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Abstract

The Guangnan pluton is located on the central of South China and the junction of Hunan and Jiangxi provinces. The zircon U—
Pb age dating results show that the pluton formed between 164 and 148 Ma. The pluton composed of biotite granite, two-mica
granite, and garnet-bearing granite, which contain higher SiO, (72.82-76.16wt.%), lower Zr (83.5-118 pg/g), and ASI> 1.
These geochemical characteristics are very similar to high-silicon peraluminous light-colored granite or ferroan calc-alkaline
high-silica granite, or muscovite-containing peraluminous granite (MPG) type. The zircon ey(t) value (—3.94——11.67)
and those of inherited zircon characteristics indicate that multiple melting of lower crustal materials, which were formed in
the Caledonian, Indosinian, and Early Jurassic periods, acted as part of the source rock of the mid-late Jurassic Guangnan
high-silica granite in the Zhuguangshan area. This study shows that the high-silica granite in Guangnan area is the produc-
tion of the post-collision stage of the collision between Western Pacific ancient land and the South China orogenic belt in
Early Yanshanian. In the “post-collision” stage during the Middle Jurassic, the magmatic material was formed by partially
melting and multiple remelting of the lower crustal metamorphic argillaceous rock and/or metamorphic acidic igneous rock
because of the heat from the base-invasion basic magma.
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Introduction

Since Neoproterozoic, multi-stage tectono-magmatic activi-
ties were reported in South China Craton (Ren et al. 2013).
In South China, magmatic activities were most developed
during Jurassic, and a variety of granitic magma intruded
South China, including I-type, S-type, and A-type granites.

Responsible Editor: Domenico M. Doronzo

P4 Yang Wang
wangyang @cugb.edu.cn

Institute of Geology, Chinese Academy of Geological
Sciences, Beijing 100037, China

Hebei Key Laboratory of Strategic Critical Mineral
Resources, College of Earth Science, Hebei GEO University,
Shijiazhuang 050031, China

School of Earth Sciences and Resources, China University
of Geosciences, 100083 Beijing, China

*  Huaxin College of Hebei GEO University,
Shijiazhuang 050700, China

With strong magmatic activity, a large number of non-fer-
rous metal deposits were formed. W-Sn deposits are the most
typical deposits in the Nanling metallogenic belt (Mao et al.
2009, 2008; Chen et al. 2014; Shu et al. 2021; Sun 2018;
Xia et al. 2021). The outcropping area of the Zhuguang-
shan batholith is more than 5000 km?, it is exposed in the
central part of the Nanling tectonic belt, and the batholith is
composed of multiple Caledonian, Indosinian, and Yansha-
nian granitic plutons forming the Wanyangshan and Zhu-
guangshan at the boundary of Hunan, Jiangxi, and Guang-
dong (Zhou 2007). The Yanshanian period is an important
metallogenic period, which consists of three stages of
150-160 Ma, 140-130 Ma, and 100-90 Ma (Mao et al. 2008;
Fan et al. 2017). Minerals are developed in the southern part
of the Zhuguangshan batholith, especially tungsten and tin
minerals, and the research is detailed, while the northern
part is relatively lacking due to the lack of minerals. Guang-
nan pluton is located in center east part of the Zhuguangshan
batholith (Fig. 1). Researchers have little research on the
Guangnan pluton; they mainly focused on the division of
intrusive rock units and chronology (Zheng 1988; Li 1990;
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«Fig. 1 Geological schematic diagram of Zhuguangshan (modified
after 1: 500,000 scale geological and mineral map of the Nanling area
(Hunan Geological Survey, 2002) and distribution map of granite
in south China (Zhou 2007). The pluton in the dark blue area is the
Guangnan pluton. The data of the green stars quoted from Guo et al.
(2017), and the yellow stars is this paper

Guo et al. 2017). In this paper, we carried out comprehen-
sive investigations and selected typical samples on field
observation (Fig. 2), zircon laser ablation inductively cou-
pled plasma mass spectrometry (LA-ICP-MS) U-Pb age dat-
ing, the characteristics of Hf isotopic, and whole-rock major
and trace elements analysis, and combined with previous
research results, to determine the formation age, geochemi-
cal characteristics, and geological significance of Guang-
nan pluton and provide conditions for the mineralogy in the
northern part.

Geological background

During the Cambrian to Quaternary, the South China
block has experienced the combined effect of multiple
tectonic—-magmatic cycles (Ren et al. 1990), including
Caledonian cycle, Indosinian cycle, Yanshanian cycle,
and the Himalayan cycle. During the Cambrian-Ordovi-
cian, the South China block was rifted, and the subsid-
ence reached the strongest in the Early-Middle Ordo-
vician, forming a huge thick marine sandy and muddy
terrigenous clastic source clastic rock series with grap-
tolite sheets and siliceous shale simultaneously. Dur-
ing the late Ordovician to early Silurian period, South
China was involved in the Caledonian orogenic move-
ment and developed large-scale granitic magmatic intru-
sions. The Caledonian orogenic movement led to the
uplift of the South China fold and caused a regional
angular unconformity between the Early Devonian or
the later strata and the underlying strata, which includ-
ing the Early Paleozoic or older strata. Then, the South
China tectonic evolution entered the Post-Caledonian
quasi-platform development stage (Ren and Li 2016).
During the Indosinian, the basement of South China is
influenced by the orogenic movement and caused the
folds and fractures deformation, and accompanied by
the syn-orogenic granitic magmatism simultaneously.
On the Early Jurassic, South China was affected by
local rifting and bimodal magmatic activity occurred in
the region of southwestern Fujian-Southern to Jiangxi-
Southern and Hunan (Chen et al. 1999; He et al. 2010).
The sedimentary environment was generally transformed
from marine facies to terrestrial facies in South China,
except for the coast of Fujian and Guangdong. During

middle Jurassic to the Early Cretaceous, the collision
orogeny of the western Pacific ancient continent and the
eastern margin of the Asian continent led to strong fold
uplift and reverse faulting activities in South China, and
large-scale granitic magma intrusions. At the same time,
the materials of the Indosinian or earlier occurred extru-
sion folds, which were further strengthened, resulting in
numerous reverse faults and related structures. During
the Early Cretaceous, strike-slip and shear-extension
deformations were developed and formed a series of
faulted basins. Large-scale volcanic rocks developed
in the Zhejiang-Fujian and Lower Yangtze regions, and
A-type granite started to intrude at the coastal areas
(Xing et al. 2008; Shu et al. 2009; Shu 2012; Liu et al.
2020). Since the Paleogene, the tectonic background of
South China turned into the stage of extensional defor-
mation. Because of the affection of the collision between
the Philippine Sea plate and Taiwan, South China devel-
oped extrusion and deformation during the Neogene.
Strong compression formed a reverse fault in the region
and the red bed folded slightly, whereas the coast of
Fujian and Guangdong and the continental shelf of the
South China Sea continued to extend, rifts, with newly
production of the basalt.

Nanling is the most developed Phanerozoic magmatism
area in the South China orogenic belt. The granitic pluton
at Nanling area is widely distributed and is characterized of
multi-stage intrusion. It is also a mining area for rare and
non-ferrous metals such as tungsten, tin, niobium, and tan-
talum (Zhou et al. 2006; Mao et al. 2009, 2008; Chen et al.
2014). The Zhuguangshan batholith, which is an important
batholith that concentrated non-ferrous metal and uranium
deposits in the Nanling magma-metallogenic belt, is located
at the core of the South China orogenic belt. The southern
half of the Zhuguangshan batholith (i.e., the southern body)
outcropped in east—west direction, and exposed many Yan-
shanian plutons such as Jiufeng pluton, and also exposed
the Caledonian and Indosinian plutons. The long axis direc-
tion of the northern half of the base (namely the northern
body) outcropped in north—south direction, and the north-
ern body is mainly composed of Caledonian and Indosinian
intrusions, but Yanshanian granite plutons are less exposed
compared to southern body.

Guangnan pluton is located at the junction of the South-
ern and the Northern bodies of the Zhuguangshan batholith,
and extended into northeast in long axis under 2D view with
an irregular shape pluton (Fig. 1). Its surrounding rocks are
dominated by Caledonian granodiorite and biotite granite
in the northwest and Sinian-Cambrian strata in the south-
west, featuring superimposed fold structures in NE and NW
direction. The southeast part of the pluton intruded into the
Cambrian-Ordovician strata.
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«Fig.2 The typical sample of Guangnan pluton. Figures (a), (b), and
(c) are for biotite granite (H0405-3 and H0403-10), two-mica granite
(HO0405-10), and garnet biotite granite (H0405-7), respectively. Fig-
ures (a2), (b2), and (c2) are images of the biotite granite, two-mica
granite, and garnet biotite granite under a single polarizer. Figures
(a3), (b3), and (c3) are crossed polarizers, respectively

Petrography characteristics

Guangnan pluton is mainly composed of biotite granite, gar-
net biotite granite, and muscovite-bearing granite (Fig. 2).

Biotite granite (H0403-10) is of gray-white in color and
porphyritic structure with medium coarse in sizes; these
rocks are often weathered and loose in shape. The phe-
nocrysts are mainly gray-white colorless K-feldspar (8%)
with 2-4 cm in size, which can tell Castellin double crystal
combined pattern clearly by naked eyes. The matrix miner-
als are 0.1-0.3 cm in size with medium- and fine-grained
unequal grain structure and are mainly composed of quartz,
biotite, K-feldspar, and plagioclase with accessory minerals
including appatite, zircon, and spinel. The quartz (25% of
the matrix) is anhedral in shape and 0.1-0.2 cm in size, and
appears as quartz aggregation in some section. The biotite
(10%) is dark in color and euhedral in shape with around
0.2-0.8 cm in size. The K-feldspar (40%) is euhedral plate in
shape and 0.2-0.3 cm in size. The Plagioclase (15%) is euhe-
dral off-white wide plate in shape and 0.2-0.3 cm in size.

Garnet biotite granite is of gray-white in color and
porphyritic structure with medium fine in sizes. The phe-
nocrysts of the rocks are mainly gray-white colorless K-feld-
spar (5-8%) with 0.2-0.8 cm in size. The matrix minerals
are 0.01-0.02 cm in size with fine-grained structure and are
mainly composed of quartz, biotite, K-feldspar, and plagio-
clase with accessory minerals including appetite, zircon, and
spinel. The quartz (25%) of the matrix is anhedral in shape
and 0.01 cm in size. The biotite (~5%) is dark brown in
color and euhedral in shape with around 0.05- 0.07 cm in
size. The K-feldspar (~35%) is euhedral plate in shape and
0.2-0.3 cm in size. The plagioclase (~25%) is euhedral off-
white wide plate in shape and 0.2—0.3 cm in size. The garnet
(1~3%) is colorless with 0.02-0.08 cm in size.

Two-mica granite is of light red to gray-white in color
and medium coarse in mineral sizes, porphyritic structure.
The rocks weathered strongly in the field, and often loose
in shape. The phenocrysts are mainly gray-white colorless
K-feldspar (10%) and plagioclase (1-3%) with 2—4 cm in
size, which can tell Castellin double crystal combined pat-
tern clearly for K-feldspar and ring-shaped structure for pla-
gioclase by naked eyes. The matrix minerals are 0.5-1.0 cm
in size with coarse-grained unequal grain structure and are
mainly composed of quartz, biotite, K-feldspar, and plagio-
clase with accessory minerals including appatite, zircon, and
spinel. The quartz (30% of the matrix) is anhedral in shape

and ~0.6-0.8 cm in size. The biotite (5—-8%) is dark brown
in color and euhedral in shape with around 0.6-0.8 cm in
size. The muscovite (~ 1%) is colorless flake aggregates in
shape with around 0.5-0.6 cm in size. The K-feldspar (30%)
is euhedral plate in shape and 0.8—1.0 cm in size. The pla-
gioclase (20%) is euhedral off-white wide plate in shape and
0.8-1.0 cm in size.

Sampling and analytical procedures

Zircon U-Pb dating, Lu—Hf isotope, and major and trace
element compositions were conducted by LA-ICP-MS at
Beijing Createch Testing Technology Co., Ltd.

Zircon U-Pb dating of the detailed operating condi-
tions for the laser ablation system, the ICP-MS instrument,
and data reduction are the same as described by Hou et al.
(2009). Laser sampling was performed using a RESOlu-
tion 193 nm laser ablation system. The instrument used to
acquire ion signal intensities was Analytik Jena Plasma-
Quant MS Elite ICP-MS. Helium was applied as a carrier
gas. Each analysis data acquisition from the sample incor-
porated a background acquisition of approximately 15-20 s
(gas blank) followed by 45 s. Off-line raw data selection and
integration of background and analyte signals and time drift
correction and quantitative calibration for U-Pb dating were
performed by ICPMSDataCal (Liu et al. 2010). Zircon GJ-1
was used as external standard for U-Pb dating, and was ana-
lyzed twice every 5 ~ 10 analyses. Time-dependent drifts of
U-Th-Pb isotopic ratios were corrected using a linear inter-
polation (with time) for every 5-10 analyses according to
the variations of GJ-1 (i.e., 2 zircon GJ-1+5-10 samples +2
zircon GJ-1) (Liu et al. 2010). Uncertainty of preferred val-
ues for the external standard GJ-1 was propagated to the
ultimate results of the samples. In all analyzed zircon grains,
the common Pb correction was not necessary due to the low
signal of common 2%*Pb and high 2°°Pb/>**Pb. U, Th, and
Pb concentration was calibrated by NIST 610. Concordia
diagrams and weighted mean calculations were made using
Isoplot/Ex_ver3.

Zircon in situ Hf isotope analysis was carried out using
a RESOlution SE 193 nm laser ablation system attached
to a Thermo Fisher Scientific Neptune Plus multi collector
(MC-ICP-MS). Instrumental conditions and data acquisition
protocols were described by Hou et al. (2009). A station-
ary spot used a beam diameter of ~38 pm. As the carrier
gas, helim was used to transport the ablated sample aerosol
mixed with argon from the laser ablation cell to the MC-
ICP-MS torch by a mixing chamber. 7°Lu/!°Lu=0.02658
and '"2Yb/'"3Yb=0.796218 ratios were determined to cor-
rect for the isobaric interferences of '"°Lu and '7°Yb on
I76Hf, For instrumental mass bias correction, Yb isotope
ratios were normalized to "?Yb/!"3Yb=1.35274 and Hf
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Fig. 3 Figures of the Zircon test site of samples H0403-10, H0405-10, and HO405-8. Yellow rings are the U-Pb test site and the red rings are the

Hf isotope test site

isotope ratios to 7Hf/'7"Hf =0.7325 using an exponential
law. The mass bias behavior of Lu was assumed to follow
that of Yb; the mass bias correction protocol was described
by Hou et al. (2007).

The major and trace element compositions were deter-
mined by X-ray fluorescence (XRF-1800, SHIMADZU) on
fused glasses and inductively coupled plasma mass spec-
trometry (Element XR, Thermo) after acid digestion of sam-
ples in Teflon bombs. Loss on ignition was measured after

heating to 1000°C for 3 h in a muffle furnace. The precision
of the XRF analyses is within+2% for the oxides greater
than 0.5 wt.% and within + 5% for the oxides greater than
0.1 wt.%. Sample powders (about 50 mg) were dissolved in
Teflon bombs using a HF + HNO; mixture for 48 h at about
190°C. The solution was evaporated to incipient dryness,
dissolved by concentrated HNO; and evaporated at 150°C
to dispel the fluorides. The samples were diluted to about
100 g for analysis after redissolved in 30% HNO; overnight.

Fig.4 Zircon U-Pb concordia b
diagram for samples H0403-10, 0.1t HO405-8 a 0.09r H0405-10
H0405-10, and HO405-8 from Moan=164.4:3 4Ma 3% Mrawboa el 45
the Guangnan pluton 0.08 MSWD=2.1 n=15 | ¢ 0.07 .
25pp 0,06 350 2pp 00
2y 0.05
v 0.04 250 &~ 0028 0.027
150 0027 003 0.025
0.02 s 0025 0.023
0.023L.0.14 0.01 ot
0.00 0.2 0.4 8 0.2 04
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Table 1 (continued)

39

165.2

9.1

177.2

1185

3427

1.20

0.0006

0.0260

0.0107

0.0533 0.0028 0.1906

1555.4

960.5

160.1

H0405-

8-10

5.8

266.2

72

273.1

55.6

3445

5.28

0.0009

0.0422

0.0093

0.0532 0.0013 0.3086

2173.8

341.0

155.4

H0405-

8-11

534.9 7.0

12.6

500.6

.1

61

3389

448

0.0012

0.0865

0.0202

0.0014 0.6372

1452.6 0.0532

257.1

253.6

H0405-

8-12

11.2

457.0

15.5

658.1

68.7

1450.0

1.38

0.0019

0.0735

0.0292

0.0031 0.9120

0.0912

793.9

625.8

308.3

H0405-

8-13

5.8

170.3

6.6

171.8

19.4

187.1

5.50

0.0009

0.0268

0.0077

0.1844

0.0498 0.0011

6704.8

965.4

399.7

H0405-

8-14

591.7 83

15.0

7447

56.5

12404

3.74

0.0014

0.0961

0.0308

0.0026 1.0822

1367.7 0.0818

292.8

466.5

H0405-

8-15

23

159.9

4.1

168.5

537

287.1

5.15

0.0004

0.0251

0.0048

0.0012 0.1805

4893.7 0.0521

925.6

2432

H0405-

8-16

2.5

165.1

179.4

78.7

376.0

1.31

0.0004

0.0259

0.0067

0.0018 0.1933

0.0541

620.2 976.6

1223

H0405-

8-17

2.0

155.1

152.7

574

1223

3.87

0.0003

0.0243

0.0044

0.0012 0.1622

42105 0.0483

956.1

226.6

H0405-

8-18

54

176.3

13.7

174.5

196.3

198.2

1.33

0.0009

0.0277

0.0160

0.0045 0.1875

753.9 0.0501

469.8

96.8

HO0405-

8-19

29

147.9

145.2

151.8

164.9

1.15

0.0005

0.0232

0.0093

0.0034 0.1537

26.6 166.5 237.8 0.0493

H0405-

8-20

An internal standard solution containing the element Rh
was used to monitor signal drift during analysis. Analytical
results for USGS standards indicated that the uncertainties
for most elements were within 5%.

Results

Zircon U-Pb dating

Coarse-grained porphyritic biotite granite (sample
H0405-8) Zircon grains in sample H0405-8 are euhedral,
with the lengths of 100 to 150 pm and the length/width
ratio of 1.5 to 4. It can be found that some grains are fine
oscillatory growth zoning from the CL images (Fig. 4a).
232Th/?8U ratios range from 0.14 to 1.06. All the charac-
teristics indicate they are formed by the magmatic origin.
There were 23 zircons tested, and all of them were analyzed
at the edge of single-grain zircon (Fig. 3). The test data
results are presented in Table 1. The results of H0405-8-06,
H0405-8-13, and H0405-8—15 were abandoned because of
their serious signal loss leading harmony degree less than
90%. The results of H0405-8-01 (481.5 Ma) and H0405-
8—12 (534.9 Ma) are significantly older; these features can
be interpreted as captured Caledonian magmatic zircons
during Jurassic magmatic activity. The results of HO405-
8-05 (204.3 Ma), H0405-8-11 (266.2 Ma), and H0405-
8-12 (218.4 Ma) can be interpreted as captured Caledonian
and Indosinian magmatic zircons during Jurassic magmatic
activity. The results data showed that the 15 points are plot-
ted on or close to the coordination line in the coordination
diagram (Fig. 4a), with weighted mean age at 164.4+3.4 Ma
(MSWD=2.1, n=15, confidence 95% (Fig. 4c)), which can
be interpreted as crystallization age of the rock.

Two-mica granite (sample H0405-10) Zircon grains of sam-
ple HO405-10 are euhedral, with the lengths of 80 to 150 pm
and the length/width ratio of 1.5 to 3. It can be found that
some grains are fine oscillatory growth zoning from the CL
images (Fig. 4a). 2**Th/?*8U ratios range from 0.53 to 1.59.
There were 22 zircons tested, and all of them were analyzed
at the edge of single-grain zircon. H0405-10-1, HO405-
10-2, and H0405-10-14 were abandoned because of their
serious signal loss leading harmony degree less than 90%.
The results data showed that the 19 points are plotted on or
close to the coordination line in the coordination diagram
(Fig. 4b). Based on the age results, the zircon ages can be
divided into two groups. The 2*°Pb/?*8U ages of the first
group yield between 151.1 and 168.4 Ma, with weighted
mean age at 159.1+4.1 Ma (MSWD=5.4,n=10.95% con-
fidence) (Fig. 4a), which can be interpreted as crystalliza-
tion age of the rock. The second group yield between 483.7

@ Springer
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and 415.9 Ma including spots H0405-10-03, HO405-10-04,
H0405-10-07, H0405-10-09, HO405-10-10, HO405-10-13,
H0405-10-16, H0405-10-17, and HO405-10-20. These
ages, compared with the first group, are significantly older,
and these zircons showed many fine oscillation rings. The
features can be interpreted as captured Caledonian magmatic
zircons during Jurassic magmatic activity.

@ Springer
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Biotite granite (sample H0403-10) Zircon grains of sample
HO0405-10 are euhedral, with the lengths of 200 to 500 pm
and the length/width ratio of 1.5 to 3. It can be found that
some grains are fine oscillatory growth zoning from the
CL images (Fig. 4a). 3>Th/?*8U ratios range from 0.23 to
1.43. There were 20 zircons tested and were analyzed at the
edge of single-grain zircon. H0403-10-03, H0403-10-09,
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H0403-10-19, and H0403-10-20 were abandoned because
of their serious signal loss leading harmony degree less than
90%. The results data showed that the 16 points are plot-
ted on or close to the coordination line in the coordination
diagram (Fig. 4c). Based on the age results, the 2°°Pb/>*3U
ages of the 16 points yield between 150.7 and 163.8 Ma,
with weighted mean age at 153.9+ 1.8 Ma MSWD=1.5,

n =16, the reliability is 95% confidence (Fig. 4b)), which
can be interpreted as crystallization age of the rock. The
second group yield between 483.7 and 415.9 Ma including
spots H0405-10-03, H0405-10-04, H0405-10-07, H0405-
10-09, H0405-10-10, HO405-10-13, HO405-10-16, HO405-
10-17, and H0405-10-20. These ages, compared with the
first group, are significantly older, and these zircons showed

@ Springer
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Fig. 9 Diagrams of the Zr vs. 10000*Ga/Al from Guangnan pluton
(modified after Sami et al. 2017)

many fine oscillation rings. The features can be interpreted
as captured Caledonian magmatic zircons during Jurassic
magmatic activity (Figs. 5,6,7,8,9).

Zircon Lu-Hf isotope analysis

The zircon Lu—Hf isotopic test results of the Guangnan plu-
ton are shown in Table 2. The measured '"°Lu/'7"Hf ratio
(<0.002) of the three samples can represent the Hf isotope
composition characteristics during the formation of zircon.

Sample H0405-10 tested 12 spots; the initial ratio of
("SH{/"7TH), the e(t) value, age of the first-stage Hf model
Thwmi»> and the age of second-stage Hf model Tt,,,, yielded at
0.282294-0.282426,—3.94——11.67, 1157-1344 Ma, and
1729-2060 Ma, respectively. Sample H0403-10 tested 13
spots. The initial ratio of ({®Hf/'"7Hf), the e;;(t) value, age
of the first-stage Hf model Tp,,;, and the age of second-
stage Hf model Ty, yielded at 0.282364-0.282469, — 7.
45-—11.13, 1115-1268 Ma, and 1677-1910 Ma, respec-
tively. Sample H0405-8 tested 13 spots. The initial ratio of
(‘7SHf/"THS), the eys(?) value, age of the first-stage Hf model
Tpwmy> and the age of second-stage Hf model Ty, yielded
at 0.282373-0.282446, - 8.41-—10.75, 1212-1289 Ma,
and 1740-1889 Ma, respectively. The Hf isotope two-stage
model age Ty, values of the three samples fall between
Early Proterozoic and Mesoproterozoic (Fig. 10).

Major and trace elements

The major and trace elements of the Guangnan pluton are
shown in Table 3.

The major elements show they are higher SiO,
(72.82-76.16 wt.%), K, O (4.91-5.85 wt.%), Na,O (2.68-3.50
wt.%), Al,O5 (12.49-13.92 wt.%), lower ZrO, (83.5-118
ug/g), TiO, (0.09-0.52 wt.%), Fe,0; (0.03-0.93 wt.%), FeO

@ Springer

(0.35-2.64 wt.%), MgO (0.10-0.42 wt.%), MnO (0.03-0.12
wt.%), and CaO (0.42-1.21 wt.%). K,0/Na,O ratios range
from 1.41 to 2.01; total alkali contents range from 7.95 to
8.82%. The values of DI range from 88.46 to 94.84, and the
AR range from 2.43 to 3.07. The samples are located in the
granite area on the diagram of TAS (Fig. 5a), and located in the
high potassium calcium-alkaline series area on the SiO,-K,0O
diagram (Fig. 5b). The value of A/CNK ranges from 0.98 to
1.12 (Table 3, Fig. 5b), and most of them are greater than
1, belonging to peraluminous granite. The Guangnan pluton
further classified as ferrous, calcareous-alkali-calcium sample
in the Si0,-FeO* diagram and SiO,-alkali-calcium index of
magma (MALI) diagram, respectively (Fig. 7a and c).

The rare earth element distribution pattern of the Guang-
nan pluton sample has obvious negative Eu anomalies,
showing a right-leaning “V”-shaped characteristic, and the
middle rare earth elements are not enriched relative to the
heavy rare earth elements (Fig. 6a). In the spider web dia-
gram of trace elements, the Guangnan granite samples are
enriched in Rb, Th, U, Nb, and light rare earth elements, and
are obviously depleted in Ba, Sr, P, and Ti (Fig. 6b).

Discussion
Time of Guangnan pluton intrusion

The Zhuguangshan batholith is composed of multiple Cal-
edonian, Indosinian, and Yanshanian granitic rocks (Li
1990), and the Yanshanian plutons are mainly distributed
in the southern body; therefore, few chronological studies
were done on the Yanshanian plutons exposed in the north-
ern Zhuguangshan batholith. Zheng (1988) reported the
Rb-Sr isochronal age of 157 Ma and the mica Ar—Ar age of
152 Ma from the Guangnan biotite granite in the Exing area.
Li (1990) analyzed single-grain zircon U-Pb from the biotite
granite in the Exing area yielded at 155.5 Ma. Guo et al.
(2017) conducted SHRIMP U-Pb age dating on the two-
mica granite from Dongluo county, and yielded at 148.2 Ma.

This paper studied the biotite granite and found that the
pluton formed at 164.4 M in Exing area. Compared with
the studies of Zheng (1988) and Li (1990), the result of this
paper is slightly earlier. The two-mica granite of Exing area
formed 159.1 Ma on the southwest, the biotite granite in
the Shanggushi area formed 153.9 Ma, and the two-mica
granite from the Dongluo area formed 148.2 Ma (Guo et al.
2017). The ages of Guangnan pluton show that the pluton is
gradually getting younger from the northeast to the south-
west. Considering analyzed multiple factors acted on previ-
ous studies, it is deduced that the Guangnan pluton may
intrude during 164 Ma and 148 Ma, that is, the Guangnan
pluton formed in the late Middle Jurassic to the Late Juras-
sic period.
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Table 2 Results of Zircon Lu—Hf isotopes in granite

Age (Ma) "SYb/'"'HE VSLu/'HE 20 SHf/H 26 Ly a0 e®  Tpm Tome Siwm

Sample number: H0405-10
HO0405-10-5 168.4 0.025011  0.000898  0.000029 0.282409  0.000016 0.282406 —12.84 —-9.25 1187 1801 -0.97
HO0405-10-6  165.8 0.016505  0.000587  0.000009 0.282341  0.000017 0.282339 —-15.24 -11.67 1271 1952 -0.98
HO0405-10-7  473.7 0.023603  0.000861  0.000006 0.282358  0.000015 0.28235 —14.64 —-4.49 1256 1729 -0.97
H0405-10-8 162.4 0.020192  0.000829  0.000021 0.282294  0.000026 0.282292 -16.90 —13.41 1344 2060 -0.98
H0405-10-9  460.0 0.032705  0.001143  0.000006 0.282384  0.000018 0.282374 —13.72 —-3.94 1229 1684 -0.97
HO0405-10-10 470.8 0.029956  0.001086  0.000024 0.282337  0.000016 0.282327 —1540 -5.37 1294 1783 -0.97
HO0405-10-11 163.1 0.014218  0.000511  0.000012 0.282312  0.000025 0.28231 -16.27 —12.76 1309 2019 -0.98
HO0405-10-12 155.9 0.045071  0.001564  0.000068 0.282405  0.000015 0.2824 -1299 -9.73 1214 1822 -0.95
HO0405-10-13 157.5 0.020740  0.000704  0.000014 0.282426  0.000016 0.282424 —12.25 -8.85 1157 1768 -0.98
HO0405-10-17 461.7 0.030424  0.001081  0.000015 0.282330  0.000016 0.28232 —15.64 -5.82 1303 1803 -0.97
HO0405-10-18 156.8 0.019608  0.000683  0.000007 0.282367  0.000020 0.282365 —-14.33 —10.95 1238 1900 -0.98
HO0405-10-19 152.2 0.030014  0.001037  0.000010 0.282393  0.000020 0.28239 —13.39 -10.17 1213 1846 -0.97

Sample number: H0403-10
H0403-10-2 1529 0.027933  0.000996  0.000009 0.282398  0.000017 0.282395 —-13.22 -9.98 1205 1835 -0.97
HO0403-10-5 1534 0.036624  0.001274  0.000004 0.282467  0.000030 0.282463 —10.80 —-7.56 1117 1682 -0.96
H0403-10-7 151.9 0.040106  0.001387  0.000005 0.282437  0.000017 0.282433 —11.86 —-8.65 1163 1751 -0.96
HO0403-10-8  158.1 0.040763  0.001363  0.000036 0.282417  0.000018 0.282413 —-12.57 -9.22 1191 1793 -0.96
HO0403-10-10 150.7 0.022261  0.000824  0.000009 0.282456  0.000018 0.282453 —11.18 -=7.97 1119 1706 -0.98
HO0403-10-11 151.6 0.046328  0.001531  0.000020 0.282451  0.000017 0.282447 -11.35 -8.16 1147 1720 -0.95
HO0403-10-12 161.1 0.038008  0.001359  0.000017 0.282431  0.000014 0.282427 -12.05 -8.66 1170 1758 -0.96
HO0403-10-13 156.6 0.040294  0.001472  0.000015 0.282364  0.000013 0.28236 —14.42 -11.13 1268 1910 -0.96
HO0403-10-14 154.0 0.095395  0.003013  0.000033 0.282459  0.000014 0.28245 —11.09 -8.01 1184 1712 -091
HO0403-10-15 150.9 0.015126  0.000542  0.000002 0.282440  0.000015 0.282438 —11.76 —8.50 1133 1740 -0.98
HO0403-10-16 156.8 0.032484  0.001179  0.000011 0.282458  0.000011 0.282454 —-11.11 -7.80 1127 1700 -0.96
HO0403-10-17 153.5 0.022936  0.000828  0.000003 0.282436  0.000015 0.282434 —11.89 —8.58 1147 1749 -0.98
HO0403-10-18 153.7 0.037236  0.001317  0.000014 0.282469  0.000015 0.282466 —10.71 -7.45 1115 1677 -0.96

Sample number: H0405-8
H0405-8-2 0.1077910.002962  0.003827  0.000088 0.282421  0.000017 0.282409 -12.41 -9.09 1268 1792 -0.88
H0405-8-3 0.1278190.004870  0.003941  0.000141 0.282446  0.000021 0.282435 -—11.51 —-8.41 1233 1740 -0.88
HO0405-8-4 0.0386190.001221  0.001438  0.000048 0.282392  0.000024 0.282387 —13.45 —9.96 1228 1843 -0.96
H0405-8-8 0.1303890.002638  0.004151  0.000072 0.282415  0.000016 0.282402 —12.63 -9.37 1289 1808 -0.87
H0405-8-9 0.0381880.000594  0.001228  0.000016 0.282373  0.000014 0.282369 —-14.12 —10.75 1248 1889 -0.96
HO0405-8-10 0.0481180.001022  0.001691  0.000034 0.282382  0.000015 0.282377 -—13.78 —10.34 1250 1867 -0.95
H0405-8-16 0.0603460.001757  0.002190  0.000082 0.282399  0.000021 0.282393 -—13.18 —-9.89 1243 1836 -0.93
H0405-8-17 0.0761840.001137  0.002516  0.000029 0.282428  0.000017 0.28242 —12.16 -8.82 1212 1771 -0.92
H0405-8-18 0.0749210.003634  0.002413  0.000108 0.282420  0.000013 0.282414 —-12.43 -9.26 1219 1791 -0.93
H0405-8-19 0.0611530.000524  0.002068  0.000013 0.282411  0.000013 0.282405 -12.76 -9.11 1221 1798 -0.94
H0405-8-2 0.1077910.002962  0.003827  0.000088 0.282421  0.000017 0.282409 —-12.41 -9.09 1268 1792 -0.88
H0405-8-3 0.1278190.004870  0.003941  0.000141 0.282446  0.000021 0.282435 —11.51 —8.41 1233 1740 -0.88
HO0405-8—4 0.0386190.001221 0.001438  0.000048 0.282392  0.000024 0.282387 —13.45 —-9.96 1228 1843 -0.96

ey (0) = [(7°HE/HE) ¢/ ("*HE/ T TH) cyyug o~ 1] X 10000, fLume=(7Lu/TH) /Y T Lu/ T THE) cppur-1, £t = (TSHE/THS)-
("SLu/MTTHE X (M- DY THE T THE) cyyup o-( 7O LW/ THE) ey X (€4-1))-1) X 10000, Tpyyy(HH = 1/AX In{ 1+ [(7°HE/HE)g-  (THE/ THE)py]
NLCTSHE TTH) 6-[(CTSHE TTHD) ] ) Toaa(HD = Ty (HO-(Tppg (HO-O((fee-fo)/ (fee-fon)-  (TLw/'""Hf)g  and  (°Hf"'Hf)g  is  dat-
ing number, (“7°Lu/"""Hf)qyup=0.0332 v ("*Hi/""Hf)cpyyp c=0.282772  (Blichert-Toft and Albarede 1997), (‘°Lu/'""Hf)py,=0.0384,
("SHL/'TTHS) pp = 0.28325 (Griffin et al. 2000), foo=-0.548 (continental crust f; ), fon=0.16(depleted mantle f; 40, £=Crystallization time
of Zircon, A=1.865x 107" yr™! (Soderlund et al. 2004)
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Fig. 10 Diagrams of the ey (t)-t

(5a, 5b) from Guangnan pluton
(modified after Zhou 2007)
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In this study, the Zircon LA-ICP-MS U-Pb age charac-
teristics of the pluton show that the granitic magma intru-
sive activity can be divided into four stages (Fig. 1c). The
first stage was represented by the magma intruded into the
northeast of the Exing area earlier than 164 Ma forming
coarse-grained porphyritic biotite granite. The second stage
can be recognized as the formation of the two-mica granite
intrusion at 159 Ma in the southwest of the Exing area. The
third stage was represented by the magma intruded into the
Shanggushi area at 154 Ma and formed a biotite granite.
The last stage magmatic activity occurred in the Dongluo
area, forming two-mica granite 148 Ma (Guo et al. 2017).
The time interval between each intrusion is about 5-6 Myr.
Spatially, intrusive activities migrated from the northeast
(Exing area) to the southwest (Shanggushi-Dongluo area).
Therefore, the Guangnan pluton is a compound pluton
finally formed after 4 pulsating magma intrusions and lasted
about 17 Myr. According to lithological changes, it can be
divided into early magmatic (Middle Jurassic 164—159 Ma)
stage and late magmatic (153—-148 Ma) stage. In each stage,
the biotite granite is followed by two-mica granite.

Genesis of the Guangnan granites

The lack of “low-evolved” granite samples with SiO, <70
wt.% has brought great difficulties to the interpretation of
high-silica granites genesis in Guangnan area. Although
the Guangnan granite was plotted in the iron region of the
Si0,-FeO* diagram (Fig. 7a), its composition is close to
the “haplogranite” due to its high SiO, content (almost all
samples SiO, > 73 wt.%). In this case, it is failed to use the
S-I-M-A “letter” classification of granite (Wang 2008a;
Frost et al. 2016; Garcia-Arias 2020; Miller et al. 2020).
Besides, in view of the lower Zr content of the Guangnan
pluton, the Guangnan high-silica granite was not consid-
ered A-type granite (Tong and Wang 2013; Wang 2008b;
Wang et al. 2013, Sami et al. 2017). Guangnan high-sil-
ica granites can be classified high-silicon peraluminous

@ Springer

light-colored granites or ferroan calc-alkaline (Ferroan
calc-alkaline) high-silica granites, or muscovite-con-
taining peraluminous granite (MPG) type granite clas-
sified by Barbarin (1999) because of its peraluminous
(ASI> 1), high SiO, (> 72 wt.%), and low total mafic oxides
(Fe,034+FeO +MnO +MgO + TiO, <5 wt.%) characteris-
tics (Garcia-Arias 2020; Frost et al. 2001, 2016) (Fig. 6).
The rocks are located in the metamorphic mudstone-derived
melt zone and the overlapping area among metapelitic rock-
derived melt zone, biotite gneisses-derived melt zone, and
granodiorite-dacite-derived melt zone on the diagrams of
(CaO + AL,0;) vs. (CaO/AlL,05) and (Na20 + K20 + CaO)
vs. (Na,0 +K,0)/CaO (Fig. 8a and b). The characteristics
show that the Guangnan high-silica granite may be derived
from the partial melting of metapelitic rocks, but also cannot
eliminate the possibility of being derived from the partial
melting of biotite gneiss or granodiorite-diarrhea. The Zr vs.
Ga/Al diagram (Fig. 9) confirms the rocks are I- or S-type.
These results are consistent with that of Rb vs. Sr on Fig. 7d
and Fig. 8a. The characteristics of low Sr and Eu negative
anomalies show that plagioclase maintained in the residual
phase or crystalline phase combination in equilibrium with
the melt. Since amphibole was not found in the Guangnan
biotite granite, it is deduced that the water content of the
magma is less than 3—4 wt.% according to the phase diagram
(Naney 1983; Lu et al. 2015), and the Guangnan pluton can
be considered the product of partial melting of the lower
crustal rocks.

The characteristics of the Middle and Late Jurassic gran-
ites in the Nanling area, including the Guangnan pluton,
were high Sr/Y and La/YDb ratios. Its reason is the source
rocks of these high-silica granites which have a high con-
tent of Si0O,, and the high-silica granites are mainly com-
posed of metamorphic rocks, biotite gneiss, and granodi-
orite-diarrhea. A large number of previous partial melting
experimental results show that the stable pressure range of
plagioclase is larger than that of basic source rocks during
the intermediate-acid source rocks partial melting with water
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Fig. 11 The diagrams of (Y +Nb)/107% vs. Rb/107° (a) and R, vs. R,
(b) (a, modified after Pearce et al. 1984; b, modified after Batchelor
and Bowden (1985)). Data of Early Yanshanian in early stage quoted
from Chen et al. (1999), Zhou (2007), Guo et al. (2017), Xue et al.
(2011), Li (2019); late stage date quoted from Zhao et al. (2004),
Zhou (2007), Deng et al. (2012), Xue et al. (2011), showing the fields

loss, that is, when the water content of the intermediate-acid
source rock system is lower, the stable pressure range of
plagioclase is larger than that of basic source rocks (Wang
2015, 2016). Therefore, when crystalized mineral assem-
blage contains plagioclase in equilibrium with high-silicon
granite melts, the rocks show low Sr content and obvious
negative Eu anomalies. According to the phase diagram, the
upper limit of the origin pressure of these granites is 1-1.2 G
Pa, which is equivalent to a depth of 3540 km (Wang 2015).

The zircon Hf isotopic composition of the Guangnan
pluton indicates that the source rock of the high-sil-
ica granite is the Precambrian crust rock. Zircon U-Pb
age dating results show that the biotite granite in the
first stage (164 Ma) contains Caledonian and Indosin-
ian residual zircons, the two-mica granite in the second
emplacement (159 Ma) contains Caledonian period resid-
ual zircon (Table 1, Fig. 4a, c), the biotite granite in the
third emplacement (153 Ma) contains a small amount of
residual zircon with Early Jurassic age (Table 1), and the
fourth stage two-mica granite (148 Ma) contains a small
amount of residual zircon from the Indosinian period (Guo
Aimin et al., 2017, Table 1). This indicates that the early
granitic rocks in the Zhuguangshan area, as part of the
source rocks, participated in the formation of the Middle
and Late Jurassic high-silica granites, including Caledo-
nian, Indosinian, and Early Jurassic granites.

Field characteristics of the Guangnan pluton showed the
lithological change from biotite granite to dimica granite,
the intrusion direction changes from southeast to northwest,
and the content of dark minerals decreases with the intru-
sion time. The content of the mafic microgranular enclaves
gradually decreases from northwest to southeast in the plu-
ton, the content is high in the Exing area, and the long axis
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of volcanic arc (VAG), ocean-ridge granite (ORG), within-plate gran-
ite (WPG), and syn-collisional granite (syn-COLG), mantle plagi-
ogranite (MPG), destructive active slab edge (before plate collision)
granite (DSEG), uplift granite after plate collision (CEUG), late-for-
mation granite (POG), non-orogenic A-type granite(non-ORG), post-
orogenic A-type granite (post-COLG)

of the mafic microgranular enclaves is distributed in a cer-
tain direction with different sizes. The granite from Don-
gluo area in southwestern also contains a small amount of
dark mafic microparticle inclusions (Guo et al. 2017), and
they are small. These imply that basic magmatism is one of
the heat sources of the crust-derived granitic magma, while
magmatic mixing has limited contribution to the material
composition of granite formation (Clemens 2012).

Overall, it is deduced that the Guangnan high-silica gran-
ite is the product of partial melting of the lower crustal met-
amorphic pelitic rock and/or metamorphic acidic igneous
rock heated by the underplated basic magma in the South
China Orogen, and is the product of multiple remelting of
the lower crustal materials.

Tectonic significance

Based on previous studies, the Jurassic magmatism in the
Nanling area can be divided into two stages, namely, the
early Jurassic stage (195-165 Ma) and the late Jurassic stage
(165-145 Ma) (Zhou 2007). Some scholars believed that the
granite was formed in the background of compression in the
late stage of Early Yanshanian (170-150 Ma) in South China
(Xu and Tu 1984; Xia and Liang 1991; Chen and Mao 1995;
Mao et al. 2008). Others scholars considered that the Late
Jurassic granites were mainly formed in the back-arc exten-
sional environment, controlled by the Paleo-Pacific subduc-
tion process (Jiang et al. 2015; Liu et al. 2020).

Most discussions on the tectonic background of Jurassic
magmatic activity in South China were based on the geo-
chemical characteristics of magmatic rocks. In recent years,
some scholars emphasized the methodology and viewpoints
of “intrusive rock geotectonics,” but magmatic activity is the
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only one aspect of the tectonic movement process. “Identify-
ing the tectonic background of magmatic activity should be
based on regional geological research, not the geochemical
characteristics of granite types or basalts” (Clemens 2003;
Wang 2007); the tectonic background of magmatic rocks is
the magmatic rock aspect of tectonic research. Therefore, we
will discuss the tectonic background of the Guangnan plu-
ton based on the understanding of the Yanshanian tectonic
evolution in South China.

Ren (1990) pointed out that the Caledonian orogenic
belt in South China is a miogeosyncline fold system,
and later evolved into the Post-Caledonian Paraplatform
and finally integrated with the Yangtze Paraplatform.
The South China was involved into the collided orogenic
process between the western Pacific ancient land and the
eastern edge of Asia which converted from passive con-
tinental margin to active continental margin because of
the Indosinian (Akiyoshi) orogenic activity. The Japan-
Ryukyu-Taiwan-Palawan zone is a collision orogen
between the ancient land of the western Pacific and the
eastern part of mainland China. The Yanshanian orog-
eny stage was the strongest period of the collision activity
between the western Pacific ancient land and the eastern
edge of Asia (Ren 1990; Ren et al. 1990). Evidence of
collision events during the Middle Jurassic (164—-161 Ma)
from detrital zircons has been found in Hong Kong recent
years (Sewell et al. 2016). The Guangnan pluton was
formed in 164-148 Ma, and the magma intruded during
the early Yanshanian stage based on chronological data.
Therefore, tectonically, they should belong to the “syn-
collisional” and “post-collisional” granites. On the Y + Nb
vs. Rb and the R1 vs. R2 diagram, the Guangnan pluton
samples were plotted in the area of the “syn-collisional”
and “post-collisional” granites (Fig. 11), which confirmed
our understanding based on the tectonic evolution of South
China.

As mentioned earlier, the Guangnan pluton has experi-
enced two stages of intrusive activities. In each stage, biotite
granites were formed in the earlier, and followed by two-
mica granites. Previous studies indicate that large granite
bodies in the Nanling area intruded during the Middle and
Late Jurassic generally have similar lithological pattern
(Wang 2007, Table 1). Therefore, the Guangnan pluton can
be used as a representative of the granitic magmatism in
the Late Jurassic period in Nanling area. The Nanling area
was widely intruded by “syn-collision” to “post-collision”
granites during the Middle and Late Jurassic.

Many scholars considered the “post-collision” stage as
an extensional structural environment (Shu 2012; Mahdy
et al. 2020; Sami et al. 2017). At an extensional regional,
the intrusive basic magma is easy to eject out of the sur-
face, together with the acidic magma at the same time,
which forms a “bimodal” igneous rock assemblage. A

typical example is the bimodal magmatic rock combination
developed in the “rift zone” along the east—west direction
from western Fujian to southern Jiangxi to southern Hunan
intruded during early Jurassic (190-170 Ma) (Chen et al.
1999; He et al. 2010). In the regional compression envi-
ronment, most of the basic magma is trapped in the lower
part of the crust (i.e.: underplating). The heat released from
crystallization process of the basic magma provided energy
for the lower crustal rocks leading to partial melting, which
formed a wide range of acidic magma. During the Middle
and Late Jurassic period (170-140 Ma), the Nanling area
was characterized by repeated intrusions of large-scale
acidic magma, with few basic rocks, and the appearance of
magmatic activity was very different from the early Jurassic
period (Zhou 2007).

Conclusion

Based on all information acquired and discussed above,
combined with previous data, we suggested the following
preliminary understanding:

(1) The Guangnan pluton is a compound pluton which
formed in the Late Jurassic (164.4-148.2 Ma). The
pluton has experienced four batches of magma inva-
sion with 5-6 Myr interval. The magma emplacement
can be divided into two stages, and the biotite granite
intruded at first, followed by two-mica granite in each
stage. First stage is distributed in the Exing area in the
northeast of the pluton, and second stage distributed
in the Shanggushi-Dongluo in the southwest. The bio-
tite granite is mainly outcropped in the southeastern
part of the compound pluton, and gradually trans-
formed into the two-mica granite to northwestern part.

(2) In terms of petrochemistry, the Guangnan pluton is
high-silica granite with peraluminum and high potas-
sium and calcium alkalinity characteristics, and shows
ferro- and alkali-calcium feature which is similar to
the MPG, and the source rocks originated from the
Precambrian lower crustal metamorphic pelitic rocks
and/or metamorphic intermediate-acid igneous rocks,
and the earlier granitic intrusions also provided mate-
rial source for the Guangnan granite. The heat source
for the Guangnan pluton comes from the underplating
magma.

(3) The Guangnan pluton was formed in the collisional
orogeny stage between the Western Pacific ancient
land and the South China orogenic belt during the
Middle and Late Jurassic, and was the product of the
compression orogeny stage of the Asian continent
eastern margin in the early Yanshanian period.
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