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ABSTRACT

Radiation damage of natural and synthetic zircon grains is evaluated by Raman spectroscopy to
understand annealing and stability of fission tracks. Analyses focus on a suite of 338 Paleozoic detrital
zircon grains from metamorphosed strata in the Hellenic forearc that were variably annealed by a
Miocene thermal event, as well as a suite of 97 synthetic zircon grains. The Raman wavenumber shift
of v; [SiO,] reveals that radiation damage and damage distribution in this suite mainly depends on
uranium concentration. In zircon with similar uranium concentration, the Raman wavenumber shift
allows for the determination of radiation damage in different crystals, which is a function of effec-
tive accumulation time. Nine detrital zircons grains with moderate radiation damage were stepwise
annealed at 1000 and 1400 °C, which resulted in progressive removal of radiation damage revealed
in an increase of v; [SiO,] peak positions. For a partly reset sample that was brought to temperatures
of ~350 °C in a geologic setting (Hellenic forearc), we use the Raman measurements and uranium
determination to estimate a Zircon Damage Discrimination Factor (Zzpp), which is our attempt to
estimate only radiation damage in single grains by accounting for affects of the uranium atom in the
Raman wavenumber. This discrimination allows for a separation of zircon fission track (ZFT) ages
of single ages based on grains that have a low track retention (high damage, fully reset grain), thus

refining the age determination of cooling in a rock that shows variable resetting.
Keywords: Geochronology, zircon fission track, radiation damage, uranium content, Raman

spectroscopy

INTRODUCTION

Radiation damage in zircon is manifested by a decrease in
crystallinity, the production of color, a decrease in density, an
increase in water, and volume expansion (Ewing et al. 2003
and references therein). Because zircon is so widely used in
geochronology, understanding the relationship of crystallinity to
radiation damage is very important, and in the case of fission track
dating, crystallinity or lack of crystallinity is inferred to be the
primary factor that affects track retention and annealing (Kasuya
and Naeser 1988). Therefore, radiation damage in zircon is central
to understanding the kinetics of track formation and stability, the
bounds of closure temperature, and the environmental conditions
of track fading or annealing at elevated temperatures.

For this work, we are primarily interested in how radiation
damage affects the material properties of zircon that we routinely
analyze using fission-track dating (Garver 2008). There are two
primary effects that are of concern. One is that radiation dam-
age increases the chemical reactivity of a zircon, and this affect
facilitates etching and track revelation in the lab: fission tracks
in damaged grains etch easily and quickly. The other is that ra-
diation damage changes the annealing and closure temperature
in zircon. Damaged grains are easily annealed when brought to
elevated temperatures (~200 °C and greater), and damaged grains
appear to have a lower closure temperature compared to grains
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with little or no damage (see Garver et al. 2005 and references
therein). As such, we measured radiation damage and crystallinity
in a zircon using Raman spectroscopy to aid our understanding
of fission tracks in zircon.

Trace concentrations of U*" and/or Th*" substitute for Zr*" in
natural zircons (ZrSiQ,), and the radioactive decay of U and Th
causes internal radiation damage in the crystal that increases with
accumulation time (e.g., Holland and Gottfried 1955; Ahrens
1965; Ahrens et al. 1967). Due to similarities in the ionic radius
of U*" and Th** (1.00-1.05 A) (Shannon 1976), these elements
replace Zr*" and occur in zircon with abundances typically rang-
ing from tens to thousands of parts per million (Speer 1980). The
emission of an a-particle during decay causes the displacement
of several hundred atoms, and the recoil of the radiogenic atom
(uranium and its prompt daughter isotopes) produces several
thousand atomic displacements within the lattice (e.g., Weber et
al. 1994; Farnan and Salje 2001; Fleischer 2003). Zircon grains
with higher U and Th (e.g., 1000 ppm) contain more radiation
damage than those with lower uranium (e.g., 200 ppm) given
a comparable effective accumulation time of radiation damage
(i.e., similar thermal history). Although this observation seems
intuitively obvious, the difference in radiation damage from
crystal to crystal in the same rock can have profound implica-
tions for the geochronologic systematics of that sample (i.c., see
discussion in Bernet and Garver 2005).

When a zircon grain is analyzed in the laboratory, one would
like to know the total amount of accumulated radiation damage
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in that crystal. Total radiation damage or the crystallinity of
zircon is a function of: (1) the presence of actinides (effectively
only uranium and thorium); (2) the time or duration of radioac-
tive disintegration; and (3) removal of damage or annealing at
elevated temperatures. The duration of disintegration (which
produces damage), and annealing (which removes damage)
can be complicated because annealing and partial annealing are
poorly understood. Whereas radioactive decay is continuous, the
annealing of the resulting damage is not, and it occurs at different
rates above ~150-200 °C. Therefore, the time-temperature his-
tory (or thermal history) is an important aspect of total radiation
damage in a particular crystal, and, unfortunately, this is almost
always incompletely known. For the sake of discussion, the two
opposite effects are integrated and referred to as the “effective
accumulation time,” which is defined as the time required to
produce the total radiation damage present in a crystal.

In this paper, we investigate the influence of uranium content
on radiation damage in single natural, synthetic, and in annealed
natural zircon grains. The amount of disorder caused by radia-
tion damage to the zircon lattice can be evaluated by Raman
spectroscopy by measuring changes in the frequency and width
(full-width half maximum, FWHM) of the SiO, vibrations (e.g.,
Nasdala et al. 1995, 1998, 2001, 2003; Wopenka et al. 1996;
Zhang et al. 2000a, 2000b; Balan et al. 2001; Geisler et al. 2001,
2003a,2003b, 2005; Hogdahl et al. 2001; Geisler 2002; Palenik et
al. 2003). Changes of the Raman vibrational frequency also have
been investigated using hafnium-doped synthetic zircon grains,
containing no uranium. Raman spectroscopic measurements of
synthetic and annealed natural radiation-damaged zircon grains
are used to define the range of Raman wavenumber frequency
corresponding to different degrees of radiation damage. A pri-
mary goal of this research is to better understand the effect of
radiation damage on the stability of fission tracks in zircon.

COMPOSITION OF ZIRCON AND RADIATION DAMAGE

Many minerals have a zircon structure (e.g., xenotime, thorite,
and coffinite), but only hathon (HfSiO,) and zircon (ZrSiO,) are
identical except for small differences in bond lengths and angles
(Speer and Cooper 1982). The ionic radius of Hf** (0.83 A) is
only slightly smaller than that of Zr* (0.84 A), and the unit-cell
dimensions of hafnon are correspondingly similar to those of
zircon. A compilation of published Hf* values in natural zircon
reveals a mean value of 1.71 wt% HfO,, with a range from
~0.6—7.0 wt% (Ahrens and Erlank 1969). Typical concentrations
of uranium and thorium in natural zircon grains fall between
5-4000 ppm for uranium and 2-2000 ppm for thorium (Speer
1980). Typical natural detrital zircon grains have a mean uranium
concentration of ~419 ppm, a mode of ~140 ppm, and an average
Th/U ratio of 0.5 (Garver and Kamp 2002).

Radiation damage in zircon accumulates in the crystal
structure over time through the radioactive decay of actinides.
This damage is crystalline disorder caused by the atomic inter-
action of decay products, and it results in several changes in
the crystal properties. With increasing radiation damage, these
changes include a decrease in density, increase in volume, in-
crease in internal disorder, and other important effects such as
the accumulation of color centers in the red series (see Garver
and Kamp 2002). Of particular significance are the actinides,
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principally U and Th, which decay through time, and thus are
the basis of radiometric dating of the host crystal. The decay of
these actinides results in radiation damage in the crystal, and
because healing (or annealing) is relatively slow, the damage
tends to accumulate with time provided that the crystal is held
at relatively low temperatures (<200 °C). Radiation damage is
a general term for several direct and indirect effects produced
by both o-particles and fission fragments. Considering the rela-
tive elemental abundances, relative decay rates, and the energy
released per decay, zircon grains are mainly affected by o-recoil
damage caused by the decay of the **U isotope (see Wagner and
Van Den Haute 1992). o-damage is driven by the ejection of a
helium atom and the recoil of the parent atom: the former is the
basis of the rapidly evolving helium dating, and the latter is what
causes most of the internal damage to the crystalline structure of
azircon (see Reiners 2005 and Nasdala et al. 2004, respectively).
Note that in the decay of a single atom of 2!U to 2°Pb, eight
helium atoms are ejected and eight separate recoil events occur
in the decay chain (see Ellsworth et al. 1994).

A key point is that over time, these recoil events cause consid-
erable damage to the crystal, and that damage changes the material
properties of the zircon. A typical zircon that spends hundreds of
millions of years in near-surface conditions, such as in a shallow-
buried sedimentary basin, accumulates this progressive radia-
tion damage (Garver and Kamp 2002). Most zircon grains with
typical uranium concentrations (100-500 ppm) receive enough
damage over tens to hundreds of millions years to become partly
disordered, or transitional between crystalline and metamict end-
members. A metamict zircon is characterized by total disorder, and
is generally defined a crystal that is amorphous (easily measured
using X-ray scattering; Ellsworth et al. 1994). To reach this state
of damage, a crystal must receive a critical amorphization dose
of radiation damage (Holland and Gottfried 1955; Ewing 1994).
There are several ways that this amorphization dose can be ex-
pressed, but the most widely used is the number of a-events per
mg of crystal. It is commonly assumed that a metamict zircon has
received an internal radiation dose of ~2.0 to 8.0 x 10" a-events/
mg (Chakoumakos et al. 1987; Woodhead et al. 1991; Ellsworth et
al. 1994; Weber et al. 1994). In other words, zircon can progress
through a continuum from being fully crystalline (no damage),
transitional (moderate damage), to metamict (full damage) (see
Garver and Kamp 2002). Most fission track (FT)-dated zircons
are transitional in this qualitative scale, and there is a wide range
of internal damage that we should expect in typical zircon suites.
Thus, materials properties commonly vary from grain to grain,
to a significant degree.

There appears to be a clear relationship between radiation
damage in zircon and Raman frequencies. A shift to higher-
frequency Raman wavenumbers and smaller FWHM of the
asymmetrical Si-O stretching bond due to structural recovery
of partially metamict zircons (Geisler et al. 2002) has been
observed after low-temperature hydrothermal conditions. The
Si concentration appears also to be inversely correlated with the
U concentration, which is remarkable because U is expected to
substitute Zr*" as U** only (Geisler et al. 2005). Heat treatment of
aradiation-damaged zircon may cause marked frequency increase
and only moderate FWHM decrease (Nasdala et al. 2003). Thus,
structural reconstitution of the zircon by these annealing processes
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may not cause the reestablishment of each original bond (Geisler
et al. 2001; Nasdala et al. 2002 and references therein).

EXPERIMENTAL METHODS

Actotal of 34 samples of detrital zircon from the Hellenic fore-arc ridge (Greece)
were irradiated with thermal neutrons to induce fission in **°U and subsequently
fission track ages were determined on individual grains (Marsellos et al. 2010).
During this analytical procedure, the uranium concentration of 338 detrital zircon
grains was determined for specific areas of prepared zircon grains (Wagner and Van
Den Haute 1992). For the FT analysis (and uranium determination), zircon grains
were mounted in Teflon, cut with silicon carbide abrasive, and polished (9 and 1
um diamond slurry). Only zircon grains cut parallel to the c-axis were chosen for
FT dating and subsequent Raman analysis.

Zircon grains do not always have a homogeneous distribution of uranium,
and they may have complex zoning. An important aspect of our analysis is that
because we have done neutron irradiation with an external detector, we have a map
of the uranium distribution for each single zircon grain. For Raman spectroscopy,
we analyzed the same area of the zircon that was analyzed during FT analysis.
This approach means that we analyzed grains with relatively uniform uranium
distribution because in FT analysis we tend to avoid grains with complex uranium
zonation, inclusions, and other irregularities. Therefore, when we investigated the
relationship between the broadening of FWHM, the wavenumbers of v, [SiO,] and
v; [SiO,] (Fig. 1), and the intensity ratio of v, [SiO,] and v; [SiO,], we are assured
that we have selected zircons with the least internal complexity.

Raman measurements were conducted with a high-resolution Jobin Yvon
LabRam 300 Raman using a solid-state laser at 632.817 nm with 20 mW of laser
power. The scattered Raman light was collected in 180° backscattering geometry
and dispersed by a grating of 1800 grooves/mm. The slit width was 100 um and
the spectral resolution ~2.2 cm™. A 100x objective and a confocal hole of 400 um
were used for all measurements, yielding an axial (depth) resolution of 2 pm or
less [using the “separation between spectra” criterion by Tabaksblat et al. (1992)],
and the beam diameter was ~2 um.

For the annealing experiment, nine natural zircon grains with uranium con-
centration ranging from 10-1000 ppm were analyzed by Raman spectroscopy
before and after stepwise heating at one atmosphere in air at 1000 and 1400 °C in
pyrophyllite capsules. Before and after the first annealing (at 1000 °C for 96 h),
an average was calculated for the Raman parameters from three separate spectral
acquisitions. After the second annealing (1400 °C for 24 h), an average was cal-
culated from five Raman measurements. Zircon grains were photographed before
and after annealing using a digital camera to map the areas measured by Raman.
Finally, a suite of 57 synthetic zircon grains containing no uranium (and therefore
no radiation damage) were examined once using Raman spectroscopy, and these
grains provide a reference for zero radiation damage in a zircon.

v, [SiO,]

FWHM
(Full Width
Half Maximum)

v, [SIO]

Intensity (arbitrary units)

Unannealed

960 970 980 990 1000 1010
-1
Raman wavenumber (Acm™)

1020 1030

FIGURE 1. Raman spectra from a single zircon from a quartzite
from Peloponnese (Greece) measured before and after two successive
annealing steps (1000 and 1400 °C).
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RESULTS AND DISCUSSION
Annealing experiments

It is necessary to define a high-damage end-member zircon
from the literature, before the results from the present work can
be discussed. Nearly metamict zircon grains with 1300-3100
ppm uranium show a very low frequency of ~995 Acm™ in the
V; [SiO,] band (Nasdala et al. 2004). For example, a very high-
uranium zircon with 5600 ppm uranium from Sri Lanka shows a
v; [Si0,] frequency of 1007.7 Acm™ after annealing, and before
annealing it had an undetectable v, [SiO,] frequency (i.e., well
below 995 Acm™). Thus, this particular grain shows a “Raman
annealing range” of at least 12 cm™, and the full extent of the
possible range of radiation damage is estimated from the two
boundaries defined by the metamict and the annealed condition
of this specific high-uranium zircon from Sri Lanka (Fig. 2). In
contrast, low- to medium-uranium zircon grains in this study
show a much narrower range of wavenumbers of the v; [SiO,]
values than high-uranium zircons.

Our annealing experiment shows that full annealing (1400
°C for 24 h) returns the measured frequency of v; and v, [SiO,]
to Raman wavenumber values of undamaged crystalline zircon.
Naturally the medium- and high-uranium zircon grains have a
larger change in the absolute Raman wavenumber of the v; [SiO,]
frequency (Fig. 2), because they had more internal damage. Re-
gardless of the total amount of radiation damage, low-uranium
zircon grains with less than ~200 ppm show only small changes
in Raman wavenumber.

We note the aberrant behavior of one low-uranium zircon
(with ~128 ppm U). This grain shows a reversal to a smaller
wavenumber after the second annealing at 1400 °C. After an-
nealing at 1400 °C, this grain and two other low-uranium grains
show values at or below the analytic boundaries of our measure-
ments for synthetic uranium-free zircon grains. One effect might
be that low-uranium zircon grains have a slower annealing rate
because they are already close to the structure of undamaged
zircon grains, and it might be more difficult to anneal such small
damage. Another effect might be that in low-U zircon grains the
compositional effect dominates and it is responsible for causing
a shift in the Raman wavenumbers.

Radiation damage tends to accumulate more in high-uranium
zircon grains due to abundant decay, and thus the annealing range
revealed by the Raman measurements is naturally wider than in
low-uranium zircon grains. This expectation is confirmed by
our measurements. The wavenumber range for synthetic zircon
grains with no uranium and no radiation damage (or natural
zircon grains annealed sufficiently to remove all damage) is
here referred to as “undamaged zircon” and the zircon grains
corresponding to this frequency range as “end-member crystal-
line zircon.”

For individual zircon grains that show distinct zoning, Raman
spectroscopy reveals that the bright, more optically absorptive
areas in the generally clear zircon grains show an increased
intensity of the v, [SiO,] symmetric stretching relative to the v;
[Si0,] antisymmetric stretching. The ratio of vs/v, [SiO,] Raman
intensities decreases toward the bright areas, while the opposite
effect occurs in the dark areas. The uranium concentrations
determined by neutron irradiation, show that the bright areas
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FIGURE 2. Raman measurements made on the same grains before annealing, and then after annealing at 1000 °C (96 h) and 1400 °C (24 h). The
experiments indicate that high-uranium zircon grains show a larger shift to higher wavenumbers compared to low-uranium zircon. The difference
of the minimum Raman wavenumber (higher radiation damage) and the maximum Raman wavenumber (annealed zircon grains with no radiation
damage) of similar-uranium-zircon grains can be defined as the annealing range (Diff AR,) of the radiation damage of zircon grains with similar
uranium content and similar thermal history. During progressive annealing, the Raman spectra of all grains move toward the region of the uranium-
free synthetic zircon grains that have no radiation damage (the undamaged end-member zircon).

have lower uranium concentration (~50—150 ppm), while areas
of higher uranium concentration correspond to the darker areas
(~300—400 ppm) in those zoned zircon grains. Raman mea-
surements made on the same grains before and after annealing
indicate that, after annealing, high-uranium grains (or zones if
present) have dramatically increased Raman wavenumber values
compared to low-uranium zircon grains (or zones).

Uranium and hafnium content

Halfnium in zircon affects the Raman wavenumber. Increas-
ing hafnium concentration in our hafnium-doped synthetic zircon
results in the position of (vs, v,) bands to higher vibrational fre-
quencies and higher FWHM values (Marsellos 2008), which is
consistent with the observations of Hoskin and Rodgers (1996).
Hafnium is a common element in zircon that mostly ranges from
1-5 wt%. The Raman frequency (v;) of hafnon is located at 1018
Acm™', and so increasing the hafnium content of zircon results
in a Raman wavenumber shift toward a higher frequency, while
uranium content of zircon results in an opposite shift (lower fre-
quency). However, the broadening of the FWHM is insignificant
with increasing hafnium (Marsellos 2008), while the FWHM

broadens dramatically by increasing uranium concentration in
zircon (discussed below).

Recall that grains with increasing radiation damage are
identified by a Raman wavenumber shift to lower values. Raman
measurements on zircon grains analyzed shows that radiation
damage dominates this compositional effect in medium or higher
uranium zircons. By contrast, in low-uranium zircons with short
effective accumulation times, radiation damage is insignificant
and compositional effects are more prominent. Finally, we note
here that in low-uranium zircon grains with long effective ac-
cumulation times, radiation damage does become significant and
the compositional effects may not be the prime factor for Raman
wavenumber shifting.

The replacement of zirconium by hafhium shifts the fre-
quency of v; [SiO,] to higher wavenumbers but the accompany-
ing change in the frequency of v, is insignificant. In contrast,
increased uranium in the zircon tends to shift both v, and v;
[SiO,] frequencies to lower number and wider FWHM. The
57 hafnium- and uranium-free synthetic zircon grains with
no radiation damage have an average v, [SiO,] frequency of
1007.7 £ 0.3 Acm™' (Table 1), which is significantly lower than
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the average frequency of the 40 synthetic hafnium-doped zircon
grains. The synthetic zircon grains show an increase in FWHM
(v;) (Marsellos 2008) with increasing hafnium concentration.
Similar trends can be observed for the v, [SiO,] frequency, as
well as for the FWHM of the v, [SiO,] frequency.

The Raman wavenumber from 67 zircon grains from the
literature (Geisler et al. 2003; Nasdala et al. 2004, 2005) and
the 435 zircon grains measured in this study covering a range
from low to very high uranium concentration, show that there
is a very good correlation for the position of the v; [SiO,] band
(Fig. 3a), and for the FWHM of the v; band (Fig. 3d). This result

TABLE 1.
hafnium content
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shows that an estimate of the uranium content of zircon can be
obtained from the FWHM or the frequency of the v; [SiO,4] band.
The v, [SiO,] Raman frequency shows also a good correlation
to uranium content (Marsellos 2008).

IMPLICATIONS

Our experiments show that annealing at high temperatures
restores radiation-damaged zircon to undamaged, end-member
crystalline zircon. Raman measurements on the same grains
before and after annealing indicate that after annealing at 1000
°C (for 96 h), high-uranium grains show a greater shift to higher

Raman wavenumber frequencies of v, and v; [SiO,] bands and their FWHM for the uranium-free synthetic zircons, with and without

Synthetic zircon grainst ~ Hf (%wt) U (%wt) Freg.of v;  St.dev.*ofv; FWHM%of v; St.dev.*ofv; Freq.ofv, St.dev.*ofv, FWHM#ofv, St.dev.*ofv,
[SiO,] (Acm™) [SiO,] [SiO,] (cm™) FWHM  [SiO,] (Acm™) [SiO,] [SiO,] (cm™) FWHM
57 0 0 1007.7 0.19 2.5 0.27 974.2 0.16 2.2 0.12
5 0.8 0 1007.7 0.15 2.6 0.08 974.2 0.16 2.1 0.18
5 1.6 0 1007.8 0.40 2.6 0.13 974.2 0.26 2.1 0.06
15 3.2 0 1008.0 0.24 2.7 0.07 974.2 0.16 22 0.16
15 >3.2 0 1008.2 0.26 2.9 0.14 974.5 0.26 2.3 0.19
* St. dev. stands for standard deviation.
T Synthetic zircons have no radiation damage.
F FWHM values have been corrected according to Tanabe and Hiraishi (1980).
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FIGURE 3. (a) Correlation between uranium content in zircon and the Raman wavenumber of the v; [SiO,] band frequency. (b) Diff AR,
Annealing range of radiation damage in zircon grains from a quartzite on Peloponnese. The zircon grains have Paleozoic crystallization ages and
they were affected by a Miocene thermal event: all were then annealed in the laboratory. The figure shows how uranium concentration affects the
annealing range of the radiation damage in zircon with similar thermal history. The Raman wavenumber decreases with uranium concentration,
reflecting the degree of saturation of the zircon by accumulated radiation damage (the proportion of the distorted to undistorted crystallinity in
zircon). (¢) Correlation between the full-width half maximum (FWHM) of the v; [Si0,] and the frequency v; [SiO,] of individual natural zircons.
(d) Correlation between the FWHM of the v; [SiO,] plotted and the uranium content of individual natural zircon grains.
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Raman wavenumbers compared to low-uranium zircon grains
(Fig. 2). Further annealing at higher temperatures (1400 °C for
24 h) also shows that the previously annealed high-uranium
grains show a larger shift to higher wavenumbers than the low-
uranium zircon grains. In both cases, this change is toward the
wavenumber range of undamaged end-member zircon (Fig. 2).

A key finding of this research is that zircon grains with a low
to medium amount of uranium accumulate measureable radia-
tion damage in proportion to the U-content. This finding is not
surprising given what we know about the relationship between
uranium and the damage that it causes by a-decay. High-uranium
zircon will accumulate more radiation damage than low-uranium
zircon in a given effective accumulation time. Therefore, the
high-uranium zircon shows a wider wavenumber change after full
annealing. This finding stands to reason because more uranium
translates to a greater number of decay events. Raman spec-
troscopy measures the total radiation damage within a limited
area/volume excited by the laser. An analytical problem arises
when radiation damage is low in zircon grains of low-uranium
content with short effective accumulation times. In these cases,
the compositional effects—of uranium substitution in the crystal
lattice—are most important in defining the Raman wavenumber
of a particular grain. In zircon grains with low-uranium content
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but long effective accumulation times, however, the radiation
damage is significant and thus compositional effects may not be
the prime factor of shifts in the Raman wavenumber.

The measured Raman parameters in our sample suite are
correlated well with the uranium content of these zircon grains
(Figs. 3a and 3d). Zircon grains of similar uranium content
provide similar Raman spectral wavenumbers. The difference
of the minimum Raman wavenumber (higher radiation damage)
and the maximum Raman wavenumber (annealed zircon grains
with no radiation damage) of similar uranium zircon grains
(Fig. 3a) can be defined as the annealing range (Diff ARy) of the
radiation damage of zircon grains with similar uranium content
and similar thermal history (Fig. 3b). In grains with a narrow
range in uranium, we find that radiation damage is the main
component that contributes to the Raman wavenumber shift in
this range of Diff ARy.

One key to understanding radiation damage may involve the
different scales of development from the local intense radiation
damage near a U or Th atom (atom-proximal) compared to the
radiation damage density in the Raman measured volume and the
entire zircon grain (Fig. 4). Overall radiation damage in a grain
can be envisioned as “radiation damage density” in the zircon.
In two zircon grains of similar crystallization age and thermal
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history, the typical radiation damage density of a low-U,Th zircon
is small compared to a grain with high U,Th concentration (Fig.
4). Another way to think of this is that a low-U,Th grain has a
smaller number of decay events per unit volume compared to a
high-U,Th grain over the same elapsed time. As such, low-U,Th
zircons must be less affected by radiation over the same time
interval, and in a low-uranium zircon, radiation damage varies
from locally very high (Fig. 4) near a uranium domain (atom-
proximal) to very low away from decayed U,Th sites [e.g., cf.
Figs. 5b and 5c in Ewing et al. (2003)]. The radiation damage
that Raman spectroscopy is able to detect is the radiation damage
from a relatively large volume of the zircon (partly because it is a
function of irradiation volume of the laser), and therefore in low-
uranium zircon grains, the radiation damage is low regardless of
the strong damage around the local uranium atom sites.

Over time, the radiation damage in a uranium-bearing zircon
must increase provided the ambient temperature is below the
threshold for thermal annealing. This temperature range is not
well studied in geological samples [for a discussion of this in
the context of the ZFT system, see Garver and Kamp (2002) and
Garver et al. (2005)]. In very high-uranium zircon grains, the
radiation damage implied by v; [SiO,] frequency is revealed in
the very broad range of Raman wavenumbers. This increasing
annealing range corresponding to an increase in uranium content
implies that there is more damage in higher uranium zircon grains
(Figs. 3a and 3b). The radiation damage range is constrained by
Raman wavenumber frequencies of amorphous zircon grains
(the smallest wavenumber of v; or/and v, [SiO,] frequencies
that can still reveal a [SiO,] signal from the zircon) and end-
member undamaged zircon. An extremely long accumulation
time would be required for a low-uranium zircon to approach
the same amount of radiation damage as a high-uranium zircon,
for both to show equal radiation damage as measured by Raman
spectroscopy. Therefore, time is the key distinguishing variable
for the amount of radiation damage in zircon grains having the
same uranium concentration. As such, radiation damage that can
be revealed by Raman measurements may provide a new way
to measure cooling ages (Fig. 5) in suites of zircon grains with
a wide spectrum of radiation damage.

In a suite of nearly homogeneous zircon grains from volcanic
rocks (i.e., quick-cooled and with generally a narrow range of
composition), radiation damage from grain to grain is relatively
uniform. In this case, we note that all zircon grains have a very
good correlation between Raman wavenumber and radiation
damage. To examine this relationship, we looked at zircon from
the Oligocene Fish Canyon Tuff, a widely used standard in zircon
fission track dating (see Garver 2003). However, the situation
we present in this paper is one where detrital zircon grains have
fully annealed fission tracks but very different degrees of radia-
tion damage because grains had dramatically different histories
prior to deposition. Therefore, although the grains have a similar
post-depositional history, the annealing of a-damage was highly
variable. Pidgeon et al. (1998) suggested the potential for using
Raman spectroscopy for determining structural damage ages in
zircon. They suggested that for spots analyzed with Sensitive
High-Resolution Ton MicroProbe (SHRIMP) that discordance
should be compared with degree of radiation damage, which
should provide information on the conditions and timing of an-
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nealing of damage (Pidgeon et al. 1998). Here, we discuss a pos-
sible relationship between Raman wavenumber measurements
of'v; [Si0,] and uranium content of individual zircon grains that
may shed light on determining the radiation damage age of zircon
and how this is useful and relevant for FT dating.

Regardless of the uranium content and crystallization age,
the Raman wavenumber and FWHM variation appears to be a
useful measure of radiation damage in zircon. It is also known
that radiation damage dramatically affects the annealing char-
acteristics of fission tracks (Kasuya and Naeser 1988). Finally,
we note that studies of samples from orogenic belts show that
heated detrital zircon grains show a wide variation in ages
from a single sample that can be ascribed to annealing kinetics
that vary from grain to grain. This grain-to-grain difference in
annealing appears to be affected by total internal damage in a
zircon (see Brandon et al. 1998; Garver et al. 2005), but there
remains some question if there is a compositional effect. None-
theless, there are a few basic observations that are important to
understanding this system. Zircon grains with low damage are
more resistant to annealing and have a higher effective closure
temperature compared to those with high damage (see Rahn et
al. 2004; Garver et al. 2005). One hope is that the range of v;
and FWHM values may be used as a proxy for radiation damage
and therefore in discriminating high- from low-retentive zircon
grains. So, we are interested in using Raman measurements to
measure radiation damage, but to do this we must first remove
the effect of uranium on the Raman signal.

A mathematical approach to quantifying radiation damage is
attempted using Raman measurements. To eliminate the contri-
bution of uranium to get a sense of radiation damage alone, we
begin with the logarithmic value of uranium content in ppm (log
U). Squaring the difference between the Raman wavenumber
v; and the maximum possible value in undamaged zircon [d*=
(vs—1008.5)?] allows for a separation of high- to low-retentive
zircon grains. This approach stems from the fact that values
above 1007.5 Acm™! approach the end-member non-radiation-
damaged zircon grains.
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FIGURE 5. Low-uranium zircon needs a long time to accumulate
the same amount of damage compared to high-uranium zircon. Time is
what distinguishes zircon grains of the same uranium concentration with
different radiation damage.



MARSELLOS AND GARVER: RADIATION DAMAGE AND URANIUM CONCENTRATION IN ZIRCON

Each grain measured by Raman spectroscopy has several
properties, including the position and FWHM of v;, uranium
content, and FT age of the most recent thermal event, which may
be primary factors in determining radiation damage. Because ra-
diation damage is described primarily by FWHM and v; position
and because the effect of uranium needs a first approximation at
the discrimination of high-retentive zircon grains (of minimum
radiation damage) from low-retentive zircon grains (of maximum
radiation damage), then a proxy for radiation damage could be
defined by the following formula

Zrop = logU-FWHM-(1008.5 — v;)*. €))

This approach is used on annealed and partly annealed
grains analyzed in this study (Fig. 6). The relationship between
zircon fission-track grain age (ZFTGA) and radiation damage
discrimination (Zgpp) shows that the grains in our test case fall
in three relatively distinct regions (fields A, B, and C). Field A
represents fully annealed zircons that have less radiation damage
and young fission tracks and no old fission tracks since crystal-
lization. Field B represents the zircons that have more radiation
damage and no old fission tracks and therefore this field is fully
reset and likely low-retentive zircon. Intuitively it is not clear
why any zircon grain would fall into field C considering T
these rocks experienced (ca. 350 °C, see discussion on Theye et
al. 1992). Field C represents zircon grains that have substantial
radiation damage and many old unannealed or partially annealed
fission tracks. One possibility for this field (field C) is that
these grains had extreme damage and very high track densities
prior to annealing and recovery was not possible for oi-damage
nor fission damage given the maximum temperatures the rock
experienced. Our preliminary U/Pb ages on these grains show
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that they have Precambrian crystallization ages (Marsellos and
Garver, unpublished manuscript). Another possibility is that
these grains have some other factor, such as crystal chemistry,
that hinders annealing.

Of interest in this data set are those grains that have had fis-
sion tracks annealed, and these appear to fall into two groups:
one with high radiation damage and young FT ages (field B), and
one with low radiation damage and young FT ages (field A). An
important question is whether these data change our approach
to determining a ZFT age for such a sample. Traditional ZFT
analysis of this sample results in an over-dispersed grain-age
distribution, which means that despite heating and annealing
of almost all zircon grains, the age distribution falls outside a
normal Gaussian distribution. We know that the over-dispersion
is quite common in heated detrital zircon grains and the wide
range in grain ages is typically interpreted to reflect heteroge-
neity of track annealing due to radiation damage as discussed
above. Nonetheless, a standard approach is to apply a binomial
peak-fitting technique to isolate the young population of grain
ages (see Brandon 1996), and in this case the approach yields a
young ZFT age of 9.2 + 1.5 Ma. However, we are curious if the
radiation damage discrimination can isolate a retentive popula-
tion and a less retentive population of reset zircon grains. If so,
these young ages may have geological significance and they may
allow refinement of the young reset age.

‘We suspect that the high-damage reset (HDR) grains (field B)
define the single best estimate of final closure of the ZFT system
for this sample. The HDR grains form a single component age
of 7.0 + 1.4 Ma, compared to the young population 0f 9.2 + 1.5
Ma derived from traditional binomial peak fitting of all grains.
It is interesting to note that these grains tend to have the lowest
concentrations of thorium as revealed in our U/Pb analyses of
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White diamonds are zircon grains from a fully reset sample and the black diamonds are zircon grains from a partially to fully reset sample.
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single grains. Grains that fall in field A are low-damage reset
(LDR) grains that clearly are over-dispersed, meaning they fall
outside a normal Gaussian distribution for a single population.
In this case, they are more difficult to interpret with confidence.
Of all the grains in this data set, those in field A have the lowest
uranium concentration. We suspect that these LDR grains are a
mixture of high- and low-retentive zircon grains and applying
traditional binomial peak-fitting statistics on this group yields
two component populations: one (P1) at 7.5 = 2.6 Ma and one
(P2) at 36.1 =£7.2 Ma. Therefore, a component age based on these
LDR grains (field A) has less geological significance, because
it contains some zircons that are not fully reset or partly reset.
Population P2 from the LDR grains is likely meaningless as it is
comprised mainly of grains that are partly reset. Finally we note
that un-reset grains with variable but generally high radiation
damage (field C) have ZFT ages (ca. 90—160 Ma) that are, essen-
tially, meaningless (single population at 116 + 11 Ma). We cannot
rule out partial annealing of these grains, and therefore at best
they only provide a minimum age of cooling of the source terrain
that supplied sediments to the basin (i.e., here, mid-Cretaceous or
older). As we suggest above, it is possible that these grains had
too much damage to anneal during the relatively brief residence
of these rocks at depths with elevated temperatures. In fact, our
preliminary U/Pb analysis shows that this population (field C)
is comprised exclusively of Precambrian grains.

Therefore, we are encouraged that the separation of low-reten-
tive zircons using the Zircon Radiation Damage Discrimination
factor (Zrpp) provides a new tool that allows refinement of the
cooling ages of overdispersed samples that show characteristics
of heterogeneous annealing. Zypp, is the first non-statistical ap-
proach (based on mineralogical properties) that may be used to
isolate non-retentive FT-dated zircon grains. The Zgpp cooling
age of 7.0 + 1.4 Ma provides new insight into the tectonother-
mal evolution of the phyllite-quartzite-rocks (PQ unit) from the
Hellenic forearc (Seidel et al. 1982; Theye et al. 1991, 1992;
Gerolymatos 1994). While this result is intriguing, we note that
the data are limited, and this problem warrants further study.

CONCLUDING REMARKS

An important finding of our work is that the Raman wave-
number in zircon is a function of uranium concentration, which
is consistent with previous studies (Wopenka et al. 1996; Geisler
et al. 2005). Uranium content and other compositional effects,
crystallization age, and the radiation damage contribute to the
Raman wavenumber shift and FWHM values. After time, radia-
tion damage becomes the main component, because it affects the
crystal structure that Raman spectroscopy measures.

Our findings resulted from our analytical approach that paired
fission-track dating and Raman analysis of individual FT-dated
grains. Because our ultimate goal is to understand radiation dam-
age and how it affects annealing and track retention in zircon,
we find that we are in need of synthetic uranium-doped zircon
with no radiation damage. These synthetic zircons would allow
a better understanding of the relationship between uranium and
Raman wavenumber.

Our annealing experiments show that radiation damage is
removed progressively and that annealed grains have better
internal ordering. It is clear that a-particle damage affects the
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thermal stability of fission tracks, therefore it is a key property
that needs to be understood in studies of fission-track retention
in zircon (i.e., Kasuya and Naeser 1988; Carter 1990; Rahn et
al. 2004; Tagami 2005). But what remains to be done are ex-
periments that relate the annealing of fission tracks to radiation
damage as measured by Raman spectroscopy.
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