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Abstract The Early Paleozoic tectono-thermal event was a

significant orogenic activity during the Phanerozoic era,

which had a profound impact on the early crust of the

South China Block (SCB) and established the foundation

for later tectonic activity. The Wuyi-Yunkai orogenic belt

in Southeastern China was extensively exposed to Early

Paleozoic magmatism, the genetic mechanism of which

remains controversial. To shed light on this issue, detailed

petrological, geochemical, and zircon U–Pb–Hf isotopic

studies were carried out on two granitoids, namely the

Yuntongshan pluton and the Gaoqiao pluton, identified in

the central Wuyishan. Zircon U–Pb chronology of the

Yuntongshan and Gaoqiao bodies yielded ages of

437 ± 4 Ma (MSWD = 2.2) and 404 ± 2 Ma (MSWD =

12), respectively, indicating that they were emplaced

during the Early Silurian and Early Devonian periods.

These granitoids are primarily composed of biotite-granite

and biotite-monzonitic-granites, with high concentrations

of SiO2 (73.59–75.91 wt%), K2O ? Na2O (8.31–8.73

wt%), and low contents of MgO, CaO, Cr, Ni. They are

classified as high-K calc-alkaline and weakly metalumi-

nous-strongly peraluminous S-type granites. These grani-

toids are enriched in light rare earth elements (LREEs) and

large ion lithophile elements (LILEs) and depleted in heavy

rare earth elements (HREEs) and high field strength ele-

ments (HFSEs) with arc affinity. The eHf(t) values of

- 3.3 to - 15.4 with two-stage Hf model ages ranging

from 2829 to 1644 Ma, combined with the presence of

Neoproterozoic inherited zircons, suggest that the primary

magma of these granitoids was derived from the partial

melting of Neoproterozoic crust with a Paleoproterozoic

crustal model age. These findings, combined with the

spatio-temporal distribution of regional magmatism, reveal

that the late Early-Paleozoic granitoids formed in the

intraplate orogenic background originating from the sub-

duction of the proto-Tethys Ocean and proto-Pacific Ocean

around the margin of the east Gondwana supercontinent.

Keywords Late Early-Paleozoic � Granites � Intraplate
orogeny � Cathysian block � Zircon � U–Pb–Hf � Isotopic
composition

1 Introduction

The South China Block (SCB), one of the important con-

tinental plates in eastern Asia, experienced extensive tec-

tonic–magmatic activities during the Early Paleozoic. This

orogeny is named Wuyi–Yunkai orogeny after the Wuyi

and Yunkai regions in South China, in which the Early

Paleozoic magmatic rocks are intensively distributed(Dang

et al. 2018; Guan et al. 2014; Jiang et al. 2017; Wang et al.

2013a; Xu and Xu 2015; Zhong et al. 2013). The Wuyi–

Yunkai orogeny within the SCB is recorded by an angular

unconformity between the Devonian and pre-Devonian

strata, intensive folding of pre-Devonian rocks, medium- to

high-grade metamorphism, ductile shearing, as well as
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widespread magmatism across the Wuyi–Yunkai Orogenic

belt (WYOB) in South China (Faure et al. 2009; Li et al.

2017b; Liu et al. 2018; Shu et al. 2014; Wang et al. 2007;

Zhong et al. 2016). Despite extensive research on the South

China Block (SCB) over the past decade, the Early Pale-

ozoic tectonic evolution of the region remains controver-

sial. There is currently no consensus on the orogenic

driving mechanism, and various tectonic theories have

been proposed, including oceanic subduction-collision (Liu

et al. 2018; Zhang et al. 2015a, 2016) and intraplate oro-

geny (Faure et al. 2009; Shu et al. 2014; Wang et al. 2019).

However, given that magmatism, metamorphosis, and

deformation within the interior of the Wuyi-Yunkai oro-

genic belt (WYOB) occurred in a background with no

conclusive evidence to support the existence of oceanic

subduction (Liu et al. 2018), intraplate orogeny is consid-

ered a more reasonable model to explain the Early Paleo-

zoic tectono-thermal activity. In recent years, subduction-

related information has been used to interpret the Early

Paleozoic orogeny of South China, which has added to the

confusion surrounding the topic (Lin et al. 2018; Zhao et al.

2022). The Early Paleozoic intrusive rocks found in the

Wuyi-Yunkai tectonic zone serve as a significant feature of

orogeny and offer indispensable insights into its nature and

process. Despite numerous chronological and geochemical

studies on granites in this area (Xin et al. 2020), the pet-

rogenesis and tectonic setting of Early Paleozoic granites

remain contentious. Specifically, S-type granites that

appeared in the post-orogenic stage have not undergone

sufficient in-depth analysis of their petrogenesis and tec-

tonic setting. Therefore, a comprehensive investigation is

necessary to elucidate the formation mechanisms of these

granites and their associated geological processes, which

would provide valuable information for further under-

standing of orogenic processes in the region (Wang et al.

2007; Zhang et al. 2012). Recent research has revealed that

certain granitoid intrusions previously assumed to have

formed in the Mesozoic era are Early Paleozoic intrusions

located in the Wuyi-Yunkai region (Zhang et al. 2015b).

The region is characterized by a variety of granite types,

and thus, an in-depth investigation into magmatism in the

area could be pivotal for understanding the underlying

reasons for the abundance of S-type granites within the

Wuyi-Yunkai intraplate orogenic belt.

In this paper, we report new analytical results of bulk-

rock major and trace element geochemistry, zircon Hf

isotopic compositions, and zircon U–Pb dating of two

poorly studied granitoid plutons in the Wuyishan mountain

in northwestern Fujian Province, to decipher their petro-

genesis and tectonic settings and give new insights into the

tectonic evolution of the SCB during the Early Paleozoic.

2 Regional tectonic background and sample
characteristics

The South China block, situated in the southeastern region

of the Asian continent, comprises the Yangtze craton in the

northwest and the Cathaysia block in the southeast

(Fig. 1a), separated by the Jiangnan Orogenic belt, which

spans 1500 km (Zhao and Cawood 2012). The Yangtze

craton is characterized by an Archean-Paleoproterozoic

crystalline basement enveloped by Late Mesoproterozoic

to Early Neoproterozoic folded belts (Guo et al. 2015;

Zhang and Zheng 2013), while the Cathaysia block is

predominantly composed of Neoproterozoic metamorphic

rocks with minor Paleoproterozoic and Mesoproterozoic

lithologies (Xu et al. 2007; Yu et al. 2009). These blocks

collided along the Jiangnan orogenic belt during the Neo-

proterozoic (Wang et al. 2014; Yao et al. 2014, 2015; Zhao

and Cawood 2012). Following the breakup of the Rodinia

supercontinent (Li et al. 2003), the Cathaysia block

underwent rifting, leading to the deposition and accumu-

lation of rift-deepwater sediments as giant thick clastic

rock from the Early Sinian to the Late Ordovician (Shu

et al. 2011; Shu et al. 2014). The South China block

underwent three significant tectonic–magmatic events: the

Early Paleozoic orogeny, the Indosinian orogeny, and the

Yanshanian orogeny (Lin et al. 2008). During the Early

Paleozoic, the South China continent experienced robust

uplift and denudation, resulting in the absence of Silurian

sediments. Late Devonian glutenite layers were deposited

over former Devonian strata, forming the angularly

unconformable. This period also witnessed extensive oro-

genic activity, characterized by fold deformation, ductile

shear, and large-scale granite magma intrusion in the pre-

Devonian strata throughout the Wuyi-Yunkai Orogenic belt

(Wang et al. 2012b).

The Wuyi-Yunkai tectonic belt, situated between the

Chenzhou-Linwu fault and Zhenghe-Dapu fault, stretches

across Guangxi, Guangdong, Hunan, Jiangxi, and Fujian

Provinces. The region encompasses an extensive outcrop

area of Early Paleozoic magmatic rocks that offer valuable

insights into the underlying tectonic processes and pro-

spects for further research (Fig. 1). The Early Paleozoic

igneous rocks are dominated by granitoids with minor

occurrences of mafic rocks. The intrusive ages of these

igneous rocks span from 460 to 400 Ma, with a peak age

ranging from 440 to 430 Ma (Zhang et al. 2012). The

majority of these magmatic rocks intrude texturally

gneissic Precambrian metamorphic rocks, which under-

went high-grade amphibolite to granulite facies metamor-

phism during the Early Paleozoic and followed a clockwise

metamorphic P–T path (Faure et al. 2009; Li et al. 2010;

Wang et al. 2007). Furthermore, recent studies suggest the
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presence of arc-like magmatic rocks in the Cathaysia

Block, indicating the occurrence of Early Paleozoic ocea-

nic subduction events (Liu et al. 2018; Zhang et al.

2015a, 2016).

The Yuntongshan pluton, located in northwestern Fujian

Province (Fig. 1), is a small stock (* 50 km2) that exhibits

no crosscutting relationships with regional or local faults

(Fig. 2a). This pluton intruded the Neoproterozoic Mayuan

Group, which comprises an epimetamorphic flysch for-

mation consisting of sericite slate, silty slate, greywacke,

tuffaceous sandstone, and interbedded volcanic rocks,

locally in contact with Jurassic-Cretaceous terrestrial

clastic sedimentary rocks (e.g., conglomerate, sandstone,

and siltstone). The lithology of the pluton shifts gradually

from coarse-grained granodiorite in the center to medium-

and fine-grained biotite granite towards the margin. The

biotite granite is massive (Fig. 3a), medium- to fine-

grained, and grey in color (Fig. 3b), composed primarily of

plagioclase (* 35%), K-feldspar (* 20%), quartz

(* 25%), biotite (* 15%), and hornblende (* 5%)

(Fig. 3b).

The Gaoqiao pluton, located in the southeastern of the

Yuntongshan pluton (Fig. 1), covers an outcrop area of 128

km2 and intruded into the Neoproterozoic Mayuan Group,

which unconformably overlies Cambrian sandstone and

slate and is overlain by Jurassic-Cretaceous volcanic clastic

rock (Fig. 2b). This pluton was intruded by Triassic gran-

itoids (Gao et al. 2019) and Jurassic-Cretaceous granitoids,

exhibiting no obvious lithological zonation. Comprised

primarily of granodiorite and biotite monzonitic granodi-

orite, it appears massive and is light grey to whitish colored

(Fig. 3c), with a medium-grained texture (Fig. 3d). The

biotite monzogranite mainly comprises plagioclase

(* 25%), K-feldspar (* 25%), quartz (* 25%), biotite

(* 20%), and hornblende (* 5%) (Fig. 3d).

3 Analytical methods

U–Pb dating of zircon was performed using LA-ICP-MS at

Wuhan Sample Solution Analytical Technology Co., Ltd.,

Wuhan, China, following the operating procedures and

data reduction methods described by Zong et al. (2015).

Fig. 1 sketch map of South China Block, showing the distribution of Early Paleozoic magmatic rocks; JSF: Jiangshan-Shaoxing fault, ZDF:

Zhenghe- Dapu fault, CLF: Chenzhou-Linwu fault, ALF: Anhua-Luocheng fault
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Fig. 2 Geological maps of the Yuntongshan pluton (a) and Gaoqiao pluton (b)

Fig. 3 a Field photograph of the Yuntongshan pluton (ZM46), b Photomicrographs of Yuntongshan monzogranite (ZM46); c Field photograph

of Gaoqiao monzogranite (ZM53); d Photomicrographs of Gaoqiao monzogranite (ZM53), Abbreviations are as follows: Qtz: Quartz; Pl:

Plagioclase; Kfs: Kfeldspar; Ms: White mica
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A GeolasPro laser ablation system, equipped with a

COMPexPro 102 ArF excimer laser (wavelength of

193 nm and maximum energy of 200 mJ) and a MicroLas

optical system, was used for laser sampling. Ion-signal

intensities were measured using an Agilent 7700e ICP-MS

instrument, with helium serving as the carrier gas and

argon as the make-up gas mixed with the carrier gas via a

T-connector before entering the ICP. The laser ablation

system included a ‘‘wire’’ signal smoothing device, as

mentioned by (Hu et al. 2015). The laser spot size was set

to 10 lm, and the laser frequency was set to 1 Hz. For U–

Pb isotope calibration, the uraninite standard GBW04420

was used as an external standard. Each analysis consisted

of a background acquisition of approximately 20–30 s,

followed by 50 s of data acquisition from the sample. Off-

line selection and integration of background and analyzed

signals, time-drift correction, and quantitative calibration

for U–Pb dating were performed using the Excel-based

software ICPMSDataCal, as described by Liu et al. (Liu

et al. 2008). Concordia diagrams and weighted mean cal-

culations were conducted using Isoplot/Ex_ver3 (Ludwig

2003).

The analysis of Hf isotopes was performed at the exact

location where the U–Pb analysis was conducted. (Fig. 4).

The in-situ analysis of Hf isotopes was conducted using a

Neptune Plus MC-ICP-MS from Germany, in conjunction

with a Geolas HD excimer ArF laser ablation system. This

laser-ablation system is equipped with a ‘‘wire’’ signal

smoothing device, ensuring the generation of smooth sig-

nals even at extremely low laser repetition rates as low as

1 Hz. Helium was utilized as the carrier gas for the ablation

material. For each measurement, the background signal

was acquired for 20 s, followed by the acquisition of the

ablation signal for 50 s. The ablation diameter was set at

44 m. Alongside the actual samples, two international

zircon standards, namely 91,500 and GJ1, were simulta-

neously analyzed. The 91,500 standard was employed for

external calibration to optimize the accuracy of the ana-

lytical results, while GJ1 served as a secondary standard for

monitoring the quality of data correction. The instrument’s

operating conditions and analytical method remained

consistent with those described by Hu et al (2012).

The Agilent 7700e ICP-MS at Wuhan Sample Solution

Analytical Technology Co., Ltd., Wuhan, China, was uti-

lized for conducting whole-rock chemical analyses. The

detailed procedure for sample digestion was carried out as

follows: (1) The sample powder (200 mesh) was dried for

12 h at 105 �C in an oven. (2) Accurately weighed 50 mg

of sample powder was placed in a Teflon bomb. (3) Slowly,

1 mL of HNO3 and 1 mL of HF were added to the Teflon

bomb. (4) The Teflon bomb was placed in a stainless steel

pressure jacket and heated to 190 �C in an oven for more

than 24 h. (5) After cooling, the Teflon bomb was opened

and placed on a hotplate at 140 �C until it reached incipient

dryness. Then, 1 mL of HNO3 was added and evaporated

to dryness again. (6) To the Teflon bomb, 1 mL of HNO3,

1 mL of MQ water, and 1 mL of a 1 ppm internal standard

solution were added. The Teflon bomb was resealed and

placed in the oven at 190 �C for more than 12 h. (7) The

final solution was transferred to a polyethylene bottle and

diluted to 100 g by adding 2% HNO3.

4 Result

4.1 Zircon U–Pb dating result

4.1.1 Yuntonghsan granite

Zircons from the Yuntongshan biotite granite (ZM046-1)

exhibit long columnar crystals with aspect ratios of

1.5:1–2:1, particle sizes of 100–200 lm, and zircon Th/U

ratios of 0.17–0.95, indicating magmatic zircon with

oscillatory growth zoning as seen in CL images. U–Pb

isotope analyses were conducted on 20 zircons, with results

presented in Table 1 and Fig. 4a. The 206Pb/238U apparent

ages of the 18 measurement sites, excluding measurement

sites 11 and 17 which gave results for 979 Ma and

548 Ma years, ranged from 460 ± 10 to 418 ± 9 Ma and

were relatively consistent. Fifteen measurement points fall

on the concordia curve, and their 206Pb/238U weighted-

average age was calculated as 437 ± 4 Ma (MSWD =

2.2), representing the emplacement age of the Yuntong-

shan biotite granite.

4.1.2 Gaoqiao granite

Zircons from the Gaoqiao biotite monzogranite (ZM053-1)

are mainly subhedral to euhedral crystals, with lengths

ranging from 80 lm to 220 lm and length/width ratios of

1:1 to 4:1. CL imaging revealed weak, well-developed

oscillatory zoning, with Th/U ratios spanning 0.1 to 1.29.

U–Pb isotope analyses were conducted on 20 zircons, as

presented in Table 1 and Fig. 4b, with some ages con-

centrated in the range of 1026–536 Ma, and may indicate

inherited zircons. The boundaries between inherited crystal

nuclei and accretion are distinct, but their shapes vary,

appearing as either rounded, sharply angular, or frag-

mented forms. Most zircon ages are concentrated in the

range of 376–451 Ma, representing Early Paleozoic mag-

matic intrusive events. Of these zircons, fourteen yielded

similar 206Pb/238U ages ranging from 376 ± 4 Ma to

428 ± 5 Ma and provided a weighted-mean age of

404 ± 2 Ma (MSWD = 12), representing the crystalliza-

tion age.
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4.2 Major and trace elements contents

4.2.1 Major elements

The major element contents of the Yuntongshan granite

and the Gaoqiao granite from central Wuyishan are listed

in Table 2. The two granites had SiO2 contents of 73.59 %–

75.91 % and high alkali contents (K2O = 5.19 %–6.07 %,

Na2O ? K2O = 8.31 %–8.73 %). In the alkalis versus SiO2

diagram, both the Yuntongshan and Gaoqiao granites lie

within the field of sub-alkaline granite (Fig. 5a). All the

samples have ACNK (A/CNK = molar ratio of Al2O3/

[CaO ? K2O ? Na2O)] ratios 0.96–1.17 (Table 2). In the

plot of A/NK [A/NK = molar ratio of Al2O3/(K2O ? Na2-
O)] versus A/CNK shown in Fig. 5b, these rocks fall into the

field of metaluminous-strongly peralumious granites. The

granites have greater K2O contents thanNa2O. In theK2Ovs.

SiO2 discrimination diagram, the samples lie within the field

of the high-K series, demonstrating that they are potassium-

rich granites (Fig. 5c).

4.2.2 Trace elements

The RREE of Yuntongshan and Gaoqiao granites was

between 30 and 258 ppm. Chondrite-normalized REE

patterns are marked by enrichment in the LREEs (Fig. 6a).

LREE/HREE ratios vary between 2 and 19, and the (La/

Yb)N values range from 2 to 45. The fractionation of the

light rare earth elements was more remarkable than that of

the HREE. Furthermore, the negative Eu anomalies were

significant, and the dEu values ranged from 0.35 to 0.48.

In the spider diagram (Fig. 6b), the Yuntongshan and

Gaoqiao granites show enrichment in Rb, Th, and K, while

depleted in Ba, Sr, Ti, and P. The variations in Rb, Ba, Sr,

and Ti contents are mainly attributed to the differences in

the rock-forming minerals. The elevated Rb and reduced Sr

and Ba contents were caused by the fractional crystalliza-

tion of K-feldspar, plagioclase, and biotite.

4.3 Zircon Hf composition

A total of 18 spots from the Yuntongshan pluton (ZM46-1)

were analyzed for the Lu–Hf isotopic compositions of

Fig. 4 Representative zircon CL images of granitic rocks showing the sites of U–Pb dating and Zircon U–Pb concordia diagram of the granitic

rocks, a ZM46 b ZM53
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Table 1 Zircon U–Pb age dating results of Yuntongshan and Gaoqiao granites

SPOT Th U Th/

U

Isotopic ratios Age (Ma)

(ppm) (ppm) 207Pb/206Pb 1sigma 207Pb/235U 1sigma 206Pb/238U 1sigma 207Pb/

206Pb

1sigma 206Pb/238U 1sigma

Sample ZM046-1

1.1 362.74 705.8 0.51 0.0849 0.0024 0.7931 0.0235 0.0677 0.0016 1313 54 423 9

2.1 376.53 435.85 0.86 0.0442 0.0012 0.4124 0.0116 0.0677 0.0015 0 0 422 9

3.1 194.84 269.17 0.72 0.0553 0.0014 0.5516 0.0150 0.0723 0.0016 425 55 450 10

4.1 325.91 344.75 0.95 0.0579 0.0014 0.5644 0.0148 0.0707 0.0016 526 53 440 10

5.1 825.64 1147.95 0.72 0.0550 0.0012 0.5352 0.0125 0.0706 0.0016 411 46 440 10

6.1 441.9 616.4 0.72 0.0558 0.0013 0.5278 0.0129 0.0686 0.0015 444 49 428 9

7.1 277.37 414.11 0.67 0.0552 0.0013 0.5432 0.0138 0.0713 0.0016 421 51 444 10

8.1 336.25 604.11 0.56 0.0583 0.0013 0.6020 0.0145 0.0749 0.0017 541 48 465 10

9.1 82.05 1921.02 0.04 0.0588 0.0017 0.5789 0.0174 0.0714 0.0016 560 62 445 10

10.1 154.32 229.38 0.67 0.0558 0.0015 0.5580 0.0154 0.0725 0.0016 445 57 451 10

11.1 248.85 608.5 0.41 0.0706 0.0014 1.5979 0.0359 0.1641 0.0037 947 41 979 20

12.1 615.34 1380.45 0.45 0.0544 0.0011 0.5024 0.0114 0.0670 0.0015 387 46 418 9

13.1 198.04 433.43 0.46 0.0544 0.0013 0.5293 0.0133 0.0706 0.0016 388 51 440 10

14.1 213.35 226.57 0.94 0.0569 0.0015 0.5471 0.0150 0.0697 0.0016 488 57 434 10

15.1 72.44 427.13 0.17 0.0559 0.0013 0.5709 0.0141 0.0740 0.0017 449 50 460 10

16.1 311.6 459.57 0.68 0.0541 0.0012 0.5151 0.0127 0.0691 0.0016 375 51 431 9

17.1 173.92 256.75 0.68 0.0588 0.0021 0.7194 0.0257 0.0887 0.0021 561 75 548 12

18.1 161.01 951.09 0.17 0.0549 0.0012 0.5218 0.0120 0.0689 0.0015 409 46 430 9

19.1 262.64 379.01 0.69 0.0544 0.0014 0.4239 0.0113 0.0566 0.0013 386 56 355 8

20.1 192.71 325.54 0.59 0.0543 0.0013 0.5276 0.0138 0.0705 0.0016 384 54 439 10

Sample ZM053-1

1.1 134.67 347.55 0.39 0.0839 0.0011 1.9945 0.0269 0.1725 0.0020 1290 25 1026 11

2.1 93.9 857.37 0.11 0.0561 0.0008 0.5603 0.0082 0.0725 0.0008 454 30 451 5

3.1 117.74 467.53 0.25 0.0581 0.0009 0.6942 0.0106 0.0867 0.0010 533 32 536 6

4.1 106.43 572.67 0.19 0.0632 0.0010 0.5369 0.0087 0.0617 0.0007 714 33 386 4

5.1 114.26 945.25 0.12 0.0555 0.0009 0.5249 0.0086 0.0686 0.0008 433 35 428 5

6.1 108.19 894.69 0.12 0.0563 0.0010 0.5066 0.0089 0.0653 0.0008 464 38 408 5

7.1 1249.05 969.34 1.29 0.0559 0.0022 0.5251 0.0200 0.0682 0.0010 448 83 425 6

8.1 560.7 576.55 0.97 0.0628 0.0010 0.9081 0.0147 0.1049 0.0012 702 33 643 7

9.1 1049.55 992.72 1.06 0.0580 0.0009 0.5111 0.0086 0.0639 0.0007 530 36 399 5

10.1 99.29 689.34 0.14 0.0546 0.0008 0.4814 0.0076 0.0640 0.0007 395 34 400 4

11.1 380.44 798.93 0.48 0.0556 0.0009 0.4740 0.0077 0.0619 0.0007 434 34 387 4

12.1 402.77 511.13 0.79 0.0644 0.0010 1.0527 0.0165 0.1186 0.0014 753 32 723 8

13.1 140.86 668.39 0.21 0.0543 0.0008 0.4800 0.0070 0.0642 0.0007 381 31 401 4

14.1 1247.09 3421.13 0.36 0.0578 0.0008 0.2888 0.0041 0.0363 0.0004 521 29 230 3

15.1 422.5 1037.11 0.41 0.0986 0.0011 1.2195 0.0148 0.0897 0.0010 1597 21 554 6

16.1 110.99 560.2 0.20 0.0555 0.0009 0.5100 0.0083 0.0667 0.0008 431 34 416 5

17.1 276.73 475.07 0.58 0.0555 0.0009 0.5113 0.0083 0.0668 0.0008 434 34 417 5

18.1 225.11 2144.58 0.10 0.0546 0.0006 0.4520 0.0057 0.0600 0.0007 396 26 376 4

19.1 566.22 834.19 0.68 0.0548 0.0008 0.4737 0.0073 0.0626 0.0007 405 32 392 4

20.1 230.27 1549.23 0.15 0.0548 0.0007 0.4971 0.0065 0.0658 0.0008 404 27 411 5

21.1 106.49 652.47 0.16 0.0544 0.0008 0.4941 0.0076 0.0658 0.0008 389 33 411 5
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zircon. The zircon Hf analyses were performed on the same

domain of the same grain as those used for U–Pb dating

(Fig. 4). The eHf(t) values vary from - 8.7 to - 3.3

(Fig. 7a). The two-stage Hf isotopic model ages mainly

vary from 1677 to 2040 Ma (Fig. 7b).

A total of 16 spots from the Gaoqiao pluton (ZM053-1)

were analyzed for the Lu–Hf isotopic compositions of

zircon (Table 3). The eHf(t) values range from - 16.3

to - 7.8 (Fig. 7c). The two-stage Hf isotopic model ages

mainly vary from 1904 to 2829 Ma (Fig. 7d).

5 Discussion

5.1 Petrogenesis and source

Granitic rocks are commonly classified as I-, S-, M-, and

A-types (Chappell and White 1974, 1992). Early Paleozoic

granites in the study area exhibit typical peraluminous

minerals and fall within the field of S-type granites, as

shown by the diagram of Nb vs. Ga/Al and the unfrac-

tionated granites discrimination diagrams of Zr versus Ga/

Al (Fig. 8). These granites are mostly calc-alkaline, met-

aluminous to strongly peraluminous, with A/CNK\ 1.1

and A/NK[ 1.0, which are important criteria for the

Table 2 Whole-rock major

(wt%) and trace (ppm) element

compositions for samples from

Yuntongshan and Gaoqiao

granites

Sample ZM046-2 ZM046-3 ZM053-2 sample ZM046-2 ZM046-3 ZM053-2

SiO2(%) 73.66 75.91 73.59 La(lg/g) 58.1 4.57 26.0

Al2O3(%) 13.57 14.60 13.63 Ce(lg/g) 121 9.64 55.2

CaO(%) 0.72 0.28 0.34 Pr(lg/g) 12.8 1.06 6.54

Fe2O3(%) 0.95 0.13 1.65 Nd(lg/g) 44.7 3.89 25.9

FeO(%) 0.42 0.32 0.18 Sm(lg/g) 8.03 1.24 5.37

K2O(%) 6.07 5.19 5.85 Eu(lg/g) 0.81 0.21 0.57

MgO(%) 0.35 0.17 0.36 Gd(lg/g) 6.25 1.60 4.63

MnO(%) 0.04 0.02 0.03 Tb(lg/g) 0.75 0.36 0.62

Na2O(%) 2.66 3.12 2.46 Dy(lg/g) 3.28 2.57 2.86

P2O5(%) 0.08 0.09 0.21 Ho(lg/g) 0.45 0.46 0.42

TiO2(%) 0.20 0.05 0.22 Er(lg/g) 1.05 1.46 1.01

CO2(%) 0.33 0.17 0.17 Tm(lg/g) 0.13 0.26 0.13

H2O ? (%) 0.66 0.54 0.88 Yb(lg/g) 0.87 2.05 0.88

LOI(%) 1.06 0.55 0.92 Lu(lg/g) 0.13 0.32 0.13
P

Fe2O3 1.42 0.49 1.85 Y(lg/g) 13.0 14.7 11.8

TFeO 1.27 0.44 1.66 V(lg/g) 7.51 0.36 8.46

TFeO/MgO 3.64 2.57 4.62 Cr(lg/g) 3.44 0.76 5.40

FeOT/(MgO ? FeOT) 0.78 0.72 0.82 Co(lg/g) 1.63 0.43 2.47

K2O ? Na2O 8.73 8.31 8.31 Ni(lg/g) 1.79 0.60 2.02

A/NCK 0.96 1.17 1.06 Ga(lg/g) 15.7 17.5 17.7

A/NK 1.05 1.22 1.11 Rb(lg/g) 251 238 276

Al2O3/TiO2 67.85 292.00 61.95 Sr(lg/g) 72.7 56.0 70.3

CaO/Na2O 0.27 0.09 0.14 Zr(lg/g) 132 13.4 103

Al/Mg ? Fe 5.03 13.87 4.16 Nb(lg/g) 7.63 8.19 13.7

Ca/Mg ? Fe 0.49 0.48 0.19 Cs(lg/g) 7.09 9.38 5.15
P

REE 258 30 130 Ba(lg/g) 545 92.7 437

LREE/HREE 19 2 11 Hf(lg/g) 4.67 0.63 3.52

(La/Yb) N 45 2 20 Ta(lg/g) 0.79 0.87 0.95

dEu 0.35 0.48 0.36 Pb(lg/g) 43.5 37.8 34.2

10000 Ga/Al 2.19 2.26 2.45 Th(lg/g) 32.5 2.38 13.9

Zr ? Nb ? Ce ? Y 274 46 184 U(lg/g) 2.91 3.62 3.25

Rb/Sr 3.45 4.25 3.93 K 50,389 43,084 48,563

Rb/Ba 0.46 2.57 0.63 P 349 393 917

(K ? Na)/Ca 12.13 29.68 24.44 Ti 1199 300 1319
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identification of S-type granitoids (Chappell and White

1992). Most coeval igneous rocks in the NW Fujian and

adjacent regions are felsic rather than mafic, suggesting

that the granites were formed by partial melting of ancient

crust (Kong et al. 2021; Xu and Xu 2017; Yan et al. 2017).

The absence of mafic magmatic enclaves in the Yuntong-

shan and Gaoqiao granitoid, and a diagram of Rb/Sr versus

Rb/Ba shows that the Yuntongshan and Gaoqiao granitic

rocks plotted in clay-rich sources (Fig.9), indicating the

source is enriched in crustal material. These geochemical

features suggest that their primary magmas were mainly

derived from the partial melting of the lower crust, with the

two-stage zircon Hf model ages indicating that the Paleo-

proterozoic basement might be the source of the granites

(Fig. 10). However, many Precambrian basement rocks in

the Cathaysia block previously considered as Paleopro-

terozoic to Mesoproterozoic are Neoproterozoic (Wan et al.

2007), which indicates that the source rocks of the early

Paleozoic granites would be Neoproterozoic rather than

Paleoproterozoic (Wan et al. 2007; Yu et al. 2012). In

addition, inherited zircons from Neoproterozoic rocks were

found in the Yuntongshan and Gaoqiao granites (Fig. 4 and

Table 1), providing direct age information about the source

rocks. Therefore, it is inferred that the Gaoqiao and Yun-

tongshan granites were derived from the partial melting of

Neoproterozoic basement rocks of the Cathaysia block.

The coeval granitoids from E-SCB have similar Hf isotopic

compositions, indicating a similar nature of the crustal

sources (Wang et al. 2012a; Xia et al. 2014; Zhang et al.

2012).

Fig. 5 a Na2O ? K2O vs. SiO2 (Middlemost, 1994) and b A/NK vs.

A/CNK (Maniar and Piccoli, 1989) and c K2O vs. SiO2 (Le Maitre

et al., 1989) diagrams for the Yuntongshan and Gaoqiao pluton. The

reference data are from (Cai et al. 2017; Feng et al. 2014; Dang et al.

2018; Guan et al. 2014; Jiang et al. 2017; Zhong et al. 2013; Xu and

Xu et al., 2015; Zhang et al. 2015a, b, c)

Fig. 6 a Chondrite-normalized REE patterns (Boynton, 1984) and

b primitive-mantle-normalized element spider diagram (Sun and

McDonough 1989) of the Yuntongshan and Gaoqiao granites.

Symbols are as in Fig. 5
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5.2 Early Paleozoic magmatism in Wuyi-Yunkai

orogenic zone

Based on the available geochronological data of Early

Paleozoic magmatism (Wang et al. 2013a; Xin et al. 2020),

the Wuyi-Yunkai orogeny initiated in the Late Ordovician

(* 460 Ma), reached its peak during the Early to Middle

Silurian (* 440 to 430 Ma), and terminated in the Early

Devonian (* 400 Ma). This timing is consistent with the

amphibolitic to granulitic metamorphism observed within

the Wuyi-Yunkai Orogen(Li et al. 2010). The granitoid

magmatism analyzed in this study temporally coincides

with regional magmatism and can be classified into three

stages: syn-orogenic, transgressive, and post-orogenic(Xin

et al. 2020). Recent structural studies support a synoro-

genic (454–426 Ma) sinistral ductile shearing followed by

post-orogenic (* 400 to 370 Ma) exhumation and cooling

in the Wuyi-Yunkai Orogen (Li et al. 2017a). The age data

suggests that crustal shortening occurred from approxi-

mately 460–420 Ma, with the peak occurring at around

460–435 Ma, and continued until about 420 Ma (Chu and

Lin 2014; Faure et al. 2009; Li et al. 2016; Li et al. 2017a;

Li et al. 2010; Sun et al. 2018; Zhang et al. 2018). During

this time, anatexis occurred, leading to the formation of

migmatites, leucosomes, and S-type granites, with most of

the S-type granites being formed between ca. 435 and

420 Ma (Liu et al. 2010; Wang et al. 2011; Wang et al.

2012a; Wang et al. 2013b).

While Huang and Wang (2019) suggest that parts of the

orogen experienced lithospheric extension during the per-

iod of ca. 435–420 Ma, the onset of the extension appears

to be overlapped with crustal shortening (ca. 460–420 Ma),

as inferred from the structural and metamorphic records (Li

et al. 2016; Shu et al. 2015; Zhang et al. 2018). Addi-

tionally, A-type magmatism occurred during the Early to

Middle Devonian in the Wuyishan and Yunkai areas. This

includes the ca. 415–413 Ma Huitong and Epo monzo-

granites (Feng et al. 2014), the ca. 412–409 Ma Xiqin

K-feldspar granites(Cai et al. 2017), and the ca. 414 Ma

Fufang granites(Xin et al. 2020). The emplacement of

A-type granitoids and diabase between ca. 415–403 Ma

indicates that at least parts of South China evolved into a

post-orogenic phase of extension during the Early Devo-

nian. However, despite the occurrence of a few A-type

Fig. 7 Zircon Hf isotopic compositions of Yuntongshan and Gaoqiao granitic rocks: a–b histograms of zircon eHf(t) values and TDM
C (Ga) of the

Yuntongshan granitic rocks, respectively; c–d histograms of zircon eHf(t) value and zircon TDM
C (Ga) values of Gaoqiao granitic rocks,

respectively
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granites and basal veins, the emplacement of S- and I/S-

type granites continued.

On the tectonic setting discrimination diagrams

(Fig. 11), the Yuntongshan granite (* 437 Ma) falls into

the syn-collision fields. In contrast, the younger Gaoqiao

granitoids (* 404 Ma) also plot in the syn-collision field

and were likely related to a post-orogenic extension setting

(Huang and Wang 2019; Huang et al. 2013), in good

agreement with the occurrence of * 420 Ma post-colli-

sional gabbroic rocks (Zhang et al. 2015b). The transitional

I-S granites, mostly postdating ca. 435 Ma, were formed by

ongoing partial melting of crustal rocks but were likely

modified by upwelling mafic magmas (Xia et al. 2014).

However, due to the lack of coeval accretionary com-

plexes, volcanic arc rocks, or subduction-related rocks,

especially ophiolites sourced from the asthenospheric

mantle adjacent to the Wuyi-Yunkai tectonic belt, the arc

signature observed in the Yuntongshan and Gaoqiao

granites is more likely inherited from the source rocks

rather than related to coeval oceanic subduction. We con-

ducted statistical analysis and mapping on the Late Pale-

ozoic granitic bodies published in the region. These bodies

include A-type, I-type, and S-type granites, each with

different petrogenesis. However, they were all formed in a

tectonic setting transitioning from orogeny to post-oro-

genic processes. The published data, along with the data

provided in this study, collectively reflect the magmatic

activity within the intracontinental orogeny. Compared to

magmatic activity at plate margins during orogeny, mag-

matic activity within the intracontinental environment may

be more complex.

Fig. 8 a Nb vs.10000 9 Ga/Al and b Zr vs.10000 9 Ga/Al diagram (Harrison and Watson 1984) for Yuntongshan and Gaoqiao granitic rocks;

Symbols are as in Fig. 5

Fig. 10 eHf(t) vs. age diagram for zircons from Yuntongshan and

Gaoqiao granitic rocks with shaded areas denoting the previously

published data from (Liu et al., 2016). Symbols are as in Fig. 5
Fig. 9 Rb/Ba vs. Rb/Sr diagram for Yuntongshan and Gaoqiao

granitic rocks (Sylvester, 1998). Symbols are as in Fig. 5
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5.3 Tectonic setting and geological significance

Based on various studies that have been conducted on the

Wuyi-Yunkai orogeny, there have been different opinions

on the cause of this orogeny. Some researchers argue that it

was a result of oceanic subduction-collision (Liu et al.

2018; Zhang et al. 2015a, 2016), while others suggest that

it was an intraplate orogeny (Faure et al. 2009; Yan et al.

2017; Zhang et al. 2012). The former theory is unable to be

confirmed due to a lack of evidence of Early Paleozoic

ophiolite suite, subduction complexes, and volcanic arc

belts in the SCB (Shu et al. 2014). Additionally, the

absence of synchronous mafic rocks and deep marine

environments further casts doubts on this theory (Shu et al.

2014; Wang et al. 2010). On the other hand, the continuity

and similarity of detrital zircon age spectra, as well as the

consistency of paleocurrent, biostratigraphy, and paleoe-

cology data, strongly suggest that the Yangtze Block was

not separated from the Cathaysia Block during the Early

Paleozoic (Lyu et al. 2020; Yu et al. 2015).

Although some coeval arc-like magmatic rocks have

been discovered in the Wuyi-Yunkai orogeny (Liu et al.

2018; Zhang et al. 2015a, b, 2016), their sources remain a

topic of debate. Most of these rocks have negative

eHf(t) values and old TDM ages of around 1 Ga, indicating

that they are derived from an enriched mantle that has been

metasomatized by slab-derived components(Liu et al.

2018). Moreover, the absence of mafic rocks with high

positive eHf(t) values, particularly ophiolites in this sub-

duction system contradicts the oceanic subduction-related

rocks proposed by certain researchers(Wang et al. 2013a).

In contrast, the intraplate orogeny theory is highly plausi-

ble, as it is characterized by crustal shortening and

thickening, mountain uplift and exhumation, and medium-

to high-grade metamorphism (Shu et al. 2014; Xu et al.

2016; Yu et al. 2015). However, the significant distinction

between it and the collisional orogeny is the lack of coeval

oceanic subduction-related or continental collision-related

HP–UHP metamorphic rocks (Raimondo et al. 2014).

The SCB, where the Wuyi-Yunkai orogeny is located,

was once close to Australia, which was considered as the

northern part of East Gondwana during the Early Paleo-

zoic. This closeness was supported by paleomagnetic data

and studies on detrital zircons (Huang et al. 2018; Zhang

et al. 2015c). The southeastern SCB, Indochina block,

Simao block, and Sibumasu block are more likely to be

connected to the Indian continent or located between the

junction of the Indian and Australian continents (Cawood

et al. 2013; Yu et al. 2015; Zhao et al. 2017), which were

part of the North Indo-Australian Andean-type active

continental margin and constituting the southern branch of

the Proto-Tethys or its southern boundary (Wang et al.

2022). The southern branch ocean started to close around

480 million years ago. The orogenic process completely

ceased around 410 Ma ago (Wang et al. 2022). In addition,

the Alice Springs intraplate orogeny in central Australia

controlled by the Terra Australis accretionary orogenic

process, which was triggered by the Proto Pacific Ocean

subduction persisted from 460 to 300 Ma ago (Raimondo

et al. 2014). In conclusion, during the late Early Paleozoic,

the subduction-closure of the Proto-Tethys and Proto-

Pacific oceans likely together provided the driving force for

the Wuyi-Yunkai orogenic activities (Fig. 12).

Fig. 11 Discrimination diagram showing the tectonic settings of Yuntongshan and Gaoqiao granitic rocks (Pearce et al., 1984). a Y ? Nb vs.Rb,

b Y vs. Nb; Abbreviations are as follows: WPG = within-plate granite, VAG = volcanic arc granite, syn-COLG = syn-collisional granite,

ORG = oceanic ridge granite. Symbols are as in Fig. 5
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6 Conclusion

Our research, which utilized LA-ICP-MS U–Pb zircon

dating, has revealed that the Yuntongshan and Gaoqiao

granites intruded the Precambrian basement in the Early

Paleozoic period at 437 ± 4 Ma and 404 ± 2 Ma respec-

tively. In situ Hf isotopic analyses of zircon have also

indicated that their primary magma probably originated

from Neoproterozoic crustal materials.

Furthermore, the geochemical characteristics of both

Yuntongshan (437 Ma) and Gaoqiao (404 Ma) granites are

consistent with those of S-type granites, indicating that

they were formed during the transformation-post-colli-

sional phase of intraplate orogeny. This suggests that their

formation may be related to the subduction-closure of the

marginal ocean of the East Gondwana supercontinent.
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