate periods of crystal-
lization (Fig. 3). Most commonly, data sets that consist of lower-
precision analyses are not capable of resolving concordance vs. discor-
dance at the same level of precision (e.g., older 205Pb/235U spiked ID-
TIMS dates, as in Schaltegger and Corfu, 1992, LA-ICPMS or SIMS
dates). As a result, a population of data with different but overlapping
206ph/238Y dates at lower precision may be analytically concordant and
erroneously interpreted in terms of protracted autocrystic growth,
while the population actually reflects mixing of two disparate age do-
mains.

To illustrate the potential for individual analyses to yield concor-
dant results at low level of precision falsely mimicking protracted crys-
tallization, we calculated two models of two-component mixing, (1)
based on the data from 676PA aliquot and (2) of a hypothetical
Miocene igneous rock with xenocrystic inheritance.

5.2.1. Model 1

The aliquot of the Punteglias granodiorite with a weaker physical
abrasion (676PA) yielded both concordant and discordant ages and no
overlapping analyses, however the ability to resolve those features is
due to the low uncertainties. These analyses had high Pb*/Pb, composi-
tions of 153-536 (Fig. 5; Table S1). To demonstrate how decreased pre-
cision will lead to apparent concordance and overlap within this
dataset, we recalculated the actual analyses (black uncertainty ellipses
in Fig. 5) with parameters more commonly observed in U-Pb zircon

676 (No Physical Abrasion)
676PA (Mild Physical Abrasion)
= 676PA2 (Moderate Physical Abrasion) 335

0.053

0.052—

206 Pb/BBU

0.051 4

0.365 0370 0375 0.380 0.385 0.390

ZU?Pb/ZSSU

Fig. 3. Zircon U-Pb CA-ID-TIMS results from sample KAW676 of the Pun-
teglias Granodiorite separated into separate aliquots that all underwent 12 h
chemical abrasion but different degrees of physical abrasion, displayed on a
Weatherill concordia. The dashed line on the concordia diagram is a Discor-
dia line calculated using all grains analyzed by CA-ID-TIMS in this study, and
yields an upper intercept value of 334.6 + 0.60 Ma and a lower intercept of
24 + 11 Ma (MSWD = 5.2, n = 32). The aliquot of 676 with no physical
abrasion (676) shows significant dispersion down the Discordia line, whereas
the aliquot with the most physical abrasion (676PA2) only yielded analyses
which were concordant within uncertainty with an overlapping cluster at ap-
proximately 335.5 Ma. The interpreted zircon crystallization age of this sam-
ple of the Punteglias granite is 335.479 + 0.041/0.096/0.37 Ma, based on
calculating a weighted mean age of this plateau of ages from aliquot 676PA2.
See text for discussion.
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geochronology, i.e., with the uncertainties associated with a Pb*/Pb, of
50 (blue ellipses) and of 10 (red ellipses; Fig. 5). Lower Pb*/Pb,. leads to
a dramatic increase mainly of the 207Pb/235U uncertainties but also af-
fects the 206Pb/238U uncertainties (Fig. 4). This simulation shows that
every measurement would have been concordant within uncertainty,
and there would be overlap between several of the oldest analyses if the
analyses of aliquot 676PA were generated at a lower level of radiogenic
Pb or a higher level of common Pb abundance (blank), such as those
with a Pb*/Pb, ratio of 10. In such a scenario, a potentially preferred in-
terpretation would be that the parental magma system that formed the
Punteglias granodiorite may have had a lifespan of 10.784 + 0.658
Myr, interpreting the protracted concordant analyses to reflect ante-
crystic inheritance and/or protracted autocrystic growth. Applying an
average uncertainty associated with a Pb*/Pb. of 50, all except for the
youngest analyses would still be concordant, although none of the
206ph /2381 dates would overlap within uncertainty. Using a similar in-
terpretive logic, this sample could have been interpreted to reflect a
magma system with a lifespan of 6.105 *= 0.265 Myr. Interpreting
these age ranges to reflect antecrystic inheritance mixed with autocrys-
tic zircon ages would indicate an overall long-lived magmatic system,
but this interpretation does not necessitate that the magmatic system
was active for that entire period. In the measured data set, only the old-
est five analyses were concordant and none of the analyses overlap, but
most importantly these data yield a linear relationship indicative of
two-component mixing, and therefore require a totally different model
for determining the significance of the age spectra. In conclusion, nat-
ural data sets representing these three examples would be interpreted in
very different ways, in spite of having the same absolute ages, due to
differing uncertainties applied.

5.2.2. Model 2

Mixing of igneous, autocrystic zircon with older components of vari-
able age (e.g., antecrysts or xenocrysts) in young magmatic systems is
distinct from the above case of mixing of igneous cores with younger
metamorphic rims from the Punteglias granodiorite. We present here
an alternative, synthetic model of a hypothetical 25 Ma igneous rock in
which all autocrystic zircon crystallized instantaneously, but inherited
inclusions of 250 Ma zircon, with varied [Ulagtocryst/ [Ulinclusion Of 0.25,
1 and 4 (Fig. 6A, B, C). This example of two component mixing is more
applicable to rocks with a purely igneous history, particularly in com-
monly studied Cenozoic rocks. The volumetric percentage of xenocrys-
tic inclusions varies from 0 to 1% in Fig. 6. The synthetic data are pre-
sented with uncertainties associated with Pb*/Pb, of 10, 50 and 100,
with an average uncertainty taken from Fig. 4, to further illustrate the
significance of precision on the ability to assess potential two-
component mixing in U-Pb data.

This synthetic data set yields a range of both concordant and discor-
dant data, with the degree of overlap and concordance largely a func-
tion of uncertainty of analysis and to the mixing proportion of
[Ulautoeryst/ [Ulinheritance: TWO-component mixing in concordia space is
fixed between the two end member dates of 25 and 250 Ma on concor-
dia, and therefore the range of mixing solutions which yield a value
overlapping with concordia is defined by the precision of individual
analyses mostly of the 207Pb/235U ratios. For data generated with the
uncertainty associated with Pb*/Pb, of 100 (from Fig. 4), concordant
206pp/238y  dates range from 25.0000 =+ 0.0037 to
25.8113 + 0.0039 Ma (At = 0.8113 * 0.0076 Ma). Using the uncer-
tainties associated with a composition of Pb*/Pb, = 50, the range of
concordant 206Pb/238U dates extends up to 26.164 + 0.005 Ma
(At = 1.164 + 0.010 Ma), and for the uncertainties associated with a
Pb*/Pb. of 10 it further extends to 29.065 =+ 0.015 Ma
(At = 4.065 * 0.028 Ma). Therefore, the ability to detect two-
component mixing with an ancient source based upon normal discor-
dance is dependent on the precision of individual analyses. It is worth
acknowledging here that compositions of Pb*/Pb, of 100 are unrealistic
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Fig. 4. Zircon isotope data of CA-ID-TIMS analyses of natural samples spiked with the ET2535 tracer solution analyzed on the University of Geneva IsotopX
Phoenix TIMS between 2019 and 2021, highlighting the difference in uncertainties between 206Pb/238U and 207Pb/235U ages based on varying Pb*/Pb, composi-
tions. Both axes are plotted on a logarithmic scale. Figure includes data from Brlek et al. (2020), Greber et al. (2020), Schaltegger et al. (2021a), Schaltegger et
al. (2021b) Brlek et al. (2021), Gaynor et al. (2022), this study and unpublished data.
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Fig. 5. Comparison of how variations in Pb*/Pb, can influence the ability for individual analyses to be analytically concordant, using the measured 206Pb/238U and
207pb/235U ratios of measured aliquots of 676PA, and comparing the measured uncertainties to those which could be expected with Pb*/Pb, values of 50 and 10. At
lower Pb*/Pb, values, the significantly higher 207Pb/235U uncertainties lead to apparent analytical concordance, allowing for the ability to obfuscate inaccurate
206ph/238 crystallization ages via multicomponent mixing. See text for further discussion.

for most 25 Ma zircon, Pb*/Pb, of 5-50 are far more likely in this age
range due to limited radiogenic Pb in-growth, and therefore the ability
to perceive mixing for a hypothetical 25 Ma sample may be quite lim-
ited in natural samples of this age. Assuming that protracted magmatic
growth of zircon would generally last within a maximum time frame of
a million years, a conclusive distinction between protracted magmatic
crystallization and two-component mixing on individual dates cannot

be reasonably made on the isotopic data alone if Pb*/Pb, ratio = 50,
assuming similar uncertainties to those presented in Fig. 4.

Another aspect worth considering is the relative size of inclusions:
thorough prescreening of sectioned zircon grains may potentially iden-
tify xenocrystic cores if there is sufficient volume of xenocrystic mater-
ial present and if the zircon cross section exposed in the grain mount in-
tersects the xenocrystic inclusion. The higher the relative concentration
of U in the xenocrystic component, the easier it is for a volumetrically
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Fig. 6. Two component mixing model, mixing 25 Ma old autocrystic zircon
with 250 Ma old xenocrystic material, highlighting the expected analytical un-
certainty of these potential mixing solutions analyzed via ID-TIMS with Pb*/Pb,
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<« values of 10, 50 and 100. Individual ellipses plotted on each diagram corre-

spond to various mixing solutions ranging from 0.0001-1% volume percentage
of inherited volume within the 25 Ma zircon crystal. At lower Pb*/Pb, values,
the significantly higher 207Pb/235U uncertainties lead to apparent analytical
concordance, allowing for the ability to obfuscate inaccurate 206Pb/238U crystal-
lization ages via multicomponent mixing. Therefore, it is unlikely that pro-
tracted magmatic (autocrystic) growth can be directly assessed from ID-TIMS
measurements with lower with Pb*/Pb. compositions without additional com-
plimentary data. See text for further discussion.

smaller inclusion to significantly affect the age of a zircon. As shown in
Fig. 6 and Fig. S2, a small proportion of high-U inclusion may bias ID-
TIMS ages without necessarily being detectable through CL imaging
prior to analysis.

5.3. How complex U-Pb systematics impact the accuracy of geological
models

Our synthetic model of randomly sampled individual data points
may resemble an extended, high-precision zircon age spectrum gener-
ated from some natural samples (Fig. 6). In such a natural case, we may
identify a certain duration of zircon crystallization through protracted
autocrystic crystallization and/or antecrystic inheritance, by assuming
there is no incorporation of a xenocrystic component. This would be the
preferred hypothesis by many authors, using this to explain the intrinsic
characteristics of a given magmatic system in terms of duration, tempo
and emplacement rate of magma. This interpretation will also allow for
calculating an age of eruption or of plutonic solidification. However, all
of this attaches significant genetic connotations to the nature of individ-
ual zircon ages, which need to be demonstrated to support the initial
hypothesis. Contrarily, in our model autocrystic crystallization is in-
stantaneous and therefore the variation of data points along the Concor-
dia is due to mixing of two age components and does not support any
connotation of protracted or diachronous zircon growth.

By interpreting protracted U-Pb zircon age spectra in igneous rocks
we infer which mechanisms were active during zircon crystallization,
which reflect on the history on the crystallizing melt volume as well as
on the magmatic system as a whole. A system producing only autocrys-
tic zircon will yield a range of zircon dates that reflect duration of zircon
crystallization. From crystal size and age distribution we can simulate
the integrated volume of zircon crystallizing in space and time
(Caricchi et al., 2014, 2016), and track the thermal evolution of a
magma after zircon saturation by combining U-Pb dates with geochemi-
cal information (e.g., Samperton et al., 2017). A system which includes
antecrystic zircon components will record an antecedent magma history
preceding the formation of the volume of magma sampled for zircon
analysis, such that the zircon age spectrum will reflect the history of a
larger portion of the magmatic system. Finally, a system may incorpo-
rate xenocrystic components from the anatectic source, or from a struc-
tural level of magma residence, and then utilizes this material as a nu-
cleation point for subsequent crystallization of autocrystic zircon. In
this case, the overall age dispersion in concordant analyses observed in
an individual sample may not have significance towards a rock's mag-
matic history. However, depending on analytical precision and age of
mixing end members, all three of these mechanisms can yield a range of
concordant zircon dates. Assigning a specific interpretation to such a
data set without additional constraints can lead to a fundamentally
wrong interpretation or model for a specific magmatic system. There-
fore, our data set of 676PA analyses and our synthetic models presented
above highlight the necessity of high precision measurements of zircon
geochronology to arrive at the most correct interpretation of complex
age spectra.

Finally, an additional component to consider is Pb-loss, where in-
complete pretreatment or a lack of chemical pretreatment causes inclu-
sion of younger crystallographic domains into analysis. While recent re-
search has demonstrated that prolonged chemical abrasion at high tem-
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perature can largely mitigate the effects of Pb-loss (e.g., Widmann et
al., 2019; Keller et al., 2019), high-U and/or old zircon may not be ro-
bust enough to withstand full chemical abrasion pretreatment (e.g.,
Lantink et al., 2019; Gaynor et al., 2022). Furthermore, the hydrother-
mal-magmatic alteration observed in many porphyry deposits can in-
duce Pb-loss, which cannot be readily mitigated by thorough chemical
abrasion (e.g., Gaynor et al., 2019b; Rosera et al., 2021).

There are several techniques that can be used in tandem with high-
precision geochronology to improve the validity of geologic interpreta-
tions. Combining other isotope analyses, such as Hf or O isotopes, of the
volume of zircon dated by ID-TIMS can be used to reveal geologic
mechanisms behind complicated dates (e.g., Davies et al., 2021; Gaynor
etal., 2022). For zircon with complicated metamorphic histories, physi-
cal abrasion prior to chemical abrasion is very useful and presently un-
derutilized tool to remove overgrowth domains to allow for more accu-
rate dating of primary igneous crystallization, such as shown in this
study and by numerous studies in the past (e.g., Corfu et al., 1989;
Schaltegger and Corfu, 1992). Finally, microsampling crystals to date
individual zones or domains through physically breaking them or dis-
secting them with a either a laser or a FIB is a precise method to deter-
mine the potential growth histories of individual grains (e.g.,
Samperton et al., 2015; Kovacs et al., 2020; White et al., 2020). Com-
bining high-precision ages with additional data and isolating or remov-
ing discrete crystallographic domains is a strong way to bolster geologic
interpretations of complicated data.

6. Conclusions

Zircon geochronology of the Punteglias granodiorite shows the po-
tential for complications inherent with many modern, high-precision U-
Pb datasets. The CA-ID-TIMS data show a two-component mixing rela-
tionship, with trace volumes of younger zircon domains causing some
linear dispersion in the data in Concordia space. We conclude that it is
dangerous to infer a geologic model from complicated U-Pb zircon age
spectra based on the criterion of concordance alone, particularly from
analyses with a less precise 207Pb/235U date. Antecrystic or xenocrystic
inclusions can bias the 296Pb/238U dates towards older values without
becoming normally discordant, while unresolved young overgrowth
may bias a magmatic age towards younger values. These complications
are present in all analytical data sets, including less precise in-situ U-Pb
analyses employing LA-ICPMS and SIMS techniques, therefore careful
evaluation of any protracted age spectra and unbiased discussion are
necessary for proper geologic interpretation. Favoring the interpreta-
tion of prolonged crystallization over two-component mixing thus re-
mains hypothetical at the levels of precision commonly obtained, unless
other supportive arguments can be raised such isotopic or trace element
information from analyzed zircon or by high-precision temporal resolu-
tion derived from subsampling individual zircon crystals.
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