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Isotopic discordance is a common feature in zircon that can lead to an erroneous age determination, and it is
attributed to the mobilization and escape of radiogenic Pb during its post-crystallization geological evolution.
The degree of isotopic discordance measured at analytical scales of ~10 pm often differs among adjacent anal-
ysis locations, indicating heterogeneous distributions of Pb at shorter length scales. We use atom probe mi-
croscopy to establish the nature of these sites and the mechanisms by which they form. We show that the
nanoscale distribution of Pb in a ~2.1 billion year old discordant zircon that was metamorphosed c. 150 million
years ago is defined by two distinct Pb reservoirs. Despite overall Pb loss during peak metamorphic conditions,
the atom probe data indicate that a component of radiogenic Pb was trapped in 10-nm dislocation loops that
formed during the annealing of radiation damage associated with the metamorphic event. A second Pb
component, found outside the dislocation loops, represents homogeneous accumulation of radiogenic Pb in
the zircon matrix after metamorphism. The 2°7Pb/2°®Pb ratios measured from eight dislocation loops are
equivalent within uncertainty and yield an age consistent with the original crystallization age of the zircon,
as determined by laser ablation spot analysis. Our results provide a specific mechanism for the trapping
and retention of radiogenic Pb during metamorphism and confirm that isotopic discordance in this zircon is
characterized by discrete nanoscale reservoirs of Pb that record different isotopic compositions and yield age
data consistent with distinct geological events. These data may provide a framework for interpreting discordance
in zircon as the heterogeneous distribution of discrete radiogenic Pb populations, each yielding geologically

meaningful ages.

INTRODUCTION

Zircon is a commonly dated mineral because it can be chemically and
physically robust, it incorporates U during growth, and yet it excludes
Pb (the daughter product of U decay) during crystallization. The
difference in decay rates between ***U and ***U provides a mechanism
to assess concordance of calculated radiometric ages. Although the dif-
fusivity of Pb in non-metamict zircon is negligible under most geologic
conditions (I), discordance in the U-Pb system is common (2-4). Most
discordant dates are younger than the initial zircon crystallization event
because Pb is lost from the crystal in response to discrete geologic
events or via diffusion over longer time scales during high-temperature
metamorphic events. Lead is more easily lost from zircon in which the
lattice has been affected by radiation damage from a-recoil (5-7), by
crystal-plastic deformation that produces fast-diffusion pathways (8),
or by low-temperature hydrothermal dissolution-reprecipitation reac-
tions (9, 10). For radiation-damaged zircon, metamorphism can initial-
ly increase Pb diffusivity at rates that outpace crystal annealing, thus
resulting in Pb loss and discordant U/Pb dates (11). Despite Pb loss,
discordant zircon analyses may provide useful chronological infor-
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mation; upper intercepts potentially indicate the crystallization age
and lower intercepts commonly reflect a specific younger geologic
event, such as metamorphism (2, 11), meteorite impact events (12, 13),
or the timing of deformation (14).

The degree of isotopic discordance may differ among spot analyses
collected from a single zircon. For example, laser ablation inductively
coupled plasma mass spectrometry (LA-ICP-MS) and secondary ion
mass spectrometry (SIMS) data indicate that adjacent 10- to 25-um-
diameter spots can be up to 65% different in isotopic discordance (15).
Heterogeneous distribution of Pb below the scale of SIMS and LA-ICP-
MS analysis can explain these differences. However, the controls on
small-scale Pb retention in zircon, and their effect on isotopic discordance
and geological interpretation, remain largely unknown. Small amounts of
Pb may be incorporated into the lattice as Pb** [or Pb*"; see discussion
in Kramers et al. (16) and Kogawa et al. (17)], but previous studies of
zircon have suggested that radiogenic Pb is likely retained in sites that
minimize elastic strain, such as crystal defects (18), metallic nanospheres
(19), and metamict domains (20). Despite documenting Pb migration at
the nanometer (18) and micrometer scales (20, 21), these previous studies
report only concordant or reversely discordant SIMS ages from these
domains and have not recognized discordance associated with Pb loss.

This study focuses on a well-characterized, normally discordant zir-
con grain located in the matrix of a garnet-kyanite metapelite (sample
57082, zircon 26) collected near Xanthi in the Central Greek Rhodope.
Following regional nomenclature (22), the Rhodope Metamorphic
Complex is divided into four main tectonic units that were juxtaposed
during the Paleogene: the Lower, Middle, Upper, and Uppermost
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Allochthons. The metapelite from this study is located at the base of
the Middle Allochthon, adjacent to the Nestos Shear Zone. The Middle
Allochthon was thrust southwest over the Lower Allochthon during Alpine
convergence (22, 23) and is composed of continental- and oceanic-derived
lithologies along with orthogneisses derived from Late Jurassic to Early
Cretaceous intrusions. Zircon geochronology from garnet-kyanite meta-
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Fig. 1. Cathodoluminescence (CL) image, analysis spots, and EBSD ori-
entation map. (A) CL image of analyzed zircon showing oscillatory zoning
in the core. Arrows labeled with an “M” point to atom probe analysis loca-
tions; large spots mark laser ablation split stream (LASS) analysis locations;
205pp/238 dates are shown in white; the concordance of each spot analysis
is reported below each date. Uncertainty is conservatively estimated at 2%.
(B) Pole figure showing the orientation data for the analyzed zircon grain.
Red dots show the orientation of major crystallographic planes constrained
by EBSD. The blue dot shows the orientation of atom probe specimen tips.

pelites at Xanthi indicates a detrital population characterized by crystal-
lization intervals at 475 to 520 million years ago (Ma), 560 to 670 Ma,
1.8 to 1.9 billion years ago (Ga), and 2.0 to 2.1 Ga (23, 24). Zircon dates
from 560 to 670 Ma and 2.0 to 2.1 Ga have previously been interpreted
as recycled Gondwanan crust (24, 25). The maximum deposition age of
the metapelite is 417 Ma, based on the youngest concordant detrital
zircon core (23).

Metamorphic diamond in the metapelites at the Xanthi (23, 26)
and Sidironero (27) localities of the Middle Allochthon indicates
metamorphism at ultrahigh-pressure (UHP) conditions (>4.5 GPa,
c. 800°C), but no diamond was found in the analyzed sample. The tim-
ing of UHP metamorphism in the Middle Allochthon remains contro-
versial. At Xanthi, monazite U-Th-Pb electron microprobe dates
suggest UHP metamorphism at c. 186 Ma (28). Some studies interpret
UHP metamorphism as a single, protracted event that began at this
time (23), whereas other studies suggest multiple UHP and HP events
from Jurassic to Eocene time (22, 24, 29). Additional constraints on
the timing of metamorphism are provided by zircon rims from garnet-
kyanite metapelites near Xanthi; these rims yield ***Pb/***U dates that
record granulite to upper amphibolite facies metamorphism after
UHP conditions at c. 149 to 144 Ma (23, 24, 30). This metamorphic
event has been interpreted as either a second HP event (27, 30, 31) or
plastic deformation and thermal re-equilibration during protracted ex-
humation (23). Zircon U/Pb dates <65 Ma are consistent with activity
along the Nestos Shear Zone (23).
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Fig. 2. Tera-Wasserburg plot of zircon dates from LASS and APM data. Ellipses show results from LASS core and rim analyses with 2 uncertainty. The
discordia line (dashed) constructed from the LASS data indicates an upper intercept of 2144 + 33 Ma with a lower intercept of 148.6 + 3.0 Ma. The lower
intercept agrees with the timing of clustering of Pb in the zircon core (Fig. 3). The light blue field marks the range of published U-Pb dates measured from
zircon rims formed at this time (23, 30). The ’Pb/?®Pb dates were calculated from the atom probe data (boxes with 16 uncertainty); dashed lines project
onto concordia. The green box is the 2°’Pb/?*Pb date from all clusters; the dark blue box is the 2*’Pb/?**Pb date corrected for encapsulation at 160 Ma. Yellow
diamonds show the modeled effect of Pb loss (%) on U-Pb dates for a zircon that crystallized at 2.15 Ga and was metamorphosed at 150 Ma; italicized

numbers correspond to % Pb loss.

Peterman et al. Sci. Adv. 2016;2:€1601318 2 September 2016

20of9

9102 ‘g Jequieidas uo /610 Bewaousios seoueApe//:diy woly papeojumod



RESEARCH ARTICLE

RESULTS

Scanning electron microscopy

The core of the zircon grain analyzed in this study exhibits oscillatory
zoning observed in cathodoluminescence (CL). The core-rim boundary
is marked by a thin, CL-dark envelope and a CL-bright domain (shown
as pale blue in RainbowCL; Fig. 1A) located on the rim side of the
boundary. Electron backscatter diffraction (EBSD) analysis reveals a
crystalline grain with no intragrain misorientations and similar band
contrast values for the core and rim domains; the [001] direction of
the zircon is oriented 20° from the polished surface (Fig. 1B).

LASS-ICP-MS

LASS-ICP-MS analyses were acquired using a spot size that measures
15 um in diameter and up to 8 um in depth, which represents a
samplin§ volume of c. 1.4 x 10° um’. LASS analysis of the core yields
206p/2381 dates of 564 + 24 and 515 + 18 Ma (20). These dates are 38
and 39 % discordant, as measured by the ratio of the ***Pb/***U and
297pb/**°U dates (analytical results are provided in table S1). The rim
yields concordant **Pb/***U dates of 149 + 2 and 152 + 2 Ma (26 un-
certainty; Fig. 2). U and Th concentrations measured from the core and
rim domains differ considerably. The core contains c. 1050 parts per
million (ppm) U and 120 ppm Th, whereas the rim contains c. 450 ppm
U and 3 ppm Th (full analytical results are provided in table S1). It is
possible that some of the discordance observed in the LASS core
analyses may be attributed to mixing between core and rim domains.
However, the marked contrast in U and Th concentrations in these
domains would require the mixed LASS analysis to be >90% from
the rim; the CL image of the grain after LASS (Fig. 1A) indicates that

this is not likely. Geochemical analyses of the discordant core (see ta-
ble S1) show a positive Ce anomaly, a negative Eu anomaly, and a
steep chondrite-normalized heavy rare earth element (HREE) profile
(see fig. S1); these data are consistent with magmatic growth in the
presence of plagioclase (32). The rims exhibit relatively flat chondrite-
normalized HREE profiles, a positive Ce anomaly, and a weakly negative
Eu anomaly, which are consistent with equilibration with garnet during
metamorphism (32, 33). A discordia line pinned by the metamorphic
rim through the discordant core analyses indicates an upper intercept
of 2144 + 33 Ma [Fig. 2; calculated using Isoplot 4.15 (34)].

Atom probe microscopy

Four atom probe specimens (“tips”) were analyzed from the core of the
zircon (Fig. 1A); each tip yielded 37 to 41 million atoms, which repre-
sents a sample volume of c. 1.7 x 10~ um? for the sum of the atom
probe tips. A representative atom probe mass spectrum is shown in
Fig. 3; atom probe acquisition and reconstruction parameters are pro-
vided in tables S2 and S3. In all four tips, we observe homogeneous
distributions of the principal zircon components Zr, Si, O, and Hf.
Uranium is measured at concentrations between 60 and 120 parts per
million atoms (ppma). A peak-to-background ratio of 0.1 to 0.25 limits
the detection of inhomogeneities in U (see fig. S2), but it appears ho-
mogeneous for variations above 100 ppma and scale lengths greater
than 10 nm. The tip (M1) that sampled a CL-dark zone within the core
has more U than the other tips (see table S4). Lead is predominantly
found as atom clusters measuring up to 10 nm in diameter (Fig. 4);
within the clusters, signal-to-noise ratio is sufficiently high enough to
identify **Pb and **’Pb (see Fig. 3, inset). The number of clusters dif-
fers among the atom probe tips; only one Pb cluster was found within
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Fig. 3. APM mass spectrum. Representative atom probe microscopy (APM) mass spectrum acquired from tip M1. Peaks are color-coded by molecular
species and/or element. Inset: Mass spectrum for atoms local to cluster IV (Fig. 4) showing distinct mass peaks for ***Pb and 2*’Pb. 2°Pb (if present) coincides

with a Si;O; molecular species and cannot be quantified.
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zircon APT specimens
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Fig. 4. APM reconstructions from the discordant 2.1-Ga zircon. (A and B) Reconstructed tips showing clustered distributions of Pb (green) atoms
without co-clustering of U (yellow) atoms (A). Each tip measures between 200 and 500 nm in length. Roman numerals correspond to clusters shown
in (B) and table S2. All tips are shown at the same scale; arrangement follows the sequence across the zircon shown in Fig. 1A. Rotating 3D projec-
tions are included in videos S1 to S4. (B) Individual Pb atoms (large green spheres) in clusters are shown with U (yellow) and Y (orange) atoms. All
clusters are shown at the same scale. Cluster VI is also shown with an isoconcentration surface defined at 0.11 atomic % Pb to illustrate the toroidal

morphology.

Table 1. Atom probe data from Pb clusters. Tip refers to the specimen
number (see Figs. 1 and 3). Roman numerals correspond to clusters shown
in Fig. 3. Pb counts are the number of background-corrected 2°Pb and
207ph atoms counted per cluster. Background-corrected 2°”Pb/?%Pb ratios
are reported with 16 uncertainty. 2’Pb/?°®Pb dates for each cluster are re-
ported with 16 uncertainty. The sum of the clusters is labeled “Total.”

Tip|Cluster| Pb counts | Corrected 2°’Pb/*°Pb | Date (Ma)

(atoms) ratio +1c +1o

205Pb 207Pb

| 564 84 0.149 + 0.019 2334 + 210
s Il 176 24 0.134 = 0.033 2151 £+ 443
Vil 93 15 0.160 = 0.053 2456 + 590
M4 Vi 900 142 0.157 =+ 0.015 2424 + 163
1] 786 107 0.136 = 0.016 2177 £ 221
\% 824 108 0.131 =+ 0.015 2111 £ 202
M2 Vil 126 17 0.134 + 0.038 2151 £ 515
M1 Vv 87 11 0.123 = 0.046 2000 £+ 713
Total 3556 | 507 0.142 + 0.0074 2258 + 90

Peterman et al. Sci. Adv. 2016;2:€1601318 2 September 2016

tip M1, which measures c. 400 nm in length, whereas several clusters
were found in M4 and are located <50 nm apart. Rotating three-
dimensional (3D) reconstructions of the tips are available as videos S1
to S4. Some clusters (for example, cluster VI; Fig. 4B) appear asym-
metrical with Pb enrichment at the “top” of some clusters; this enrich-
ment reflects preferential evaporation of Pb relative to other atoms as
the evaporation surface propagated into a Pb-enriched cluster (see
Materials and Methods). Despite this analytical artefact, we observe that
the distribution of Pb in the cluster defines a toroidal morphology
(Fig. 4B). The clusters differ in both the number of Pb atoms (c. 90 to
1000 atoms) and the Pb concentration (2.0 to 5.5 atomic %); some are
associated with enrichment in Y and Al (up to 1 atomic %; see table
S2). No other REEs or U were detected within the clusters above the
local detection limit (approximately 500 ppma). This limit corresponds
to a maximum U enrichment of four to eight times.

The *Pb/’®Pb ratios of all clusters are within uncertainty of each other
and yield values of 0.1233 to 0.1598 (Table 1). Summing the background-
corrected counts of Pb atoms from the clusters, the **’Pb/**°Pb ratio
calculated from the clusters corresponds to a >*’Pb/**Pb date of 2258 +
90 Ma (Table 1 and Fig. 2).

DISCUSSION
Geologic evolution preserved in zircon

Since crystallization, the zircon has undergone exhumation, erosion
and transportation, and sedimentary redeposition. The timing of these
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processes is poorly constrained, but the zircon rims indicate metamor-
phism at 150 Ma (Fig. 2), a result consistent with previous geo-
chronological studies (23, 30) of this locality. We interpret that the
~150-Ma metamorphic rims formed during granulite facies metamor-
phism and that prograde metamorphism associated with this event
produced Pb loss, which resulted in a discordant core. The upper in-
tercept calculated from the LASS-ICP-MS data is 2144 + 33 Ma (Fig.
2), which is interpreted as the original crystallization age (Fig. 4) and is
consistent with ages of other detrital zircons from this locality (24). To
evaluate the magnitude of Pb loss, we used the crystallization age
(determined from the upper intercept) and calculated expected iso-
topic ratios assuming the grain was concordant. Comparison of these
ratios with measured ratios indicate >75% Pb loss for both core analy-
ses [calculated after Wetherill (4); yellow diamonds in Fig. 2 illustrate
isotopic ratios for modeled % Pb loss].

The calculated **’Pb/*°°Pb date from the sum of Pb atoms detected
within the clusters (2258 + 90 Ma) overlaps this crystallization age
(2144 + 33 Ma), but because there is no detectable U within the
cluster, it is unlikely that the **’Pb/*?°Pb ratio evolved significantly
after encapsulation within the clusters. Therefore, the **’Pb/**°Pb ratio
from the clusters can be recalculated to reflect the separation of parent
and daughter isotopes during the prograde path of the metamorphic
event dated by the rims at 150 Ma. Although not directly constrained
by these data, a reasonable timing estimate for the initiation of prograde
metamorphism associated with the 150 Ma granulite-facies event is
160 Ma. The actual timing of prograde metamorphism may predate
160 Ma; thus, this estimate is interpreted as a minimum encapsulation
time. Correcting the **’Pb/*°Pb date measured from the clusters for
the timing of Pb encapsulation at 160 Ma yields a date of 2186 + 93 Ma
(Fig. 2, blue box). This date provides a better match with the original
crystallization age determined by the upper intercept from the LASS
data (Fig. 2) and, thus, provides further support for the encapsulation
of Pb during prograde metamorphism.

In the zircon matrix outside the clusters, the Pb isotopic ratio con-
tinued to evolve (Fig. 5). Although additional ***Pb accumulated from
the decay of ***U after metamorphism, very little **’Pb accumulated
after 150 Ma because of the low concentration of ***U on Earth at this
time. Hence, the much larger LASS analysis volume (c. 1.4 x 10° um®
versus 1.7 x 107> um’) represents mixing of two distinct reservoirs
within the core: a higher **’Pb/***Pb component in the clusters and
a lower *”’Pb/**Pb in the matrix (Fig. 5). Because of the heterogeneous
distribution of Pb-enriched clusters, different proportions of these res-
ervoirs as sampled by the LASS volume can thus yield different amounts
of discordance.

Trapping radiogenic Pb

These data provide some constraints on the sites and mechanisms by
which Pb may become trapped during overall Pb-loss events. In the
analyzed grain, Pb mobility was likely enhanced by radiation damage,
which is known to significantly increase the diffusivity of Pb over that
in undamaged zircon (35). The calculated dose of ~8.7 x 10 decay
events/mg from this zircon (c. 1050 ppm U and c. 120 ppm Th; 2 Ga) is
above the first percolation point (2 x 10" decay events/mg) for zircon,
which suggests that the zircon should be metamict, unless it has been
annealed. However, the zircon in this study is highly crystalline, as indi-
cated by similar band contrast values from both core and rim domains
as measured by EBSD (36, 37). Therefore, this zircon was likely an-
nealed close to the metamorphic temperature peak, which would re-

Peterman et al. Sci. Adv. 2016;2:€1601318 2 September 2016

pair much of the radiation damage, thereby inhibiting Pb loss by
diffusion. We interpret that most Pb loss occurred as temperatures in-
creased during the prograde path of the Late Jurassic granulite facies
metamorphic event.

Although some crystal defects, such as screw and edge dislocations,
are expected to persist within zircon after annealing, these defects do not
explain the toroid-shaped clusters (Fig. 4B). One defect type that has this
geometry is a dislocation loop. Dislocation loops have been observed to
form in zircon during growth or through annealing of radiation damage
resulting from an a-decay radiation dose of >10'® decay events/mg (38),
which compares favorably with the calculated dose (~8.7 x 10" decay
events/mg). Transmission electron microscopy (TEM) studies indicate
that these dislocation loops lie in {101} planes in zircon and measure be-
tween 10 and 100 nm in diameter (38). Although the orientations of the
toroids in this study are not well constrained, their dimensions are broad-
ly consistent with the published TEM data (Fig. 4B).

With regard to the size and distribution of observed dislocation
loops, studies (39-41) have shown that annealing preferentially favors
large dislocation loops at the expense of small or faulted dislocation
loops. Under conditions of vacancy supersaturation while the zircon
crystal is annealing radiation damage, large loops continue to grow.
Conditions of vacancy undersaturation, reached after annealing radia-
tion damage, favor the contraction of large loops. Therefore, geologic
annealing would likely eliminate many of the smallest loops and may
also cause contraction of the larger loops, which is consistent with the
toroid diameter (c. 10 nm) measured in the atom probe data (Fig. 4B).

It is also notable that the clusters are defined principally by Pb and
Al, which can be interstitial in zircon (17, 32, 42). The clustering of
interstitial atoms within dislocation loops is well known in materials
science (43) and has recently been observed in Ni-coated Si wafers
implanted with As™. In these experiments, APM revealed that inter-
stitial Ni atoms migrated to dislocations, and decorated dislocation
loops during heat treatment (44). The clustering of Ni within disloca-
tion loops produces an energetically favorable state for the material
because it reduces elastic strain on the crystal lattice caused by the
distributed dislocations and the interstitial atoms. Similar reductions
in strain on the crystal lattice would occur in zircon.

Dislocation loops are thus appropriate in scale, distribution, and
morphology to explain the clusters observed in the atom probe data,
and they also provide a mechanism for trapping radiogenic Pb. As
described schematically in Fig. 5, metamorphism likely enhanced Pb
diffusion in the zircon core and also promoted annealing; the complex
annealing process is ultimately responsible for producing the loops we
observe via atom probe. As Pb diffused through radiation-damaged
zircon during the prograde phase of the Late Jurassic metamorphic
event, Pb atoms were trapped by dislocation loops that were forming
as part of the annealing process. Pb atoms not trapped in dislocation
loops diffused out of the crystal during the prograde path of the same
metamorphic event, thus explaining a mechanism to preserve isotopi-
cally meaningful Pb clusters despite the entire grain losing >75% of its
radiogenic Pb.

Previous atom probe studies have also focused on Pb reservoirs in
zircon. For example, Valley et al. (18) describe Pb clusters in 4.4-Ga
concordant zircon from the Jack Hills, Australia. The 2°”Pb/?°°Pb ra-
tios from these clusters are consistent with having formed in response
to a thermal event that mobilized and accumulated Pb and Y in radia-
tion damage sites produced by o-recoil from the decay of U (and Th).
Piazolo et al. (20) highlight the association of Pb loss along fast-diffusion

50f9

9102 ‘2 1equeydas uo /B0 Bewsouslos seoueApe//:diiy Woly papeojumod



RESEARCH ARTICLE

1000°C
0: Crystallization (c. 2.1 Ga)
]

500°C

Radiation damage anneals

Pb in clusters:
2.0-5.5 atomic %

2: Metamorphic event
(peak at c. 150 Ma)

Early T-t not constrained by these data

Radiation damage accumulates

Pb conc. in clusters
.., +zircon matrix
3:Now

Pb in zircon matrix

2.0 1.5 Time (Ga) 1.0

0: Crystallization

1: Premetamorphic event  2: Metamorphic event

0.5 0.0
[ e * Pbatom
o s @ Pb cluster
: Atom probe
g . zircon specimen
o .0
k) LB

3: Now

Fig. 5. Schematic history of the zircon. 0: Grain crystallized (c. 2.1 Ga). Inferred Pb accumulation in the crystal (green curve) and temperature decrease
(purple curve) as the source material was exhumed. 1: Before metamorphism (Pre-metm), Pb is randomly distributed throughout the specimen. *’Pb/?°Pb
evolves according to U decay constants (blue curve). Radiation damage accumulates below the critical amorphization temperature [magenta bar; 360°C
for zircon with 1000 ppm U (7, 6)]. 2: During the prograde portion of the high-temperature (T) metamorphic event at c. 150 Ma, >75% of Pb is lost from
the crystal (sharp drop on the solid green curve). The remaining Pb diffuses into dislocation loops, resulting in heterogeneously distributed Pb with high
concentrations (2.0 to 5.5 atomic %) within the dislocation loops (dashed green line). 3: Pb continues to accumulate in the crystal after Pb loss (gray
dashed line), thus evolving the bulk ratio within the tip (solid green line). Because the zircon lost Pb, newly accumulated Pb has a larger effect on the
207pp/2%pp ratio of the whole tip (blue curve). The Pb ratio within the clusters does not change significantly (blue dashed line) because there is no

detected U within the clusters.

pathways produced by deformation with Pb localization in metamict
domains. The Pb clusters presented here differ in two important ways.
First, the paucity of clusters amid a relatively homogeneous distribution
of U argues against Pb localization in o-recoil damage sites [cf. Valley et al.
(18)] and does not explain the distribution of clusters observed in the
four atom probe specimens. Second, the discordance measured from
the zircon cores by LASS requires extensive radiogenic Pb loss, indi-
cating differences in both Pb diffusion distances and the mechanism
for retaining radiogenic Pb between discordant and concordant zir-
con. Furthermore, although Pb can collect in metamict domains,
the lack of lattice misorientations and the high degree of crystallinity
of the zircon analyzed, as inferred from the EBSD collected in this

Peterman et al. Sci. Adv. 2016;2:€1601318 2 September 2016

study, suggest that trapping Pb in metamict domains does not fully
explain the origin, morphology, and distribution of the Pb clusters.
The presence of Pb-enriched clusters in all four measured specimens,
the consistency among the **’Pb/**°Pb ratios within the clusters, and the
associated enrichment in other interstitial elements within these clusters
as measured by atom probe have significant implications for geo-
chronology and geochemistry. The data reveal that discordant zircon
can contain nanoscale clusters associated with the trapping of radio-
genic Pb in dislocation loops. In this example, the formation of dislo-
cation loops and the enhanced Pb mobility are caused by increased
temperature associated with metamorphism, such that the loops mark
the timing of metamorphism and the isotopically distinct Pb reservoirs
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held by the loops preserve evidence of the original crystallization age.
This discordant zircon thus comprises a mixture of different concordant
populations with different isotopic compositions. Atom probe analysis
of discordant zircon thus has the potential to yield geologically mean-
ingful ages from nanoscale domains. Future advances in instrument de-
sign to enhance detector efficiency are anticipated to improve the
statistics associated with the dates calculated from the Pb-enriched
clusters. These data demonstrate that, even in discordant zircon with
a high-temperature metamorphic history, geologically meaningful dates
can be recovered by atomic-scale isotopic microscopy.

MATERIALS AND METHODS

Experimental design

The primary objectives of this study were to document the dis-
tribution of U and Pb within discordant zircon, to identify other en-
richment patterns, and to calculate isotopic dates from APM data. To
accomplish this, four atom probe specimens were prepared from the
core of a single zircon grain. Before preparation for the atom probe,
the zircon was analyzed via SEM and LASS to provide a petrographic
context for the atom probe data.

Methods

SEM-CL. A doubly polished thick section (100 um) was prepared
from a garnet-kyanite schist from Xanthi (see Introduction). To min-
imize charging, the section was coated with a thin (<10 nm) layer of car-
bon. Zircon was imaged using a RainbowCL detector and a TESCAN
backscattered electron detector on a TESCAN VEGA3 scanning elec-
tron microscope operated at 10 kV and 250 pA at Bowdoin College.

LASS-ICP-MS. Geochemical and geochronologic data were
collected simultaneously via LASS-ICP-MS performed at the Univer-
sity of California, Santa Barbara. Methods largely followed those from
Kylander-Clark et al. (45). Polished sample sections and epoxy-
mounted reference materials were loaded in a Photon Machines HelEx
cell connected to a 193-nm excimer laser (Photon Machines) at the
LASS Facility at the University of California, Santa Barbara. The Nu
Plasma multi-collector ICP-MS measured U-Th-Pb isotopes, and the
Agilent 7700x quadrupole ICP-MS measured Zr, Si, P, Ti, Y, Nb, Hf,
and REE. To remove surface contamination, each spot was pretreated
with two laser pulses. The laser was operated at 4 Hz for 20 s. Operating
conditions (for example, tuning parameters and gas flows) were opti-
mized for a 15-um-diameter spot that measures <8 um in depth.

We used 91500 [1062.4 + 0.4 Ma (46)] and GJ-1 (47) as primary
reference materials for age and composition, respectively. The piece of
GJ-1 used in these is 601.7 + 1.3 Ma [2°°Pb/**®U date (45)]. Pledovice
[337.13 = 0.37 Ma (48)] and Peixe [564 + 4 Ma (49)] were also ana-
lyzed as secondary reference materials. Plesovice yielded a *°°Pb/***U
date of 334.8 + 1.8 Ma [mean square of weighted deviates (MSWD) =
058, n = 16], Peixe yielded a ***Pb/***U date of 573.6 + 3.4 (MSWD =
0.19; n = 14), and GJ-1 yielded a ***Pb/***U date of 606.9 + 2.3 Ma
(MSWD = 0.29, n = 39). These uncertainties represent internal uncer-
tainties only and are not propagated for systematic biases.

Each analytical run began with a block of six analyses on the reference
materials. The reference material block was followed by a series of blocks
on unknowns (five to eight spots per block) and blocks on reference
materials (two spots per block). At the end of the run, a second block
of reference material analyses (n = 6) was measured. Ratios were bias-,
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drift-, and age-corrected using Iolite (50) following procedures detailed
in Kylander-Clark et al. (45). Although the uncertainty on an individual
ratio is typically <1% (20), the long-term reproducibility of secondary
reference materials is c. 1.5% (20) and is attributed to variation in laser
energy and gas flow within the cell (45). To account for measurement
uncertainty, the assumed uncertainty in the age of 91500, and the long-
term reproducibility of the reference materials analyzed, we conserva-
tively assigned 2% uncertainty (26) to all unknown analyses.

SEM-EBSD. Before EBSD analysis, polished sections were weighted
with halved brass rods and polished for 3 hours in a noncrystallizing
colloidal silica suspension on a Buehler VibroMet 2 vibratory polisher
[SYTON method of Fynn and Powell (51)]. To minimize charging, the
section was coated with a thin (<5 nm) layer of carbon. EBSD data were
acquired using a TESCAN MIRA field emission gun SEM equipped
with an Oxford EBSD at Curtin University. The MIRA was operated
at 20 kV and 15 nA. EBSD data were collected using an Oxford Nordlys
system and optimized at 25 ms per frame, and data were acquired using
Oxford Instruments AZtec software and post-processed with Channel
5.12 software.

Focused ion beam SEM. Following EBSD analysis, the zircon was
prepared for atom probe analysis using a TESCAN LYRA3 focused ion
beam SEM at Curtin University. The site-selective sample lift-out and
tip-sharpening procedure was adapted from methods described by
Thompson et al. (52). Final atom probe needle tip diameters were
<150 nm, and the half-shank angles were 6° to 10°. All tips were
oriented normal to the polished crystal face (see Fig. 1). Ga implan-
tation was minimized by a final polishing annulus with a beam energy
of 5 kV.

APM. Recent advances in APM instrument design now permit iso-
topic tomography of minerals at the nanometer scale (18, 53-56), thus
providing an unprecedented view of the 3D elemental and isotopic
structure and composition of a specimen. Details of the local electrode
atom probe (LEAP) are described elsewhere (57); pertinent analytical
conditions are reported here.

The Advanced Resource Characterisation Facility’s Geoscience Atom
Probe laboratory features a Cameca LEAP 4000X HR equipped with a
laser pulsing system and a reflectron to enhance isotopic resolution.
Within the LEAP, each specimen was cooled to ~60 K under ultrahigh
vacuum (10" torr), with a high voltage applied to facilitate field evap-
oration of atoms from the tip surface. An ultraviolet (A = 355 nm) laser
was focused on the specimen apex and pulsed at 200 kHz, with an
energy of 100 pJ per pulse, to control the ion evaporation process; full
acquisition parameters are detailed in table S2. The voltage was gradu-
ally increased during the analysis from c. 3 to 10 kV to maintain an ion
detection rate of 0.006 to 0.008 ions per pulse. Ions were recorded on a
position-sensitive detector, and the composition was determined using
time-of-flight mass spectrometry. This enables the 3D reconstruction of
the position and composition of atoms within the specimen, with a spa-
tial resolution on the order of 0.3 nm. Each specimen tip yielded ap-
proximately 4 x 107 ions. The mass resolving power for each data
set was ¢. 1000 (full width at half maximum). Data reconstruction
and analysis were performed using IVAS (Integrated Visualization
& Analysis Software; version 3.6.12) from Cameca Instruments Inc,;
reconstruction parameters are provided in table S3. High-resolution
SEM images of specimen tips before and after acquisition were used
to constrain the spatial reconstruction parameters.

The enrichment in Pb within the clusters results in a sudden evap-
oration, which can be observed as the near-planar top of the largest Pb
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clusters (Fig. 4). From a practical standpoint, uneven evaporation
produces an artefact in the reconstruction, wherein the centroid of
the trace element distributions (for example, Y and Al) is significantly
shifted down the z axis with respect to Pb. Therefore, to identify the
composition of the atoms spatially associated with the Pb clusters, we
first used a Pb isoconcentration surface to select the atoms local to a
cluster and then re-ranged the mass spectrum of this subset to eliminate
noise and identify new peaks. We then constructed a new isoconcentra-
tion surface by combining all trace elements that were enhanced locally
to each cluster: Pb, Y, Al, Sc, P, and Ti. We re-ranged the mass spectrum
defined by this new composite surface and used it to generate the cluster
concentrations. Because of the offset between the Pb and the other trace
elements, the data cannot be displayed strictly as a function of distance
from the cluster center. Instead, table S4 shows the composition of the
“whole” cluster, as defined by the trace element isoconcentration surface
for each Pb cluster. These methods are consistent with the general ap-
proach proposed by Kelly and Larson (57) for reconstructing atom
probe data from materials with differing evaporation fields.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/2/9/e1601318/DC1

Supplementary Methods

table S1. Extended data table for LASS-ICP-MS analysis of zircon.

table S2. Acquisition parameters for atom probe analysis on the LEAP 4000X HR at Curtin
University.

table S3. Reconstructions were performed with the following parameters using the “voltage
evolution” algorithm in IVAS 3.6.12.

table S4. Extended data table from the LEAP analysis (matrix and clusters).

fig. S1. Chondrite-normalized REE plot for the zircon core (green) and rim (black) analyses.
fig. S2. U portion of mass spectrum from tip M1 (analytical run 0654) showing two of the four
mass peaks used to quantify the U content.

video S1. This video shows a 360° rotation about the z axis of reconstructed atom probe data
from M1 (see Fig. 1 for location).

video S2. This video shows a 360° rotation about the z axis of reconstructed atom probe data
from M2 (see Fig. 1 for location).

video S3. This video shows a 360° rotation about the z axis of reconstructed atom probe data
from M4 (see Fig. 1 for location).

video S4. This video shows a 360° rotation about the z axis of reconstructed atom probe data
from M5 (see Fig. 1 for location).
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