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ARTICLE INFO ABSTRACT

Editor: Marco Fiorentini Zircon (U-Th)/He (ZHe) thermochronometry quantifies the timing and tempo of low-temperature processes and
is used to deconvolve tectonic and erosional histories. Accumulation and annealing of radiation damage impacts
He diffusion in zircon and resulting ZHe dates. Resolving complex histories requires building relationships be-
tween ZHe date, effective U (eU), and radiation damage in grains sharing a common thermal history. Prior work
demonstrated that purposefully selecting grains with a spectrum of visual metamictization yields a broad range
of intrasample eU values (Ault et al., 2018), but it remained unclear if visual metamictization tracks effective
radiation damage. Here we evaluate relationships between visual metamictization, effective damage calculated
from Raman spectroscopy, and ZHe dates from a new suite of grains from some of the same Precambrian samples
investigated in Ault et al. (2018) and Phanerozoic detrital grains from Armstrong et al. (2022). New ZHe analyses
(n = 21) confirm increasing visual metamictization corresponds with increasing eU concentration and dates fall
along previously reported ZHe date-eU trends for each sample, despite grain selection by different analysts in
different sessions. Raman-based alpha dose calculations from multiple spot analyses from transects across the
surface and interior of each grain (n = 480 total analyses) range from 3.19 x 10 to 1.52 x 10'° a/g across the
whole dataset. Alpha dose increases in samples characterized by a clear increase in visual metamictization from
different types of ZHe date-eU patterns, supporting that visual metamictization reflects effective radiation
damage in these samples. Complexities in visual metamictization-damage trends are due to damage zonation
observed in cathodoluminescence, comparative internal and external spot analyses, and 2-D Raman maps, as well
as limited spread in intrasample visual metamictization and user grain selection bias. Overall, visual metamic-
tization provides a qualitative estimate of effective damage and should be leveraged when selecting grains for
traditional ZHe analyses to build ZHe date-eU-damage patterns.
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1. Introduction

Zircon (U-Th)/He (ZHe) thermochronometry is a fundamental tool
for reconstructing the timing and rates of temperature-sensitive, upper
crustal (—~2-8 km) geologic processes (Reiners, 2005; Ault et al., 2019
and references therein). This technique exploits radioactive decay of
isotopes of primarily U and Th, associated alpha particle (*He) pro-
duction, and temperature-dependent “He diffusion (Reiners et al.,
2004). The recognition and evolving understanding of the role of radi-
ation damage accumulation and annealing on *He diffusion in zircon has
enabled expanded applications of ZHe thermochronometry to increas-
ingly complicated thermal histories (Guenthner et al., 2013; Ginster
et al., 2019). For example, recently, zircon damage-diffusivity
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relationships have been leveraged to reconstruct deep-time thermal
histories in ancient rocks (e.g., DeLucia et al., 2018; Flowers et al., 2020;
Peak et al., 2021; Thurston et al., 2022) and evaluate He loss due to
earthquake processes (Armstrong et al., 2022).

The low but broad temperature sensitivity, or closure temperature
(Tc), of the ZHe system (~25-225 °C) is controlled in part by the
accumulation and annealing of radiation damage, which is a function of
zircon grain chemistry and the thermal history (Guenthner et al., 2013;
Ginster et al., 2019). Radiation damage is a disruption to atomic struc-
ture of the crystal lattice due to actinide decay (Holland and Gottfried,
1955; Woodhead et al., 1991; Nasdala et al., 1995; Nasdala et al., 2001),
and this damage anneals (recovers) with increased temperature (Zhang
et al.,, 2000; Guenthner et al., 2013; Ginster et al., 2019). Damage
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accumulation results in visual metamictization, or destruction of the
ordered crystal lattice that is visible in plane polarized light (Holland
and Gottfried, 1955; Woodhead et al., 1991; Garver and Kamp, 2002;
Ewing et al., 2003). Provided zircon crystals experience the same ther-
mal history, the measured effective U concentration (i.e., eU; eU = [U]
+ 0.238*[Th]; Cooperdock et al., 2019) corresponds to the radiation
damage preserved in a grain. Defining relationships between eU, radi-
ation damage, and ZHe date is useful for reconstructing a sample’s
thermal history and requires analyzing zircon grains with a broad range
of eU and radiation damage.

Prior work revealed intentionally selecting zircon grains for ZHe
analysis from a sample with a spectrum of visual metamictization yiel-
ded a range in eU up to 2000 ppm that is required for developing a ZHe
date-eU trend (Ault et al., 2018). In this past study, increasing visual
metamictization generally corresponded with increasing eU in each of
the Paleoproterozoic and Archean samples investigated, and some
samples yielded negative ZHe date-eU relationships, common for rocks
of this age, reflecting linked radiation damage and He diffusivity.
However, other Paleoproterozoic samples yielded uniform dates
regardless of eU and increasing visual metamictization with increasing
eU. This suggests He loss may be decoupled from damage in these
samples due to their thermal history and/or visual metamictization is
not a reliable qualitative proxy for preserved radiation damage.

Here we advance the previous study by comparing zircon visual
metamictization with radiation damage quantified by Raman spectros-
copy analyses in a suite of zircon grains (n = 92). We use zircon crystals
from six samples with Proterozoic and Archean crystallization ages from
Ault et al. (2018), together with a detrital sample comprising grains with
likely Phanerozoic crystallization ages from Armstrong et al. (2022).
Prior ZHe analyses from these samples yielded three different types of
ZHe date-eU relationships. We evaluate visual metamictization across
samples and between studies (i.e., analysts), and report new Raman-
calculated radiation damage data including 2-dimensional (2-D) maps
from a subset of grains, cathodoluminescence images, and ZHe data (n
= 21 individual analyses) to document damage-diffusivity-visual met-
amictization relationships. We show that, to first order, visual meta-
mictization is a qualitative proxy for radiation damage lending veracity
to this zircon grain selection approach. However, samples characterized
by limited intrasample variation in visual metamictization, and/or
substantive intragrain eU zonation and thus spatially heterogeneous
damage, may not yield clear relationships between visual metamicti-
zation and damage calculated from Raman spectroscopy.

2. Background
2.1. Radiation damage and visual metamictization in zircon

Radiation damage in zircon crystals distorts or bends bonds in the
crystal structure and occurs due to recoil of a large nuclei (i.e., 238U,
235y, 232Th, and other isotopes in these decay chains) from alpha decay,
ejection of an alpha particle from a heavy nucleus, or spontaneous
fission and resulting tracks (Hurley, 1952; Ewing et al., 2003; Reiners,
2005; Guenthner et al., 2013; Ketcham et al., 2013). Alpha recoil
damage is volumetrically the most significant form of damage, and thus
is considered a proxy for total radiation damage (Shuster and Farley,
2009). Damage anneals (i.e., recovery of the crystal lattice) as a function
of temperature (Nasdala et al., 1995; Zhang et al., 2000), thus effective
radiation damage is a function of a grain’s U and Th content and the
thermal history it experienced (Guenthner et al., 2013; Ketcham et al.,
2013). We use the term accumulated radiation damage to represent all the
damage a grain has experienced in its “lifetime” (no annealing), and we
use the term effective radiation damage to represent observed damage,
reflecting both accumulation and annealing. Most zircons are
geochemically zoned (e.g., Corfu et al., 2003), including zoned with
respect to eU (Hanchar and Miller, 1993; Hourigan et al., 2005; Orme
et al., 2015) thus effective radiation damage (Guenthner et al., 2013;
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Danisik et al., 2017; Anderson et al., 2020). The magnitude of intragrain
variability in effective damage depends on the eU content of different
zones and the thermal history.

The appearance of zircon grains also changes with increasing
disruption to the crystal lattice. Visual metamictization is readily
observed with a stereoscope in plane-polarized light as a darker
appearance (or color) and loss of transparency (Gastil et al., 1967;
Garver and Kamp, 2002; Ewing et al., 2003; Marsellos and Garver, 2010;
Ault et al., 2018). Variations in zircon color can also reflect different
trace element contents (Kempe et al., 2016). A prior study evaluated
relationships between zircon color attributed to radiation damage, color
“resetting,” and track annealing in detrital zircon fission track grain
populations, but did not quantify radiation damage (Garver and Kamp,
2002). More recent work demonstrated a general relationship between
the degree of visual metamictization in a zircon crystal and eU in Pro-
terozoic and Archean zircon (Ault et al., 2018). Across this dataset,
grains with low visual metamictization are transparent and have low eU;
moderate visual metamictization crystals appear translucent and
commonly honey brown, and yield moderate eU values. Highly meta-
mict grains are black-brown and opaque, and have relatively high eU
values. Importantly, the connection between visual metamictization and
eU is qualitative as the intrasample range (or magnitude of variation) in
visual metamictization, and thus eU, varies from sample to sample (Ault
et al., 2018). Regardless, Ault et al. (2018) showed that purposefully
selecting the range of observed visual metamictization in a given sample
will produce a spread in eU (up to ~2000 ppm in Ault et al., 2018) that is
useful for interpreting ZHe date-eU patterns. This approach has been
successfully applied in other studies (e.g., McDermott et al., 2019;
Flowers et al., 2020; Machado et al., 2021; Moser et al., 2021; Havranek
and Flowers, 2022; McMillan et al., 2022; Thurston et al., 2022; Rone-
mus et al., 2023).

2.2. Zircon (U-Th)/He thermochronometry and relationships to radiation
damage

Zircon He thermochronometry exploits the temperature- and time-
dependent diffusion of radiogenic He through the crystal lattice. The
T of the ZHe system for a low to moderately damaged zircon (i.e., Fish
Canyon Tuff zircon, ~28 Ma, ~500 ppm eU) is ~160-200 °C, assuming
a 10 °C/Ma cooling rate (Reiners et al., 2004). Aside from temperature
and time, radiation damage is the main control on He diffusion, and thus
a grain’s T¢ (Guenthner et al., 2013; Ketcham et al., 2013). Diffusion and
annealing experiments on grains with a range of radiation damage
demonstrate a wider range of T¢ of ~25-225 °C, assuming a 10 °C/Ma
cooling rate (Guenthner et al., 2013; Ginster et al., 2019). This range
reflects the evolution of He diffusivity with increased damage accumu-
lation. Initially, accumulated damage disrupts c-axis-parallel diffusion
pathways resulting in increased He retentivity and thus T¢. Then,
damage accumulation reaches a threshold (i.e., percolation threshold)
where damaged portions of the crystal lattice become interconnected,
diffusivity increases, and T¢ decreases (Guenthner et al., 2013; Ketcham
et al., 2013).

Provided zircon grains experienced the same thermal history, the
measured eU concentration provides a qualitative approximation of the
effective radiation damage. The relationships between effective radia-
tion damage, eU, He retentivity, and ZHe date in a given sample, and
resulting ZHe date-eU patterns, have been described in many prior
studies (e.g., Guenthner et al., 2013; Orme et al., 2016; Guenthner et al.,
2017; Johnson et al., 2017; Ault et al., 2018). Briefly here, positive and/
or negative relationships between eU and ZHe date are nonlinear and
develop in samples that experienced a common, protracted thermal
history such as slow cooling, residence within the ZHe partial retention
zone, and/or reheating (e.g., Guenthner et al., 2013; Orme et al., 2016;
Powell et al., 2016; Johnson et al., 2017; Ault et al., 2018; DeLucia et al.,
2018; Flowers et al., 2020; Peak et al., 2021; Havranek and Flowers,
2022; Thurston et al, 2022). Negative ZHe date-eU trends are
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commonly observed in ancient (i.e., Proterozoic, Archean) crystalline
basement. Positive ZHe date-eU patterns are not commonly reported but
have been documented in Phanerozoic samples that experienced modest
reheating (e.g., Armstrong et al., 2022). Uniform ZHe dates regardless of
eU concentration (hereafter referred to as a “flat” date-eU trend for
brevity) reflect complete He loss during a phase of rapid cooling (e.g.,
Guenthner et al., 2014; Ault et al., 2018; Moser et al., 2021). Hetero-
geneous intracrystalline eU and thus effective radiation damage, as well
as fluid inclusions and lattice vacancies, influence He diffusion in zircon
and can complicate ZHe date-eU patterns (e.g., Danisik et al., 2017;
Anderson et al., 2020).

Prior work highlighted two overarching relationships between visual
metamictization, eU, assumed effective radiation damage, and He
diffusion (i.e., ZHe date) in a suite of samples with Proterozoic and
Archean crystallization ages (Ault et al., 2018; Moser et al., 2021). In all
samples, increasing visual metamictization corresponded with
increasing eU. Some samples yielded negative ZHe date-eU patterns
interpreted to reflect coupled effective damage and He diffusivity. But
other samples exhibited a flat ZHe date-eU trend, suggesting either He
diffusion may be decoupled from effective damage or the degree of vi-
sual metamictization does not always capture effective radiation dam-
age. These observations motivate our work to document the
relationships between visual metamictization to not just eU (i.e., Ault
et al., 2018) but also effective radiation damage.

2.3. Estimating radiation damage in zircon

Alpha dose, or the measure of alpha recoil damage, can be estimated
in a zircon grain using the U-Pb crystallization age, from models of ra-
diation damage accumulation and annealing, or with Raman spectros-
copy. Using a zircon crystal’s U-Pb crystallization age and eU
concentration (Holland and Gottfried, 1955) provides an estimate of the
total possible accumulated damage (i.e., an upper bound), as some
damage is likely annealed over a grain’s “lifespan.” Alternatively, the
zircon radiation damage accumulation and annealing model (Guenthner
et al,, 2013) implemented in HeFTy (Ketcham, 2005) and Matlab
(Guenthner, 2021) calculates alpha dose for a given eU concentration
and thermal history. This approach accounts for annealing and uses the
temperature at which zircon fission tracks anneal (Yamada et al., 2007)
as a proxy for the temperature at which alpha recoil damage anneals
(Guenthner et al., 2013). A more recent damage annealing model with
kinetics that vary as a function of damage level (Ginster et al., 2019) also
calculates alpha dose through a prescribed thermal history in Matlab
(Guenthner, 2021).

Raman spectroscopy is useful for quantifying effective radiation
damage because it measures the present-day, in-situ crystallinity of
zircon grains resulting from the full thermal history that the grain
experienced (Nasdala et al., 1995). Specific zircon Raman spectra peaks
are sensitive to changes in crystallinity. The 1008 cm ™! Raman peak will
broaden and shift to lower wave number as the degree of crystallinity
decreases (Nasdala et al., 2001). Other Raman peaks, such as at 439
em™! and 357 cm™}, also show a correlation with effective damage
(Anderson et al., 2020). Here we focus only on the 1008 cm ! band and
use the full width at half maximum (FWHM) value of the 1008 cm ™!
peak to calculate alpha dose using Eq. (2) from Vaczi and Nasdala
(2017), as described in Section 3.3.

3. Samples and analytical methods
3.1. Samples

We used mineral separates from a suite of seven samples with pre-
viously reported ranges in visual metamictization, eU, and ZHe dates: six
samples are from Ault et al. (2018) and one from Armstrong et al. (2022)
(Figs. S1, S2; Table S1). Four samples from Ault et al. (2018) have
negative ZHe date-eU trends: Cumberland Batholith of southwestern
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Baffin Island, Canada (A10-42; ~1.9 Ga; Jackson et al., 1990; Rayner
et al., 2012); Rae craton granitic gneiss from north-central Baffin Island
(A10-3, ~3.0 Ga; Bethune and Scammel, 2003); Sandia granite from the
Sandia Mountains, New Mexico (MC14s6; ~1.4 Ga; Kirby et al., 1995);
and Boulder Creek granodiorite from the Front Range, Colorado (A12-8;
~1.7 Ga; Premo and Fanning, 2000). Two samples from Ault et al.
(2018) are characterized by a flat ZHe date-eU trend. Both are North
American crystalline basement gneiss exposed in Mecca Hills, California
(PCFs6, MHS1; ~1.8 Ga; Moser et al., 2021; Table S1; Fig. S1). Sample
EA20-3A from Armstrong et al. (2022) has a positive ZHe date-eU
pattern and is from the Punchbowl Formation, a conglomeratic sand-
stone exposed in the San Gabriel Mountains, California with likely
zircon U-Pb crystallization ages of ~150 Ma (Ingersoll et al., 2013;
Coffey et al., 2019). Samples were previously crushed and separated
using standard mineral separation techniques; see Supplemental Mate-
rial for more details.

3.2. Grain selection and classification using visual metamictization

The analyst (Armstrong) that selected the grains for this study is
different from the analyst that selected grains in Ault et al. (2018) but
the same for Armstrong et al. (2022). For each sample, 10 to 14 grains
that encompass the range of visual metamictization within that sample
were selected using the approach of Ault et al. (2018), plane-polarized
light, and a Leica stereoscope. Care was taken to not consider
apparent opacity due to grain relief and to avoid grains with visible
cracks. The analyst arranged crystals from lowest to highest visual
metamictization and assigned an increasing “Z number” to each grain. Z
numbers cannot be compared between samples, as they are relative
within a given sample.

We also classify visual metamictization using the luminosity mea-
surement function in Adobe Photoshop. Luminosity values are normal-
ized to a value of 157 (maximum luminosity measured across all grains)
to compare relative color change of grains within and between samples
and we refer to this as “normalized luminosity.” Detailed normalized
luminosity methodology is present in the Supplemental Material. In
theory, this approach should allow for the reduction of user bias and
comparison of different analysts. However, grain relief and flaws (i.e.,
cracks, chips, staining), as well as different white balance routines in
various stereoscopic camera software introduce additional luminosity
variations. Thus, although we briefly describe relationships between
luminosity and calculated damage in Section 5.1, we prefer and use Z
number to indicate the spectrum and increase in intrasample visual
metamictization.

3.3. Raman spectroscopy methods and damage calculations

Raman spectra were collected using a HORIBA Raman spectrometer
in the Mineral Microscopy and Spectroscopy Laboratory (M?SL) at Utah
State University. We collected three individual Raman spectra along the
c-axis of the external portion of all zircon grains and three individual
spectra along the c-axis of the internal portion (cross-section) of 77% of
the grains. The remaining 33% of grains were analyzed for (U-Th)/He
thermochronometry. We did not collect spectra from the internal
portion of the grains that were analyzed for (U-Th)/He thermochron-
ometry because routine, bulk (U-Th)/He analysis consumes the entire
grain. Because we aim to directly compare our ZHe dates with those of
Aultet al. (2018) and Armstrong et al. (2022) that were acquired by bulk
analyses, we prefer to also analyze whole grains. Internal Raman mea-
surements require polishing away a portion of the grain, which in-
troduces additional uncertainty to the FT correction on bulk (U-Th)/He
analyses. Thus, we do not have internal Raman measurements for the
small subset of grains that we dated.

We intentionally chose to collect multiple point spectra (n = 480)
instead of detailed, 2-D Raman maps for each grain for several reasons.
Our objective with this multi-spot approach is to provide a first-order
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evaluation of how spatial variations in Raman spectra (i.e., variations in
effective damage due to U and Th zonation) might impact the re-
lationships between visual metamictization and effective radiation
damage. Although we recognize most zircon crystals are zoned, the aim
of this study is not to provide a detailed characterization of spatial
variability in damage in each grain. In addition, using our analytical
protocols (described briefly below and in detail in the Supplemental
Material), multiple spot analyses per grain are markedly more time
efficient than 2-D maps. However, we also acquired 2-D Raman maps on
the internal portions of three grains (MC14s6 Z14, PCFs6 Z13, and
EA20-3A Z11) to compare with our six point analyses from each of these
same zircon crystals to further evaluate the robustness of our multi-spot
analytical approach.

To prepare the samples for surface (external) Raman analysis, grains
were placed on double-sided Scotch office tape on a glass slide with
sample names and Z numbers noted. Spectra on the external portion of
each grain were acquired at three points parallel to the c-axis including
near each tip and in the grain center. For internal analyses, grains were
removed from the sticky tape, mounted in epoxy in 1” ring forms with
their c-axes parallel to the mount surface and polished to their approx-
imate midsection using diamond grit paper down to 1 pm. After pol-
ishing, we targeted three evenly-spaced spots from center to the edge of
the grain. For all analyses, grains were oriented with their c-axis
perpendicular to the incident beam (Anderson et al., 2020) and for in-
dividual analyses, care was taken to avoid any visible flaws such as
cracks or inclusions.

We used a Scientific LabRAM HR Evolution confocal dispersive
Raman spectrometer in the M°SL, which was calibrated daily using a
silicon wafer standard and its 520.7 cm~* Raman peak. All individual
spectra were acquired using a 633 nm laser, 1800 gr/mm diffraction
grating, 50 x long working distance or 50 (for A10-42 only) objectives,
hole size of 100 pm, 2 accumulations, an accumulation time between 3
and 15 s, and a 100-1800 cm ! spectral range. 2-D Raman maps were
collected using the same parameters as for point analyses, but with
exclusively the 50x objective, 5 or 7 s accumulation time per mea-
surement, and a grid spacing of 5 pm. Complete acquisition parameters
for each point analysis and map are provided in Table S2, and detailed
information about the M?SL Raman spectrometer is provided in the
Supplemental Material. Spectra were corrected using appropriate
baseline corrections in LabSpec6 software. The LabSpec6 Gaussian-
Lorentzian peak fitting function was used to estimate the Raman shift
and the FWHM of relevant peaks.

Effective radiation damage (alpha dose) was estimated from the
equation with the general form:

v3(Si0))FWHM = A| — Ayexp ™ Brvm® (@))

where Aj, Ay, and Bpwyy are scaling factors, v3(SiO4)FWHM is the
FWHM of the v, or 1008 cm™! peak, and D is the alpha dose. Vaczi and
Nasdala (2017) determined these scaling factors and use the equation:

V3(Si0,) FWHM = 34.96 — 33.16exp™ (332<10°)P @
Rearranged to:

D = In((34.96 — v3(Si04)FWHM ) /33.16)) /(= 5.32 x 107") @)

where FWHM values for the 1008 cm™! Raman band that are >34.96
em ! or those with uninterpretable spectra are considered completely
amorphous (Vaczi and Nasdala, 2017), and assigned FWHM values of
34.96 cm™! for the purpose of alpha dose calculations. To calculate
average alpha dose for each grain (for both point analyses and maps) we
first determined the alpha dose for each spot, then averaged these
values.
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3.4. Cathodoluminescence imaging

Cathodoluminescence (CL) imaging of zircon grains mounted in
epoxy and polished to their midsection was used to identify variations in
effective radiation damage in zircon crystals. Heavier elements (e.g., U,
Th, and other rare Earth elements) activate CL; however, crystal defects
decrease CL activation (i.e., regions with more radiation damage appear
darker in CL; Ewing et al., 2003; Nasdala et al., 2003). Although these
factors may counteract one another, CL imaging still reveals intragrain
zonation patterns that may influence relationships between visual
metamictization and Raman-measured damage. Zircon epoxy mounts
were carbon coated then imaged using an FEI NovaNano 600 scanning
electron microscope equipped with a Gatan Mini CL detector in the
Department of Physics at the University of Utah.

3.5. Zircon (U-Th)/He thermochronometry

Three zircon grains from each sample that capture low, moderate, or
high visual metamictization for the sample were selected for (U-Th)/He
analyses. After collecting three external Raman analyses for each of
these grains, crystals were plucked from double-sided tape, imaged, and
measured using a stereoscope and Leica software, and then placed into 1
mm Nb tubes in the M?SL at Utah State University. All grains were
analyzed for their bulk U, Th, and He contents at the Arizona Radiogenic
Helium Dating Laboratory (ARHDL) at the University of Arizona
following standard degassing, spiking, and dissolution protocols
(Guenthner et al., 2016). We applied parent-isotopic specific alpha
ejection correction factors computed using grain measurements, and the
equations and alpha stopping distances reported in Hourigan et al.
(2005), assuming a homogeneous distribution of U and Th. Analytical
details are provided in Supplemental Material and our study-specific
workflow for all methods provided in Fig. S3.

4. Results
4.1. Visual metamictization patterns

For each sample, the selected zircon crystals reflect different spec-
trums of visual metamictization across Z numbers (Fig. 1) and the
observed visual metamictization variability for the entire mineral
separate. In plane polarized light, crystals generally range in appearance
from clear to brown-black, transparent to opaque, and have faceted to
rounded terminations, respectively. Importantly, the intrasample range
in visual metamictization differs for each sample, with different, relative
“minimum” and “maximum” visual metamictization. Some samples are
dominated by grains with similar visual metamictization levels (Fig. 1).
Selected grains for each sample capture a comparable range in visual
metamictization as reported in prior studies, even though grains were
selected by either two different analysts or in different sessions (Fig. S2;
Ault et al., 2018; Armstrong et al., 2022). Z number increases with
decreasing normalized luminosity (Fig. S5).

In detail, zircon grains in sample A10-42 range from low to high
visual metamictization, with most of the successive Z-numbered zircon
having a slightly different appearance (Fig. 1). Sample A10-3 is domi-
nated by grains with similar medium to high visual metamictization (Z2
to Z6), and grains with similar very high visual metamictization (Z7 to
Z14). MC14s6 is characterized by a progressive increase in visual met-
amictization with increasing Z number. The visual metamictization in
sample A12-8 is similar to A10-3, with only Z1 characterized by low
metamictization. Multiple grains in A12-8 (Z6 to Z10) have similar
medium-high visual metamictization levels, but Z11 and Z12 have very
high metamictization. Samples PCFs6 and MHS1 each yield a modest
spectrum of visual metamictization, but a greater proportion of the
grains are less visually metamict than other samples. In addition, Z1 to
78 in sample MHS1 exhibit a similar level of low visual metamictization.
Sample EA20-3A also has a high proportion of low visual
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Fig. 1. Plane polarized light stereoscopic photos of selected zircon grains that span the spectrum of visual metamictization observed within each sample. Z number
(relative visual metamictization) reported below each grain, with eU (ppm, bold italics) for a subset of grains.

metamictization grains with only Z7, Z11, Z12, and Z13 classified as 4.2. Effective radiation damage calculated from Raman spectroscopy and
medium to high visual metamictization. relationships to visual metamictization

Figure 2 and Table S3 report all calculated alpha dose values from
our multi-spot internal and external Raman spectroscopy transects for
each grain, and we provide the minimum and maximum values from
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and average alpha dose from the ensemble of individual measurements in maps of select grains shown for comparison. Different y-axis scales used to highlight trends
and scatter about those trends. Cross hatch pattern in A and B indicates maximum possible alpha dose.

internal and external analyses for each grain in Table 1. Because the
maximum possible calculated alpha dose is ~1.52 x 10'° a/g (e.g.,
Vaczi and Nasdala, 2017), uninterpretable spectra reflecting alpha doses
that exceed this threshold were assigned the maximum alpha dose, such

as grains in samples A10-42 and A10-3. Samples A10-42, A10-3,
PCFs6, MHS1, and EA20-3A have more than an order of magnitude
intrasample spread in calculated alpha dose, and samples A12-8 and
MC14s6 have nearly an order of magnitude intrasample range in alpha
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Table 1
Average alpha dose and zircon (U-Th)/He thermochronometry data from seven samples.
External Internal
Sample and z Minimum alpha Maximum alpha Minimum alpha Maximum alpha eu” Corrected (U-Th)/He (U-Th)/He date
number” dose dose dose dose date error”
a/g a/g a/g a/g ppm Ma Ma
Negative ZHe date-eU trend
Al10-42
1* 7.27E+17 1.45E+18 - - 633 781 30
2 1.12E+18 1.24E+18 9.51E+17 1.17E+18 - - -
3 2.14E+18 2.81E+18 1.80E+18 2.04E+18 - - -
4 1.46E+18 1.62E+18 1.39E+18 1.75E+18 - - -
5 1.52E+19 1.52E+19 2.30E+18 1.52E+19 - - -
6 1.52E+19 1.52E+19 1.69E+18 1.52E+19 - - -
7 6.47E+17 1.69E+18 6.55E+17 1.92E+18 - - -
8* 1.52E+19 1.52E+19 - - 950 230 7
9 9.18E+17 1.52E+19 9.87E+17 2.16E+18 - - -
10* 1.52E+19 1.5238E+19 - - 1233 173 5
11 1.52E+19 1.5238E+19 - - - - -
12 1.20E+18 1.52E+19 7.77E+17 1.22E+18 - - -
13 1.84E+18 1.52E+19 1.47E+18 1.52E+19 - - -
Al0-3
1 1.52E+19 1.52E+19 1.52E+19 1.52E+19 - - -
2% 1.08E+18 1.52E+19 - - 1608 41.4 1.2
3 1.56E+18 1.52E+19 1.14E+18 1.52E+19 - - -
4 1.52E+19 1.52E+19 2.60E+18 1.52E+19 - - -
5 1.97E+18 1.52E+19 5.62E+18 1.52E+19 - - -
6 4.16E+18 1.52E+19 4.57E+18 1.52E+19 - - -
7 1.52E+19 1.52E+19 1.52E+19 1.52E+19 - - -
8 1.21E+18 1.52E+19 9.90E+17 4.00E+18 - - -
9 1.03E+18 1.56E+18 8.29E+17 2.28E+18 - - -
10 2.24E+18 1.52E+19 8.59E+17 1.52E+19 - - -
11* 1.26E+18 1.52E+19 - - 1402 68.5 2.0
13* 1.52E+19 1.52E+19 - - 3970 7.91 0.23
14 1.52E+19 1.52E+19 4.17E+18 1.52E+19 - - -
MC14s6
1 2.79E+17 4.08E+17 - - - -
2% 2.28E+17 3.16E+17 - - 179 146
3 3.20E+17 3.52E+17 4.17E+17 4.58E+17 - - -
4 2.96E+17 3.72E+17 2.54E+17 4.15E+17 - - -
5 3.29E+17 4.54E+17 2.37E+17 4.94E+17 - - -
6* 3.51E+17 5.13E+17 - - 226 287 8
7 4.39E+17 4.70E+17 3.98E+17 5.59E+17 - -
8 4.87E+17 8.03E+17 4.14E+17 9.30E+17 - - -
9 5.47E+17 6.36E+17 3.71E+17 7.08E+17 - - -
10* 4.57E+17 8.15E+17 - - 931 32.4 0.8
11 4.07E+17 5.88E+17 2.99E+17 3.50E+17 - - -
12 - - 2.81E+17 3.70E+17 - - -
13 3.98E+17 5.89E+17 2.62E+17 9.71E+17 - - -
14 4.06E+17 7.15E4+17 3.15E+17 7.36E+17 - - -
Al2-8
1 6.54E+17 1.71E4+18 5.11E+17 1.31E+18 - - -
2 1.11E+18 1.31E+18 9.96E+17 1.54E+18 - - -
3* 1.06E+18 1.32E+18 - - 642 75.2 2.0
4 1.00E+18 1.54E+18 1.11E+18 1.38E+18 - - -
5 9.62E+17 2.17E+18 1.43E+18 1.77E+18 - - -
6 1.15E+18 1.33E+18 1.11E+18 1.94E+18 - - -
7 6.64E+17 1.58E+18 7.16E+17 1.34E+18 - - -
8 1.22E+18 1.80E+18 9.67E+17 1.35E+18 - - -
9 1.27E+18 1.38E+18 1.17E+18 1.65E+18 - - -
10* 8.98E+17 1.21E+18 - - 1217 78.3 2.1
11 1.23E+18 1.60E+18 1.32E+18 1.34E+18 - - -
12* 1.10E+18 2.87E+18 - - 963 39.6 1.0
Flat ZHe date-eU trend
PCFs6
1 8.82E+16 9.69E+16 5.89E+16 9.10E+16 - - -
2 5.23E+16 8.13E+16 8.85E+16 1.60E+17 - - -
3* 3.93E+16 7.49E+16 - - 445 27.6 0.8
4 4.52E+16 1.22E+17 1.22E+17 1.86E+17 - - -
5 5.47E+16 8.09E+16 6.59E+16 1.48E+17 - - -
6 1.22E+17 1.51E+17 8.70E+16 1.60E+17 - - -
7 6.13E+16 1.17E+17 4.20E+16 2.73E+17 - - -
8 7.28E+16 8.58E+16 6.77E+16 8.49E+16 - - -
9 1.68E+17 3.16E+17 1.64E+17 2.38E+17 - - -
10* 9.37E+16 1.23E+17 - - 830 24.6 0.7

(continued on next page)
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External Internal
Sample and z Minimum alpha Maximum alpha Minimum alpha Maximum alpha eu” Corrected (U-Th)/He (U-Th)/He date
number” dose dose dose dose date error”
a/g a/g a/g a/g ppm Ma Ma
11 8.47E+16 1.25E+17 1.04E+17 1.07E+17 - - -
12* 1.80E+17 3.87E+17 - - 2178  21.8 0.6
13 8.24E+16 1.63E+17 2.71E+17 3.24E+17 - - -
14 1.05E+17 2.49E+17 1.65E+17 2.90E+17 - - -
MHS1
1 4.15E+16 6.61E+16 3.73E+16 2.10E+17 - - -
2 3.79E+16 4.64E+16 3.19E+16 7.03E+16 - - -
3 1.21E+17 1.65E+17 6.91E+16 1.77E+17 - - -
4* 6.05E+16 7.78E+16 - - 425 23.7 0.8
5 5.20E+16 7.11E+16 4.43E+16 1.32E+17 - - -
6 5.91E+16 1.27E+17 7.44E+16 1.20E+17 - - -
7 8.79E+16 1.38E+17 7.85E+16 1.20E+17 - - -
8 7.10E+16 1.04E+17 6.26E+16 1.26E+17 - - -
9 7.36E+16 1.33E+17 6.63E+16 9.50E+16 - - -
10* 8.19E+16 1.43E+17 - - 1008  26.0 0.7
11 6.13E+16 7.68E+16 5.73E+16 6.14E+16 - - -
12 8.85E+16 1.18E+17 7.16E+16 8.54E+16 - - -
13* 2.90E+17 3.82E+17 - - 1847  24.0 0.7
Positive ZHe date-eU trend
EA20-3A
1 5.44E+16 6.89E+16 5.19E+16 9.49E+16 - - -
2 1.11E+17 1.19E+17 5.18E+16 1.23E+17 - - -
3 5.97E+16 9.61E+16 8.44E+16 9.03E+16 - - -
4* 6.89E+16 9.63E+16 - - 474 64.9 1.8
5 6.80E+16 7.64E+16 5.15E+16 7.54E+16 - - -
6 8.35E+16 1.08E+17 6.66E+16 9.38E+16 - - -
7 1.98E+17 4.08E+17 1.26E+17 4.39E+17 - - -
8 6.05E+16 1.12E+17 5.23E+16 6.98E+16 - - -
9 9.11E+16 1.19E+17 5.51E+16 6.49E+16 - - -
10 8.10E+16 1.12E+17 8.35E+16 1.03E+17 - - -
11 3.41E+17 3.56E+17 2.35E+17 3.15E+17 - - -
12* 1.30E+17 1.90E+17 - - 1045 72.6 1.8
13* 2.09E+17 3.21E+17 - - 704 57.9 1.6

@ *Indicates grains analyzed for (U-Th)/He, thus have external alpha dose only because the grains were consumed during analyses.

b eU is effective U, see Table S4 for details.
¢ 2s analytical uncertainty propagated from U, Th, He measurements.

dose (Table 1). Calculated alpha dose values are overall highest in
A10-42 and A10-3, followed by A12-8 and MC14s6 with measurements
that exceed those in samples PCFs6, MHS1, and EA20-3A. Sample MHS1
has the lowest calculated alpha dose across all measurements (Table 1).
For most samples, there is a weak trend between normalized luminosity
and alpha dose (Fig. S6; Table S3).

Raman-calculated alpha dose generally increases with increasing Z
number for most samples (Fig. 2), and, similarly, FWHM increases with
Z number (Fig. S4). The positive relationship between Z number and
associated alpha dose is best expressed in samples MC14s6, PCFs6, and
EA20-3A. Samples A12-8 and MHS1 yield weak positive trends and
many grains yield overlapping alpha dose values across adjacent Z
numbers in each of these samples. The overall trend between Z number
and alpha dose is poorly defined in A10-42 and there is no relationship
between alpha dose and Z number in A10-3.

In order to provide a first order assessment of effective radiation
damage zonation in each grain, we visualize internal alpha dose as a
function of external alpha dose, where the 1:1 line in Figs. 3 and 4
represents a homogeneous alpha dose or damage distribution. In Fig. 3,
average internal and average external values are shown and classified by
Z number (note x- and y-axis scales are different for each sample to
accentuate patterns). Fig. 4 shows all individual alpha dose values as
well as associated averages classified by sample. These figures illustrate
that there is variable spread along the 1:1 line from sample to sample.
Some samples are characterized by grains with intracrystalline alpha
dose values that plot near the 1:1 line and others show more scatter
perpendicular to the line. For example, most grains in samples MC14s6,

A12-8, PCFs6, MHS1, and EA20-3A plot close to the 1:1 line. In
contrast, most grains in A10-42 and A10-3 deviate from this line. Fig. 4
highlights that (1) samples characterized by higher overall damage have
a higher intrasample spread in damage (e.g., compare tightly clustered
red circles of MHS1 with the position of green circles of A12-8 or the
gray circles of A10-3), and (2) when considering the full dataset,
intragrain variability in damage also increases with increasing damage
value. For example, A10-42 and A10-3 have the largest intragrain
variability of internal and external damage, consistent with observations
from Fig. 2. For samples A10-42 and EA20-3A, calculated external
alpha dose values are almost always higher than internal values (Fig. 3A,
G).

4.3. Cathodoluminescence patterns

Cathodoluminesence patterns, which include oscillatory zonation
and core-rim patterns, are variable between individual zircon grains
within a sample and notably between samples (Fig. S7). Grains from
samples A10-42 and A10-3 appear the darkest in CL. Detailed patterns
are muted in CL in these samples, making it challenging to fully char-
acterize the zoning in fine detail, but some grains exhibit faint oscilla-
tory zoning. The majority of grains from samples A12-8 and MC14s6
have oscillatory zoning characterized by narrow bands; some grains in
MC14s6 have distinct core-rim textures. Most grains in samples MHS1
and PCFs6 have large cores and a single, thick, distinct rim. In sample
MHS1, grains Z1 and Z2 are bright in CL likely due to lower effective
damage (e.g., Moser et al., 2021). Grains from sample EA20-3A have
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variable CL patterns, which is expected because these detrital grains are
likely of different provenance. Textures in this sample include oscilla-
tory zoning, core-rim zoning, and irregular core textures. We note that
zonation is observed in some grains with plane polarized light via ste-
reoscope and these patterns are confirmed with CL maps (e.g., grain Z3
from sample A10-3; Figs. 1; S7).

4.4. 2-D Raman maps

We report 2-D maps of the measured FWHM values of the 1008 em™?
band from one grain in samples MC14s6 (Z14), PCFs6 (Z13), and
EA20-3A (Z11) (Fig. 5, Tables S4, S5, S6). These grains were targeted
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because they (1) are part of samples that yield well-defined negative,
flat, and positive ZHe date-eU trends, respectively, as discussed in Sec-
tion 4.5, (2) they exhibit distinct zoning patterns in CL (Figs. 5A, D, G,
S7), and (3) they exhibit a range in calculated alpha dose from Raman
analysis transects (Figs. 2, 3, 4).

MC14s6 Z14 has a generally high FWHM rim and low FWHM core,
with narrow oscillatory zonation (Fig. 5B). PCFs6 Z13 exhibits a core
with heterogeneous FWHM values surrounded by a thick (~15 pm) rim
of low FWHM values (Fig. 5E). EA20-3A Z11 is characterized by oscil-
latory FWHM values mirroring the CL map pattern, alternating from
generally lower FWHM values in the core to higher FWHM values in the
rim (Fig. 5H). We also report a histogram of all map measurements
converted to alpha dose values.

We compare the 2-D map data with point analysis data from multi-
spot transects in two ways. First, the ensemble of alpha dose measure-
ments that comprise the 2-D maps for each of these grains overlaps and
exceeds the range of measurements from the transects for each grain
(Fig. 5C, F, I). Second, although we know these grains are zoned, we
compare the average alpha dose values for both methods. The average
alpha dose for MC14s6 Z14 is 5.63 x 10'7 a/g, PCFs6 Z13 is 2.31 x 107
o/g, and EA20-3A Z11 is 3.90 x 10%7 a/g (Fig. 5C, F, I). Average values
from maps are similar to the average of all of the point analyses for that
grain: MC14s6 Z14is 5.76 x 10'” a/g, PCFs6 Z13 is 2.04 x 107 a/g, and
EA20-3A Z11 is 3.13 x 10" a/g (also shown in Fig. 5C, F, and I for
reference; Fig. 2).

4.5. Zircon (U-Th)/He thermochronometry and date-eU patterns

We report (U-Th)/He data from three zircon grains from each sample
that represent relative low, moderate, and high visual metamictization
for the sample (n = 21 individual analyses; Tables 1, S7). The visual
metamictization grain selection approach yields an intrasample range in
eU concentration varying from 600 ppm to 2500 ppm internal spread
across all samples (Figs. 6, 7, Table 1). These data fall within and outside
the previously reported eU ranges for that sample (Figs. 6, 7; Table S3;
Ault et al.,, 2018; Armstrong et al., 2022). Importantly, across the
dataset, eU concentration generally increases with Z number (Fig. 6).
There is a mismatch between increasing Z number and eU values in three
samples (EA20-3A, A10-3, A12-8), but for samples EA20-3A and
A12-8 the Z number is off by only one or two places. None of the samples
show a clear trend between ZHe date and equivalent spherical radius, a
proxy for grain size (Fig. S8).

Most samples yield a > 15% standard deviation of the mean ZHe date
and we thus report the range of individual dates with their 2 s analytical
uncertainty (Table 1). Our new ZHe data define and fall along previously
reported ZHe date-eU trends for each sample (Fig. 7; Ault et al., 2018;
Armstrong et al., 2022). These patterns include negative (A10-42,
A10-3, MC14s6, A12-8), flat (PCFs6, MHS1), and positive (EA20-3A)
ZHe date-eU patterns. Our new dates from EA20-3A define the ‘plateau’
portion of the positive ZHe date-eU trend. Only one analysis deviates
from the patterns defined by new and published data (i.e., Z10 in
A12-8).

5. Discussion

5.1. Utility of visual metamictization grain selection approach to build
ZHe date-eU patterns

The spectrum of visual metamictization and eU captured in the
zircon grains in each sample in this study mirrors the range in visual
metamictization and eU observed in the same samples in past studies
(Figs. 6, S2; Ault et al., 2018; Armstrong et al., 2022). In most samples
re-evaluated here, eU concentration increases with increasing Z number
and thus intrasample visual metamictization (Fig. 6). This is because, for
zircon grains that experienced the same thermal history, different parent
isotope concentrations should accumulate variable radiation damage



E.M. Armstrong et al.

A1 6 R i e
) ® o =
14 4
3 /
2 12} 4
= ° /|
oo
o 10} 4
] ° ) /7 00
o
S 8 4
© / o
=
E4 @ / e
© (0]
o /
[\ o
c 4 7 e
b
) /
€ .IB ?
- 2 € -
o 8 oz

—_
oF

4 6 8 10 12 14
external alpha dose (x707% a/g)

Chemical Geology 648 (2024) 121949

w
-
- &l N
)
R

internal alpha dose (x70 a/g)
o
2

1 15 2
external alpha dose (x710¢ a/g)

© A10-42 O A12-8
© A10-3 @ MC14s6 @ MHS1

® range of internal

©® PCFs6 © EA20-3A average “>o | aioha dose

alpha dose

SR range of external alpha dose

Fig. 4. Average (large symbols) and individual (transparent small symbols) internal alpha dose values as a function of external alpha dose for all samples. Black box
on A denotes area of B. Cross hatch pattern in A indicates maximum possible alpha dose.

that is expressed as visual metamictization (Guenthner et al., 2013; Ault
et al., 2018). As was observed in prior work, ascending Z number does
not exactly correspond to increasing eU in some samples (Figs. 6, S2).
For example, in sample A10-3, Z2 has a higher eU concentration than
711 (Fig. 7B). We note that the eU difference between these two grains is
only 200 ppm, which is small compared to the range in eU across all
grains in that sample.

The Z number approach for grain selection is better suited than
normalized luminosity to build visual metamictization-eU relationships.
When selecting and ordering grains to assign Z numbers, the user can
assess and ignore the contribution of apparent opacity from grain relief
as well as avoid grains with cracks. These grain characteristics impact
normalized luminosity values. For example, using a crude calculation of
grain area, three of the seven samples have increasing normalized lu-
minosity with increasing grain area, suggesting relief influences
Photoshop-derived luminosity in some samples (Fig. S9). Normalized
luminosity does allow for direct comparison between samples, but
qualitative comparison of Z number between samples is possible. Even
though Z number and normalized luminosity generally track one
another for all samples (Fig. S5), and there is a weak relationship be-
tween luminosity and alpha dose (Fig. S6), we observe that Z number
shows a clearer relationship (i.e., slope) with alpha dose than normal-
ized luminosity. We thus prefer, emphasize, and use the Z number
approach to generate a range in visual metamictization and eU values,
but suggest that both techniques can be used for full sample
characterization.

By using the visual metamictization zircon selection approach for
ZHe analysis, our resulting ZHe dates overlap with and help further
define previously reported ZHe date-eU trends from the same samples
(Fig. 7; Ault et al., 2018; Armstrong et al., 2022). Specifically, our new
data align with negative (A10-42, MC14s6, A12-8, A10-3), flat (PCFs6,
MHS1), and positive (EA20-3A) ZHe date-eU relationships. Only one
ZHe analysis does not fall along the trend defined by prior and new
analyses; grain Z10 from sample A12-8 deviates from an overall nega-
tive ZHe date-eU trend (Fig. 7D), which may reflect the effects of eU
zoning on effective radiation damage and He diffusion (see Section 5.2).

Prior work leveraged these ZHe date-eU patterns in simple “forward”
thermal history models to place first-order constraints on the time-
temperature histories of these samples (Ault et al., 2018; Armstrong
et al., 2022), and we do not repeat that exercise here. Rather, we
emphasize that the similarity in intrasample visual metamictization, eU

10

range (up to 2500 ppm in this study), and ZHe date-eU patterns gener-
ated from two different analysts or two different grain selection sessions
(Figs. 7, S2), combined with successful application of the visual meta-
mictization approach to produce ZHe date-eU trends in other studies (e.
8., McDermott et al., 2019; Flowers et al., 2020; Machado et al., 2021;
Havranek and Flowers, 2022; Thurston et al., 2022), collectively support
that the visual metamictization should be applied to generate a range in
eU values and ZHe date-eU patterns useful for interpretating detailed
thermal histories.

5.2. Relationships between visual metamictization, effective radiation
damage, and zoning

We advance prior work and show that the application of the visual
metamictization zircon selection approach also yields a range in calcu-
lated alpha dose (i.e., effective radiation damage). We observe clear
positive relationships between Z number and alpha dose in some sam-
ples (MC14s6, PCFs6, and EA20-3A; Fig. 2). In other samples, the trend
between Z number and effective damage is not as strong (A12-8 and
MHS1) or unclear (A10-42 and A10-3) (Fig. 2). Although visual meta-
mictization tracks with eU and can be leveraged to build ZHe date-eU
trends, the strength of the relationship between Z number and calcu-
lated alpha dose varies from sample to sample in our study for several
reasons. First, visual metamictization, eU, and bulk ZHe dates are whole
grain qualities or analyses. In contrast, the Raman analyses that un-
derpin alpha dose calculations — whether multi-spot analyses along C-
axis transects or the ensemble of individual spots comprising a 2-D map
— are spatially isolated and site specific, and therefore impacted by eU
and damage zonation. Second, damage annealing is also not linear with
temperature and time. Finally, grain selection by visual metamictization
is both qualitative and subjective.

Grain characteristics that influence assigned Z number, reported
alpha dose, or both parameters, result in modest or unclear relationships
between these parameters. Assigning ascending Z numbers is difficult
when zircon crystals in a sample have similar levels of visual meta-
mictization. A limited gradient in visual metamictization can occur at
any damage level. Related, grains with similar metamictization in the
same sample may have similar calculated alpha dose. It was difficult to
assign Z numbers in samples MHS1 and A12-8 for these reasons. Grains
71-78 in sample MHS1 are characterized by low visual metamictization
and have overlapping calculated alpha dose values (Figs. 1, 2F). Crystals
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76-710 in A12-8 have similar moderate visual metamictization and
calculated alpha dose values (Figs. 1, 2D). In highly metamict zircon
grains, it is challenging to assign ascending Z number among opaque
crystals and the broad FWHM of the 1008 cm™! peak results in a
maximum permissible alpha dose that further skews the alpha dose-Z
number trend. For example, in A10-3, Z7-Z14 exhibit very high visual
metamictization (Fig. 1) and individual Raman analyses from almost all
grains have maximum alpha dose values (Fig. 2B). Similarly, Z10-Z13 in
sample A10-42 are opaque and most of the grains yield individual alpha

11

dose analyses that are assigned the maximum values (Figs. 1, 2A). Thus,
the natural characteristics of a given zircon grain population can impact
Z number-effective radiation damage trends.

In addition, most of our zircon grains are zoned with respect to eU
and effective radiation damage. Three-dimensional regions of different
eU concentration in a zircon grain produce corresponding zones of
variable effective radiation damage depending on the thermal history (e.
g., Guenthner et al., 2013; Danisik et al., 2017). Damage zonation is
visualized in our datasets in four complementary ways. First,
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study, only three grains per sample have eU measurements.

stereoscopic images in plane polarized light reveal intragrain variability Radiation damage zonation impacts visual metamictization-
in visual metamictization (e.g., Z3 in sample A10-3). Second, zoning calculated alpha dose trends. In part, this reflects the comparison be-
manifests as variable individual alpha dose values for each grain in tween a bulk assessment of damage (i.e., Z number) with multiple
Fig. 2, as well as divergent individual and average external and internal Raman point analyses from each grain. The relationship between these
calculated alpha dose values in Figs. 3 and 4 (i.e., scatter around the 1:1 parameters is most impacted when grains are characterized by a high
line). Third, zoning is observed in CL images (Figs. 5A, D, G, S7). Finally, magnitude of damage zonation (i.e., samples A10-42 and A10-3).
2-D Raman maps reveal that the three targeted grains are zoned (Fig. 5B, Zonation can cause scatter in samples characterized by overall positive
E, H). trends between visual metamictization and calculated alpha dose. For
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example, Z13 in sample PCFs6 is characterized by a core-rim relation-
ship, with a thick, CL-activated rim (Fig. 5D). This grain yields higher
internal alpha dose values than external alpha dose measurements
(Fig. 3E), consistent with the lower damage (i.e., lower FWHM) rim in
the 2-D Raman map (Fig. 5E). In contrast, Z14 in this sample has similar
internal and external calculated alpha dose values that plot near the 1:1
line (Fig. 3E) and subtle zoning in CL (Fig. S7). Sample MC14s6 Z14 has
oscillatory zoning in CL (Fig. 5A), oscillatory FWHM values in the 2-D
Raman map (Fig. 5B), and overlapping but scattered internal and
external alpha dose values (Fig. 2C). Grain Z11 in sample EA20-3A
exhibits oscillatory zoning in CL (Fig. 5G), oscillatory FWHM values in
the 2-D Raman map (Fig. 5H), and diverging internal and external alpha
dose values (Fig. 3G).

5.3. Relationships between effective radiation damage and visual
metamictization across ZHe date-eU patterns

Our collective results allow us to connect zircon visual metamicti-
zation and effective radiation damage across ZHe date-eU trends to
address outstanding questions from prior work (Ault et al., 2018; Moser
et al.,, 2021) and assess potential limitations of this grain selection
approach. Raman-calculated alpha dose increases with increasing Z
number in at least one sample per type of ZHe date-eU trend (Fig. 2).
Across similar ranges in intrasample eU produced by application of the
visual metamictization grain selection approach, the magnitude of
effective damage varies depending on the ZHe date-eU pattern reflecting
the influence of a sample’s thermal history on ZHe dates and accumu-
lated and annealed damage through time.

The samples characterized by negative ZHe date-eU trends (A10-42,
A10-3, MC14s6, A12-8) yield the overall highest calculated alpha dose
values compared to samples characterized by flat or positive ZHe date-
eU trends (Figs. 2, 4). This is not surprising given that zircon grains in
these samples have Proterozoic and Archean crystallization ages
(Table S1) and prior work suggests these samples spent sufficient time at
temperature (depth) conditions where radiation damage (visual meta-
mictization) can accumulate in grains as a function of eU (i.e., <225 °C;
Garver and Kamp, 2002; Ault et al., 2018; Ricketts et al., 2021). The
relationship between alpha dose and visual metamictization is most
pronounced in sample MC14s6 (Fig. 2C), which is characterized by a
demonstrable gradient in visual metamictization. In contrast, sample
A12-8 with its similar level of visual metamictization across most grains
exhibits a more limited increase in alpha dose (Fig. 2D). The relationship
between alpha dose and Z number is less clear in A10-42 and A10-3 due
to the preponderance of highly metamict and zoned grains (Figs. 1, 2, 3).

Sample EA20-3A, characterized by a positive ZHe date-eU trend, has
a more subtle and scattered relationship between visual metamictization
and Raman-calculated alpha dose than MC14s6 (Fig. 2G) for three rea-
sons. First, a subset of EA20-3A grains exhibit a similar level of visual
metamictization. Second, zircon grains in this sample are detrital and
likely have Phanerozoic crystallization ages, although Proterozoic
crystallization ages are possible (Ingersoll et al., 2013; Coffey et al.,
2019). These grains experienced moderate reheating during at least one
burial event resulting in He loss from the lowest eU grains to produce the
observed positive ZHe date-eU trend (Armstrong et al., 2022). Third,
EA20-3A grains have had less time for damage to accumulate compared
to samples with negative ZHe date-eU patterns (cf. Fig. 9 in Guenthner
et al.,, 2013). As a result, the overall magnitude of discoloration and
opacity in grains from EA20-3A is lower than that of A12-8 and MC14s6
(Figs. 1, S2) and the magnitude of damage is lower (Fig. 4). Grains in
sample EA20-3A still exhibit a range of visual metamictization despite
their relatively young age, indicating the utility of the visual metamic-
tization approach for samples beyond solely Precambrian grains.

Our new data demonstrate visual metamictization also reflects
effective radiation damage in Paleoproterozoic samples characterized
by uniform ZHe dates regardless of eU concentration. Prior studies
speculated that samples PCFs6 and MHS1 experienced a thermal history
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in which He was lost but radiation damage was not fully annealed,
preserving the visually metamict appearance of some grains even
though their ZHe dates are internally reproducible across a 2000 ppm
spread in eU values (Ault et al., 2018; Moser et al., 2021). Raman
spectroscopy data from PCFs6 and MHS]1 zircons reveal increasing alpha
dose with increasing Z number and eU (Figs. 2E, F, 6E, F), although
damage in PCFs6 increases more than MHS1 over the same range of Z
numbers. This not only adds support to our interpretation that visual
metamictization tracks effective radiation damage regardless of ZHe
date-eU trend, but also illustrates that the temperatures that He diffuses
and radiation damage anneals in zircon are not the same (see Section
5.4).

Parent isotope zonation influences ZHe date-eU-visual metamicti-
zation relationships in multiple ways. Regardless of ZHe date-eU trend
type, zonation introduces intrasample scatter in bulk ZHe dates owing to
inaccurate alpha ejection correction factors associated with assuming a
homogenous distribution of eU in standard (U-Th)/He date calculations
(Reiners et al., 2004; Hourigan et al., 2005; Orme et al., 2015; Bargnesi
et al., 2016). In addition, depending on the thermal history, spatially
heterogeneous effective radiation damage influences He diffusion
(Guenthner et al., 2013). For example, grain Z10 in sample A12-8 has
the highest eU (1217 ppm) of all aliquots for this sample and also de-
viates from the overall negative ZHe date-eU trend (Fig. 5D). The ZHe
date for this zircon is ~78 Ma, which is similar to the lower eU (642
ppm) grain Z3 with a ~ 75 Ma ZHe date. Although we do not have CL
imagery for Z10, in stereoscopic images it has a large, highly metamict
core and a thin, less metamict rim (Fig. 1). Z10 may have an anoma-
lously old ZHe date because the low damage rim is more retentive with
respect to He (Fig. 5D). We note that fluid inclusions or vacancies that
can trap He may also impact the ZHe date-eU-visual metamictization
relationship in this and other samples (Danisik et al., 2017). Zonation
effects are magnified in samples that experienced protracted thermal
histories (i.e., negative ZHe date-eU trends); these samples have higher
bulk damage (Fig. 2) and thus enhanced spatially variable damage
(Fig. 4).

5.4. Visual metamictization perspectives on damage annealing

Our results support preserved visual metamictization and measured
damage persist through high temperatures and when grains are char-
acterized by overall high damage. For example, samples PCFs6 and
MHS] experienced temperatures in excess of 600 °C prior to exhumation
to upper crustal conditions (Jacobson et al., 2007; Moser et al., 2021).
Persistent damage in these samples implies annealing requires higher
temperatures than predicted by annealing kinetics as they are parame-
terized in the original ZRDAAM (Guenthner et al., 2013) or in a newer
model implemented in Matlab (Guenthner, 2021) that uses the anneal-
ing kinetics of Ginster et al. (2019). ZRDAAM uses zircon fission track
annealing as a proxy for overall damage annealing (Yamada et al.,
2007). The Ginster et al. (2019) model is based on annealing experi-
ments that quantified bulk radiation damage with the 1008 cm ™! Raman
band, similar to our characterization study. This model reveals bulk
zircon damage requires higher temperatures to anneal than fission
tracks. In addition, annealing may be damage-level dependent and
highly damaged grains may never anneal (Ginster et al., 2019). Persis-
tent visual metamictization and measured alpha dose in high Z numbers
in samples like A10-42 and A10-3 support this.

At the same time, comparison of data from grains in different sam-
ples with the same eU content reveals that temperature-dependent
annealing of radiation damage may manifest in some reduction of vi-
sual metamictization (i.e., increase in grain transparency). For example,
zircon crystals from PCFs6 and MHS1 are not as visually metamict and
have lower alpha dose for a similar range in eU measured in A12-8
zircon grains (Figs. 1, 2, 6), despite A12-8 zircon crystallizing a mini-
mum of one hundred million years after MHS1 and PCFs6 (Table S1).
The PCFs6 and MHS1 thermal history either did not allow for as much
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damage accumulation or some damage did anneal, which decreased the
opacity of these zircon grains in comparison to A12-8. Additional work
characterizing color and opacity change in response to laboratory
annealing is required to evaluate these temperature-sensitive textural
changes.

6. Conclusion and application to future studies

In this study, we revisit zircon mineral separates from samples re-
ported in Ault et al. (2018) and Armstrong et al. (2022) to evaluate
relationships between visual metamictization (Z number), effective
damage calculated from Raman spectroscopy (alpha dose), and ZHe
dates. Different analysts or the same analyst in different sessions selected
zircon grains that encompass a similar range of visual metamictization
and yield a similar range in eU concentration for each of these samples.
New ZHe dates are consistent with previously reported ZHe date-eU
patterns.

Raman spectroscopy data and calculated alpha dose, a proxy for
effective radiation damage, reveal increasing visual metamictization
generally corresponds to increasing effective damage for each type of
date-eU trend. But the strength of this relationship varies from sample to
sample. A clear positive relationship between visual metamictization
and effective damage requires that grains within a sample exhibit
observable variability in visual metamictization. Limited spread in
metamictization in a given grain population and heterogeneous damage
zonation mute and complicate these patterns. In general, samples
characterized by a negative ZHe date-eU trend should yield the strongest
positive relationship between visual metamictization and effective
damage owing to their protracted thermal history that allows damage to
accumulate, unless grains are strongly influenced by zoning. In our
samples characterized by uniform ZHe dates regardless of eU value,
increasing visual metamictization also corresponds to increasing alpha
dose. Although these samples have Paleoproterozoic crystallization
ages, they experienced a thermal history that caused comparatively
recent complete He loss while preserving visual metamictization. This

1. User picks intrasample

radiation damage

effective radiation damage

2. Increasing visual metamictization
range of visual metamictization corresponds with increasing effective
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highlights that the temperature at which He diffuses but radiation
damage anneals and visual metamictization is reversed are not the same,
and that damage persists at higher temperatures than is currently
parameterized in damage-diffusivity models.

We suggest that the visual metamictization should be integrated into
existing workflows for selecting zircon grains for bulk ZHe thermo-
chronometry analysis (Fig. 8). We build on concepts presented by Garver
and Kamp (2002) as applied to fission track analyses and Ault et al.
(2018) as applied to ZHe thermochronometry, and show that purpose-
fully selecting grains that encompass the range of visual metamictization
can yield a range in eU and ZHe dates depending on the thermal history
the grains experienced. Our new work demonstrates that visual meta-
mictization tracks not only eU but also effective radiation damage. We
note that the available range of visual metamictization inherent in a
sample, user bias, and U-Th zonation may influence the spectrum of
grains that are selected, their assigned Z number, and the detailed re-
lationships between visual metamictization, ZHe date, and eU. In
addition, spatially heterogeneous U and Th concentrations, and thus
radiation damage, can be observed in stereoscope particularly in
moderately metamict grains, which can be leveraged or avoided when
selecting zircon crystals for analyses. Building an intrasample spread in
eU and effective damage is important for characterizing ZHe date-eU-
effective damage patterns. Practitioners can then leverage these re-
lationships in forward and inverse thermal history models to make more
robust tectonic, erosional, and geologic interpretations.
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