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Abstract: Two small-sized granitic plutons, outcropped in Xianghualing ore field, South Hunan
(South China), have a close relationship with the super large-scale Sn–W polymetallic mineralization
in this ore field. The Laiziling and Jianfengling plutons are composed of medium- to coarse-grained
two-mica and coarse-grained biotite granites, respectively, and have zircon U–Pb ages of
156.4 ± 1.4 Ma and 165.2 ± 1.4 Ma, respectively. Both of the Laiziling and Jianfengling granites
are characterized by extremely similar elemental and Lu–Hf isotopic compositions with high contents
of SiO2 , Al2 O3 , Na2 O, K2 O, high A/CNK ratios, negative εHf (t) values (ranging from −3.86 to −1.38
and from −5.44 to −3.71, respectively), and old TDMC ages (ranging from 1.30 to 1.47 Ga and from
1.32 to 1.56 Ga, respectively). These features indicate that they both belong to highly fractionated
A-type granites, and were formed in an extensional setting and from the same magma chamber
originated from the Paleoproterozoic metamorphic basement of South China with a certain amount
of mantle-derived magma involved with temperatures of ca. 730 ◦ C and low oxygen fugacity.
Keywords: zircon U–Pb dating; geochemistry; Lu–Hf isotopes; Xianghualing; South Hunan

1. Introduction
South Hunan, located in the central part of the Shi-Hang zone, is well-known for its world-class
W–Sn–Pb–Zn polymetallic deposits and reserves (Figure 1a). The Shi-Hang zone, well-known as
the collision suture between the Yangtze Block and Cathaysia Block in the Neoproterozoic, is also
an important granitic magmatic belt and polymetallic metallogenic belt [1–3]. As a significant part
of the Shi-Hang zone, the W–Sn–Pb–Zn mineralization in this South Hunan possesses an obvious
zoning feature from east to west: Shizhuyuan and Yaogangxian W deposits in the eastern part, Furong,
Xianghualing and Furong Sn deposits in the middle part, and Huangshaping and Baoshan Pb–Zn
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plutons related with these large deposits have been drawn the attention of geologists, and abundant
geochronological and geochemical data have been reported recently, such as Qitianling pluton (155.5
± 1.3 Ma, associated with the Furong Sn deposit [13]), Qianlishan pluton (157 ± 2 Ma, associated with
the Shizhuyuan W deposit [15]), Yaogangxian pluton (156.9 ± 0.7 Ma, associated with the Yaogangxian W
deposit2018,
[11]),
Huangshaping pluton (154.3 ± 1.9 Ma, associated with the Huangshaping Pb–Zn
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Figure 1. (a) Geological sketch map of South China; (b) Geological sketch map of the South Hunan
Figure 1. (a) Geological sketch map of South China; (b) Geological sketch map of the South Hunan
province (modified from [8]), showing the distribution of granitic plutons, and related deposits.
province (modified from [8]), showing the distribution of granitic plutons, and related deposits.

The Laiziling and Jianfengling plutons, located in Xianghualing ore field, South Hunan province,
are two small-sized granitic plutons, however, they have close relationship with the super-large
Xianghualing Sn deposit and large Dongshan W deposit, respectively, both in time and space [7,17,18].
Then, it is the perfect laboratory for studying the theory of little intrusion forming large deposit.
However, former studies have been focused on the abundant Sn–W polymetallic mineralization
and genesis of the singly pluton. Additionally, a lack of systematic geochronological, geochemical,
and isotopic analysis makes it unclear for the genesis and tectonic setting of these granitic plutons.
Furthermore, few works have been conducted on the relationship between the Laiziling and
Jianfengling plutons. Then, in this paper we report new data of zircon U–Pb dating, bulk-rock
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geochemical compositions and zircon Lu–Hf isotopes of Laiziling and Jianfengling granites, aiming to
outline the petrogenesis of these two plutons, constrain the source and origin of the granitic magmas,
discuss2018,
the tectonic
setting,
and clarify the relationship between these two plutons.
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Figure 2. Schematic geological map of the Xianghualing ore field showing the location of samples
Figure 2. Schematic geological map of the Xianghualing ore field showing the location of samples
(modified from [7]).
(modified from [7]).

The Laiziling pluton, occupying an area of 2.2 km2, is composed of the medium- to coarseThetwo-mica
Laiziling pluton,
an area ofby
2.2massive-,
km2 , is composed
of the
mediumto coarse-grained
grained
granites.occupying
It is characterized
leucocraticand
porphyroid-texture,
and
two-mica
granites.
It
is
characterized
by
massive-,
leucocraticand
porphyroid-texture,
and consist
of
consist of quartz (~40%), K-feldspar (~30%), plagioclase (~20%), biotite (~5%), and muscovite
(~5%)
quartz
(~40%),
K-feldspar
(~30%),
plagioclase
(~20%),
biotite
(~5%),
and
muscovite
(~5%)
(Figure
3a–c).
(Figure 3a–c). The accessory minerals contain zircon, apatite, sphene, and magnetite. The Jianfengling
The accessory
minerals
contain
apatite, sphene,
and magnetite.
The
Jianfengling
pluton,
pluton,
occupying
an area
of 4.4 zircon,
km2, is composed
of coarse-grained
biotite
granites.
They are
also
2 , is composed of coarse-grained biotite granites. They are also
occupying
an
area
of
4.4
km
characterized by massive-, leucocratic- and porphyroid-texture, and consists of quartz (~40%), Kcharacterized
byplagioclase
massive-, (~25%),
leucocraticand porphyroid-texture,
quartz contain
(~40%),
feldspar
(~30%),
and biotite
(~5%) (Figure 3d–f).and
The consists
accessoryofminerals
zircon, apatite, sphene, and magnetite.

Minerals 2018, 8, 213

4 of 20

K-feldspar (~30%), plagioclase (~25%), and biotite (~5%) (Figure 3d–f). The accessory minerals
contain
zircon, apatite, sphene, and magnetite.
Minerals 2018, 8, x FOR PEER REVIEW
4 of 20

Figure 3. Photos of representative rocks samples (a,d) and relevant microphotos (b,c,e,f). Photos (a, b
Figure 3. Photos of representative rocks samples (a,d) and relevant microphotos (b,c,e,f). Photos
and c) refer to medium-to coarse-grained two-mica granite from Laiziling pluton; Photos (d, e and f)
(a–c) refer to medium-to coarse-grained two-mica granite from Laiziling pluton; Photos (d–f) refer to
refer to coarse-grained biotite granite from Jianfengling pluton. Kfs—K-feldspar; Pl—plagioclase;
coarse-grained biotite granite from Jianfengling pluton. Kfs—K-feldspar; Pl—plagioclase; Qz—quartz;
Qz—quartz; Bt—biotite; Ms—muscovite.
Bt—biotite; Ms—muscovite.
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Inductively-Coupled Plasma Mass Spectrometry (LA-ICPMS, Agilent, Santa Clara, CA, USA) method
China.
Zircon grains for U–Pb dating and trace elements analyses were carried out using Laser
at the In situ Mineral Geochemistry Lab, Ore Deposit and Exploration Centre (ODEC), Hefei
Ablation Inductively-Coupled Plasma Mass Spectrometry (LA-ICPMS, Agilent, Santa Clara, CA, USA)
University of Technology, China. The instrument of an Agilent 7900 Quadrupole ICP-MS coupled to
method at the In situ Mineral Geochemistry Lab, Ore Deposit and Exploration Centre (ODEC), Hefei
a Photon Machines Analyte HE 193-nm ArF Excimer laser ablation system was used for the analyses.
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Photon Machines Analyte HE 193-nm ArF Excimer laser ablation system was used for the analyses.
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of an ISOPLOT program from [24].
3.2.conducted
Major and Trace
Bulk-rock major and trace elements analyses were finished at the ALS Geochemistry Laboratory
in Guangzhou, China. Before the analyses, samples were crushed in a steel jaw crusher, and then
powdered in an agate mill to grain size of 74 µm. The detailed methodology for major element
compositions are as follows: Loss of ignition (LOI) was determined after igniting sample powders at
1000 °C for 1 h. A calcined or ignited sample (0.9 g) was added to 9.0 g of Lithium Borate Flux
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3.2. Major and Trace Elements Analysis
Bulk-rock major and trace elements analyses were finished at the ALS Geochemistry Laboratory
in Guangzhou, China. Before the analyses, samples were crushed in a steel jaw crusher, and then
powdered in an agate mill to grain size of 74 µm. The detailed methodology for major element
compositions are as follows: Loss of ignition (LOI) was determined after igniting sample powders
at 1000 ◦ C for 1 h. A calcined or ignited sample (0.9 g) was added to 9.0 g of Lithium Borate Flux
(Li2 B4 O7 –LiBO2 ), mixed well and fused in an auto fluxer between 1050 and 1100 ◦ C. A flat molten glass
disk was prepared from the resulting melt. This disk was then analyzed by a Panalytical Axios Max
X-ray fluorescence (XRF, Panalytical, Almelo, The Netherlands) instrument, with analytical accuracy
of ca. 1–5%.
Trace element compositions were measured using ICP-MS (Perkin Elmer Elan 9000, Perkin,
Waltham, MA, USA), after 2-day closed beaker digestion using a mixture of HF and HNO3 acids in
Teflon screw-cap bombs. Detection limits, defined as 3 s of the procedural blank, for some critical
elements are as follows (ppm): Th (0.05), Nb (0.2), Hf (0.2), Zr (2), La (0.5) and Ce (0.5). The analytical
accuracy is better than 5%.
3.3. Zircon Lu–Hf Isotope Analysis
The zircon Lu–Hf isotopes were conducted on a Neptune Plasma multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS, NePtune Plus, Thermo Fisher Scientific, Waltham,
MA, USA) equipped with New Wave 213 nm FX ArF-excimer laser ablation system, at the laboratory
of the Xi’an Institute of Geology and Mineral Resource, Chinese Academy of Geological Sciences, Xi’an,
China. Instrumental parameter and data acquisition followed that described by [25,26]. The laser
beam diameters were used by 50 µm, 10 Hz repetition rate and 15 J/cm2 energy density. Helium was
used as carrier gas to transport laser eroded matter in Neptune (MC-ICP-MS). Zircon standard GJ-1
was used as external calibration to evaluate the reliability of the analytical data, the recommended
176 Hf/177 Hf ratio of 0.282006 ± 24 (2σ, [26]). Isobaric interference of 176 Lu on 176 Hf was corrected
measuring the intensity of the interference-free 175 Lu isotope and using a recommended 176 Lu/175 Lu
ratio of 0.02655 (2σ, [27]). Similarly, the isobaric interference of 176 Yb on 177 Hf was corrected against
the 176 Yb/172 Yb ratio of 0.5886 (2σ, [28]) to calculate 176 Hf/177 Hf ratios. In doing so, a normalizing
173 Yb/171 Yb ratio of 1.12346 for the analyzed spot itself was automatically used in the same run
to calculate a mean βYb value, and then the 176 Yb signal intensity was calculated from the 173 Yb
signal intensity and the mean βYb value [29,30]. In this work, we adopted the decay constant for
176 Lu of 1.865 × 10−11 a−1 [31], the present-day chondritic ratios of 176 Hf/177 Hf = 0.282772 and
176 Lu/177 Hf = 0.0332 [32], the present-day depleted mantle value of 176 Hf/177 Hf = 0.28325 [33] and
176 Lu/177 Hf = 0.0384 [34]. All the Lu–Hf isotope results are reported in 2σ error. The data processing
and related parameters calculation was finished with the help of an Excel program “Hflow”.
4. Results
4.1. Zircon U–Pb Dating
Most of the zircons from medium- to coarse-grained two-mica granite (sample No. Lzl-1) of
Laiziling pluton are euhedral, with obvious internal oscillatory zoning in CL images (Figure 4a),
indicating a magmatic origin of these zircons [35]. The length of these zircons are from 60 to 150 µm
with length-to-width ratios of 1:1 to 3:1. The contents of U and Th are 402–4683 ppm (mean = 1209 ppm)
and 232–2132 ppm (mean = 615 ppm), with Th/U ratios of 0.44–0.73 (mean = 0.55), which also indicate
that they were typical magmatic zircons [35]. The 206 Pb/238 U ages of fourteen zircons vary from
152.5 Ma to 166.4 Ma which plot on or near the concordant curve (Supplementary Materials Table S1),
and a weighted mean 206 Pb/238 U age of 156.4 ± 1.4 Ma (MSWD = 1.6) was yielded (Figure 4b).
Most of the zircons from coarse-grained biotite granite (sample No. Ds-6) of Jianfengling pluton
are also featured by euhedral and obvious internal oscillatory zoning in CL images (Figure 4c),
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indicating a magmatic origin of these zircons [35]. The length of these zircons are from 50 to 200 µm
with length-to-width ratios of 1:1 to 3:1. The contents of U and Th are 177–2779 ppm (mean = 954 ppm)
and 94–1732 ppm (mean = 498 ppm), with Th/U ratios of 0.38–0.76 (mean = 0.55), which also indicate
that they were typical magmatic zircons [35]. The 206 Pb/238 U ages of twenty-two zircons vary from
160.1 Ma to 170.7 Ma which plot on or near the concordant curve (Supplementary Materials Table S1),
and
a weighted mean 206 Pb/238 U age of 165.2 ± 1.4 Ma (MSWD = 0.47) was obtained (Figure 4d).
Minerals 2018, 8, x FOR PEER REVIEW
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4.2. Trace Element Compositions of Zircons
4.2. Trace Element Compositions of Zircons
The trace element compositions of zircon grains are listed in Supplementary Materials Table S2.
The trace element compositions of zircon grains are listed in Supplementary Materials Table S2.
Zircon grains of sample Lzl-1 have relatively high contents of Ti and REEs (rare earth elements), and
Zircon grains of sample Lzl-1 have relatively high contents of Ti and REEs (rare earth elements), and are
are from 4.09 to 11.99 ppm (mean = 8.41 ppm) and from 593 to 1440 ppm (mean = 1026 ppm),
from 4.09 to 11.99 ppm (mean = 8.41 ppm) and from 593 to 1440 ppm (mean = 1026 ppm), respectively.
respectively. They are enriched in HREEs (heavy rare earth elements) and depleted in LREEs (light
They are enriched in HREEs (heavy rare earth elements) and depleted in LREEs (light rare earth
rare earth elements), with LREE/HREE ratios of 0.02–0.04 (mean = 0.03). The chondrite normalized
elements), with LREE/HREE ratios of 0.02–0.04 (mean = 0.03). The chondrite normalized REE patterns
REE patterns are featured by left-leaning steep slopes, and obvious positive Ce anomalies (Ce/Ce* =
are featured by left-leaning steep slopes, and obvious positive Ce anomalies (Ce/Ce* = 7.03–30.52,
7.03–30.52, mean = 15.57), and negative Eu anomalies (Eu/Eu* = 0.01–0.06, mean = 0.03, Figure 5a).
mean = 15.57), and negative Eu anomalies (Eu/Eu* = 0.01–0.06, mean = 0.03, Figure 5a).
Zircon grains from sample Ds-6 have a little higher Ti and REE contents than those of sample
Zircon grains from sample Ds-6 have a little higher Ti and REE contents than those of sample
Lzl-1, with Ti content of 3.71–18.31 (mean = 10.27) and REE content of 479–1691 (mean = 956). They
Lzl-1, with Ti content of 3.71–18.31 (mean = 10.27) and REE content of 479–1691 (mean = 956). They also
also are enriched in HREEs and depleted in LREEs, with LREE/HREE ratios of 0.02–0.04 (mean = 0.03).
are enriched in HREEs and depleted in LREEs, with LREE/HREE ratios of 0.02–0.04 (mean = 0.03).
The chondrite normalized REE patterns are featured by left-leaning steep slopes, and obvious
The chondrite normalized REE patterns are featured by left-leaning steep slopes, and obvious positive
positive Ce anomalies (Ce/Ce* = 5.35–34.21, mean = 18.41), and negative Eu anomalies (Eu/Eu* = 0.01–
0.11, mean = 0.04, Figure 5b).
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Ce anomalies (Ce/Ce* = 5.35–34.21, mean = 18.41), and negative Eu anomalies (Eu/Eu* = 0.01–0.11,
mean
= 0.04, Figure 5b).
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Both of the granites from Lalziling pluton and Jianfengling pluton have similar trace element
contents and primitive-mantle normalized patterns, which are enriched in Rb, U, Nb, and Sm,
and depleted in Ba, Sr, P, and Ti (Figure 8a). They also have the similar REE contents and
chondrite normalized patterns, with ΣREEs of 341–370 ppm (mean = 358 ppm) and of 297–425 ppm
(mean = 329 ppm) for the Laiziling and Jianfengling granites, respectively (Figure 8b). They also have
obvious negative Eu anomalies, with Eu/Eu* values of 0.01 for granites from both of the plutons.

Figure 6. Classification diagram of igneous rocks for the samples from the Laiziling and Jianfengling
plutons (modified from [37]).

however, the samples from Jianfengling pluton are plotted in the field of high-K calc-alkaline and
calc-alkaline (Figure 7a). Both of the granites have high A/CNK (molar Al2O3/(CaO + Na2O + K2O))
values, with Laiziling granites of 1.17–1.23 (mean = 1.19) and Jianfengling granites of 1.06–1.64 (mean
= 1.36), respectively, indicating that they belong to peraluminous series (Figure 7b). They also have
high differentiation
index values (DI), ranging from 91 to 93 (mean = 92) and from 84 to 94 (mean
=
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89) for the Laiziling and Jianfenging granites, respectively.
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Figure 7. SiO2 versus Na2O + K2O (a) and A/CNK versus A/NK (b) diagrams for the samples from the
Laiziling and Jianfengling plutons (a and b are modified from [38,39], respectively). Symbols are as
in Figure 6. A/CNK = molar Al2O3/(CaO + Na2O + K2O); A/NK = molar Al2O3/( Na2O + K2O).

Both of the granites from Lalziling pluton and Jianfengling pluton have similar trace element
contents and primitive-mantle normalized patterns, which are enriched in Rb, U, Nb, and Sm, and
depleted in Ba, Sr, P, and Ti (Figure 8a). They also have the similar REE contents and chondrite
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Both of the granites from Lalziling pluton and Jianfengling pluton have similar trace element
contents and primitive-mantle normalized patterns, which are enriched in Rb, U, Nb, and Sm, and
depleted in Ba, Sr, P, and Ti (Figure 8a). They also have the similar REE contents and chondrite
normalized patterns, with ΣREEs of 341–370 ppm (mean = 358 ppm) and of 297–425 ppm (mean =
329 ppm) for the Laiziling and Jianfengling granites, respectively (Figure 8b). They also have obvious
negative Eu anomalies, with Eu/Eu* values of 0.01 for granites from both of the plutons.
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diagrams for samples from the Laiziling and Jianfengling plutons. Normalizing factors are from [36,40],
[36,40], respectively. Symbols are as in Figure 6.
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4.4. Zircon Lu–Hf Isotopic Compositions
The zircon Lu–Hf isotopic compositions and related parameters for the granites from
Laiziling pluton (sample No. Lzl-1) and Jianfengling pluton (sample No. Ds-6) are listed in
Supplementary Materials Table S4. Result for the sample Lzl-1 have variable 176 Lu/177 Hf ratios
of 0.000572–0.007548, and similar present-day 176 Hf/177 Hf ratios of 0.282562–0.282658. The calculated
initial 176 Hf/177 Hf (Hfi ) ratios vary from 0.282559 to 0.282636, with εHf (t) values of −3.86 to −1.38
(mean = −2.91) and TDMC ages of 1.30 to 1.47 Ga (mean = 1.39 Ga), which were calculated by the zircon
U–Pb
of8,156.4
(Figure
9a,b).
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5. Discussion
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(Figure 1a). In addition, numerous A-type granitic plutons have been identified in the past few
decades along the Shi-Hang zone, including Guposhan [60], Xitian [61], Qitianling [62], Laiziling [63],
and so on. Consequently, geochemical characters of Laiziling and Jianfengling granites, together with
the regional geology of the Jurassic granites along the Shi-Hang zone, reveal that they have an affinity
of A-type rather than S- and I-type granite.
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granite [47]. Furthermore, the high content of FeOt , K2 O, and Na2 O and low content of MgO also
reveal that they might be likely A-type granites, since most of the samples are plotted in the field of
A-type granites (Figure 11) [56,57].
Recent studies have revealed that most of the late Mesozoic granitic plutons in Nanling were
mainly composed of the A-type granites, forming a NE-trending granite belt [58,59]. Generally, granites
of this belt in Nanling were exposed at the central of the Shi-Hang zone proposed by [58] (Figure 1a).
In addition, numerous A-type granitic plutons have been identified in the past few decades along
the Shi-Hang zone, including Guposhan [60], Xitian [61], Qitianling [62], Laiziling [63], and so on.
Consequently, geochemical characters of Laiziling and Jianfengling granites, together with the regional
geology of the Jurassic granites along the Shi-Hang zone, reveal that they have an affinity of A-type
rather
than S- and I-type granite.
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5.2. Genesis of Laiziling and Jianfengling Granites
5.2.1. Temperatures
Temperature is a significant index to reflect the magma process and the genesis of
granites [42,64–68]. As one of the most stable minerals in igneous rocks, zircons can be resistant
to a certain degree of weathering and alteration in many kinds of geological events. In addition,
the Zr partition coefficient and Ti content in zircon is sensitive to the temperature [65,67–69]. Then,
based on those theories, [68] conducted an experiment on the solubility of Zr in melt at 860, 930 and
1020 ◦ C and a model of zircon saturation thermometer was proposed to estimate the temperature of
magmatic melt. Based on the crystal growth experiments of zircon in siliceous melt at different levels
of temperature, the zircon Ti thermometer was first proposed by [69]. Furthermore, Ferry et al. [65]
revised and replenished the model, making it an important and useful tool to reflect the temperatures
of magmatic melt.
Then, in order to probe into the temperatures of Laiziling and Jianfengling granites, we used
these two calculation models to estimate the temperatures of these granites. The results show
that the calculated temperatures range from 738 to 751 ◦ C (mean = 743 ◦ C) and from 708 to
749 ◦ C (mean = 725 ◦ C) for the Laiziling and Jianfengling granites, respectively, with the help
of zircon saturation thermometer (Supplementary Materials Table S3). The results calculated by
zircon Ti thermometer show the similar temperatures for the Laiziling and Jianfengling granites,
ranging from 668 to 757 ◦ C (mean = 724 ◦ C) and from 661 to 797 ◦ C (mean = 739 ◦ C), respectively
(Supplementary Materials Table S2). The consistent temperatures, based on both of the calculated
models, indicate that the both of Laiziling and Jianfengling granites crystalized from magmas with
relatively high temperature (ca. 730 ◦ C). Furthermore, the evidence that the zircons from both the
Laiziling and Jianfengling granites lack of inherited core reveals that these temperatures can be as the
minimum estimation for the magmatic melts.
5.2.2. Oxygen Fugacities and Fractional Crystallization
Similar to the temperature, oxygen fugacity is also a significant index to reflect the redox condition
of magma melt, not only for the genesis of granites but also for their close relationship with the
mineralization of different metals [60,70–81]. For example, high oxygen fugacity plays an important
role in controlling the formation of porphyry Cu–Au and epithermal Au–Cu deposits, whereas, low
oxygen fugacity is in favor of the W–Sn–Mo mineralization [75,76,79,82]. Recent studies revealed
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that some elements (Eu, Ce, and so on) in zircon can be an efficient tracers to reflect the oxidation
status of magma [70,80,83]. Since the Eu and Ce are multivalent elements, with Eu2+ and Eu3+ for Eu,
and Ce4+ and Ce3+ for Ce, respectively. Since valence of Ce and Eu is sensitive to the redox conditions
of the melt, then the Ce4+ /Ce3+ and Eu3+ /Eu2+ ratios can be a useful parameters to reflect the redox
conditions of the melt [84]. Based on the results from an experiment at different levels of temperature
and oxygen fugacity, [80] proposed a model to calculate the oxygen fugacity of magma during zircon
crystallization. The calculation results show that both of the Laiziling and Jianfengling granites have
similar oxygen fugacities, with log(f O2 ) values of −18 to −15.7 (mean = −16.5) and −18.2 to −14.8
(mean = −16.2), respectively. In addition, almost all the samples from both of these two plutons
are plotted in the field between the IW (iron-wustite)- and FMQ (fayalite-magnetite-quartz)- buffer,
and were close to the IW-buffer in the T versus log(f O2 ), indicating that they have relatively low
oxygen fugacities (Figure 12). Then, based on the evidences above, we can conclude that the Laiziling
and
Jianfengling
granites
were crystalized from a reducing magma.
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5.2.3. Magma Source
The source and genesis of A-type granite have long been a debatable topic for decades, and many
models have been proposed to explain that, for example, fractional crystallization of mantle-derived
magma [41], partial and/or complete melting of granulite [41], partial and/or complete melting of
calc-alkali metasomatized mantle [54], partial melting of old granodiorite [86], partial melting of
crust [43,52,87], and magma mixing [88,89].
The elemental compositions of the Laiziling and Jianfengling granites reveal that they were
unlikely originated from the fractional crystallization of mafic rocks, and the model of fractional
crystallization of mafic magma can rule out. The A-type granite nature of these granites can rule
out the model of partial melting of old granodiorite which is mainly I-type granites. In addition,
these granites are aluminous A-type granites with high A/CNK ratios, and the aluminous A-type
granites could be generated from the partial melting of a felsic infracrustal source [42]. The Lu–Hf
compositions of these granites from Laiziling and Jianfengling plutons are characterized by negative
εHf (t) values (mean = −2.91 and −3.17, respectively) and old TDMC ages (mean = −1.39 Ga and 1.42 Ga,
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isotopic compositions. These proofs indicate that both of the Laiziling and Jianfengling plutons might
be originated from the same magma chamber, although, their emplaced age of Laiziling pluton is ca.
10 Ma after that of Jianfengling pluton. The new evidence was also provided by the mineral
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Al2 O3 , Na2 O, and K2 O, low contents of TiO2 , MgO, and P2 O5 ; (2) terrifically similar trace element
primitive-mantle normalized patterns and REE chondrite normalized patterns; and (3) nearly parallel
zircon Lu–Hf isotopic compositions. These proofs indicate that both of the Laiziling and Jianfengling
plutons might be originated from the same magma chamber, although, their emplaced age of Laiziling
pluton is ca. 10 Ma after that of Jianfengling pluton. The new evidence was also provided by the
mineral compositions with the occurrence of muscovite in Laiziling granites rather than in Jianfengling
granites, since the residual magma will be enriched in Al, Si, K, Na, and so on, during the process of
fractional crystallization.
Then, together with the evidences above, the genesis of the Laiziling and Jianfengling plutons
might be concluded as following: (1) primary magma chamber was formed from mixing of partial
melting of Proterozoic basement and a certain amount of mantle-derived magma; (2) the magma
uplifted and intruded into the Paleozoic strata in ca. 165 Ma and Jianfengling pluton formed; and (3)
during the process of fractional crystallization, the residual magma which was enriched in Al, uplifted
and emplaced in ca. 156 Ma leading to the formation of Laiziling pluton.
5.3. Tectonic Settings
The tectonic settings of A-type granite have been a hot spot for decades, however, an
overwhelming number of studies have revealed that A-type granites were formed in extensional
settings, such as intraplate rift, mantle plume, back-arc extension, post-collisional extension and so
on [43,45,54]. In addition, the A-type granite can be subdivided into two types of granites: A1-type
granite associated with the intraplate rift and/or mantle plume and A2-type granite associated
with back-arc extension, intraplate extension, and/or post-collisional extension [95]. Based on the
discrimination diagrams from [95], the Laiziling and Jianfengling granites are all plotted in the field of
A2-type granite, indicating that these granites belong to A2-type granite which are likely associated
with the back-arc extension, intraplate extension, and/or post-collisional extension (Figure 15a,b).
Furthermore, these granites are plotted in the field of within plate granite (WPG) in the diagrams
proposed by [96], indicating an intraplate setting for these granites (Figure 15c,d). The results
demonstrate that the Laiziling and Jianfengling granites might likely be emplaced in an intraplate
extensional setting. As a part of Jurassic tectonic-magmatic activity in South China, the Laiziling and
Jianfengling plutons might be formed in the same tectonic setting with other coeval granitic plutons,
such as Qitianling, Guposhan, and Jiuyishan plutons [62,93,94]. However, the geodynamic mechanism
triggering the extensional setting and magma activity in South China has long been in debate for
decades [59,97–107]. Several models have been proposed to illustrate the geodynamic mechanism,
for example, westward subduction of the paleo-pacific plate, mantle plume, post-collision, and so
on [97–101,104,105,107]. However, these models concede that the tectonic setting of South China in
Jurassic is an extensional setting, and the process of lithospheric extension and thinning occurred in
that period [108,109]. Furthermore, these two plutons are located near the Shi-hang zone, which was
recognized as the collision belt between the Yangtze and Cathaysia Blocks, and some unsubstantial
spots can be the tunnel for the upwelling and emplacement of the mantle magma to mix with the
crustal melt.
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Figure 15. (a) Nb–Y–3Ga and (b) Nb–Y–Ce triangular diagrams; (c) Nb versus Y and (d) Ta versus Yb
Figure 15. (a) Nb–Y–3Ga and (b) Nb–Y–Ce triangular diagrams; (c) Nb versus Y and (d) Ta versus Yb
diagrams for the granites from the Laiziling and Jianfengling plutons. (a,b) are modified from [43];
diagrams for the granites from the Laiziling and Jianfengling plutons. (a,b) are modified from [43];
(c,d)
modified from
from [96].
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6. Conclusions
1.
2.

3.
4.

Zircon U–Pb dating yielded precise crystallization ages of 156.4 ± 1.4 Ma and 165.2 ± 1.4 Ma for
the Laiziling and Jianfengling plutons in South Hunan, respectively.
Both of the Laiziling and Jianfengling granites are high-K, strongly peraluminous, and highly
fractionated A-type granites with high temperatures and low oxygen fugacity. They were mainly
originated from the Proterozoic basement of South China with a certain amount of mantle-derived
magma involved.
The Laiziling and Jianfengling plutons were derived from the same magma chamber, and were
the products of magma emplacement successively.
The granitic magma was emplaced in an extensional setting.
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(No. Ds-6) plutons, Table S2: LA-ICP-MS zircon trace element compositions (ppm) of granites from Laiziling
(No. Lzl-1) and Jianfengling (No. Ds-6) plutons, Table S3: Major and trace element compositions of the granites
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Zircon Lu–Hf isotopic compositions of granites from Laiziling (No. Lzl-1) and Jianfengling (No. Ds-6) plutons.
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