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Abstract: Jinling complex pluton is a key part of the Mesozoic magmatic belt in the eastern North 

China Craton. However, its petrogenesis is still being debated. The Jinling complex, mainly com-

posed of biotite diorites, hornblende diorite, augite diorites, (quartz) monzonites, and quartz dio-

rites, is outcropped in Huashan and Heitieshan. This paper studies the zircon geochronology, zircon 

Hf isotope, and Sr-Nd-Pb isotope of quartz monzonites. The samples have high contents of Cr, Ni, 

V, Al2O3, Ba, Sr, and are enriched in LREEs, LILEs (K, Ba, Sr), depleted in HREEs, and HFSEs (Nb, 

Ta, Ti). The samples with captured zircons of ~2.5Ga yield a weighted mean age of ~127 Ma, and the 

zircons have negative values of εHf (t) from −3.2 to −9.4 while the ratios of 208Pb/204Pb, 207Pb/204Pb, 
206Pb/204Pb 37.75 ~ 38.15, 15.41 ~ 15.43, 17.59 ~ 17.98, respectively. The ratios of Th/U are from 3.77 to 

3.82, while the values of μ and ω are 9.18 and from 35.72 to 36.15. Meanwhile, the ratios of 87Sr/86Sr 

are higher than the ones of the mantle. Geochemical and isotopic features indicate that the quartz 

monzonites derived from the subcontinental lithospheric mantle that probably assimilated ancient 

NCC upper crust materials (~15–20%) during the magma ascent in a lithospheric extension setting. 

Keywords: zircon U-Pb geochronology; zircon Hf isotope; Sr-Nd-Pb isotopes; Western Shandong 

province; North China Craton 

 

1. Introduction 

The lithospheric thinning and destruction of Craton are remarkable in the North 

China Craton during the Mesozoic period and are significantly accountable for extensive 

tectonic-magmatic-mineralization processes [1]. Therefore, it is a hot topic for the discus-

sion of the petrogenesis and tectonic setting of Mesozoic magmatic rocks in eastern China 

Craton [2–6]. The Cretaceous Jinling complex, with a square of 80 km2, is situated to the 

east of Zibo City, Shandong province. The Jinling complex intruded Middle Ordovician 

formation and Lower Carboniferous formation and is described as an important factor of 

skarn Fe deposit in the Jinling area, Zibo City, as well as a key part of the Mesozoic mag-

matic belt in the eastern part of the North China Craton. However, in the academic do-

main, there are still different opinions on the magmatic source and the petrogenesis of the 

Jinling complex pluton in western Shandong province, including (1) partial melts of de-

laminated continental lower crust interacting with mantle peridotite, (2) partial melts of 

enriched lithospheric mantle previously metasomatized by subducted or delaminated 

continental crust, (3) magma mixing between siliceous crustal melts and basaltic magmas 

from metasomatized mantle assimilation of the previous emplacement, and (4) mantle 

peridotite by crust-derived monzodioritic magmas at crustal depth. Yang et al. (2006) [7] 

reported the zircon U-Pb dating, geochemistry, and Sr-Nd isotopic data of the biotite di-

orites. The results show that the rocks could be formed in the interaction between the 

Citation: Zhang, Z.-L.; Zhang, C.; Li, 

Y.; Wang, L.-Y.; Gao, J.L.; Ma, M.; Li, 

Y.-D. Petrogenesis and Geological 

Significance of the Quartz Monzo-

nites in the Jinling Area, Western 

Shandong Province. Minerals 2022, 

12, 771. https://doi.org/ 

10.3390/min12060771 

Academic Editors: Sergei Khromykh 

and Andrei Tsygankov 

Received: 7 May 2022 

Accepted: 15 June 2022 

Published: 17 June 2022 

Publisher’s Note: MDPI stays 

neutral with regard to jurisdictional 

claims in published maps and 

institutional affiliations. 

 

Copyright: © 2022 by the author. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Minerals 2022, 12, 771 2 of 19 
 

 

detachment of the Yangtze Craton subduction plate and the delamination of the North 

China Craton, and the rocks are the mixed melting products of the delamination litho-

sphere and the asthenosphere based on the Sr-Nd isotopic components similar to the 

primitive mantle and high REE components. Zhong et al. (2012) [8] analyzed the high εHf(t) 

values and young Hf isotopic model age of depleted mantle and deemed that the magma 

of Jinling pluton originated from ancient enriched lithospheric mantle influenced by 

upwelling mantle material that was caused by Tan–Lu Fault activity. Considering the neg-

ative Hf isotopic component, low initial 87Sr/86Sr ratios, and high εNd values, Jin et al. (2015) 

[9] held that the magma of the Jinling pluton was the product of the action between de-

laminated continental lower crust and mantle peridotite and the magma was multistage 

emplaced and mixed by continental crust during its evolution. Lan et al. (2019) [10] found 

the Jinling pluton had high Mg# values, trace elements similar to island arc magma, and 

the Sr-Nd-Pb isotopic components between the lithospheric mantle and ancient crust, in-

dicating the magma derived from the metasomatic hydrated the continental lithospheric 

mantle with crustal contamination. Combined with the previous studies, Lan et al. (2019) 

[10] further deemed that the Jinling pluton was emplaced under an extensional tectonic 

setting, which was formed by asthenosphere upwelling caused by the ancient Pacific de-

tention plate. However, the Jinling complex has a close relationship with the skarn-type 

iron ore deposit, and its magmatic attribute is an important way to understand the metal-

logenic mechanism of the skarn-type iron ore deposit. Thereby, it is necessary to discuss 

the petrogenesis of Mesozoic pluton in the Jinling area, western Shandong province. In 

view of this, the paper studied the zircon U-Pb dating, geochemistry, and Sr-Nd-Pb-Hf 

isotopes in order to discuss the magmatic source, petrogenesis, and emplacing age and 

the tectonic setting. 

2. Geological Background and Sample Description 

Shandong province is located in the southeast of North China Craton and divided 

into two parts including west Shandong Province and the Jiaodong area. West Shandong 

province, located to the west of the Tan–Lu fault belt (Figure 1a,b), is bounded by the 

Lankao–Liaocheng fault to the west, the Qihe–Guangrao fault to the north, and the Sulu–

Dbie ultra-high-pressure metamorphic belt to the southeast [11] and has experienced mul-

tistage tectonic thermal events, such as lvliang, Caledonian, Hercynian movement, etc. 

The stratum in this area is composed of a Precambrian basement and Paleozoic and Mes-

ozoic strata, while the magmatic events are divided into Yishui, Lushan–Yishan, Taishan–

Aolaishan–Menshan, and Mashan–Lingshan–Sihaishan intrusive magmatic belts and 

Weifang–Tancheng volcanic magmatic belts according to the temporal and spatial distri-

bution characteristics. Furthermore, Mesozoic magmatic events consist of Late Triassic al-

kaline rock, Middle–Late Jurassic granitic rocks, Early Cretaceous diorites-granodiorites, 

and Late Cretaceous alkaline basalt. Western Shandong Province has a similar tectonic 

evolution to the North China Craton. However, the basic g2eological framework of NCC 

was formed in the Paleoproterozoic. In the Paleozoic, the tectonic evolution of western 

Shandong province was influenced by the collision between the NCC and Yangtze Craton. 

Therefore, a set of marine strata were deposited during the Early Paleozoic period, and a 

set of continental strata were deposited during Late Paleozoic NCC. The Mesozoic and 

Cenozoic are the key periods for lithospheric thinning and tectonic transition in western 

Shandong Province. Under the extensional setting of NCC, western Shandong Province 

was characterized by massive magmatic activities and graben basins in the Early Creta-

ceous. 
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Figure 1. (a) The tectonic location of western Shandong area; (b) simplified geological map of west-

ern Shandong area; (c) simplified geological map of Jinling pluton in western Shandong province 

(modified after reference [11]). Cambrian strata are composed of shales and limestones, Carbonifer-

ous strata are composed of shales and slates, and Ordovician strata are composed of limestones. 

Mesozoic strata are composed of Triassic and Jurassic sandstones and shales, while Paleozoic strata 

are composed of Cambrian strata, Ordovician strata, and Carboniferous strata. 

Jinling area is located in the north of western Shandong province. Middle Ordovician 

Majiagou formation and Lower Carboniferous Benxi formation outcropped in this area 

and intruded the Jinling complex. The Jinling complex, mainly composed of biotite dio-

rites, hornblende diorite, augite diorites, monzonites and quartz diorites, outcropped in 

Huashan and Heitieshan (Figure 1c). The complex main body is monzonite, biotite diorite, 

quartz diorite and augite diorite. Amphibole diorite is mainly developed in the northeast 

direction of monzonite. According to the previous studies, monzonite and hornblend di-

orite are connected in the deep [9]. The faults, including the Zhangdian fault, Yuhuang-

shan fault, Jinling fault, and Chenjiazhuang fault, are mainly in the direction of NNE, and 

the anticline structure is also in the direction of NNE. 

In this study, the monzonites are collected from Jinling pluton. The sample HS4 was 

from Huashan, while HTS3 and HTS5 were from Heitieshan. The sample HZ7 was from 

−300 m of mine tunnel near Heitieshan underground. The fine-middle quartz monzonites 

are mainly composed of quartz (17%), alkali feldspar (10%), plagioclase (67%), and biotite 

(6%) (Figure 2). However, the amphibole is also discovered in the Sample HTS3 (Figure 

2d). 
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Figure 2. Petrological features of Quartz monzonites in the Jinling area, western Shandong province. 

(a,b)—HS4, quartz monzonites; (c,d)—HTS3, quartz monzonites.Q—Quartz; Bi—Biotite, Amp—

Amphibole, Pl—Plagioclase. 

3. Analytical Methods 

3.1. Zircon U–Pb Dating and Situ Hf Isotope Analysis 

Zircon grains were selected from two samples (HTS3 and HS4) using conventional 

heavy liquid and magnetic techniques at the Langfang Geological Survey, Hebei province, 

China. Under the binocular microscope, parts of zircon grains were mounted on the resin 

disc and then were polished to expose the zircon grain surface. Cathodoluminescence 

(CL) images were obtained in order to obtain the internal structures prior to analysis. LA–

ICP–MS zircon U–Pb and Hf isotope analyses were performed at the Beijing YanduZhong-

shi Testing Technology Corporation. 

Zircon dating results were obtained on an M90 LA–MC–ICPMS made by German 

Jena Corporation with a 193 nm laser. In the analysis process, helium and argon were used 

as carrier gas and compensation gas, respectively, to adjust the sensitivity. The spot diam-

eter is 35 μm, and the denudation depth ranges from 20 to 40 μm. Furthermore, 91,500 

and plesovice act as the standards for optimizing the analysis [12,13]. The method of An-

derson is used to correct common Pb, and Errors on individual analysis by LA–ICP–MS 

were quoted at the 1σ level, while errors on pooled ages were quoted at the 95% (2σ) 

confidence level. Concorde diagram and weighted average age were finished with 

IsoplotR [14]. 

Zircon Hf isotopic analyses were finished using a Neptune-plus MC–ICPMS, 

equipped with a 193 nm laser. The Hf isotopic analysis was carried out for 31 s at a beam 

density of 16 J/cm2 and at 8Hz with a spot size of 35 μm. The detailed test process has been 

described by Wu et al. (2006) [15]. The calculation method and formula could be 
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referenced from Wu et al. (2007) [16]. Parameters are listed below: (176Lu/177Hf)CHUR = 

0.0332, (176Hf/177Hf)CHUR = 0.282772, (176Lu/177Hf)DM=0.0384, (176Hf/177Hf)DM = 0.28325, Lu de-

cay constant(λ) = 1.865×10−11a−1, and 176Lu/177Hf =−0.34. 
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3.2. Whole-Rock Elemental Analysis 

Samples were selected for whole-rock geochemical data (major and trace elements) 

at the Guizhou Tongwei Analytical Technology Corporation. 

Fresh samples were crushed and powdered to ~200 mesh, and a sample weighted 

over 1g was used to obtain the geochemical data with the X-ray fluorescence (ARL Per-

form’X 4200) made by Thermo Fisher Corporation. Rare earth elements and trace elements 

data were analyzed with ICP–MS (Perkin Elmer Elan 6000) and ICP–AES, respectively. 

Sample solutions were diluted 4000 times and added to 6ppb Rh, In, Re, and Bi internal 

spikes. USGS W-2a was used as a reference standard and cross-checked with BHVO-2 or 

other reference materials. Instrument drift mass bios were corrected with internal spikes 

and external monitors. The results and relative standard deviations are in ppb and 1 

sigma. 

3.3. Whole-Rock Sr–Nd-Pb Isotope Analysis 

The whole-rock Sr-Nd-Pb isotopic analysis was conducted at the Guizhou Tongwei 

Analytical Technology Corporation. Sr isotopic analysis was performed on VG Sector 54 

using a TRITON thermal ionization mass spectrometer instrument. The fractionation 

method was corrected with a value of 86Sr/88Sr (0.1194). NBS987 was used as the instrument 

status monitor, while NBS-987 was the average value of the corrected sample. Nd and Pb 

isotopes were analyzed on Nu Plasma HR MC-ICP-MS. The detailed procedure followed 

with references [17–19]. 

The operation parameters are listed below: 146Nd/144Nd = 0.7219, JNdI-1143Nd/144Nd = 

0.512113 ± 9, 208Pb/204Pb = 36.7071 ± 79, 207Pb/204Pb = 15.4944 ± 22, 206Pb/204Pb = 16.9370 ± 31, 
208Pb/206Pb = 2.16729 ± 16, and 207Pb/206Pb = 0.91483 ± 6. 

4. Analytical Results 

The LA–ICPMS zircons U–Pb data (HS4 and HTS3) are listed in Table 1, while zircon 

Hf isotope data are listed in Table 2, respectively. 

Table 1. LA-ICP-MS zircon U-Pb data of quartz monzonites from the Jinling complex pluton in 

western Shandong province. 

No. 
Th 

(×10−6) 
U (×10−6) Th/U 

U-Pbisotopicratios Age (Ma) 
207P/ 

206Pb 
1σ 

207Pb/ 
235U 

1σ 
206P/ 
238U 

1σ 
208P/ 

232Th 
1σ 

207Pb/ 
206U 

1σ 
206Pb/ 

238U 
1σ 

HS4                

1 2418  925  2.61  0.0523  0.0015  0.1422  0.0044  0.0197  0.0004  0.0064  0.0001  532 95 126  3  

2 190  133  1.43  0.0466  0.0038  0.1273  0.0107  0.0197  0.0005  0.0061  0.0003  185 84 126  3  

3 156  121  1.29  0.0509  0.0025  0.1396  0.0072  0.0200  0.0004  0.0067  0.0003  267 85 127  3  

4 97  85  1.14  0.0489  0.0055  0.1384  0.0162  0.0203  0.0005  0.0065  0.0005  180 105 129  3  

5 363  199  1.83  0.0535  0.0020  0.1294  0.0048  0.0177  0.0002  0.0056  0.0001  196 66 113  2  

6 176  149  1.18  0.0516  0.0042  0.1504  0.0132  0.0207  0.0008  0.0084  0.0007  122 78 132  5  

7 265  174  1.52  0.0502  0.0031  0.1396  0.0088  0.0202  0.0005  0.0068  0.0003  167 70 129  3  

8 2262  725  3.12  0.1388  0.0043  0.4056  0.0195  0.0208  0.0005  0.0063  0.0002  42 79 132  3  

9 2758  1027  2.68  0.0501  0.0016  0.1350  0.0041  0.0195  0.0004  0.0061  0.0001  317 106 125  2  

10 113  83  1.35  0.0519  0.0045  0.1367  0.0108  0.0201  0.0004  0.0063  0.0003  187 98 128  3  

11 2845  999  2.85  0.0494  0.0011  0.1357  0.0037  0.0198  0.0003  0.0059  0.0001  192 100 126  2  

12 314  152  2.07  0.0463  0.0028  0.1289  0.0094  0.0199  0.0005  0.0062  0.0003  118 144 127  3  

13 169  110  1.53  0.0514  0.0037  0.1408  0.0109  0.0201  0.0005  0.0069  0.0003  318 113 128  3  

14 2383  980  2.43  0.0508  0.0018  0.1386  0.0046  0.0199  0.0003  0.0062  0.0002  142 98 127  2  

15 1500  981  1.53  0.0492  0.0011  0.1360  0.0033  0.0200  0.0002  0.0066  0.0001  244 67 128  2  

16 226  140  1.61  0.0496  0.0033  0.1363  0.0090  0.0202  0.0005  0.0066  0.0003  134 83 129  3  

17 398  208  1.91  0.0508  0.0022  0.1384  0.0057  0.0201  0.0003  0.0060  0.0002  137 77 128  2  

18 695  414  1.68  0.0496  0.0016  0.1483  0.0048  0.0217  0.0003  0.0070  0.0001  293 97 138  2  

19 1136  534  2.13  0.0502  0.0017  0.1361  0.0046  0.0196  0.0003  0.0061  0.0002  202 81 125  2  
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20 459  260  1.77  0.0474  0.0021  0.1288  0.0060  0.0198  0.0004  0.0064  0.0002  212 86 126  2  

21 214  140  1.53  0.0486  0.0030  0.1330  0.0082  0.0201  0.0003  0.0069  0.0005  281 95 128  2  

22 488  229  2.13  0.0474  0.0022  0.1282  0.0061  0.0198  0.0003  0.0063  0.0001  179 104 126  2  

23 47  40  1.17  0.0530  0.0052  0.1415  0.0133  0.0202  0.0005  0.0064  0.0004  162 83 129  3  

24 662  304  2.17  0.0495  0.0017  0.1345  0.0048  0.0197  0.0003  0.0064  0.0002  156 108 126  2  

HTS3                

1 1063  447  2.38  0.0485  0.0018  0.1340  0.0048  0.0201  0.0003  0.0074  0.0003  121  86  128  2  

2 3136  962  3.26  0.0480  0.0009  0.1302  0.0028  0.0196  0.0002  0.0071  0.0001  99  45  125  2  

3 2425  840  2.89  0.0479  0.0014  0.1317  0.0041  0.0198  0.0003  0.0070  0.0002  93  71  127  2  

4 986  481  2.05  0.0486  0.0012  0.1318  0.0032  0.0197  0.0002  0.0071  0.0002  128  59  126  1  

5 3913  1014  3.86  0.0468  0.0009  0.1280  0.0027  0.0198  0.0003  0.0068  0.0002  41  48  126  2  

6 944  449  2.10  0.0485  0.0013  0.1332  0.0036  0.0199  0.0003  0.0068  0.0002  126  65  127  2  

7 814  468  1.74  0.0478  0.0014  0.1293  0.0037  0.0198  0.0002  0.0066  0.0001  87  70  126  1  

8 1048  441  2.38  0.0494  0.0012  0.1398  0.0038  0.0206  0.0003  0.0068  0.0002  165  59  131  2  

9 2924  866  3.38  0.0486  0.0010  0.1324  0.0031  0.0197  0.0002  0.0064  0.0001  130  50  126  2  

10 760  487  1.56  0.0479  0.0015  0.1302  0.0040  0.0197  0.0002  0.0062  0.0001  96  72  126  1  

11 1413  587  2.41  0.0476  0.0020  0.1289  0.0053  0.0197  0.0003  0.0066  0.0001  80  98  126  2  

12 1054  437  2.41  0.0483  0.0017  0.1314  0.0044  0.0198  0.0002  0.0063  0.0001  116  84  126  1  

13 823  419  1.97  0.0484  0.0012  0.1318  0.0035  0.0199  0.0002  0.0062  0.0002  117  60  127  1  

14 680  488  1.39  0.0489  0.0013  0.1325  0.0039  0.0196  0.0002  0.0065  0.0001  145  63  125  1  

15 1515  526  2.88  0.0484  0.0010  0.1317  0.0030  0.0198  0.0002  0.0062  0.0002  117  50  126  1  

16 767  474  1.62  0.0477  0.0015  0.1312  0.0047  0.0199  0.0003  0.0062  0.0002  85  74  127  2  

17 203  354  0.57  0.1664  0.0020  10.2288  0.1927  0.4446  0.0067  0.1235  0.0018  2521  20  2371  30  

18 526  429  1.23  0.0494  0.0024  0.1350  0.0064  0.0200  0.0004  0.0066  0.0002  169  114  128  2  

19 1245  490  2.54  0.0489  0.0014  0.1369  0.0041  0.0204  0.0003  0.0068  0.0002  144  67  130  2  

20 2107  619  3.40  0.0485  0.0012  0.1318  0.0036  0.0197  0.0003  0.0060  0.0002  123  60  126  2  

21 1144  436  2.62  0.0487  0.0015  0.1326  0.0044  0.0198  0.0003  0.0062  0.0002  136  70  126  2  

22 1103  446  2.48  0.0480  0.0014  0.1359  0.0044  0.0206  0.0003  0.0066  0.0002  101  67  131  2  

23 944  413  2.29  0.0484  0.0018  0.1325  0.0056  0.0197  0.0003  0.0064  0.0002  117  90  126  2  

24 98  121  0.81  0.1671  0.0015  11.0817  0.1780  0.4796  0.0057  0.1345  0.0042  2528  15  2525  25  

Table 2. Zircon Hf isotopic compositions of quartz monzonites from the Jinling area, western Shan-

dong province. 

No. 
Age 

(Ma) 
176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ 176Hf/177Hf εHf(0) εHf(t) 

TDM 

(Ma) 

TDMC 

(Ma) 
fLu/Hf 

HS4-3 126  0.055800  0.001661  0.282555  0.000020  0.282551  −7.7  −5.1  1006  2078 −0.95  

HS4-4 127  0.038858  0.001185  0.282473  0.000018  0.282470  −10.6  −7.9  1108  2333 −0.96  

HS4-5 129  0.025070  0.000724  0.282521  0.000017  0.282519  −8.9  −6.1  1027  2174 −0.98  

HS4-8 129  0.047770  0.001432  0.282533  0.000019  0.282530  −8.4  −5.7  1030  2141 −0.96  

HS4-10 125  0.071451  0.002012  0.282596  0.000016  0.282591  −6.2  −3.6  955  1950 −0.94  

HS4-11 128  0.028365  0.000868  0.282582  0.000015  0.282580  −6.7  −4.0  946  1984 −0.97  

HS4-13 127  0.018211  0.000537  0.282513  0.000017  0.282512  −9.2  −6.4  1034  2201 −0.98  

HS4-14 128  0.045227  0.001253  0.282605  0.000015  0.282602  −5.9  −3.2  923  1913 −0.96  

HS4-17 129  0.048596  0.001390  0.282595  0.000019  0.282592  −6.3  −3.6  941  1944 −0.96  

HS4-18 128  0.051944  0.001431  0.282567  0.000017  0.282564  −7.2  −4.6  982  2035 −0.96  

HTS3-1 128  0.138895  0.003818  0.282546  0.000021  0.282537  −8.0  −5.5  1080  2118 −0.88  

HTS3-2 125  0.160725  0.004239  0.282490  0.000022  0.282480  −10.0  −7.6  1179  2302 −0.87  

HTS3-3 127  0.174687  0.004831  0.282534  0.000021  0.282522  −8.4  −6.0  1132  2166 −0.85  

HTS3-6 127  0.170495  0.004752  0.282440  0.000023  0.282428  −11.8  −9.4  1276  2464 −0.86  

HTS3-7 126  0.102291  0.002935  0.282478  0.000019  0.282471  −10.4  −7.9  1155  2331 −0.91  

HTS3-9 126  0.099879  0.002814  0.282448  0.000022  0.282442  −11.4  −8.9  1194  2423 −0.92  

HTS3-10 126  0.118492  0.003490  0.282458  0.000023  0.282450  −11.1  −8.6  1202  2397 −0.89  

HTS3-11 126  0.157885  0.004131  0.282541  0.000023  0.282531  −8.2  −5.8  1098  2140 −0.88  

HTS3-14 125  0.124968  0.003785  0.282463  0.000020  0.282454  −10.9  −8.5  1206  2386 −0.89  
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HTS3-21 126  0.146769  0.003949  0.282513  0.000022  0.282504  −9.1  −6.7  1134  2226 −0.88  

4.1. LA–ICPMS Zircon U–Pb Ages 

Zircons’ age and CL images of Sample HS4 and HTS3 are presented in Figure 3. 

 

Figure 3. CL pictures (a,d), U-Pb Concorde diagrams (b,e), and zircon U-Pb weighted mean age (c,f) 

of zircons of quartz monzonites ((a–c)–HS4, (d–f)–HTS3) from the Jinling area, western Shandong 

province. 

4.1.1. Quartz Monzonite (Sample HS4) 

Twenty-four zircons from HS4 have a length ranging from 50 μm to 100 μm and 

display fine-scale oscillatory growth zoning in CL images, indicating the features of the 

magmatic zircons (Figure 3a). The contents of Th and U range from 46.65 × 10−6 to 2844.59 
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× 10−6 and from 39.95 × 10−6 to 1027.13 × 10−6, respectively, while the ratios of Th/U are from 

1.14 to 3.12 (Table 1). Three data are not calculated because of their far distance from the 

Concorde line. Surface ages of the remaining 21 zircons range from 125 ± 2 Ma~132 ± 5 Ma 

and yield a weight mean age of 127 ± 1 Ma（n = 21, MSWD = 0.36; Figure 3c). However, 

this age is from magmatic zircons with oscillatory growth zoning, thus could be inter-

preted as the crystallization age of the quartz monzonite. 

4.1.2. Quartz Monzonite (Sample (HTS3) 

Zircons in sample HTS3 could be divided into two groups based on zircon morphol-

ogy. One group, with a narrow metamorphic edge, is characterized by a rounded shape 

with a length from 100 μm to 150 μm. These zircons have an age of 2521–2528 Ma, sug-

gesting that they are xenocrystic zircons. The other group is mainly subhedral, and the 

zircons with lengths ranging from 50 μm to 120 μm display steak or oscillatory growth 

zoning in CL images (Figure 3d). All the zircon ages are plotted on or near the Concorde 

line, while two zircon grains have Archean ages. The Th contents of Cretaceous twenty-

two zircons range from 526 × 10−6 to 3913 × 10−6, while the U contents range from 121 × 10−6 

to 1014 × 10−6. However, the zircons have 206Pb/238U ages ranging from 125 ± 1 Ma to 131 ± 

2 Ma and yield a weighted mean age of 126 ± 1 Ma (MSWD = 0.74, n = 22) (Figure 3e,f). 

This age is consistent with that of sample HS4 and could be considered as the emplacing 

age of Jinling pluton. 

4.2. Zircon Hf Isotopic Compositions 

A total of 20 zircon ages from two samples (HS4, HTS3)) are used for Hf isotope anal-

ysis. The values of 176Lu/177Hf in ten spots from sample HS4 are from 0.000537 to 0.002012, 

while the initial values of 176Hf/177Hf range from 0.282,471 to 0.282,562. Their εHf(t) and 

TDM1 values vary from −3.2 to −7.8 and from 1915 Ma to 2329 Ma, respectively. Ten zircons 

from sample HTS3 are dated for Hf isotopic compositions, with 176Lu/177Hf ratios of 

0.002,814–0.004,831, initial 176Hf/177Hf ratios of 0.282,428–0.282,537, εHf(t) values of −5.5 to 

−9.4, and TDM1 values of 1080–1276 Ma, respectively. 

4.3. Major and Trace Elements 

Four samples were analyzed to obtain the geochemical features of the Early Creta-

ceous quartz monzonites in the study area. The geochemical data have been listed in Table 

3. 

Table 3. The chemical compositions of major elements (%), trace elements (×10−6), and REE elements 

of quartz monzonites from the Jinling area, western Shandong province. 

Sapmle HZ7 HS4 HTS3 HTS5 Sample HZ7 HS4 HTS3 HTS5 

SiO2 63.72  66.06  64.28  65.04  Er 1.07  1.08  1.12  0.98  

TiO2 0.51  0.58  0.56  0.56  Tm 0.16  0.15  0.17  0.15  

Al2O3 14.04  16.86  14.99  15.55  Yb 0.95  0.89  1.03  0.93  

Fe2O3 4.24  2.69  4.12  2.21  Lu 0.15  0.12  0.16  0.15  

MnO 0.05  0.04  0.06  0.05  Y 11.40  11.80  12.00  10.50  

MgO 3.74  0.77  2.97  2.65  Ba 822.00  1430.00  1080.00  1330.00  

CaO 3.56  2.33  3.72  3.84  Rb 49.40  87.90  63.10  74.20  

Na2O 5.38  4.69  4.96  4.74  Sr 529.00  433.00  601.00  625.00  

K2O 2.78  4.86  3.76  4.74  Zr 149.00  92.00  183.00  178.00  

P2O5 0.21  0.11  0.22  0.21  Nb 6.24  13.60  7.20  6.14  

LOI 0.84  1.14  0.60  0.77  Ni 72.90  15.10  58.80  50.60  

Total 99.07  100.13  100.24  100.36  Co 13.60  6.69  11.90  8.92  

La 22.30  43.10  23.30  21.90  Zn 27.60  27.20  41.90  34.90  

Ce 47.10  72.50  45.40  40.80  Cr 173.00  145.00 122.00  118.00  
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Pr 5.80  7.94  5.39  4.88  Cs 0.32  0.98  0.50  0.49  

Nd 22.80  27.20  21.10  18.60  Ta 0.37  1.24  0.44  0.43  

Sm 4.23  4.40  4.02  3.40  Hf 3.69  3.23  4.46  4.29  

Eu 1.14  1.46  1.12  1.07  Th 4.86  7.89  5.85  5.33  

Gd 3.66  3.95  3.54  3.07  Li 6.74  31.90  12.60  12.40  

Tb 0.45  0.48  0.45  0.38  v 85.00  58.40  86.60  61.30  

Dy 2.17  2.29  2.21  1.91  Mg# 64.00  36.00  58.00  70.00  

Ho 0.40  0.41  0.42  0.36  σ 3.21  3.96  3.57  4.08  
Note: Mg# = 100[w(MgO)/40.31]/[w(MgO)/40.31 + w(TFeO)/71.85)], the ‘σ’ represents for the Rittman 

index. 

All the samples are plotted in the quartz monzonites field in the TAS diagram (Figure 

4a) and in the high-K calc-alkaline series and shoshonite series field in the SiO2-K2O dia-

gram (Figure 4b). The quartz monzonites have the content of SiO2, Fe2O3T, MgO, Al2O3, 

CaO, Na2O, and K2O ranging from 63.72% to 66.06%, from 2.21% to 4.24%, from 0.74% to 

3.74%, from 14.04% to 16.86%, from 2.33% to 3.84%, from 4.69% to 5.38%, and from 2.78% 

to 4.86%. Furthermore, the Rittmann indexes of samples range from 3.21 to 4.08. 

 

Figure 4. TAS ((a), modified after reference [20]) and SiO2－K2O ((b), modified after reference [21]) 

diagrams of quartz monzonites from the Jinling area, the western Shandong province. 

All the samples have no significant Eu anomalies (0.89–1.07) but are enriched in 

LREEs and depleted in HREEs (Figure 5a). On the primitive-mantle normalized trace ele-

ment spidergrams (Figure 5b), the samples are enriched in large ion lithophile elements 

(LILEs, such as Ba, K, and Sr) and are depleted in high-field strength elements (HFSEs, 

such as Nb, Ta, Ti, and P). The contents of Rb, Y, and Th are from 49.4 × 10−6 to 87.9 × 10−6, 

from 10.5 × 10−6 to 12 × 10−6, and from 4.86 × 10−6 to 7.89 × 10−6, respectively. Additionally, 

the samples are enriched in high Sr (433 × 10−6–625 × 10−6) and Ba (822 × 10−6–1430 × 10−6) 

contents. 
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Figure 5. Chondrite normalized rare earth element pattern diagram ((a), after reference [22]) and 

primitive mantle normalized spider diagram ((b), after reference [23]) of quartz monzonites from 

the Jinling area, the western Shandong province. 

4.4. Sr–Nd-Pb Isotopic Analyses 

The whole-rock Sr–Nd-Pb isotopic data are listed in Table 4 and are calculated based 

on the zircon U-Pb age. The contents of Rb and Sr range from 49.4 × 10−6 to 105 × 10−6 and 

from 342 × 10−6 to 601 × 10−6. The values of 87Sr/86Sr (0.705997–0.706704) are higher than 

those of the mantle (0.704) [24] and the values of modern values of the primitive mantle 

(0.7045) [25], while these values are significantly lower than the average 87Sr/86Sr values of 

the continental crust (0.7045) [26,27]. The 143Nd/144Nd ratios are from 0.512 068 to 0.512 255, 

lower than the modern values of the primitive mantle (0.512,638) [28]. For the samples 

where ISr = +10.6 to +22.0 and εNd(t) = −5.93 to −9.67, the initial Sr values are from 0.7021 to 

0.7059 and lower than the value of 0.706 of basaltic magma formed by mantle [25,29], with 

a value of 0.718 of granites formed by the partial melting of the crust [26,27]. However, 

the values of the initial 87Sr/86Sr and εNd(t)values of quartz monzonites in this study are 

similar to the initial 87Sr/86Sr values (0.704726 to 0.704875) and εNd(t) values (−9.5 to −8.6) of 

quartz monzonites samples in the Jinling area, but the initial 87Sr/86Sr values are higher 

than the ones (0.704726 to 0.704875) of gabbro diorites, and the εNd(t) values are lower than 

the values (−6.4 to −5.4) of gabbro diorites. 

Table 4. Sr-Nd-Pb isotopic compositions of the quartz monzonites in the Jinling area, western Shan-

dong province. 

Sample Rb Sr 87Rb/86Sr 87Sr/86Sr 2σ (87Sr/86Sr)i Sm Nd 147Sm/144Nd 

HZ7 49.4 529 0.270158  0.706390  0.000009  0.705906  4.23 22.8 0.112147  

HS4 105 342 0.888224  0.706704  0.000007  0.705050  0.75 4.48 0.101740  

HTS3 63.1 601 0.303727  0.705997  0.000008  0.705453  4.02 21.1 0.115168  

Sample 143Nd/144Nd ±2σ εNd (0) Ƒ (Sm/Nd) TDM (Ga) TCHUR (Ga) 206Pb/204Pb ±2σ 

HZ7 0.512068  0.000009  −9.76 −0.43  1.623 1.027 17.9798  0.0005  

HS4 0.512255  0.000007  −5.89 −0.48  1.220 0.615 17.4543  0.0006  

HTS3 0.512157  0.000007  −8.08 −0.41  1.537 0.900 17.5919  0.0006  

Sample 207Pb/204Pb ±2σ 208Pb/204Pb ±2σ (206Pb/204Pb)t (207Pb/204Pb)t (208Pb/204Pb)t △7/4 △8/4 

HZ7 15.4332  0.0006  38.1509  0.0018  17.979  15.433  38.150  −0.67  78.70  

HS4 15.3898  0.0006  37.6695  0.0017  17.454  15.390  37.669  0.67  94.03  

HTS3 15.4074  0.0007  37.5887  0.0022  17.592  15.407  37.588  0.95  69.34  

The ratios of initial 208Pb/204Pb, initial 207Pb/204Pb, and initial 206Pb/204Pb are from 37.75 

to 38.15, from 15.41 to 15.43, and from 17.59 to 17.98, respectively. These ratios are similar 

to the ones of quartz monzonite and higher than the ones of gabbro diorites [10]. With the 

method of the H–H single-stage Pb evolution model, the Pb isotopic parameters and time 



Minerals 2022, 12, 771 12 of 19 
 

 

of Pb single-stage evolution could be obtained [29]. All the analyzed results are listed in 

Table 4. Furthermore, the H–H model age is from 275 Ma to 530 Ma, the μ value is 9.18, 

while the ω and Th/U ratios are from 35.72 to 36.15 and from 3.77 to 3.82, respectively. 

5. Discussion 

Rock alteration affects the whole-rock geochemistry and isotopic features, leading to 

the fact that the whole-rock geochemistry and isotopic data could not efficiently reflect 

the source nature and material source. Therefore, when it comes to the discussion of the 

nature of magma, it is important to confirm the degree of the sample alteration. In this 

condition, loss of ignition can signify the degree of the alteration. The loss of ignition of 

samples in this study is from 0.6% to 1.14%, indicating that Jinling quartz monzonites 

were slightly affected by the alteration [30]. Meanwhile, the low content of Rb and ratios 

of Rb/Sr furtherly manifested that the contents of Rb and Sr are limitedly affected by the 

alteration, while the Sm and Nd isotopes and Hf isotopes in zircons are difficult to be 

affected by the lateral geological events [31]. In summary, the geochemistry and isotopic 

data in this paper were limitedly affected by the alteration and could be used to discuss 

the nature of the magma. 

5.1. Petrogenesis and Nature of the Magma Source 

The weighted mean age of quartz monzonites (127 ± 1 Ma and 126 ± 1 Ma) is close to 

the emplacing age of monzonites and biotite diorites (126–128 Ma [9]) and slightly 

younger than the emplacing age of gabbro diorites (130 Ma ~ 132 Ma, [10]) and quartz 

monzonites. 

Judged by the rock-forming age, all of them are the key parts of Early Cretaceous 

magmatism outcropped in North China Craton. Based on the geological data and zircon 

U-Pb dating data, the different lithology of Early Cretaceous magmatism in the Jinling 

area have a spatiotemporal distributed relationship. In addition, the content of SiO2 has 

an obvious linear relationship with the content of MgO, Fe2O3T, P2O5, Al2O3, K2O, and 

Na2O + K2O in the Harker diagram (Figure 6). Therefore, the Early Cretaceous quartz mon-

zonites and monzonites in the Jinling area should have the same magma source. 



Minerals 2022, 12, 771 13 of 19 
 

 

 

Figure 6. Harker diagram of quartz monzonites and monzonites; the data of monzonites are from-

reference [11]. 

The quartz monzonites have SiO2 content ranging from 63.72% to 66.06% and Al2O3 

content from 14.04% to 16.86%. The samples with Mg# values from 36 to 70 are featured 

by high Ni, Cr, and V contents, suggesting the magma source was from the mantle [32]. 

Combined with the values of μ and w from Pb isotopes, the change of Sr and Nd isotopes 

could provide important information related to the geological process and could be an 

efficient way to trace the source characteristics of magmatic rocks [33]. In general, the 

magmatic rocks with an 87Sr/86Sr value of ＞0.710 could be considered as magmatic rocks 

derived from the crust, while the magmatic rocks with an 87Sr/86Sr value of ＜0.705 could 

be considered as magmatic rocks from the mantle. However, the values of 87Sr/86Sr in this 

study are between 0.705 and 0.710, similar to the 87Sr/86Sr values of intermediate to basic 

rocks modified by crust in western Shandong Province. In the Nd-Isr diagram (Figure 7a), 

all the samples are plotted near the field of mantle evolution, displaying the features of 

mantle magma or juvenile lower crust. The μ value is higher than the one (8.92) of the 

primitive mantle and lower than the one (9.58) of the upper crust. However, the μ value 

is similar to the ones of the lower crust or mantle [34–37]. Furthermore, the value of w is 

lower than the average of the crust, while the Th/U ratio (36.84) is higher than the Th/U 

ratio (3.45) of the mantle [34]. In the Δβ–Δγ diagram (Figure 7b), the samples of quartz 

monzonites are plotted in the field of mantle-derived and orogenic lead, indicating the 

quartz monzonites have the mantle magmatic properties. Moreover, the samples are plot-

ted near the mantle evolution line, similar to the features of mantle lead. However, the 

enrichment in LREEs and LILEs is typically different from the features of LREEs and 

LILEs from the asthenosphere mantle, while the higher initial 87Sr/86Sr value and lower εNd 

value also have typical differences from the ones of the asthenosphere mantle. In 
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summary, the Sr-Nd-Pb isotopic data are similar to the Sr-Nd-Pb features of mantle-de-

rived magma during the same period and are obviously different from the Sr-Nd-Pb fea-

tures of the North China Craton crust [10]. Combined with the geochemical and isotopic 

features of kimberlites and peridotites, the quartz monzonites in this study could be the 

subcontinental lithospheric mantle, which is metasomatized and hydrated [10]. 

 

 

Figure 7. (87Sr/86Sr)i vs. εNd(t) diagram (a) and Δβ-Δγ diagram (b) of quartz monzonites from Jinling 

area, the western Shandong province. 1—Mantle lead; 2—supracrustal lead; 3—subducted lead 

from the supracrustal-mantle mixed substances (3a—magmatism;3b—sedimentation); 4—Chemical 

deposit lead; 5—submarine hydrothermal lead; 6—medium to deep metamorphic lead; 7—deep 

metamorphic supracrustal lead; 8—orogenic belt lead; 9—ancient shale subcrustal lead; 10—retro-

grade metamorphic lead. 

Considering the existence of ~2.5 Ga zircon in the sample, the magma of the quartz 

monzonites was influenced by the ancient crust material. The negative εHf(t) value further 

implies that the magma of the quartz monzonites was influenced by the ancient crust ma-

terial, while the samples are plotted in the range of chondrite and lower crust evolution 

line in Figure 8. Previous studies have suggested that the Early Cretaceous lithosphere 

mantle has been strongly modified by the continental low crust, but the source of crust 

material is still under debate: (1) the crustal materials of North China [8,38], (2) the crustal 

materials of South China [37], and (3) the oceanic crustal of Pacific [39,40]. However, the 

existence of 2.5 Ga zircons indicates the crustal material in the magma should not be the 

oceanic crustal of the Pacific. The compositions of Pb isotopes could be an efficient indi-

cator to distinguish different tectonic domains. Based on the previous studies, the North 

China Craton is featured by the low initial isotopic Pb data, while the South China Craton 

(Yangtze Craton) is characterized by the high initial isotopic Pb data. Furthermore, the 

values of 206Pb/204Pb = 17.8, 207Pb/204Pb = 15.5, and 208Pb/204Pb = 38 are used as the important 

signatures to distinguish the basements of North China Craton and South China Craton. 

The samples in this study are mainly plotted in the range of compositions of Pb from the 

lower crustal material of granulite facies in North China (Figure 9), while one sample is 

plotted in the range of Mesozoic mafic rocks of the Yangtze craton. 
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Figure 8. The diagrams of t-εHf(t) of the Jinling complex pluton. 

 

 

Figure 9. Pb isotopic compositions of the quartz monzonites from the Jinling area, western Shan-

dong province. (a):The diagram of 206Pb/204Pb vs. 207Pb/204Pb (b): The diagram of 206Pb/204Pb vs. 208Pb/204Pb 

Considering the Pb isotopic features and captured zircons, the ancient crust in the 

magma source in the Jinling area should be mainly from the crustal materials of the North 

China Craton and was partially influenced by the Yangtze Craton [41]. Although the ma-

jor elements have a line relationship with the SiO2 contents, indicating the magma experi-

enced the assimilation and fractional crystallization, the values of (87Sr/86Sr)i and εNd do 

not show the obviously linear relationship with the SiO2 contents [10]. However, the lower 

crust of the North Craton with low Sr and Nd isotopes could not be the ancient crust 

materials in the parent magma of quartz monzonites (Figure 7a). However, the mixture of 

primitive magma and 15% to 20% upper crust could be the source magma of quartz mon-

zonites. In summary, the magma of quartz monzonites could originate from the litho-

spheric mantle and was mixed with the upper crust of the North China Craton. 

5.2. Geological Significance 

Early Cretaceous magmatic activities are widely distributed in the eastern part of 

NCC, including Early cretaceous intrusive rocks (140–110 Ma)and volcanic rocks (135–122 

Ma) in the Yanshan–Liaoxi area, Early Cretaceous igneous rocks (130 -110 Ma) in the 

Jiaong area, intermediate-felsic rocks in Jinan-Zibo (~130 Ma) and Fangcheng–Feixian 

(123–119 Ma) of western Shandong province, A-type granites in the Liaodong Peninsula 

and bimodal volcanic rocks in Liaonan–Ji`nan area. Meanwhile, the contemporaneous 

ductile shear zone and metamorphic core complex are also distributed in Taili, 

Yiwulvshan, Yunmengshan–Chengde, and Queshan in the eastern part of North China 
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Craton. Thus, the eastern part of North China Craton was likely to be under an extensional 

geological setting during the Early Cretaceous [42,43]. Furthermore, Cui et al. (2020) [5] 

have summed up the granitic geochemistry from 160 Ma to 120 Ma and has concluded 

that the transition time of the tectonic regime from subduction to extension was limited 

during 139 ~ 130 Ma; after 130 Ma, the eastern part of North China Craton was under an 

extensional geological setting which was characterized by A-type granites, bimodal vol-

canic rocks, and metamorphic core complex, etc. The samples in this study have been 

plotted in the active continental margin (Figure 10a,b), while the samples have been plot-

ted in the POG (Figure 10c) and Late-orogenic to post collision uplift (Figure 10d). Con-

sidering the regional tectonic setting, the monzonites in the Jinling area were likely formed 

in an extensional geological setting. 

 

Figure 10. The tectonic setting of the quartz monzonites in the Jiling area, western Shandong prov-

ince, (a)—the diagrams of Ta/Yb–Th/Yb, (b)—the diagrams of Ta–Th, (c)—the diagrams of C/ACF–

F/ACF, (d)—the diagrams of R1–R2. 

Detailed research on the Mesozoic magmatic rocks has revealed that the emplaced 

age of magmatic rocks in eastern China became younger from the inland to the coasts [5]. 

These temporal and spatial characteristics of amagmatic rocks in eastern China indicate 

that the extensional setting was likely to be related to the rollback of the Paleo-Pacific. 

Geological, geophysical, and geochemical features have shown that the destruction and 

modification occurred widely in the eastern part of North China Craton at ~127 Ma. Con-

sidering the emplacement age (~127 Ma) and the geochemistry of the monzonites in the 

study area, the monzonites in the Jinling area were formed in an extensional setting, which 

was linked with the rollback of the Paleo-Pacific (Figure 11). 
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Figure 11. The tectonic setting of the eastern part of the North China Craton from 139 Ma to 125 Ma 

(modified after reference [5]). (a):The tectonic model for eastern part of North China Craton during 

139 - 130 Ma (b): The tectonic model for eastern part of North China Craton during 130 - 125 Ma 

6. Conclusions 

LA–ICP–MS zircon U-Pb dating indicates that quartz monzonites in the Jinling area 

formed in the Early Cretaceous (~126 Ma) and was the key part of early Cretaceous mag-

matic rocks in western Shandong province. These rocks were formed under the back-arc-

style extensional setting due to the subduction of the pacific plate. 

The quartz monzonites, with high Mg# values, Ni contents, Cr contents, and V con-

tents, have an affinity to mantle-sourced rocks. The Sr-Nd isotopic data and zircon Hf 

isotopic data show that the primary magma of quartz monzonites could be derived from 

partial melting of lithospheric mantle source and mixed by the upper crustal materials 

(~15–20%) of North China Craton. 
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