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Abstract

Zircon Raman dating is an emergent thermochronological method. It exploits the disruption of the zircon lattice due to α-

disintegration of trace amounts of 238U, 235U, 232Th, and their daughters. The radiation damage broadens the Raman bands

and shifts them to lower wavenumbers. The Raman bandwidths provide a sensitive measure for the accumulated lattice damage

(Nasdala et al., 1995; Nasdala et al., 2001). The measured bandwidth and the effective uranium concentration define the Raman

age (Härtel et al., 2021). Radiation damage anneals upon heating and the meaning of the Raman age depends on the zircon’s

thermal history. The Raman age is a formation age if no annealing has taken place, or a reset age if all pre-existing damage

has been annealed by a geological heating event. In the case of partial annealing, however, the Raman age is a mixed age with

no obvious geological significance. Mixed ages are difficult to interpret and cannot be distinguished from reset ages using the

standard procedure for annealing detection (Nasdala et al., 2001). On the other hand, inhomogeneous damage distributions

due to actinide zoning within zircon grains present a problem for zircon Raman dating. Overlapping signals from more and

less damaged zones lead to asymmetric Raman bands and overestimated bandwidths (Nasdala et al., 2005). We discuss Raman

spectra of zircon from partially annealed samples and spectra with asymmetric bands. We introduce discrimination plots based

on the 356, 439, and 1008 cm-1 bandwidths that provide a means for detecting and distinguishing asymmetry and partial

annealing. We discuss examples of zircon Raman dating and present a measurement protocol.
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BAND OVERLAP DETECTION

Zircon Raman dating requires the Raman spectrum of analyzed zircon to be free of artifacts. One example is the distortion of Raman band 

shapes by signal overlap from differently damaged zones (Fig. 1). This effect may be visible as band asymmetry and causes artificial 

broadening, leading to overestimation of radiation damage. The overlap affects the different bands differently (Fig. 2), with the narrow, 

strongly shifting ν1(SiO4), ν3(SiO4), and external rotation (ER) bands being strongly distorted, whereas ν2(SiO4) is only marginally affected. 

Multi-band Raman analysis allows to discriminate spectra exhibiting overlap by comparing damage estimates (D) from different bands (Fig. 3). 

Our for Tardree rhyolite (TDR, red) and Mogok Belt granite (M71, magenta) zircons affected by band overlap deviate from the expected 

relationship (D2 = D3 = DER) towards higher D3 and DER values (D3 > DER > D2). Fig. 4 exploits the difference between D3 and D2 by plotting the 

D3/D2 ratio against D2 and comparing the data with the prediction boundaries based on random measurement errors. The TDR and M71 data 

exhibiting band overlap lie outside the upper prediction boundary. These data are classified as broadened by overlap and may be excluded 

from further analysis.

PARTIAL ANNEALING

As for other thermochronological methods, the interpretation of zircon Raman ages depends on the thermal history of the dated sample. One 

aspect is the distinction of partial and complete annealing, marking the difference between mixed and reset ages (Wagner, 1981). For 

unannealed zircons, the measured radiation damage is equivalent to the zircon’s -dose (D = Dα α), but decreases with annealing.

Fig. 7. Flow chart of a suggested zircon Raman dating procedure. The protocol consists of three 
steps: preparation, measurement, and evaluation. The overlap test helps to detect spectra 
containing artifacts that may be excluded from further analysis. The annealing evaluation is 
crucial for correctly interpreting the apparent zircon Raman age.

Fig. 2. Background-corrected spectra of two zircon grains at D ~4 1016 (teal) and ~45 
1016 /g (red) and their sum (black). Vertical, gray lines indicate the band positions of α
the input  spectra. Arrows mark visible deviations from the ideal band shape.

Some data from the Katha range samples plot outside the upper prediction boundary 

with both datasets being offset to values above 1. Samples showing this offset are 

classified as partially annealed.

APPLICATIONS AND MEASUREMENT PROTOCOL

D/D maps of single zircons are helpful to assess the feasibility of single-grain isochron 

dating, e.g. in sedimentary samples or samples containing few zircon grains, and 

evaluate the annealing state of and within the grain. Fig. 6 shows a CL image (a) and 

three Raman maps (b-d) of a Plešovice zircon grain (Sláma et al., 2008) with a core-

rim zonation. The map of ΓER (b) shows the radiation-damage zonation with Raman 

bandwidths up to ~40 cm-1. In the D3/D2 map (c), several zones have elevated ratios 

and should thus not be targeted for zircon Raman dating. The D2/DER map (d) shows 

ratios mainly between 0.8 and 1.3, indicating that no significant partial annealing has 

taken place during or after cooling of this zircon.

Fig. 7 shows a flow chart of zircon Raman dating, integrating the outlined evaluation 

steps into the measurement procedure for (1) detecting spectra with artificially 

broadened bands before measuring eU and (2) distinguishing between complete and 

partial annealing when interpreting the apparent zircon Raman age.

Fig. 1. CL image and Raman spectrum of a Tardree rhyolite zircon. The bands show asymmetric shapes (arrows) 
from band overlap, with exception of ν2(SiO4). The white dots in the CL images mark the Raman spots, with the 
spectrum being from the uppermost spot. Band overlap occurs despite the spots being in an apparently 
homogeneous zone. Band assignment after Kolesov et al. (2001).

Fig. 3. D vs. D plots with D calculated from the ν2(SiO4), ν3(SiO4), and ER bandwidths using the calibration of Härtel et al. (2021a). The insets include the 
region up to 80 1016 /g in detailα . Error bars are 2 . Some data of Tardree rhyolite (TDR) and Mogok Belt granite (M71) are affected by band overlap. The σ
samples from the Katha range (K86 and K92) are partially annealed. Data from Duluth Complex FC1 are shown for comparison.

Fig. 6. CL and Raman images of a 3 x 1 mm Plešovice zircon. (a) CL 
image. (b) Raman map of ΓER indicating the degree of radiation 
damage. (c) Raman map of the D3/D2 ratio with areas showing 
band overlap encircled in black. (d) Raman map of the D2/DER ratio. 
White pixels indicate measurement spots excluded due to low 
signal-to-noise ratio.

Fig. 5. Plots of D3/D2 vs. D2. The dashed line marks the expected 
value of 1 for unannealed or completely reset data. Prediction 
boundaries are included for 90 % (dark gray), and 99 % (light 
gray) of the data, assuming 4 % relative errors on Γ (1 ). The σ
samples affected by partial annealing are the Katha range 
orthogneisses (K86 and K92).

Fig. 4. Plots of D3/D2 vs. D2. The dashed line marks the expected 
value of 1 for well-behaved data. Prediction boundaries are 
included for 90 % (dark gray), and 99 % (light gray) of the data, 
assuming 4 % relative errors on Γ (1 ). The samples affected by σ
overlap are the Tardree rhyolite (TDR) and the Mogok Belt granite 
(M71)

Multi-band Raman analysis exploits the difference in annealing 

sensitivity between the Raman bands, with the ER band being 

affected most by annealing (Härtel et al. 2021b), leading to 

differences in the damage estimates (D2 ≈ D3 > DER). In Fig. 3, 

partially annealed zircons from two orthogneisses from the 

Katha range (Myanmar, K86 and K92, dark and light green) show 

comparatively low DER with no obvious difference between D2 

and D3. Analogously to the band overlap case, Fig. 4 plots D2/DER 

against DER with prediction boundaries. 
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