
et al. 2017; Yang et al. 2022). For example, Allen and
Campbell (2012) reported obvious 206Pb/238U age differ-
ences measured by laser ablation-inductively coupled
plasma mass spectrometry (LA-ICPMS) and isotope dilu-
tion-thermal ionization mass spectroscopy (ID-TIMS) due
to: (1) the differences in radiation damage between the
unknown samples and standard zircon crystals; and (2)
heterogeneity of U at different length scales (i.e., laser spot
size and depth of crater vs digestion of a whole zircon grain
by ID-TIMS which average out the whole crystal) of the
zircon. Wiemer et al. (2017) showed that Pb migration is
likely to occur in zircon domains with high degrees of
radiation damage due to the increase in cracks and fractures
which facilitate grain-boundary diffusion, which results in
discordance and poor accuracy in LA-ICPMS U�Pb
geochronology. In contrast, Pb rarely diffuses in areas with
low degrees of radiation damage (i.e., very sluggish vol-
ume diffusion; Cherniak and Watson 2001), and the
accuracy is much higher. Moreover, the accuracy of in-situ

oxygen isotope analyses in zircon by secondary ion mass
spectrometry (SIMS) is also affected by the matrix effect
caused by radiation damage (Gao et al. 2014; Wang et al.
2014) because of the difference in structure between zircon
standards which are often ��gem quality�� and the natural
sample being analyzed. A recent study demonstrates that
different radiation damage in zircon crystals can result in
selective melting and apparent disequilibrium in Lu�Hf
isotopes in granitic zircon (Gao et al. 2021). Therefore,
quanti�cation of radiation damage in zircon will not only
increase our understanding of the physical and chemical
properties of zircon but will also help to estimate its
in�uence on geochemical analyses and its behavior during
geological processes.

Raman spectroscopy has been demonstrated to be the
most accessible and reliable method to quantify the degree
of radiation damage in zircon (e.g., Dawson et al. 1971;
Wopenka et al. 1996; Zhang et al. 2000; Nasdala et al.
2001, 2003; Palenik et al. 2003; Pidgeon et al. 2014; Va·czi
and Nasdala 2017). Generally speaking, all of the main
Raman bands decrease in intensity and increase in width
and shift towards lower wavenumbers with increasing
radiation damage (Zhang et al. 2000; Nasdala et al.
2001, 2003; Palenik et al. 2003; Pidgeon et al. 2014; Va·czi
and Nasdala 2017; Anderson et al. 2020; Ha¤rtel et al.
2021a). Nasdala et al. (2001) �tted the full width at half
maximum (FWHM) of the Raman spectrum with calcu-
lated a-dose data and obtained a rough reference line.
However, this line can only apply to zircon grains with low
amounts of radiation damage. Palenik et al. (2003) pro-
posed an equation that could be used for zircon with dif-
ferent degrees of radiation damage based on a model
according to Weber (1990). An obvious �aw of Palenik
et al. (2003) is that they assumed an FWHM of zero for

perfectly crystallized zircon without any radiation damage,
which is physically impossible. Va·czi and Nasdala (2017)
modi�ed the equation in Palenik et al. (2003) by intro-
ducing the FWHM at zero doses. Nevertheless, their �tting
is mainly based on the annealing-corrected data of Palenik
et al. (2003), which did not include undamaged zircon
grains, and the number of low radiation-damaged zircon
grains in that study is small. In addition, the effect of trace
elements on the Raman spectra of zircon has not been
evaluated. In this study, we analyzed zircon crystals with
very young ages, synthetic pure undoped and selected
HREE and P doped zircon crystals, and a series of well-
characterized reference zircon samples to re�ne the equa-
tion to make it more geologically useful. The recent work
of Anderson et al. (2020) and Ha¤rtel et al. (2021a) found
that there are some correlations between the other char-
acteristic Raman peaks (not only the characteristic band at
1008 cm-1 but also the bands at 439 cm-1 and 357 cm-1)
and radiation damage. Thus, we also tested other parame-
ters in the Raman spectra to check whether they can be
used to better quantify radiation damage. In addition, we
applied our new equation to estimate the age at which time
zircon begins to accumulate radiation damage, which is
known as the ��radiation damage age�� that has potential
applications in low-temperature thermochronology (Pid-
geon 2014; Ha¤rtel et al. 2021a).

2 Sample description

In this study, we studied 16 samples (Table 1), including
four synthetic zircon samples, two young zircon samples
(Mingxi, Penglai), a series of reference zircon samples
including 91500, ZG5 (Mud Tank), Temora, GJ-1, Ples�o-
vice, SA01, FC-1, one Neoproterozoic zircon, 04YC05,
and two Archean zircon samples, 04YC04 and 04YC10.

Three synthetic zircon samples, Batches 357, 255B, and
256, were synthesized in the experimental geochemistry
laboratory at Memorial University of Newfoundland, in St.
John�s, Newfoundland, Canada. Zircon 357 is undoped.
Zircon 256 is doped with 0.016 mol% Gd3?, Dy3?, Er3?,
Yb3?, Y3?and 0.08 mol% P5?, and 255B is doped with
0.032 mol% Gd3?, Dy3?, Er3?, Yb3?, Y3? and 0.16 mol%
P5?. Details regarding the synthesis and properties of these
materials can be found in Hanchar et al. (2001) and Mar-
illo-Sialer et al. (2016). Another synthetic zircon (Syn-Zrn)
was synthesized by Xiaoming Liu at Northwest University,
Xi�an, China, following the method of Hanchar et al.
(2001).

Mingxi is a mega crystal from the Cenozoic basalt in
Mingxi, Fujian Province in South China, with an age of
1.2 ± 0.1 Ma (Yu 2012). And 40Ar/39Ar dating of one
olivine tholeiite, one alkali olivine basalt, and two
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16.4 9 103. The Raman shifts of these two pure undoped
synthetic zircons are close to 1008.0 cm-1. In contrast, the
two REE and P-doped synthetic zircon samples Batches
255B and 256, have much larger FWHM values and more
obvious peak shifts of the m3 SiO4ð Þ band (Table S2).

The two young zircon samples, Mingxi and Penglai,
have similar FWHMs of 2.1�2.2 cm-1 with Raman shifts
of 1007.9�1008.1 cm-1, amplitudes of (0.6�5.6) 9 103

and peak areas of (1.6�18.8) 9 103. Mingxi has homoge-
neous U and Th concentrations, 14�15 ppm and 6�7 ppm,
respectively. Penglai has slightly higher and heterogeneous
U and Th concentrations, 26�47 ppm and 12�22 ppm,
respectively.

The FWHMs of 91500, ZG5 (Mud Tank), and Temora
are relatively small, about 2.8�5.8 cm-1, with Raman
shifts of 1005�1007 cm-1, whereas the amplitudes and
peak areas show much wider ranges. The U and Th

concentrations of 91500 are relatively homogeneous, at the
level of about 70 and 20 ppm, respectively. ZG5 has U and
Th concentrations of 13�44 ppm and 4�21 ppm. The range
of U and Th concentrations of Temora is 49�312 ppm and
14�150 ppm.

The Raman shift, peak area, and amplitude of GJ-1 are
relatively homogeneous, with values of 1003 cm-1,
6.6 9 104, and 8 9 104, respectively. The FWHM of GJ-1
is 8.2�9.1 cm-1. The U and Th concentration of GJ-1 is
also very homogeneous, with concentrations of 310�317
and 12 ppm, respectively.

The Raman results for Ples�ovice, SA01, and FC-1 are
quite heterogeneous, with FWHMs of 5.7�13.4 cm-1,
5.8�8.9 cm-1 and 10.2�19.8 cm-1, respectively. Consis-
tently, they all have a wide range of peak areas and
amplitudes. Their U and Th concentrations are
434�1766 ppm and 36�221 ppm for Ples�ovice,

Fig. 1 Cathodoluminescence
images of representative zircon
crystals: a 04YC04, b 04YC05,
c 04YC10, d Temora, e FC-1,
f Batch 256, g Ples�ovice,
h 91500, i Penglai. The red and
green circles represent LA-
ICPMS analysis spot and
Raman analysis spot,
respectively

Acta Geochim (2023) 42:673�688 677

123





256, are compared with the pure undoped synthetic zircon,
Batch 357. The results of three zircon samples are shown in
Fig. 5, which shows that the more HREEs there are, the
larger the FWHM. Based on this observation, we �t the
molar concentrations of HREEs with FWHM and obtained
the equation:

FWHM ¼ �7351:2n2 þ 723:85n þ 2:0 ð5Þ

where n represents the molar concentration of HREEs. The
correlation coef�cient R2 is 0.99, and 2.0 cm-1 is similar to
the FWHM of pure undoped synthetic zircon (Fig. 6).
Since P and REE enter zircon crystals following the
xenotime substitution (REE3? ? P5? = Zr4? ? Si4?;
Finch et al. 2001), they are coupled to each other. There-
fore, whether P, REE, or both in�uence Raman spectra is
equal for Eq. 5. Because natural zircon samples usually
have REE contents on the level of hundreds to a few
thousands of ppm (Hoskin and Schaltegger 2003) (corre-
sponding to 1 9 10�4 mol/g), the effect of REEs on the
FWHM for natural zircon samples is negligible when
compared with the radiation damage.

The Raman band of natural zircon crystals can also be
affected to a very small degree by Hf4? ? Zr4? substitu-
tion. The Raman results of Hoskin and Rodgers (1996)
suggest that even if 5% of Zr was replaced by Hf, broad-
ening of the observed m3 SiO4ð Þ band would hardly reach
1 cm-1. The results of Marsellos and Garver (2010) show
that 3.2% Hf doped in synthetic zircon can result in an
increase in FWHM by 0.2 cm-1. Considering that Hf
concentrations in natural zircons are usually around

10,000 ppm, the effect of Hf substitution in zircon is
negligible.

In summary, owing to the low concentrations of REEs
and Hf in natural zircon samples, their effect on zircon
Raman spectra is negligible.

5.3 Relationship between Raman shift, amplitude,
peak area, and a dose

As shown in Fig. 7a, the measured wavenumbers of
m3 SiO4ð Þ at about 1008 cm-1 follow a negative linear
correlation with radiation dose (Fig. 7a). The Raman shifts
of 11 zircon samples, including two synthetic undoped
zircon samples, Syn-Zrn and Batch 357, Mingxi, Penglai,
91500, ZG5 (Mud Tank), Temora, GJ-1, SA01, FC-1, and
04YC05, were �tted to the a dose (Fig. 7a). The equation
obtained is:

Raman Shift ¼ �6:53 �0:14ð Þ � Da þ 1007:76 �0:08ð Þ
ð6Þ

The correlation coef�cient R2 is 0.937, which reveals a
relatively good linear relationship. The shift of the peak
displacement towards the low wavenumber re�ects the
increase in the distance between the atoms in zircon (i.e., a
slight enlargement of the unit cell parameters with a cor-
responding increase in volume and decrease in density)
(Nasdala et al. 2003). The intercept of 1007.76 ± 0.08 is
consistent with the characteristic peak of 1008 cm-1 for
pure undoped synthetic zircon. It is also shown in Fig. 7a
that the Raman shift diverges signi�cantly towards the
higher radiation damage end. This can be explained by the
two adjacent characteristic peaks in the vicinity of
1000 cm-1. When the degree of radiation damage of zircon

Fig. 5 Typical Raman spectra for pure zircon Batch 357 and zircons
doped with different HREE concentrations, Batch 255B, and Batch
256

Fig. 6 The increase of FWHM with HREE concentrations
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is high, the two peaks may overlap with each other and
cannot be easily deconvolved (Nasdala et al. 1995). This
can explain the deviation from this trend for zircon crystals

with a doses larger than 1.9 9 1015 a/mg and FWHMs
greater than 20 cm-1 (Geisler et al. 2001; Geisler and
Pidgeon 2002; Nasdala et al. 2002a; Marillo-Sialer et al.
2016). Thus, Eq. 6 can only be reliably applied to low-
degree radiation-damaged zircon crystals. In addition,
recovery of the zircon structure from radiation damage
owing to subsequent annealing or heat treatment can also
result in deviation from the linear trend. For instance, the
trend of zircon grains from the Jack Hills and Darling
Range in Australia is different from the reference line.
Nevertheless, the Raman shift can be used as a new index
to quantify the degree of radiation damage.

The amplitude of the peak at 1008 cm-1 for the 11
zircon samples studied is shown in Fig. 7b. With increasing
a dose, the amplitude of the characteristic peak
(1008 cm-1) decreases from 66.785 9 103 to 0.353 9 103.
Because the a particle (recoil and nuclei) produced by the
nuclear decay reaction can enlarge the bond length and
angle of the Si�O tetrahedron (Smye et al. 2014), the
vibration intensity decreases, which leads to a smaller
amplitude. However, the dispersion of data points in
Fig. 7b intuitively shows that there is no simple correlation
between a doses and amplitude. Figure 7b shows that even
if the degree of radiation damage is high, the peak height is
still high, suggesting that the amplitude is not solely con-
trolled by the degree of radiation damage. The relationship
between the integrated peak area and a dose is shown in
Fig. 7c, which suggests there is also no obvious correlation
between peak area and a dose.

Since the absolute peak area and amplitude is affected
by different parameter setting of different Raman spec-
trometers, it is not strange that there is no correlation
between a dose and peak area or amplitude. Therefore,
peak area and amplitude are not good proxies for the
quanti�cation of radiation damage in zircon.

5.4 Application to low-temperature
thermochronology

The idea of radiation damage age was �rst proposed in the
seminal paper by Hurley and Fairbain (1953). Pidgeon
(2014) re�ned the concept of radiation damage age, i.e., the
age when a zircon begins to accumulate radiation damage,
which represents the age of the last annealing. The closure
temperature of the zircon radiation damage age is estimated
to be 230 ± 25 �C by Pidgeon (2014). However, recent
Raman experiments and theoretical kinetic calculations
yielded higher closure temperatures of 330�370 �C for the
internal m2 SiO4ð Þ and m3 SiO4ð Þ bands and 260�310 �C for
the external rotation band (Ha¤rtel et al. 2021b). Since we
mainly consider the m3 SiO4ð Þ band at 1008 cm-1, this
suggests that the closure temperature is 330�370 �C. Ha¤rtel
et al. (2021a) de�ned an effective uranium concentration

Fig. 7 Variation of Raman shift (a), peak amplitude (b), and peak
area (c) with a dose. The Jack Hills and Darling Range zircon data
are from Pidgeon (2014)
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