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1  | INTRODUC TION

Zircon has been widely used to date geological processes. A cor‐
rect interpretation of the ages relies on the knowledge of the cor‐
responding closure temperature of the applied dating method. For 
the (U–Th)/He and fission track (FT) methods, it may additionally be 
necessary to know the temperature range (called partial retention 
zone for the He method and partial annealing zone, PAZ, for the FT 
method), in which the geochronological system changes from a to‐
tally open system (upper temperature boundary) to a totally closed 
system (lower temperature boundary).

For FT annealing in zircon, it has been shown that the upper 
and lower PAZ boundary temperatures are depending on the du‐
ration of a thermal event (e.g. Fleischer, Price, & Walker, 1965; 
Krishnaswami, Lal, Prabhu, & MacDougall, 1974; Tagami, Galbraith, 
Yamada, & Laslett, 1998; Yamada, Tagami, Nishimura, & Ito, 1995). 
Next to temperature, it has been suggested that the amount of ac‐
cumulated radiation damage may influence track annealing (Kasuya 
& Naeser, 1988) and therefore shift the lower and upper boundary 

of the zircon PAZ (Rahn, Brandon, Batt, & Garver, 2004; Reiners 
& Brandon, 2006). Comparison of the temperatures of radiation 
damage annealing and FT annealing in zircon (e.g. Ginster, Reiners, 
Nasdala, & Chanmuang, 2019; Jonckheere, Heinz, Hacker, Rafaja, & 
Ratschbacher, 2019) illustrate that radiation damage is a combina‐
tion of several different effects annealing over a large temperature 
range.

In contrast to laboratory annealing experiments on homoge‐
neous zircon grains, samples of sedimentary origin may show a 
large variation in uranium content and therefore radiation damage 
accumulated since zircon grain formation. This may lead to the sit‐
uation that within a single sample zircon grains may show different 
annealing properties. For such a case, a χ2 age may be calculated to 
separate the age information from a fully annealed grain population 
(Brandon, Roden‐Tice, & Garver, 1998). Depending on the sample 
material, the χ2 age may represent a geologically meaningful cooling 
age. However, without any further information apart from a statis‐
tical argument, the youngest population could still be a mixture of 
several populations including partially annealed material. Additional 
evidence, such as track length data or maximum temperature infor‐
mation is required to fully assess the annealing status.
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Abstract
Application of the zircon fission track (FT) method to derive reliable cooling histories 
requires that rocks have undergone temperatures sufficient to reach full resetting 
prior to cooling. Zircons commonly show significant variation in accumulated radia‐
tion damage and therefore FT annealing behaviour. Twenty‐eight samples of mainly 
anchizonal to lowermost greenschist facies Triassic sandstones from the Songpan‐
Garzê flysch, China, were evaluated for their FT annealing status. Literature data 
suggest a heating period in the range of 100 myr duration. Our results define a tem‐
perature range for partial FT annealing of 270–350°C (based on illite crystallinity 
data), higher than the proposed range for radiation‐damaged zircons. We suggest 
that the long residence at high temperature has led to annealing of relevant parts of 
radiation damage along with FT annealing, so that even for long durations of FT an‐
nealing, full resetting requires temperatures in the range of greenschist facies condi‐
tions typical for zero‐damage zircons.
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Zircon FT etching times depend on the accumulated radiation 
damage (Bernet & Garver, 2005). In case of sufficient material, sev‐
eral mounts may be prepared and different etching times applied. If 
the focus is on finding all grain populations (e.g. for full provenance 
reconstruction), several mounts may be needed to overcome het‐
erogeneous etching properties. However, if dating tries to resolve 
the youngest grain population (e.g. for deriving a cooling age), etch‐
ing will commonly focus on those grains with longest etching times. 
Such a strategy may miss the full range of detrital information, but 
focusses on a population that is thought to represent a cooling age. 
For both types of studies, however, during zircon etching a substan‐
tial fraction of embedded grains may be lost due to the faster etching 
observed for highly damaged zircons. Furthermore, track densities 
in old grain populations may often be too high or grain colour too 
dark (Garver and Kamp, 2002) to give reliable counting results. Old 
or highly damaged grains tend to be overetched and therefore not 
suitable for counting. We conclude that irrespective of the questions 
to be answered by a zircon FT study, the selection of grains suitable 
for counting will tend to focus on grains with low levels of radiation 
damage.

In this study, we report a set of 28 zircon FT data from the 
Songpan‐Garzê flysch, whose diagenetic to metamorphic overprint 
has been determined recently on the basis of sheet silicate crystal‐
linity (Wang, Rahn, Tao, Zheng, & Xu, 2008; Wang, Ma, Zhou, & Xu, 
2012; Wang, Rahn, Zhou, & Tao, 2013; Wang, Rahn, & Zhou, 2018, 
for a summary of methodical aspects, see Data S1). For the ther‐
mal evolution of the flysch after sedimentation, a thermal plateau 
of 100  myr duration has been proposed (Roger, Jolivet, Cattin, & 
Malavielle, 2011), which allows to evaluate zircon annealing prop‐
erties for a very long annealing period. Maximum temperatures 
reached during the thermal plateau are compared with the observed 
degree of annealing to determine the temperature range required 
from initial to full annealing.

2  | GEOLOGIC AL SET TING

The Songpan‐Garzê flysch was formed due to continent–continent 
collision between the North China, South China and Qiangtang 
Blocks during the Triassic Indosinian orogeny (e.g. Pullen, Kapp, 
Gehrels, Vervoot, & Ding, 2008). Substantial exhumation of the 
Qinling‐Dabie orogen on the North China Block led to erosion of 
vast amounts of clastic material into large‐scale foreland basins that 
existed on both sides of the collision belt (Ma, Fu, Wu, & Chen, 2007; 
Weislogel et al., 2006). The zircons accumulated in the flysch sand‐
stones of the Songpan Basin south of the Qinling‐Dabie orogen were 
mainly deposited during the Middle and Upper Triassic as deep sea 
turbidites (Ma, Mou, Guo, Yu, & Tan, 2006), continuously evolving 
into more coarse‐grained clastic sediments in the Upper Triassic. 
Syn‐sedimentary folding and faulting in an accretionary wedge set‐
ting (Roger et  al., 2011), resulted in a thick crustal sequence that 
later was locally intruded by mainly granitoid melts since the Triassic 
(Chen & Arnaud, 1997; Hu, Meng, Shi, & Qu, 2005). Magmatism 
continued up to the Cretaceous (e.g. Roger, Malavieille, Leloup, 
Calassou, & Xu, 2004), and ongoing crustal thickening and shorten‐
ing eventually resulted in exhumation of the crust (Roger et al., 2011; 
Wang et al., 2009, 2011).

Samples for this study were collected from a profile across 
the Longmenshan Fault in the east, which separates the Songpan‐
Garzê‐Bayan‐Har Terrane from the Sichuan Basin (around Chengdu, 
Figure  1), to the area along the railway track south of Golmud in 
the west. Several hundreds of intercalated clay layers in the flysch 
were analysed for their illite crystallinity (IC) to reveal the pattern of 
regional thermal overprint (Wang et al., 2008, 2012, 2013, 2018). IC 
values range from diagenesis to greenschist facies (Figure 1), with 
the exception of a domal structure of up to amphibolite facies in the 
Danba area (corresponding to the M2 metamorphic event of Huang, 
Maas, Buick, & Williams, 2003).

F I G U R E  1   Tectonic and metamorphic 
map of the Songpan‐Garzê‐Bayan‐Har‐
Terrane with diagenetic to metamorphic 
zoning pattern according to Wang 
et al. (2008, 2013, 2018) on the basis 
of several hundred illite crystallinity 
measurements. The anchizone boundaries 
correspond to maximum temperatures 
of ~ 240 and 300°C (Mullis et al., 2018). 
The localities of 28 zircon fission track 
samples investigated for this study are 
marked with blue dots and their pooled 
age (in Ma). Black lines indicate terrane 
boundaries; the thick red line indicates the 
Xianshuihe Fault, which reveals a lateral 
offset in the metamorphic pattern (Wang 
et al., 2013)
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Based on a compilation of geochronological data from several 
places in the study area, Roger et al. (2011) derived a cooling his‐
tory with a thermal plateau lasting from the early Jurassic to the late 
Cretaceous, that is covering a time duration in the range of 100 myr 
(Figure  2). Other reconstructions have proposed an early Jurassic 
thermal peak, followed by continuous cooling to surface conditions 
(e.g. Wang et al., 2009, see Figure 2), which are at odds with geo‐
chronological evidence (e.g. Guenthner, Reiners, & Tian, 2014). We 
here adopt that the thermal overprint in the Songpan‐Garzê‐Bayan‐
Har Terrane lasted for a time duration of 100 myr.

3  | RESULTS

Triassic flysch sandstones from the Songpan‐Garzê flysch were sam‐
pled together with mostly upper anchizonal to epizonal intercalated 
schists (Wang et al., 2008, 2012, 2013, 2018; compiled for the east‐
ern Songpan‐Garzê‐Bayan‐Har Terrane in Figure 1). Additional sam‐
ples collected across a sample profile across the Longmenshan Fault 
include a granite, surrounded by greenschist facies rocks next to the 
fault, and unmetamorphosed sandstones of Triassic and Devonian 
age east of it (Sichuan Basin). IC values vary from diagenetic 
(0.79 Δ°2θ) to epizone (0.22 Δ°2θ), normalized to anchizone bounda‐
ries of 0.42 and 0.25 Δ°2θ according to international standards (Warr 

& Rice, 1994). The term ‘epizone’ here refers to a transitional zone 
between anchizone and greenschist facies. For greenschist facies 
rocks, an approximate minimum temperature of 350°C is assumed.

Zircons were separated using standard disaggregation and sepa‐
ration procedures. Mineral grains were mounted in Teflon®, etched 
within a NaOH‐KOH eutectic melt (Gleadow, Hurford, & Quaife, 
1976) at 220°C. Up to two mounts per sample were prepared and 
these mounts were etched in order to properly reveal tracks in those 
zircon grains of slowest etching properties. Applied etching times 
varied between 20 and 109 hr (see detailed etching information in 
the Data S1). Track counting and length measurements were carried 
out under oil at 2,000x magnification using transmitted light.

Zircon pooled FT ages vary between 20 and 580 Ma (Table 1, 
Figure  3). For the data set of mainly Triassic flysch samples, such 
spread in ages indicates variable stages of annealing. Mean ages 
show two loosely defined age clusters at 240–300 Ma, representing 
the cooling ages from the relatively fast exhuming hinterland (detrital 
ages, which are contemporaneous to slightly older than the Triassic 
sedimentation age), and at 110–170 Ma, which cannot be directly re‐
lated to any known cooling event within the Songpan‐Garzê‐Bayan‐
Har Terrane. The youngest zircon FT age of 19.8 Ma is found for the 
granite sample next to the Longmenshan Fault (greenschist facies), 
the oldest mean age (577  Ma) comes from a Devonian sandstone 
sample east of the Longmenshan Fault (Sichuan Basin, diagenetic).

Mean track lengths vary from 7.5 to 10.9 μm, with many track 
length distributions being skewed towards shorter tracks (Figure 4, 
and data overview in Data S1). The majority of the measured tracks 
are TINTs (tracks in tracks, Laslett, Kendall, Gleadow, & Duddy, 1982), 
as cleavage cracks only occur occasionally. A relationship between 
mean track lengths and the angle of measurements, as observed 
by Yamada et al. (1995), was only observed for the sample with the 
shortest mean track length (7.51 μm, RW‐68), for all other samples 
L60 and Lall are indistinguishable within uncertainty (Table  1). In a 
boomerang plot (Figure 3), most samples from the above‐mentioned 
two age clusters show long mean track lengths, together with the 
youngest age (19.8 Ma, Figure 4). Track length distributions of the in‐
termediate age cluster, however, are markedly skewed (see diagrams 
in Data S1), illustrating the presence of shortened tracks and there‐
fore no full resetting. The age–length distribution is interpreted to 
show a double boomerang with the first boomerang ranging from 
the Triassic to the Cretaceous/Jurassic age cluster and the second 
from the Cretaceous/Jurassic to the reset Miocene zircon age. For 
the samples close to the Danba area (Figure  1), the Cretaceous/
Jurassic ages may be related to the M2 metamorphic event in the 
southeastern flysch region (Huang et  al., 2003). However, similar 
ages are also found near the Kunlun Fault and other faults, which 
may alternatively be related to the slightly younger closure of the 
Bangong suture zone (Figure 4, Zhu et al., 2016) causing exhumation 
effects in the vicinity to the major faults of the Tibetan Plateau.

In order to assess the annealing status of the different samples, 
a classification based on three aspects was applied: (a) the range of 
single grain ages with respect to the sedimentation age and the apatite 
FT age (if applicable), (b) the mean track length and shape of the track 

F I G U R E  2   Proposed cooling histories of the Songpan‐Garzê‐
Bayan‐Har Terrane and Kunlun area, as derived mostly from 
geochronological data for different intrusive bodies in the terrane 
(light grey envelopes, thick dark grey lines and thick intermediate 
grey dashed lines from a compilation by Roger et al., 2011), together 
with polygons of thin dashed lines derived from the modelling of 
time‐temperature evolutions by Ar/Ar thermochronology data on 
feldspar (Kirby et al., 2002). The derived cooling history shows 
magmatic cooling down to a thermal plateau, which seems to 
have lasted for more than 100 myr. In contrast, Wang et al. (2009) 
(thick black dashed line) suggested for the flysch sandstones in 
the Bayan‐Har area (near Golmud, Figure 1) constant cooling after 
an initial phase of burial, which is at odds with geochronological 
evidence of the entire terrane. Q = Quaternary
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length distribution, and (c) the pass or failure of the χ2 test (Table 2). 
We note that part of these aspects contain compulsory arguments 
(e.g. single grain ages younger than sedimentation age must indicate 
annealing), while others may only provide supporting evidence (e.g. a 
failed χ2 test is not a compulsory argument for annealing, as an initial 
detrital age distribution may also cause failure). A completely unre‐
set sample may pass the χ2 test (in case of a relatively homogeneous 
detrital age signal), may show only long track lengths (in case of a 
fast cooling hinterland, as expected for this case) and all single grains 
(within uncertainty) must be older or equal to the sedimentation age. 
A partially reset sample should fail the χ2 test, must show shortened 
track lengths (i.e. a substantial amount of track lengths below 10 μm, 
leading to a skewed track length distribution and/or a mean track 
length <10 μm), and at least one single grain age (including its uncer‐
tainty) must be younger than the sedimentation age range. Finally, a 
fully reset zircon FT age should pass the χ2 test (if age variation is not 
caused by composition or radiation damage), should only show long 
track lengths and the mean zircon FT age would be in a time range 
expected for constant cooling across the partial annealing zones of 
the zircon and apatite FT systems. Additionally a status of advanced 

annealing is defined, if all single grain ages are younger than the sedi‐
mentation age range.

According to this evaluation, only a few samples are considered 
unreset (RW‐72, ‐162 and ‐167, with IC values ranging from 0.32 to 
0.79 Δ°2θ). The majority is assigned a partially annealed status (with 
IC values ranging from 0.22 to 0.40 Δ°2θ); only one sample (RW‐67, 
greenschist facies overprint) shows full resetting. Advanced anneal‐
ing is observed for the samples RW‐10, ‐11, ‐45, ‐46, ‐48, ‐65, and 
‐197 (corresponding to IC values of 0.22–0.24 Δ°2θ). A deviating IC 
value of 0.40 Δ°2θ is observed for RW‐197. This sample has been 
taken from a greenschist facies host rock and we suggest that the IC 
value does not represent maximum temperature conditions.

The temperature range for the lower and upper anchizone 
boundaries can be estimated based on a comparison of illite 
crystallinity values with vitrinite reflectance and fluid inclusion 
homogenization temperatures to be at around 240 and 300°C re‐
spectively (Mullis, Ferreiro‐Mählmann, & Wolf, 2018). The samples 
RW‐11 and ‐48 yield epizonal IC values and show the neoforma‐
tion of biotite (Wang et  al., 2008), but these two samples have 
not undergone full resetting. First evidence for annealing occurs at 

F I G U R E  3   Pooled age versus mean track length (boomerang) plot for the zircon samples of the Songpan‐Garzê flysch, Tibetan Plateau. 
A set of two subsequent boomerang relationships is suggested due to a group of intermediate ages between 170 and 110 Ma with relatively 
long and unimodal track lengths. Coloured time ranges show potential temporal brackets for the burial and exhumation history, related to 
(with decreasing age) the Triassic sedimentation age of the Songpan‐Garzê flysch, geochronological information about the metamorphic 
overprint in the Danba area (Huang et al., 2003) and the closure of the Bangong suture zone (Zhu et al., 2016)
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F I G U R E  4   Representative zircon fission track (FT) samples and their FT data (shown as radial plots, using the programme ‘Radial 
plotter’ by Vermeesch, 2009), ordered with increasing illite crystallinity. The two samples to the top (diagenesis) show zircon FT single grain 
ages in the range or older than the Triassic sedimentation age range (marked in pink). The third sample from top (lower anchizone) has no 
counted single grain ages statistically younger than the Triassic sedimentation age range, which would prove initial annealing. The fourth 
sample (anchizone/epizone boundary, ~300°C) shows many single grain ages younger than the sedimentation age, clearly indicating partial 
annealing. For sample number five (epizone) all single grain ages are significantly younger than the sedimentation age range (advanced 
annealing), but the zircon FT age is more than 10 times older than the apatite FT age. Only the sample to the bottom (RW‐067, Proterozoic 
granite, which intruded a crustal segment that is distinctly older than the Songpan‐Garzê flysch and today shows greenschist facies (GS) 
overprint) shows full resetting
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mid anchizone IC values, suggesting a lower zircon PAZ boundary 
at around 270°C.

4  | DISCUSSION

According to laboratory‐based annealing studies, which cover a 
time range of 1–107 s (Murakami, Yamada, & Tagami, 2006; Tagami 
et al., 1998), the temperature range of the zircon partial annealing 

zone shows decreasing temperatures with increasing time duration 
of a thermal event. For the extrapolation of the thermal annealing 
characteristics to time durations of 1013–1015  s (corresponding to 
105–108 a) different potential models (parallel, fanning, curvilinear) 
have been proposed (e.g. Tagami et al., 1998). Field constraints with 
tightly defined time and temperature settings are needed to provide 
information on FT annealing at geological time scales (e.g. Bernet, 
2009; Tagami, Carter, & Hurford, 1996). In contrast to laboratory an‐
nealing experiments, natural long‐term annealing experiments such 

TA B L E  2   Evaluation of annealing status of 28 zircon samples from the Songpan‐Garzê flysch, Tibetan Plateau, China, based on the three 
aspects age range, track lengths and χ2 test (subdivided in arguments a–i)

  Age range Track length χ2 test

Annealing statusSample no. Sed. age IC (Δ°2θ) a b c d e f g h i

RW‐10 T2 0.22                   Advanced annealing

RW‐11 T2 0.22                   Advanced annealing

RW‐13 T3 0.25                   Partial annealing

RW‐45 T3 0.24                   Advanced annealing

RW‐46 T3 0.22                   Advanced annealing

RW‐47 T3 0.24                   Partial annealing

RW‐48 T3 0.24                   Advanced annealing

RW‐49 T3 0.23                   Partial annealing

RW‐50 T3 0.37                   Partial annealing

RW‐52 T3 0.26                   Partial annealing

RW‐65 P 0.24                   Advanced annealing

RW‐67 late Pr GF                   Full resetting

RW‐68 D a                   Partially annealed

RW‐69 D a                   Partially annealed

RW‐72 T3 0.79                   No annealing

RW‐94 T2‐T3 0.37                   Partially annealed

RW‐127 T2‐T3 0.29                   Partially annealed

RW‐139 T2‐T3 0.27                   Partially annealed

RW‐140 T1 0.27                   Partially annealed

RW‐141 T1 0.30                   Partially annealed

RW‐162 T3 0.53                   No annealing

RW‐167 T3 0.32                   No annealing

RW‐175 T3 0.26                   Partially annealed

RW‐181 T3 0.27                   Partially annealed

RW‐182 T2 0.26                   Partially annealed

RW‐188 T3 0.26                   Partially annealed

RW‐195 T2 0.27                   Partially annealed

RW‐197 C 0.40b                   Advanced annealing

Sedimentation age: Pr = Proterozoic (intrusion age), D = Devonian, C = Carboniferous (age of metamorphism) P = Permian, T1 = Lower Triassic, 
T2 = Middle Triassic, T3 = Upper Triassic, GF = greenschist facies.
Arguments include: (a) single grain ages (including their uncertainty) overlap with or are older than the sedimentation age range, (b) at least one single 
grain age (including its uncertainty) is younger than the sedimentation age range, (c) all grain ages are younger than the sedimentation age range, (d) 
the pooled age is approximately double the apatite FT age, (e) track lengths are all long and the length distribution is unimodal, (f) the mean track 
length is long (>10 μm), but a number of short tracks (<8 μm) leads to a skewed distribution, (g) the mean track length shows shortening (<10 μm), (h) 
sample passes the χ2 test (unimodal grain age distribution), (i) sample fails the χ2 test.
aNo illite crystallinity (IC) measured. 
bIC value questionable, as sampled rock is a mica schist. 
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as the data presented in this study may display large differences in 
initial age and U content, leading to differences in accumulated ra‐
diation damage and therefore variable etching and annealing condi‐
tions. As a consequence, the annealing status within one individual 
sample may vary strongly, with some grains annealed at relatively 
lower temperatures, while others may behave more like zero‐dam‐
age grains (Rahn et al., 2004), which anneal at higher temperatures.

The amount of accumulated radiation damage within the counted 
zircon grains during FT annealing is unknown. However, we note that 
for unreset flysch samples (e.g. RW‐162 and ‐167) the counted grains 
show a relatively small age scatter (see radial plots in the Data S1). 
These samples pass the χ2 test (Tables 1 and 2) and show single grain 
ages close to or within the sedimentation age range (indicating very 
short lag times, Bernet & Garver, 2005) due to their origin from the 
fast exhuming Qinling‐Dabie orogen. In order to define the upper 
zircon PAZ boundary, the focus was set on dating the youngest 
grains. This may potentially lead to missing the first traces of initial 
annealing. Therefore, the estimated temperature (mid anchizone, 
Figure 4) for the first evidence of annealing should be considered a 
maximum temperature for the lower PAZ boundary.

Previous studies have analysed the temperature range of the zir‐
con fission track partial annealing zone with respect to their sample 
material and the accumulated radiation damage (Brandon et al., 1998; 
Rahn et al., 2004). Depending on whether the zircons under investi‐
gation are characterized by accumulated radiation damage or not, the 
partial annealing zone may extend to distinctly different temperatures 
(Figure 5, Reiners & Brandon, 2006). Field studies on the annealing 
behaviour in zircon under well‐defined geological time and tempera‐
ture boundary conditions are rare (e.g. Bernet, 2009; Brix et al., 2002; 
Carter, 1990; Liu, Hsieh, Chen, & Chen, 2001; Tagami & Shimada, 
1996; Tagami et al., 1996). Liu et al. (2001) suggested a transition be‐
tween partially and fully annealed zircons at the transition between 
prehnite‐pumpellyite and greenschist facies. This is in line with this 
study, as we observe two samples (RW‐011 and RW‐048) with epi‐
zonal IC values, containing new‐formed biotite (Wang et al., 2008), 
but no full resetting of the zircon FT system. In the European Alps, 
biotite neoformation in metapelitic rocks requires temperatures of 
340 ± 20°C (Nibourel, 2019). Thus, for the zircon FT partial annealing 
zone in the Songpan‐Garzê‐flysch a temperature window between ~ 
270 and 350°C is estimated based on IC values and biotite neoforma‐
tion. Full resetting requires greenschist facies conditions (T > 350°C).

Results of this study provide an important long‐term annealing 
constraint underlining that even samples that underwent conditions 
of epizonal illite crystallinity (corresponding to a minimum tempera‐
ture of 300°C) for 100 myr may still not be fully reset, even though 
these zircons under investigation may have had the opportunity to 
gather a large amount of radiation damage during their geological 
history. Guenthner, Reiners, Ketcham, Nasdala, and Giester (2013) 
suggested that the temperature range for radiation damage anneal‐
ing corresponds roughly to the zircon FT partial annealing zone. If 
correct, one would expect that in the case of the anchizonal to epi‐
zonal Songpan‐Garzê flysch and its long‐term static thermal evolu‐
tion (Figure  2), radiation damage would probably form and anneal 

with similar rate during this period. Accordingly, the zircons would 
have resided in a continuous state of low radiation damage during 
FT annealing and not behave like ‘damaged’ zircons, which would 
reach full resetting at around 220°C (Reiners & Brandon, 2006; see 
Figure 5). The temperature range derived in this study extends to 
the proposed upper limit of the zero‐damage partial annealing zone 
(at ~ 330°C), because the zircon grains with slowest etching anneal 
similar to ‘zero‐damage’ zircons.

The Guenthner et al. (2013)‘s zircon radiation damage accumula‐
tion and annealing model was criticised recently for not being fully 
correct (e.g. Anderson, Hodges, & van Soest, 2017, Mackintosh, 
Kohn, Gleadow, & Tian, 2017). Furthermore, Ginster et al. (2019) and 
Jonckheere et al. (2019) have demonstrated that radiation damage 
is a complex pattern of different sorts of damage annealing over a 
large temperature range. Thus, the results of this study only refer to 
the radiation damage that influences FT annealing.

5  | CONCLUSIONS

For the Songpan‐Garzê flysch, a thermal overprint lasting for ~ 
100 myr has led to a range of unreset to completely reset zircon 
FT ages. A metamorphic window of upper anchizonal to epizonal 
illite crystallinity values, corresponding to a temperature range 
of 270–350°C, shows evidence of partial FT annealing. Time and 

F I G U R E  5   Boundary temperatures of the zircon (Zr) partial 
annealing zone (PAZ) and their relationship from the time duration 
of a thermal event (from Reiners & Brandon, 2006), depending on 
the presence or absence of radiation damage. Results of this study 
show a temperature window of 270–350°C for track annealing 
during a time duration of ~100 myr. For time duration, see Figure 2, 
for temperature range, see Figure 4
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temperature ranges extend well into proposed partial annealing 
zone for zero‐damage zircons. It is suggested that the annealing 
behaviour in a zero‐damage setting is due to the continuous an‐
nealing of the relevant radiation damage during FT annealing over 
long time duration.

A save strategy to ensure obtaining fully reset and therefore 
cooling zircon FT ages within orogenic belts is to restrict sampling 
to areas that have undergone in minimum greenschist facies con‐
ditions (≥350°C), even if the thermal plateau has endured for long 
time durations. For studies using detrital zircon FT information, ages 
representing the exhumation signal of the hinterland can only be ex‐
pected from areas with greenschist facies overprint, while areas of 
only diagenetic to lower anchizonal overprint (≤270°C) are likely to 
still contain the original detrital (pre‐metamorphic) time information.
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