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Granites derived from partial melting of sedimentary rocks are generally characterized by high δ18O values and
abundant relict zircons. Such relict zircons are valuable in tracing the source rocks of granites and the history
of crustal anatexis. Herewe report in-situ U-Pb ages, O isotopes and trace elements in zircons from Triassic gran-
ites in the Zhuguangshan and Jiuzhou regions, which are located in the Nanling Range and the Darongshan area,
respectively, in South China. Zircon U-Pb dating yields magma crystallization ages of 236 ± 2 Ma for the
Zhuguangshan granites and 246 ± 2 Ma to 252 ± 3 Ma for the Jiuzhou granites. The Triassic syn-magmatic zir-
cons are characterized by high δ18O values of 10.1–11.9‰ in Zhuguangshan and 8.5–13.5‰ in Jiuzhou. The relict
zircons show a wide range of U-Pb ages from 315 to 2185 Ma in Zhuguangshan and from 304 to 3121 Ma in
Jiuzhou. Nevertheless, a dominant age peak of 700–1000 Ma is prominent in both occurrences, demonstrating
that their source rocks were dominated by detrital sediments weathered from Neoproterozoic magmatic rocks.
Taking previous results for regional granites together, Neoproterozoic relict zircons show δ18O values in a
small range from 5 to 8‰ for the Nanling granites but a large range from 5 to 11‰ for the Darongshan granites.
In addition, relict zircons of Paleozoic U-Pb age occur in the two granitic plutons. They exhibit consistently high
δ18O values similar to the Triassic syn-magmatic zircons in the host granites. These Paleozoic relict zircons are
interpreted as the peritectic product during transient melting of the metasedimentary rocks in response to the
intracontinental orogenesis in South China. Therefore, the relict zircons of Neoproterozoic age are directly
inherited from the source rocks of S-type granites, and those of Paleozoic age record the transient melting of
metasedimentary rocks before intensive melting for granitic magmatism in the Triassic.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Granites are produced primarily by partial melting of crustal rocks
and they are widespread in continental regions (Brown, 2013).
Deciphering the origin of granites has great bearing on understanding
continental differentiation and their genetic link to contemporaneous
mineralization (e.g., Brown, 2013; Kemp et al., 2007; Kemp and
Hawkesworth, 2003). Relict zircon is common in granites sourced
from sedimentary rocks. It has been employed to unravel the preserva-
tion of source heterogeneity in granites (Villaros et al., 2012), to recover
the history of crustal reworking (Jeon et al., 2014), and to distinguish
sedimentary rocks-derived granites from highly fractionated igneous
rock-derived granites (Gao et al., 2016a). In doing so, the origin of relict
zircon must be clarified at first because a granite may be derived from
partial melting of various source rocks, which were mingled either
before anatexis (source mixing) or after anatexis (magma mixing). Al-
though xenocryst zircon could occur in granites due to wallrock con-
tamination (e.g., Miller et al., 2007), its source would be adjacent to
the emplacement site of granites. In this regard, the xenocryst zircon
may be present in small xenoliths which were not completely digested
by graniticmagmas. As a consequence, the xenoliths often showdistinct
mineral paragenesis from host granites. Therefore, relict zircon in gran-
ites is primarily inherited from their source rocks, providing a powerful
means to trace the nature of crustal sources. However, there are differ-
ent origins of relict zircon in granites (Chen and Zheng, 2017), which
have not been well discriminated in previous studies. This seriously
limits our understanding of granite petrogenesis with respect to its
source nature.

Triassic granites in South China are mostly peraluminous and pro-
duced by reworking of crustal rocks (e.g., Gao et al., 2017; Wang et al.,
2013; Zhou et al., 2006). Based on the temporal-spatial distributions
of these granites as well as structural, sedimentary and metamorphic
records, various models have been proposed for their petrogenesis,
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including flat-subduction of the Pacific slab (Li and Li, 2007) and
intracontinental reworking (Gao et al., 2017;Wang et al., 2013). Because
of their sporadic outcrop in a broad (~1300 km width) intracontinental
region, the relationship between their petrogenesis and collisional orog-
eny has been controversial. Previous understanding of the source nature
of Triassic granites mainly relies on whole-rock Nd and zircon Hf isotope
compositions. Extensive investigations have determined that these Trias-
sic granites have a range ofwhole-rock εNd(t) values from−11.3 to−6.4
and two-stage Nd model ages of 1.7–2.0 Ga (e.g., Chen and Jahn, 1998;
Deng et al., 2004; Gao et al., 2014; Hsieh et al., 2008; Wang et al.,
2007a; Zhao et al., 2013, 2015), suggesting their derivation from
reworking of ancient Paleoproterozoic crust. However, zircon
εHf(t) values and Hf model ages are more varied, ranging from −29.0
to−1.8 and from 1.2 to 3.3 Ga, respectively (e.g., Chen et al., 2012; Gao
et al., 2014; Jiao et al., 2015; Qi et al., 2007; Song et al., 2016; Zhao
et al., 2013), suggesting involvement of ancient Mesoproterozoic to Ar-
chean crust. Although these whole-rock Nd and zircon Hf model ages
are used to indicate the age of crustal sources, it does not mean that the
source crust has such formation ages. Instead, the formation age of gran-
ite sources can be directly dated by relict zircons in granites.

In this paper, we present a combined study of U-Pb ages, O isotopes
and trace elements for zircons from Triassic granites in two locations.
One is the southern Zhuguangshan complex, which is adjacent to the
Guidong complex (Fig. 1a). Both complexes are located in the Nanling
Range (Fig. 1a). Therefore, data from the southern Zhuguangshan com-
plex provide a supplement to previous observations from the Nanling
Range. Theother is theDarongshanbatholith, fromwhichmore samples
were selected because systematic data on U-Pb ages, O isotopes and
trace elements were absent. In combination with previous data and
our petrological investigations, we are in position to discriminate differ-
ent origins of relict zircons. The results not only place a geochronological
constraint on the source rocks of Triassic granites but also provide a geo-
chemical insight into the history of crustal anatexis during the Paleozoic
in South China.

2. Geological setting and samples

The present study deals with Triassic granites in the Nanling Range
and the Darongshan batholith in South China (Fig. 1a). Tectonically,
Fig. 1.A:Distributions ofmagmatic rocks in South China (modified afterWang et al., 2013, and Z
complex (B; modified after Deng et al., 2012) and the Darongshan batholith (C; modified after
South China is composed of three petrotectonic units, the Yangtze cra-
ton in the northwest, the Cathaysian terrane in the southeast, and the
Jiangnan orogen in between (e.g., Zhao, 2015; Zheng et al., 2013). The
Nanling Range is located in the western Cathaysian terrane whereas
the Darongshan batholith is located in the southern part of the Jiangnan
orogen. The Jiangnan orogen was built by subduction of the Cathaysian
oceanic slab beneath the Yangtze craton in the Late Mesoproterozoic to
Early Neoproterozoic (Zhang and Zheng, 2013), with the extensive gen-
eration of arc magmatic rocks (Fig. 1a). Afterwards South China
underwent multiple episodes of intracontinental reworking, resulting
in the formation of bimodal magmatic rocks mainly at 830 to 750 Ma
in the Middle Neoproterozoic and voluminous migmatites and granites
mainly at 450–420 Ma in the Early Paleozoic (Z.X. Li et al., 2010; Wang
et al., 2013; Zhang and Zheng, 2013). In the Triassic, South China collid-
ed with North China in the north and with Indochina in the south
(Zheng et al., 2013), leading to establishment of the bulk tectonic frame-
work for eastern China (e.g., Huang et al., 1987). Intensive tectonism
was developed in this period, including stratigraphic unconformities,
metamorphism and orogenic magmatism (Gao et al., 2017; Wang
et al., 2013; Zhou et al., 2006). The Triassic magmatic rocks are
predominantly granites, which are mostly located in the region
between the Zhenghe-Dapu Fault and the Anhua-Luocheng Fault. This
region is largely overlapped on the Neoproterozoic rocks in thewestern
Cathaysian terrane and the Jiangnan orogen (Fig. 1a).

Samples used in this study are granites from the southern
Zhuguangshan complex in the Nanling Range (Fig. 1b) and the Jiuzhou
pluton in theDarongshanbatholith (Fig. 1c). The southernZhuguangshan
complex, located in the northern Guangdong province with a outcrop
area of ca. 1500 km2, is composed of dominant Triassic granites and
minor Paleozoic granites and migmatites in the east, and numerous
Jurassic-Cretaceous granites in the west (Deng et al., 2012). The Triassic
rocks mainly consist of biotite granites. The Darongshan batholith crops
out in an area of N10,000 km2 in a NE-SW strike with only the Triassic
age (Chen et al., 2011; Jiao et al., 2015; Zhao et al., 2012). From north to
south, it ismainly composed of theDarongshan, Pubei, Taima and Jiuzhou
plutons (Fig. 1c). The Darongshan and Pubei plutons consist mainly of
cordierite-biotite granites, whereas the Taima pluton ismainly composed
of orthopyroxene-bearing granite porphyry. The major rock type in the
Jiuzhou pluton is hypersthene-cordierite-biotite granite. These four
hang and Zheng, 2013). Schematic geologicalmaps of the southern Zhuguangshan granitic
Zhao et al., 2012 and Jiao et al., 2015), showing sample sites.
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plutons were suggested to share common metasedimentary sources,
but be produced by partial melting under different pressure-
temperature (P-T) conditions (Jiao et al., 2015; Zhao et al., 2017a).

We have selected one sample from the southern Zhuguangshan
granite and eight samples from the Jiuzhou granite for the present
study. The southern Zhuguangshan biotite granites are gray to dark
gray in color, medium- to coarse-grained with massive structure.
Some granites show porphyritic texture with phenocryst of K-feldspar.
They are primarily composed of quartz, K-feldspar, plagioclase and
minor biotite with accessory minerals of zircon, apatite, monazite, and
ilmenite. The Jiuzhou granites are generally dark gray in color and
show massive structure. They are mainly composed of quartz, plagio-
clase, K-feldspar, biotite, orthopyroxene, cordierite, and garnet. Most
phenocrysts are K-feldspar. Biotite, orthopyroxene and garnet occur oc-
casionally as phenocrysts. Accessoryminerals include apatite,monazite,
zircon, and ilmenite, with occasional presence of tourmaline and sec-
ondary muscovite and chlorite.

The Jiuzhou pluton in the Darongshan batholith was selected for the
following three reasons: (1) Qiao et al. (2015) studied only one sample
from this pluton but four from the Taima pluton and three from the
Pubei pluton; (2) this pluton contains abundant granulite enclaves,
which were suggested to be the restite after extraction of granitic
melts (e.g., Jiao et al., 2013; Zhao et al., 2012, 2017b); (3) the Jiuzhou
granites were termed as charnockite by Jiao et al. (2015). Our further
work will focus on a petrological and mineralogical comparison be-
tween the enclaves and their host granite.
3. Analytical methods

Zircon grains were extracted, mounted and polished to expose the
grain center for microbeam analysis. Cathodoluminescence (CL) images
are taken for inspecting internal structures of individual zircons and
selecting positions for in-situ analyses. CL images for representative rel-
ict zircon grains are shown in Figs. 2 and 3.
Fig. 2. CL images of representative peritectic zircons from Triassic granites in the Jiuzhou pluton
latter two granites are from the Nanling Range. The rose red circles and blue ellipses are analy
results of U-Pb ages and δ18O values are also labeled. The white italic numbers denote the a
Peritectic zircons occur as cores overgrown by Triassic rims or as separate grains without ove
have rounding rims, indicating dissolution into melts. Particularly, peritectic zircons have simi
3.1. SIMS in-situ zircon U-Pb dating

The U-Pb isotopic compositions of some zircon cores with small
sizes were measured on a Cameca IMS 1280-HR at State Key Labora-
tory of Isotope Geochemistry in Guangzhou Institute of Geochemis-
try, Chinese Academy of Sciences (CAS), Guangzhou. Operating and
data processing procedures are similar to those described by Li et al.
(2009). Analyses of unknown samples were interspersed with stan-
dards. Sample U-Th-Pb isotope ratios were calibrated relative to the
standard zircon Plěsovice which has a 206Pb/238U ratio of 0.05369,
corresponding to an age of 337.1Ma (Sláma et al., 2008), and the ab-
solute abundances of U, Th and Pb were determined relative to the
standard zircon M257 that has U = 840 ppm and Th/U = 0.27
(Nasdala et al., 2008). A long-term uncertainty of ±1.5% (1 RSD)
has been found for 206Pb/238U measurements of the standard zir-
cons (Q.L. Li et al., 2010), which was propagated to the unknowns.
The measured 206Pb/238U errors during the course of this study are
about ±1% (1 RSD) before considering the external error.

The 204Pb-method was used for correcting the common Pb in
measured Pb isotopic compositions. Due to the extremely small cor-
rections, an average present-day crustal composition is used for the
common Pb (Stacey and Kramers, 1975), assuming that the com-
mon Pb is largely surface contamination introduced during sample
preparation. Uncertainties in individual analyses are reported at a
1σ level in data tables. Mean ages for pooled U/Pb analyses are quot-
ed with 95% confidence interval. Data processing was carried out
with the Isoplot/Ex 3 software (Ludwig, 2003). A secondary stan-
dard zircon Qinghu was analyzed as an unknown to monitor the re-
liability of the whole procedure. Twenty concordant analyses of
Qinghu during the course of this study yield a mean 206Pb/238U
age of 159.1 ± 1.1 Ma (MSWD = 1.0), consistent within errors
with its recommended value of 159.5 ± 0.2 Ma (Li et al., 2013). All
U-Pb isotope data are listed in Supplementary Table S1. Zircon U-
Pb ages with discordance larger than ±10% were discarded in geo-
logical interpretation.
(A–D), the southern Zhuguangshan complex (E–F) and the Xiazhuang pluton (G-H). The
tical positions of U-Pb and O isotopes, with diameters of 32 μm and ca. 20 μm. Analytical
nalytical numbers. The data of the Xiazhuang pluton is taken from Gao et al. (2016a).
rgrowth rims. Peritectic zircons show unzoning to oscillatory zoning, but they generally
larly high δ18O values as the Triassic zircons grains.



Fig. 3. CL images of representative relict zirconswith detrital origin from Triassic granites in the southern Zhuguangshan complex (A–B) and the Jiuzhou pluton (C–H). The rose red circles
and blue ellipses are analytical positions of U-Pb and O isotopes, with diameters of 32 μm and ca. 20 μm. Analytical results of U-Pb ages and δ18O values are also labeled. The white italic
numbers denote the analytical numbers.
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3.2. SIMS in-situ zircon O isotope analysis

Zircon in-situ O isotopes were analyzed using Cameca IMS 1280-HR
at State Key Laboratory of Isotope Geochemistry in Guangzhou Institute
of Geochemistry, CAS, Guangzhou. Analytical procedures are the same
as those described by Li et al., 2010a. The Cs+ primary ion beamwas ac-
celerated at 10 kV, with an intensity of ca. 2 nA (Gaussian mode with a
primary beam aperture of 200 μm to reduce aberrations) and rastered
over a 10 μm area. The analysis spot was about 20 μm in diameter (10
μm beam diameter + 10 μm raster). Oxygen isotopes were measured
in multi-collector mode using two off-axis Faraday cups. The NMR
(NuclearMagnetic Resonance) probewas used formagnetic field control
with stability better than 2.5 ppm over 16 h on mass 17. One analysis
takes ~3.5 min consisting of pre-sputtering (~30 s), 120 s of automatic
tuning of the secondary beam, and 64 s of analysis. The instrumental
mass fractionation (IMF) was corrected using in-house zircon standard
Penglai with a recommended δ18O value of 5.31± 0.10‰with reference
to the Vienna standardmean oceanic water (VSMOW) that has a recom-
mended 18O/16O ratio of 0.0020052 (Li et al., 2010b). The measured
18O/16O ratios for samples (raw data) were firstly normalized relative
to the VSMOW, and then corrected for IMF (Li et al., 2010a).

The internal precision of a single analysis was generally better than
±0.20‰ (2σ standard error) for δ18O values. The external precision,
measured by the reproducibility of repeated analyses of the Penglai
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standard during three sessions of this study, is ±0.41‰ (2SD, n = 38),
±0.34‰ (2SD, n = 34) and ±0.34‰ (2SD, n = 50). During the three
sessions, a second zircon standard Qinghu was measured as an un-
known to ascertain the veracity of the IMF. Three series of analyses in
twenty, eighteen and twenty-six measurements, respectively, of
Qinghu zircon standard yield a weighted mean of δ18O = 5.51 ±
0.30‰ (2SD), 5.51 ± 0.36‰ (2SD) and 5.53 ± 0.53‰ (2SD). These
values are in good agreement within errors with a reported value of
5.4 ± 0.2‰ (Li et al., 2013). Zircon O isotope data are listed in Supple-
mentary Table S1.

3.3. LA-ICPMS zircon U-Pb isotope and trace element analyses

Zircon U–Pb isotope and trace element analyses were carried out
using LA-ICPMS at School of Resources and Environmental Engineering
in Hefei University of Technology, Hefei. A pulsed 193 nm ArF Excimer
(COMPex PRO) with laser power of 10 mJ/cm2 pulse energy at a repeti-
tion ratio of 6 Hz coupled to an Agilent 7500a quadrupole ICP-MS was
used for ablation. Helium was used as carrier gas to provide efficient
aerosol transport to the ICP andminimize aerosol deposition. The diam-
eter of the laser ablation crater was 32 μm. Zircon 91,500was used as an
external standard to normalize isotopic fractionation during isotope
analysis. NIST610 glass was used as an external standard to normalize
U, Th and Pb concentrations of the unknowns. Meanwhile, zircon stan-
dard Plešovice was used for monitoring of the data quality. The detailed
analytical procedure can be found in Liu et al. (2010). Mean ages for
pooled U/Pb analyses are quoted with 95% confidence interval. Sixty-
nine analyses of Plěsovice yield a mean 206Pb/238U age of 336.6 ±
1.8Ma (MSWD=0.3), consistent within errors with the ID-TIMS result
of 337.13 ± 0.37 Ma (2σ) (Sláma et al., 2008).

The zircon trace element analysis was simultaneously obtained dur-
ing the zirconU–Pb dating. NIST610was used as an external standard to
calculate the trace element contents of the unknowns, and the preferred
values of element concentrations for the USGS reference glasses are
from the GeoReM database (http://georem.mpch-mainz.gwdg.de/).
The average analytical error ranges from ±10% for light rare earth
elements (LREE) to ±5% for other trace elements. Off-line selection
and integration of background and analyte signals, time-drift correction
and quantitative calibration for U-Th-Pb dating were performed by
ICPMSDataCal (Liu et al., 2010), and the common Pb correctionwas car-
ried out using the EXCEL programof ComPbCorr#151 (Andersen, 2002).

3.4. Identification of crystal inclusions in zircon

Crystal inclusions in zircon were identified by the JY Horiba LabRam
HR Evolution microprobe with a 532 nm Ar laser excitation at CAS Key
Laboratory of Crust-Mantle Materials and Environments at University
of Science and Technology of China, Hefei. The beam size for Raman
spectroscopy was set at ~1 μm. Monocrystalline silicon and polystyrene
were analyzed during the analytical session to monitor the precision
and accuracy of the Raman data.

4. Results

The zircon U-Pb isotopic data are listed in Supplementary Table S1
and trace element data are listed in Supplementary Table S2. For zircon
with U-Pb ages older than 1.0 Ga, 207Pb/206Pb ages are used in discus-
sion; otherwise 206Pb/238U ages are used. The trace element data that
are affected by the presence of crystal inclusions are precluded from
the dataset.

4.1. Zircon U-Pb ages

Zircon U-Pb isotopic analyses were carried out on a total of nine
samples and the results are plotted in concondia diagrams (Fig. 4), in
which concordant (discordance ≦ ±10%) and discordant analyses
(discordance N ±10%) are labeled separately.

Zircons from the Zhuguangshan sample are generally euhedral and
mostly 100–300 μm in length with length/width ratios of ~1:1 to 3:1.
Oscillatory zoning is common in CL images, and some relict zircon
cores can be recognized with generally higher CL brightness (Figs. 2
and 3). Twenty-six concordant U-Pb ages were obtained on zircons
with oscillatory zoning, giving a weighted mean 206Pb/238U age of
236 ± 2 Ma (MSWD = 2.2; Table S1). Abundances of U and Th
vary from 159 ppm to 1045 ppm and from 89.6 ppm to 279 ppm, re-
spectively, with Th/U ratios of 0.13–0.83 (Table S2). Seventeen analy-
ses on relict cores yield concordant U-Pb ages varying from 315 ±
5 Ma to 2185 ± 64 Ma. They have relatively low contents of U
(69.8–630 ppm) and Th (31.9–266 ppm) and variable Th/U ratios of
0.09–0.83 (Table S2).

As shown in representative CL images (Figs. 2 and 3), zircon grains
from the eight Jiuzhou samples exhibit similar morphologies. They are
generally euhedral and mostly 200–300 μm in length with length/
width ratios of ~1.5:1 to 4:1. Most of them are characterized by oscilla-
tory zoning. A subset of them contains relict cores. Ten to twenty-six
concordant U-Pb ages were obtained on zirconswith oscillatory zoning,
yielding weighted mean 206Pb/238U ages of 246 ± 2 (MSWD= 1.2) to
252 ± 3 Ma (MSWD = 0.5; Table S1). There are no differences in Th
and U concentrations as well as Th/U ratios for these zircons, with the
majority of them falling in the range of 40–200 ppm, 140–650 ppm
and 0.15–0.57, respectively (Table S2). Two to twenty concordant U-Pb
ages were obtained on relict cores from the eight samples. A total of 57
analyses yield a large range of ages from 304 ± 16 Ma to 3121 ±
30 Ma, with the majority of them in the interval of 400–1100 Ma and a
dominant peak at 700–1000 Ma (Fig. 5). Most of the relict zircons have
U and Th concentrations lower than 1000 ppm and 400 ppm, respective-
ly, and Th/U ratios in a range of 0.20–1.0 (Table S2).

In summary, the present U-Pb dating yields concordant Triassic ages
of 236 ± 2 Ma for zircon from the Zhuguangshan granites and 246 ±
2 Ma to 252 ± 3 Ma for zircon from the Jiuzhou granites. Such Triassic
ages are consistentwith previous dates for the crystallization age of gra-
nitic magmas (Jiao et al., 2015; Qiao et al., 2015) and thus these target
zircons are of syn-magmatic origin. On the other hand, there are many
zircons showing variable pre-Triassic U-Pb ages from 315 to 2185 Ma
in Zhuguangshan and from 304 to 3121Ma in Jiuzhou. These old zircons
ages are clearly of relict origin.

4.2. Zircon O isotopes

The zircons of Triassic U-Pb ages from the Zhuguangshan sample
show high δ18O values of 10.1–11.9‰ (Fig. 6a). For the Jiuzhou samples,
the zircons of Triassic U-Pb ages from sample 14GX22 exhibit lower
δ18O values of 8.5–9.5‰ whereas those from sample 10SC31 show
higher δ18O values of 9.2–13.0‰ (most in the range of 9.2–10.2‰),
and those from the other six samples exhibit consistently higher values
of 10.0–13.5‰ (Fig. 6a). In contrast, relict zirconswith pre-Triassic U-Pb
ages show more variable δ18O values from 5.1 to 11.6‰ for the
Zhuguangshan sample and from 5.1 to 12.7‰ for the Jiuzhou samples.

4.3. Zircon trace elements and crystal inclusions

As shown in Fig. 6, Ti concentrations and Th/U ratio decrease but Yb/
Gd ratio increases with increasing Hf concentrations in the zircon of Tri-
assic U-Pb ages, suggesting that zircon growth is associated with the
evolution of granitic magmas (Claiborne et al., 2010). The decrease of
Ti with magma evolution as monitored by the Hf increase indicates a
drop in magma temperatures and thus crystallization of Ti-rich phases
such as biotite and ilmenite. The decrease of Th/U ratios with increasing
Hfmay be caused by growth of Th-richminerals such as monazite. Sim-
ilarly, the increase of Yb/Gd ratios with magma evolution suggests the
progressive depletion of middle REE relative to heavy REE in granitic

http://georem.mpch-mainz.gwdg.de/
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melts as zircon crystallization proceeds, probably due to the growth of
apatite and monazite.

The Triassic zircons from the Nanling granites show a large
range of Th/U ratios from 0.06 to 2.6, whereas those from the
Darongshan granites exhibit a limited range of Th/U ratios from
0.03 to 1.0 (Fig. 6c). On the other hand, pre-Triassic zircons show
highly variable Th/U ratios of 0.09–2.1 for the Nanling granites
and 0.03–3.2 for the Darongshan granites. Crystal inclusions are
present in the zircons of Paleozoic U-Pb ages (Fig. 7). They are
tiny mineral assemblages composed of muscovite, albite, quartz
and K-feldspar.
Fig. 4. Zircon U-Pb concordia diagrams for Triassic granites from the southern Zhuguangshan c
analytical results grouped by concordance and the inserted plots showing the histograms; righ
mean ages of concordant analyses (discordance ≤10%). Note all data-point error ellipses are 2σ
5. The source rocks of Triassic granites

5.1. Previous understanding and its deficiency

Granites are a dominant constitute of the continental crust. Their or-
igin is closely related to reworking of ancient and juvenile crustal rocks
(e.g., Brown, 2013; Kemp et al., 2007). The source rocks of granites can
be inferred from the petrological, mineralogical and geochemical char-
acteristics of granites. Through characterizing the U-Pb age pattern of
relict zircons in granites and the O isotope compositions of syn-
magmatic zircons, it is known that Triassic granites in the Nanling
omplex and the Jiuzhou pluton in South China. Left panels: the concordia diagrams for all
t panels: the concordia diagrams for Triassic syn-magmatic zircons showing the weighted
.
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Range and the Darongshan batholith were derived from partial melting
of sedimentary rocks (e.g., Gao et al., 2014, 2016a; Jiao et al., 2015; Zhao
et al., 2015). However, the exact age of parental rocks that were chem-
ically weathered to form these sedimentary rocks are poorly defined.

The previous understanding of source rock ages was mainly relied
on whole-rock Nd model ages and zircon Hf model ages (e.g., Chen
et al., 2012; Chen and Jahn, 1998; Deng et al., 2004; Gao et al., 2014;
Jiao et al., 2015; Qi et al., 2007; Song et al., 2016; Wang et al., 2007a;
Zhao et al., 2013, 2015), which are actually indirect constraints because
the reworked crustmay be juvenile or ancient. For example, many stud-
ies consider that the Triassic granites in South China were derived from
partial melting of Paleoproterozoic crustal rocks in terms of their Nd
and Hf model ages. However, it is inappropriate to equal the Nd-Hf
model ages to the formation ages of crustal sources, unless the
Paleoproterozoic crust is of juvenile origin and thus derived from
decompressional melting of the contemporaneous asthenospheric
mantle. Even if this is the case, the model ages are often 100–200 Myr
older than the time of juvenile crust growth (Dhuime et al., 2011). If
the Paleoproterozoic rocks were reworked from more ancient crust,
they would exhibit more ancient model ages. In this regard, the
Paleoproterozoic model ages for Triassic granites suggest that their
source rockswould originally form not earlier than the Paleoproterozoic.
As a matter of fact, Paleoproterozoic magmatic rocks are very limited in
South China (Fig. 1; Zhang and Zheng, 2013; Zheng et al., 2013). Many
of them show negative εNd(t) and εHf(t) values (e.g., Chen and Jahn,
1998; Zhang and Zheng, 2013), indicating their derivation from



Fig. 4 (continued).
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reworking of the more ancient crust. Only some of them have positive
εHf(t) values (e.g., Wu et al., 2006; Zheng et al., 2006), suggesting their
derivation from reworking of the juvenile crust.

In contrast, relict zircons in granites provide a temporal link to their
source rocks that cannot be directly observed at present in most cases.
Since relict zircons in S-type granites are abundant relative to I- or A-
type granites, their role ismore significant in the origin of S-type granites
(e.g., Gao et al., 2016a; Jeon et al., 2014; Villaros et al., 2012). However,
this link must be made on the basis of a correct discrimination between
different origins of relict zircons. Only source-derived relict zircons can
provide a valuable means in tracing the source rocks of granites
(e.g., Villaros et al., 2012) and the history of crustal reworking
(e.g., Jeon et al., 2014), as well as in distinguishing true S-type granites
from those peraluminous I-type granites (Gao et al., 2016a). Some relict
zircons can be produced by tectonothermal events after deposition of the
weathered products from source rocks, and they belong tometamorphic
or peritectic zircons rather than magmatic zircon in their origin (Chen
and Zheng, 2017). Nevertheless, they may provide additional informa-
tion on the metamorphic and anatectic histories of the source rocks. In
comparison, xenocryst zircons trapped by wallrock contamination dur-
ing emplacement of graniticmagmas have nothing to dowith the nature
of source rocks.

A number of zircon U-Pb geochronological studies have reported the
presence of relict zircons in Triassic granites from South China
(e.g., Chen et al., 2011; Fu et al., 2015; Gao et al., 2016a; Jiao et al.,
2015; Qiao et al., 2015; Song et al., 2016). Although U-Pb ages for
these relict zircons were not discussed in detail, they can be collectively
categorized into two groups. One is in the Early to Middle



Fig. 5. Plots of zirconO isotope and Th/U ratios against U-Pb ages for Triassic granites in theNanling Range (left) and theDarongshan area (right). Data sources: Nanling - Gao et al. (2016a),
Darongshan - Jiao et al. (2015) and Qiao et al. (2015). Yellow bands represent the ages of Neoproterozoic igneous rocks (T1: 679–990 Ma, Zhang and Zheng, 2013) and the Paleozoic
granites (T2: 400–500 Ma, Wang et al., 2013). Red lines labeled with ages denote the beginning of the transient anatexis.
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Neoproterozoic and the other is in the Early Paleozoic. The former can
be linked to tectonic events for subduction magmatism in the Early
Neoproterozoic and rifting magmatism in the Middle Neoproterozoic
(Zhang and Zheng, 2013), and the latter is contemporaneous with
intracontinental orogenesis in the Early Paleozoic (e.g., Z.X. Li et al.,
2010; Wang et al., 2011, 2013). However, most reported U-Pb ages for
the relict zircons are relatively scarce for single pluton, and there are
no geochemical data having been analyzed at the same time. Neverthe-
less, it is exceptional in two case studies. One is the zirconological
Fig. 6. Plots of zircon Hf content against O isotope and trace element content and ratio for Triass
Gao et al. (2016a). Data with extremely high Ti contents, possibly due to Ti-rich inclusions, are
study of Triassic Guidong granites, for which a systematic dataset of zir-
con U-Pb age, O isotope and trace element were reported (Gao et al.,
2016a). The other is the zirconU-Pb geochronological study of the Trias-
sic Darongshan batholith, for which abundant dates are available (Qiao
et al., 2015). The majority of relict zircon were not analyzed for their
geochemical composition, limiting our understanding of the origin of
relict zircons and their geological significance.

Precambrian basement rocks in South China aremainly composed of
Neoproterozoicmagmatic rocks (Fig. 1), which arewidely distributed in
ic granites in the Nanling Range and the Darongshan area. Nanling literature data are from
omitted in (B).



Fig. 7. Identification of multiphase solid inclusions (MSI) in two representative peritectic zircons from the Triassic granites of the southern Zhuguangshan complex (10SC82) and
the Jiuzhou pluton (14GX83-2). (A) and (D): CL images with analytical positions of U-Pb isotopes (white circles) and O isotopes (red ellipses). U-Pb ages and δ18O values as well as the
positions of MSI (red dots) are also labeled. (B) and (E): microscopic images of the MSI within zircons under plane polarized light. Spot numbers denote laser Raman analyses.
(C) Laser Raman spectra of the MSI in (A), consisting of muscovite (Ms) + albite (Ab) + K-feldspar (Kfs) + quartz (Qz). (F) Laser Raman spectra of the MSI in (D), consisting
of Ms + Ab + Qz. Mineral abbreviations are after Whitney and Evans (2010).
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the western Cathaysia terrane, the Jiangnan orogen, the Panxi-Hannan
orogen between the Yangtze craton and the Tibet block, and the
Qinling-Tongbai-Hong'an-Dabie-Sulu orogenic belt between the
Yangtze craton and the North China craton (Zheng et al., 2013). These
Neoproterozoic magmatic rocks have formed in a long period of 680–
990 Ma (Zhang and Zheng, 2013). The western Cathaysia terrane and
the Jiangnan orogen, where Triassic granites are exposed, are dominat-
ed by lower Neoproterozoic metamorphosed volcanosedimentary stra-
ta that were intruded byMiddle Neoproterozoic peraluminous (S-type)
granites and unconformably overlain by Middle Neoproterozoic weakly
metamorphosed strata and upper Neoproterozoic unmetamorphosed
Sinian cover (Zhang and Zheng, 2013). Only a few volcanosedimentary
successions underwent regional metamorphism at greenschist to lower
amphibolite-facies. High-precision zircon U-Pb dating of these meta-
morphic rocks yields Early to Middle Neoproterozoic ages of ca. 840–
990Ma for their protoliths (Z.X. Li et al., 2010; Yao et al., 2011). Volcanic
rocks from these Neoproterozoic strata are predominantly composed of
basalts and rhyolites, with minor andesites and dacites, some of which
exhibit arc-like geochemical compositions. The Neoproterozoic mag-
matic rocks have registered both crustal growth and reworking, which
is indicated by their Hf model ages ranging from 700 Ma to 3300 Ma
with the majority in two ranges of 800–1400 Ma and 1800–2300 Ma
(Zhang and Zheng, 2013). Therefore, it is crucial to track reworking of
the Neoproterozoic rocks in the origin of Triassic granites. Relict zircons
in the Triassic S-type granites have the advantage over the commonNd-
Hf isotope compositions for this purpose.
5.2. Relict zircons trace reworking of Neoproterozoic crustal rocks

Relict zircons obtained in this study show highly variable U-Pb ages
from 315 ± 5 Ma to 2185 ± 64 Ma for the southern Zhuguangshan
granites, and from 304 ± 16Ma to 3121 ± 30 Ma for the Jiuzhou gran-
ites (Table S2). These ages form two main peaks, one in the range of
300–500 Ma in the Paleozoic and the other in the range of 700–
1000 Ma in the Neoproterozoic (Fig. 5). Although Th/U ratios for the
Neoproterozoic relict zircons are also highly variable (Table S2), they
are generally higher than 0.1 (Fig. 5). In addition, these zircons show
REE patterns similar to those for the Triassic syn-magmatic zircons
(Fig. 8), with enrichment in HREE but depletion in LREE relative to
MREE, negative Eu anomalies and positive Ce anomalies. Such geo-
chemical features indicate that the Neoproterozoic relict zircons were
of magmatic origin (Hoskin and Schaltegger, 2003). High δ18O values
(N8‰) for the Triassic zircon, the occurrence of abundant relict zircons
and strongly peraluminous lithochemistry unambiguously point
out that the Triassic granites were derived from partial melting of the
sedimentary rocks, which are primarily derived from chemical
weathering of the Neoproterozoic magmatic rocks. The relict zircons
of Neoproterozoic U-Pb ages show a much larger range in δ18O values
than the Triassic syn-magmatic zircons (Fig. 5a and c). The
Neoproterozoic relict zircons in the Nanling granites exhibit less vari-
able δ18O values, mostly in a small range from 5 to 8‰. In contrast,
those in the Darongshan granites showmore variable δ18O values, gen-
erally in a large range from 5 to 11‰. This difference is significant,



Fig. 8. Plot of chondrite-normalized REE patterns of zircons from the southern Zhuguangshan granites (A) and the Jiuzhou granites (B–I). Normalized values for chondrite are from
McDonough and Sun (1995).
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indicating that the Neoproterozoic magmatic rocks in the two regions
would originate from crustal rocks of different δ18O values because
they experienced chemical weathering of different degrees.

The U-Pb age pattern for Neoproterozoic relict zircons from the
Nanling granites are very similar to that for zircons from Upper
Neoproterozoic sedimentary rocks in the Nanling Range, which are
known to experience metamorphism and anatexis mainly in the Siluri-
an of 420–450Ma and in the Triassic of 200–250Ma (e.g., Yu et al., 2008,
2010). In particular, both age patterns exhibit dominant peaks at ca.
750–950Ma (Fig. 9a, d), overlapping ages for Neoproterozoic magmatic
activities in South China (Zhang and Zheng, 2013). However, the zircon
U-Pb ages for the Neoproterozoic magmatic rocks in the western
Cathaysia terrane and the Jiangnan orogen are dominantly in ca. 800–
900Ma,whereas those for theNeoproterozoic relict zircons in the Trias-
sic granites and the detrital zircons in the Upper Neoproterozoic sedi-
mentary rocks are dominantly in ca. 900–1000 Ma (Fig. 9a, d). This
small difference suggests that some of the Neoproterozoic zircon grains
in both Triassic granites and Neoproterozoic sedimentary rocks are
largely sourced from crustal rocks which are not represented by locally
exposed rocks.

For the Triassic granites from the Darongshan batholith, there are
plenty of relict zircons with Neoproterozoic U-Pb ages. There is also a
dominant peak of U-Pb ages in the Neoproterozoic for detrital zircons
in the granulite enclaves of metasedimentary origin (Fig. 10a, b),
which are regarded as the source rocks of the Darongshan granites
(e.g., Jiao et al., 2013; Zhao et al., 2012). This indicates a significant con-
tribution of the Neoproterozoic crustal rocks to the source of the
Darongshan granites. However, the Neoproterozoic sedimentary rocks
may not represent the sole source of the Darongshan granites because
the relict zircons from the granites have a population of post-700 Ma
ages (Fig. 10a). Such ages are deficient in both the granulite enclaves
(Fig. 10b; Zhao et al., 2010) and the Upper Neoproterozoic
metasedimentary rocks (Fig. 10e; Wan et al., 2010; Yu et al., 2010)
from the Yunkai mountains adjacent to the Darongshan batholith
(Fig. 1). Instead, the post-700 Ma zircon grains can be found in Permian
sedimentary rocks from the Shiwandashan basin (Fig. 10b; Hu et al.,
2015), where the Darongshan granites are exposed nearby (Fig. 1).
The detrital zircons from the Shiwandashan and Yunkai areas adjacent
to the Darongshan area are selected for comparison because there are
rare detrital zircon data for rocks in the Darongshan area. In addition,
many studies have established that sedimentary environments before
the Triassic and the Early Paleozoic orogenesis, respectively, are rela-
tively stable for the three areas, and therefore the Ordovician and Perm-
ian sedimentary rocks can be respectively used to represent the
averages of the exposed crustal rocks which were weathered before
the onset of these orogenesis for the three areas (e.g., Shu, 2012; Yao
et al., 2015). The comparison given above suggests that Late Paleozoic
sedimentary rocks could have contributed to the source rocks of Triassic
granites in addition to the major contribution from the Neoproterozoic
magmatic rocks.

Although reworking of the Neoproterozoic rocks wasmentioned for
the origin of Triassic granites in South China (e.g., Chen et al., 2011; Fu
et al., 2015; Gao et al., 2016a; Jiao et al., 2015; Qiao et al., 2015; Song
et al., 2016), less attention has been paid to the inheritance of
Neoproterozoic zircon U-Pb ages from source rocks. Fu et al. (2015) re-
port a substantial amount of relict zircons with Neoproterozoic U-Pb
ages of 627 ± 9 to 992 ± 12 Ma in three Triassic granite plutons from
central Hunan (the Xuefeng domain in Fig. 1a), but no detailed discus-
sion was devoted to these old ages for source inheritance. The present
study has made a collection of relict zircon U-Pb dates for the Triassic
granites in South China (Fig. 11). These dates include not only those rel-
atively plentiful analyses as mentioned above but also those relatively
sporadic analyses as acquired in this study. The histograms of these
dates show prominent peaks in the Neoproterozoic for most Triassic
granites in South China, including those from the Nanling Range, the
Darongshan batholith and the Xuefeng domain. The age peak in the



Fig. 9. Histogram of the U-Pb ages for relict zircons from the Nanling granites (A; Zheng
and Guo, 2012; Gao et al., 2016a; Song et al., 2016), detrital zircons in the Permian
sedimentary rocks from the Nanling Range (B; Li et al., 2012), detrital zircons in the
Ordovician sedimentary rocks from the Nanling Range (C; Yao et al., 2011), and zircons
in the Late Neoproterozoic metasedimentary rocks from the Nanling Range (D; Yu et al.,
2008, 2010). Yellow bands marked with T1 and T2 are the same as those in Fig. 5. Green
symbols in (A) are the peritectic zircons, and in (D) are representative of the
metamorphic or peritectic zircons. Data sources for the Neoproterozoic igneous rocks
from the Jiangnan orogen and the Cathaysia terrane are from Zhang and Zheng (2013)
and references therein.

Fig. 10. Histogram of the U-Pb ages for relict zircons from the Darongshan granites
(A; Deng et al., 2004; Chen et al., 2011; Jiao et al., 2015; Qiao et al., 2015), zircons from
granulite enclaves hosted by the Darongshan granites (B; Zhao et al., 2010), detrital
zircons in the Permian sedimentary rocks from the Shiwandashan basin (C; Hu et al.,
2015), detrital zircons in the Ordovician sedimentary rocks from the Shiwandashan
basin (D; Yao et al., 2015), and zircons in the Late Neoproterozoic metasedimentary
rocks from the Yunkai domain (E; Wan et al., 2010; Yu et al., 2010). Yellow bands
marked with T1 and T2 are the same as those in Fig. 5. Green symbols in (A) are the
peritectic zircons, and in (B) and (E) are representative of the metamorphic or peritectic
zircons.
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range of 700–1000 Ma is a striking one for the all Triassic granites from
all the three areas (Fig. 11). Therefore, in is confident to conclude that
reworking of the Neoproterozoic magmatic rocks is the primary mech-
anism for the origin of Triassic granites in South China. Although it is
hard to determine the exact time when these Neoproterozoic rocks
were weathered and deposited to form the sedimentary rocks in
South China, potential tectonic settings for crustal weathering and de-
position are the arc-continent collision orogeny at 830–800 Ma and
the continental rifting at 780–740 Ma (Zhang and Zheng, 2013; Zheng
et al., 2013).

6. The origin of Paleozoic relict zircons in the Triassic granites

6.1. Petrochronological constraints

Taken previously published data together with our newly reported
data, Paleozoic U-Pb ages are considerable for relict zircons in the Trias-
sic S-type granites from South China. Themajority of Paleozoic relict zir-
cons show consistently high δ18O values, similar to those for the Triassic
syn-magmatic zircons but different from those for the Neoproterozoic
relict zircons. In detail, δ18O values for the Paleozoic relict zircons in
the Nanling granites exhibit δ18O values of 8.6 to 11.6‰, similar to
those of 8.8 to 11.9‰ for the Triassic syn-magmatic zircons; those
from the Darongshan granites show δ18O values of 8.7 to 11.4‰, similar
to those of 7.8 to 13.5‰ for the Triassic syn-magmatic zircons. However,
there are large variations in their Th/U ratios, which vary from 0.09 to
2.1 in Nanling and from 0.03 to 3.2 in Darongshan.

Because the Paleozoic relict zircons have intermediate U-Pb ages be-
tween the Neoproterozoic and Triassic, there are a number of possible
interpretations for them. These include: (1)mixing of analytical results;
(2) detrital grains; (3) xenocrysts from wallrocks; (4) older relict zir-
cons that suffered Pb loss in later thermal events; (5) metamorphic zir-
cons; and (6) peritectic zircons. The mixed analytical results can be
precluded for two reasons: (a) these zircons are individual grains or
rimmed by the Triassic domains (Fig. 2), and no single grain with both
Triassic rims andmultiple generations of older cores has been observed;
(b) the analyses are carefully guided by CL images, and the chemical
compositions of these zircons are not intermediate between those of
the Triassic zircons and the older ones. The origin of detrital grains is
also disfavored because the Paleozoic detrital zircons have rarely been
observed in the Permian sedimentary rocks from the Shiwandashan
basin (Fig. 10; Hu et al., 2015), adjacent to the Darongshan batholith
(Fig. 1). Although the Paleozoic detrital zircons can be found in the
Permian sedimentary rocks from the Nanling Range (Fig. 9b; Li et al.,



Fig. 11.Histograms of the U-Pb ages for relict zircons from Triassic granites in the Darongshan batholith (A), the Nanling Range (C), and the Xuefeng domain (D). Also shown is histogram
of detrital zircons from granulite enclaves hosted in the Darongshan granites (B) as a comparison. Data sources: A-similar to those in Fig. 10a; B-similar to those in Fig. 10b; C-similar to
those in Fig. 9a; D-Wang et al., 2007a; Fu et al., 2015.
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2012), the Paleoproterozoic detrital grains are also common in these
sedimentary rocks but they are rarely detected in the Precambrian zir-
cons of the Triassic granites from Nanling (Fig. 9a).

The interpretation of xenocryst zircon from wallrock contamination
is questionable because there is no appropriate crust in the target area
that is responsible for the occurrence of Paleozoic relict zircons in
the Darongshan and Nanling granites (Figs. 9 and 10). It is well
known that South China experienced two strongly tectonothermal
events, respectively, in the Silurian (mainly at ca. 420–450 Ma) and in
the Triassic (ca. 200–250 Ma), leading to two episodes of pre-Jurassic
intracontinental orogenesis in the Phanerozoic (e.g., Z.X. Li et al., 2010;
Wang et al., 2013). A lot of studies have established that sedimentary
environments before these two episodes of orogeny are relatively sta-
ble, and therefore the Ordovician and Permian sedimentary rocks
can be used to represent the averages of the exposed crustal rocks
which were weathered before the onset of these two orogenesis
(e.g., Shu, 2012; Wang et al., 2013; Yao et al., 2015). However, detrital
zircon U-Pb age patterns for the Ordovician and Permian sedimentary
rocks do not match those for the relict zircons from the Triassic granites
(Figs. 9 and 10). Furthermore, rare xenoliths have been found in the
Nanling granites (e.g., Chen et al., 2012; Deng et al., 2012; Gao et al.,
2014, 2016a, 2016b; Zhao et al., 2015). While some xenoliths can be
seen in the Jiuzhou granites, they often show clear shapes implying little
influence by the host granites. In addition, whole-rock SiO2 concentra-
tions are not correlated with zircon δ18O values (Fig. 12b), suggesting
insignificant influence from the wallrock contamination unless the
source rocks and the contaminated wallrocks have indistinguishable O
isotope compositions. In fact, the wallrock contamination requires
high temperatures for its anatexis during magma emplacement, which
is generally impeded by the huge energy loss, rapid and substantial
crystallization, and stagnation of magma movement (e.g., Clemens
and Stevens, 2012). In this regard, all relict zircons in this study are
inherited from their source rocks. They can be termed as inherited zir-
cons in general (Chen and Zheng, 2017; Miller et al., 2007).

The inherited zircons may experience variable degrees of Pb loss
during granitic magmatism, leading to partial resetting of their U-Pb
ages. The resulted zircons may have concordant U-Pb ages if the time
difference between the zircon growth and reworking is short, for in-
stance, a Permian zircon grain experiencing Pb loss in the Triassic. On
the other hand, they may have discordant U-Pb ages due to significant
Pb loss. If the inherited zircons could suffer complete Pb loss, they
would give nearly concordant ages close to the timing of the
tectonothermal event. However, the interpretation of Pb loss cannot ac-
count for the consistently lower Th/U ratios and higher δ18O values for
the second group of young relict zirconswhereas the older relict zircons
show both highly variable Th/U ratios and δ18O values (Fig. 5). In addi-
tion, the granulite enclaves in the Jiuzhou granite rarely contain zircon
grains with concordant U-Pb ages of 300–400 Ma (Fig. 10b; Zhao
et al., 2010), but such ages are common in the relict zircons of Triassic
granites (Fig. 10a). The granulite enclaveswere regarded as an analogue
to the source rocks of Triassic granites in the Darongshan batholith in
terms of their mineralogy and geochemistry (Jiao et al., 2013; Zhao
et al., 2012), but they would have underwent extraction of granitic
melts under the granulite-facies conditions (Zheng and Chen, 2017).
Therefore, although the Pb loss would inevitably happen, this effect is
negligible on the U-Pb ages of young relict zircons.

The Paleozoic relict zircons cannot be interpreted as metamorphic
growth for the following reasons: (1) their Th/U ratios aremostly higher
than 0.1 (Fig. 5); (2) the occurrence of crystal inclusions composed of
felsic minerals (Fig. 7), indicating that their growth in the presence of
granitic melts (Chen et al., 2013); and (3) their REE patterns are mostly
consistent with those for the Triassic syn-magmatic zircons (Fig. 8),
with characteristically steep HREE patterns and negative Eu anomalies.
This inference is consistentwith the observations on the detrital zircons



Fig. 12.A: Plot of δ18O values against U-Pb ages for Triassicmagmatic zircons and Paleozoic
peritectic zircons. B: Plot of δ18O value of zircon against SiO2 content of whole-rock. Error
bar is in 2σ. Note that the term of peritectic zircons is used in this study, though theywere
called relict zircons in the literature.
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from sedimentary andmetasedimentary rocks in South China, in which
rare metamorphic zircons of Paleozoic U-Pb ages can be found
(e.g., Wan et al., 2007, 2010; Wang et al., 2007b; Xu et al., 2007; Yu
et al., 2008, 2010; Yao et al., 2011, 2015; Li et al., 2012; Hu et al., 2015).

The high δ18O values for the Paleozoic relict zircons indicate that
they would have grown from crustal rocks that have high δ18O values.
Such rocks are most probably the sedimentary rocks that experienced
chemical weathering on the surface (Hoefs, 2015). The similarity in
δ18O values between these young relict zircons and the Triassic syn-
magmatic zircons is coherent in individual samples (Fig. 12a), indicating
that these two groups of zircons share common sources. In this regard,
the Paleozoic relict zircons are best interpreted as peritectic zircons
which were produced by transient melting of the host rocks. Only
under such temperatures the crustal rocks could experience transient
melting to produce rare peritectic minerals (Chen and Zheng, 2017).

It is known for a long time that zirconmay precipitate frommagmat-
ic melts during their evolutionwith significant crystallization of Zr-poor
minerals. On the other hand, zirconmay grow either throughmetamor-
phic reactions at temperatures below the solidus of crustal rocks or
through peritectic reactions at temperatures on and above the solidus
of crustal rocks (Chen and Zheng, 2017). Zirconium could be provided
by the breakdown of Zr-bearing minerals such as biotite and ilmenite
(Zheng, 2012), or by the dissolution of protolith zircon (Bea et al.,
2006). Peritectic zircons commonly occur in granulites, migmatites
and granites (Liu et al., 2012; Chen et al., 2013). Because of the very
low Zr abundances in anatectic melts that have not separated from
their parental rocks, zircon is not capable of growth directly from the
anatectic melts unless the anatectic melts have evolved to high extent
with fractional crystallization of Zr-poor minerals from them (Chen
and Zheng, 2017). In this case, the anatectic melts have evolved into
magmatic melts from which zircons are able to grow due to local Zr
oversaturation.

The composition of peritectic zircons is dictated not only by meta-
morphic P-T conditions but also by the activity of coexisting minerals.
Their Th/U ratios may be higher or lower than 0.1, which are primarily
dictated by the stability of Th-rich minerals such as allanite and mona-
zite during partial melting (Zheng et al., 2011). They may show low
Th/U ratios due to the stability of such minerals during dehydration re-
actions, but high Th/U ratios due to thebreakdownof suchminerals. The
peritectic zircons in the present study exhibit large variations in CL
structure from unzoning to oscillatory zoning, in Th/U ratios from b0.1
to N1.0, in REE abundances from low to high, in HREE patterns from
flat to steep, and in Eu anomalies from none to negative. These varia-
tions are primarily dictated by the temperature and duration of crustal
anataxis. In general, the higher the anatectic temperature, the higher
the Th/U ratios; the longer the anatectic duration, the better the oscilla-
tory zoning. Incipientmelting at the temperatures on and slightly above
the solidus tends to produce low Th/U zircons, whereas transient melt-
ing at the temperatures significantly above the solidus tends to produce
high Th/U zircons.

Although the Paleozoic relict zircons are scarce in the Triassic gran-
ites (generally ca. 1% in individual samples), they indicate considerable
influence by thermal pulses on the metasedimentary rocks before their
intensive melting for granitic magmatism in the Triassic. As illustrated
in Fig. 5, they show highly variable Th/U ratios (0.09–2.1 for the Nanling
granites, and 0.03–3.2 for the Darongshan granites) relative to the syn-
magmatic zircons (0.06–2.6 for the Nanling granites, and 0.03–1.0 for
the Darongshan granites) and the Precambrian relict zircons (0.1–2.1
for the Nanling granites, and 0.1–3.2 for the Darongshan granites).
This suggests that the anatectic temperatures were highly variable and
Th-rich accessoryminerals were variably broken down during transient
melting. Therefore, these Paleozoic relict zircons are primarily not of de-
trital origin, and their occurrence in granites provides an additional
means to unravel the history of crustal anataxis before the granitic
magmatism.

6.2. Insights into the history of crustal anatexis

The composition of granites is complicated because they are com-
posed of magmatic, peritectic and residual minerals in different propor-
tions, depending on the P-T conditions of crustal anatexis. In general,
the granites of sedimentary sources (S-type) contain larger amounts
of peritectic and residual minerals than the granites of igneous sources
(I-type). For this reason, minerals in S-type granites commonly show
larger variations in composition thanminerals in I-type granites. In par-
ticular, peritectic minerals generally exhibit highly variable composi-
tions because their growth through different types of peritectic
reaction at different P-T conditions. In contrast, magmatic minerals
may show relatively homogenous geochemistry because their crystalli-
zation from the magmatic melts of relatively homogenized composi-
tion. As such, it is important to discriminate between peritectic and
magmatic minerals in granites when dealing with their petrogenesis.

Zircon is a very refractory mineral and thus has the capacity to re-
cord the primary signature of its growth. The abundance of incompati-
ble trace elements in zircon can be used in tracing its origin. It is
known that U is a water-soluble element and thus susceptible to trans-
port during metamorphic dehydration at temperatures below the soli-
dus of crustal rocks. In contrast, Th is a water-insoluble element but
melt-mobile one and hence susceptible to transport during partialmelt-
ing at the temperatures above the solidus of crustal rocks. As a conse-
quence, metamorphic zircons generally have lower Th/U ratios than
0.1 whereas magmatic zircons usually have higher Th/U ratios than
0.4. As such, zircon Th/U ratios are often used to discriminate its origins.
Peritectic zircons may show highly variable Th/U ratios from b0.1 to
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N1.0, depending on the stability of Th-bearing minerals during partial
melting. If partial melting takes place at the temperatures on and slight-
ly above the solidus, crustal anataxis is incipient and the peritectic zir-
cons produced are of lower Th/U ratios than 0.1 (Chen and Zheng,
2017). If partial melting takes place at the temperatures profoundly
above the solidus, crustal anataxis is significant and the peritectic zir-
cons resulted are of higher Th/U ratios than 0.4. In either case, some
peritectic zircons can be characterized by intermediate Th/U ratios be-
tween 0.1 and 0.4.

The present study obtains that the syn-magmatic zircons of Triassic
U-Pb ages from the Nanling granites show a larger range of Th/U ratios
from 0.06 to 2.6, and those from the Darongshan granites exhibit a
smaller range of Th/U ratios from 0.03 to 1.0 (Figs. 5 and 6). In this re-
gard, those zircons with lower Th/U ratios lower than 0.4 may be of
peritectic origin or magmatic origin growing from highly evolved
melts. As such, these Triassic zircons consist of magmatic and peritectic
ones. On the other hand, the relict zircons of Paloezoic U-Pb ages show
highly variable Th/U ratios of 0.09–2.1 for the Nanling granites and
0.03–3.2 for the Darongshan granites. Such variations suggest a large
fluctuation in anatectic temperatures. While the low Th/U ratios may
be responsible for incipient melting at the temperatures on the solidus,
the high Th/U ratios may indicate transientmelting at the temperatures
significantly above the solidus.

Dehydration of crustal rocks in the lower crust is spatially and tem-
porally coupled with hydration of their overlying rocks in the middle
crust, forming the relationship between the source and sink of water
(Zheng and Chen, 2017). At low water activities, crustal rocks undergo
dehydration melting due to the breakdown of hydrous minerals such
as muscovite, biotite and amphibole at higher temperatures. As soon
as the water is liberated from the hydrous minerals, it fluxes into the
overlying rocks for hydration melting at lower temperatures. Because
of the fluctuation in temperature at the Moho of orogenic lithosphere,
crustal rocks there may experience local dehydration on the one hand
and local hydration on the other hand, resulting in multiple episodes
of partial melting at different degrees.Whereas the lower temperatures
tend to cause transient melting for local migmatization, the higher
temperatures can lead to intensive melting for granitic magmatism.
While magmatic zircons are readily utilized in U-Pb dating of magma
crystallization, peritectic zircons are amenable to U-Pb dating of
migmatization at different degrees.

The Triassic granites from the Nanling Range and the Darongshan
batholith showdifferent intervals between the youngest ages of detrital
zircons and the oldest ages of peritectic zircons (Fig. 5). The gap lies be-
tween 630 Ma and 523 Ma for the Nanling granites, but it is only be-
tween 434 Ma and 397 Ma for the Darongshan granites. Such a
difference suggests that the tectonic processes from deposition to burial
and then to transientmelting for the growth of peritectic zircons are dis-
continuous in the Nanling Range, but they are almost not disrupted in
the Darongshan batholith. The transient melting has occurred since ca.
500 Ma and ca. 400 Ma, respectively, for the source rocks of Triassic
granites in the Nanling Range and the Darongshan batholith. These
two anatectic ages are synchronous with the initial and final ages, re-
spectively, for the Early Paleozoic tectonothermal events in South
China (e.g., Z.X. Li et al., 2010;Wang et al., 2013). Therefore, the Triassic
granites were produced by reworking of the specific rocks that experi-
enced the transient melting in the Early Paleozoic.

Crustal rockmay undergo different degrees of partialmelting in oro-
genic lithosphere, depending on the thermal structure of orogens
(Zheng and Chen, 2016, 2017). If they are heated at higher tempera-
tures, intensivemelting takes place to produce granites andmigmatites.
In contrast, there is only transientmelting at lower temperatures to pro-
duce migmatites with peritectic zircons (Chen and Zheng, 2017). In the
Nanling Range, sedimentary rocks were buried for regional metamor-
phism since ≥500 Ma. It is possible in the Nanling Range that these
metasedimentary rocks experienced transient melting in the Paleozoic
to generate the peritectic zircons and then underwent intensive
anatexis in the Triassic to produce the peraluminous granites. Although
the two-stage processes were not underlined before for the Nanling Tri-
assic granites, they have been recorded by a number of petrological and
geochemical studies (e.g., Chen et al., 2012; Deng et al., 2012; Gao et al.,
2014, 2016a; Shu et al., 2014; Song et al., 2016;Wang et al., 2011; Zhao
et al., 2015). The two-stage model is also applicable to the origin of the
Darongshan grantites. Neoproterozoic sedimentary rocks there were
transported from the surface into the deep crust since ≥400 Ma, when
the Early Paleozoic orogenesis came into the end and postorogenic ex-
tension started to prevail (e.g., Z.X. Li et al., 2010; Shu, 2012; Wang
et al., 2013). Afterwards these rocks suffered the thermal overprinting
for transientmelting in theperiod of ca. 400–250Ma, and then intensive
melting for granitic magmatism in the Triassic.

7. Conclusions

The high δ18O values, peraluminous lithochemistry and the occur-
rence of plentiful relict zircons in Triassic granites from the Nanling
Range and the Darongshan bathlith demonstrate that these granites
were derived from partial melting of sedimentary rocks. The relict zir-
cons of Neoproterozoic U-Pb ages are prominent and they are of mag-
matic origin, indicating that their provenances are Neoproterozoic
magmatic rocks. Reworking of the Neoproterozoic crustal rocks is thus
responsible for the origin of Triassic granites. This provides a temporal
link to the source rocks of granites, refining the previous definition in
terms of whole-rockNd and zirconHfmodel ages. In addition, some rel-
ict zircons are of Paleozoic U-Pb ages. These zircons show consistently
high δ18O values similar to the Triassic syn-magmatic zircons. Thus,
they are interpreted as peritectic zircons that grew during the transient
melting of metasedimentary rocks before intensive melting for granitic
magmatism in the Triassic. Therefore, the U-Pb ages and geochemical
compositions of relict zircons are of important value in tracing the
source rocks of granites and their anatectic history.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lithos.2017.11.036.
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