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Abstract: The Jiaodong Peninsula is located on the junction of the North China Craton (NCC) and
South China Block (SCB), where Mesozoic igneous rocks are widespread. However, the petrogenesis
and tectonic settings for these Mesozoic igneous rocks are still controversial. In this study, we
present detailed geochronological and geochemical analyses of quartz monzonite, monzogranite,
syenogranite, and alkali feldspar granite in the Qingdao area, east of the Jiaodong Peninsula, to
constrain their petrogenesis and tectonic setting. Zircon U–Pb dating shows that they mainly formed
in the Early Cretaceous (120.5–113.1 Ma). Quartz monzonite exhibits adakitic geochemical features
(e.g., low Y and high Sr/Y). Combined with its Sr–Nd–Hf isotopic features, we suggest that quartz
monzonite may have been produced by the partial melting of phengite-bearing eclogites at the base of
the thickened continental crust of the NCC. In contrast, monzogranite and syenogranite exhibit I-type
granite affinities, whereas alkali feldspar granite exhibits features consistent with A-type granite.
The strongly negative εHf(t) and εNd(t) values of the I-type rocks indicate that they were most likely
produced through partial melting of granitic gneisses from the NCC, whereas A-type magmas may
be formed through fractional crystallization from the non-adakitic granitic magma. Combined with
previous studies, we suggest that these granitoids were formed in a lithospheric extensional setting
via the rollback of the subducted Paleo-Pacific slab, which resulted in the reworking of the deep crust
beneath the Sulu ultrahigh-pressure metamorphic belt.

Keywords: zircon dating; adakite; A-type granite; I-type granite; North China Craton

1. Introduction

The Sulu orogenic belt is formed by collision between the North China Craton (NCC)
and South China Block (SCB) during the Triassic [1–3]. Despite several decades of stud-
ies from geophysics, petrology, and geochemistry regarding the crustal architecture and
components beneath the Sulu belt, many aspects about this orogenic belt are still in hot de-
bate [4–7]. One of controversies lies on petrogenesis, magma sources, and tectonic settings
of granitoids occurring in this area, which in turn hinder a better understanding regarding
the tectonic evolution of NCC and Sulu belt [8–10].

The Qingdao granitoids from large-scale plutons in the Sulu belt can be subdivided
into several rock types [11]. Previous studies show that the granitoids in the Qingdao and
adjacent areas were mainly formed in the Early Cretaceous, which is consistent with the
major magmatic events in the eastern NCC [11–13]. The granitoids are suggested to be
derived from partial melting of the subducted continental crust, according to their enriched
light rare-earth elements (LREEs) and depleted high-field-strength elements (HFSE), as
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well as high (87Sr/86Sr)I ratios and low εNd(t) [14,15]. However, some granitoids exhibit
geochemical properties that are consistent with the contemporaneous mafic rock veins in
the study area [16], which might indicate that granitoids could be probably related to the
interaction of subducted crust and mantle-derived magma [17]. To address these questions,
in this study we conducted a detailed investigation on the granitoids occurring in the
Qingdao area, combined with zircon U–Pb age, whole-rock major, trace elements, Sr–Nd
isotopes, and zircon Lu–Hf isotopes. Our aim is to reveal their petrogeneses and tectonic
backgrounds, which in turn help to better understand the tectonic evolution of the Sulu
orogenic belt.

2. Geological Setting and Petrography

The Sulu orogenic belt, also called Sulu ultrahigh-pressure metamorphic belt, was
formed by a collision between the North China Craton (NCC) and South China Block
(SCB) during the Triassic [2,18]. Three secondary tectonic units—the Jiaobei uplift, the
Jiaolai fault depression, and the Jiaonan–Weihai exhumation zone—were formed due to
the westward subduction of the Pacific plate. The Qingdao area is in the southeast of the
Jiaodong Peninsula, and a special structural zone at the junction of the eastern end of the
Jiaonan–Weihai exhumation zone and the Jiaolai fault depression (Figure 1).
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Late Mesozoic granitoid plutons are widely distributed in the Qingdao area, which
was a part of the Mesozoic granitoid belt in eastern China. These granitoid plutons intruded
the Cretaceous volcanic, Jurassic–Cretaceous sedimentary, and Precambrian metamorphic
rocks of the Jiaonan Group. Twenty-one granitoid samples, ranging from fine- to coarse-
grained and greatly variable in texture, were collected for this study. The granitoids can be
divided into two types according to their quartz content: (1) quartz monzonite, consisting
of plagioclase (35%–40%), K-feldspar (25%–30%), quartz (5%–10%), hornblende (15%–20%),
biotite (5%), and accessory minerals including magnetite, titanite, zircon and (2) granites,
composed of plagioclase (5%–35%), K-feldspar (30%–65%), quartz (20%–30%), biotite
(5%–10%), and accessory minerals including magnetite, titanite, apatite, and zircon. Based
on the petrographic characteristics, the granites can be further divided into three types:
monzogranite, syenogranite, and alkali feldspar granite. The locations of the twenty-one
samples are shown in Figure 1 and detailed geological information can be found in Table 1
and Figure 2.

Table 1. Petrographic characteristics and age of the studied granitoids in the Qingdao area.

Sample No. Lithology Main Mineral Component U-Pb Age
(Ma)

QD001-3 Monzogranite porphyry K-feldspar (35%), plagioclase (30%),
quartz (25%), biotite (5%) 119.2 ± 1.4

QD001-4 Monzogranite K-feldspar (40%), plagioclase (30%),
quartz (20%), biotite (5%) -

QD002-2 Monzogranite K-feldspar (35%), plagioclase (25%),
quartz (25%), biotite (10%) 120.2 ± 1.3

QD002-4 Monzogranite porphyry K-feldspar (30%), plagioclase (25%),
quartz (30%), biotite (5%) -

QD003-1 Alkali feldspar granite K-feldspar (60%), plagioclase (5%),
quartz (20%), biotite (10%) 118.6 ± 1.4

QD003-5 Alkali feldspar granite K-feldspar (65%), plagioclase (5%),
quartz (20%), biotite (5%) -

QD004-3 Alkali feldspar granite K-feldspar (60%), plagioclase (5%),
quartz (25%), biotite (5%) -

QD005-1 Alkali feldspar granite K-feldspar (60%), plagioclase (10%),
quartz (20%), biotite (5%) 113.1 ± 1.6

QD006-1 Alkali feldspar granite K-feldspar (65%), plagioclase (5%),
quartz (20%), biotite (5%) -

QD007-1 Alkali feldspar granite K-feldspar (60%), plagioclase (5%),
quartz (25%), biotite (5%) -

QD008-1 Monzogranite K-feldspar (25%), plagioclase (40%),
quartz (10%), hornblende (15%), biotite (5%) 120.5 ± 1.2

QD009-1 Alkali feldspar granite K-feldspar (65%), plagioclase (5%),
quartz (20%), biotite (5%) 117.0 ± 1.1

QD010-2 Alkali feldspar granite K-feldspar (60%), plagioclase (10%),
quartz (20%), biotite (5%) -

QD012-1 Syenogranite K-feldspar (40%), plagioclase (20%),
quartz (25%), biotite (10%) 117.4 ± 1.4

QD013-1 Syenogranite K-feldspar (45%), plagioclase (15%),
quartz (25%), biotite (10%) -

QD014-1 Syenogranite K-feldspar (45%), plagioclase (20%),
quartz (20%), biotite (10%) -

QD015-1 Alkali feldspar granite K-feldspar (65%), plagioclase (5%),
quartz (20%), biotite (5%) 117.7 ± 1.2

QD016-1 Syenogranite K-feldspar (45%), plagioclase (20%),
quartz (25%), biotite (5%) 119.4 ± 1.3
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Figure 2. Photomicrographs showing minerals and textures of the granitoids in the Qingdao area.
(a) Quartz monzonite (sample QD008-1). (b) Monzogranite (sample QD002-3). (c) Syenogranite
(sample QD016-1). (d) Alkali feldspar granite (sample QD005-3). Abbreviations: Qtz-quartz; Kfs—K-
feldspar; Pl—plagioclase; Ser—sericite; Bt—biotite.

3. Methods
3.1. Zircon U–Pb Dating and Zircon Lu–Hf Isotopes

Separation of zircon was performed in the Laboratory of the Langfang Institute of
Regional Geological Survey by standard crushing, sieving, heavy liquid, and magnetic
separation techniques. The selected zircons were mounted in an epoxy block before being
polished to obtain an even surface. Cathodoluminescence (CL) images were taken on a
JSM-IT100 scanning electron microscope at Wuhan Sample Solution Analytical Technology
Co., Ltd. to identify the internal structure and texture of zircon grains.

Zircon U–Pb dating was carried out using an Agilent 7900 inductively coupled plasma
mass spectrometer (ICP-MS) equipped with a 193 nm laser ablation system in the Ocean
Lithosphere and Mantle Dynamics Laboratory, Institute of Oceanology, Chinese Academy
of Sciences (OLMDL, IO, CAS). Helium was applied as a carrier gas, whereas the spot size
of the laser was set to 35 or 25 µm in this study. Zircon 91,500 and glass NIST610 were used
as reference materials for U–Pb dating and trace element calibration, respectively. An Excel-
based software, ICPMSDataCal, was used to perform off-line selection and integration
of background and analyzed signals, time-drift correction, and quantitative calibration
for trace element analysis and U–Pb dating. Concordia diagrams and weighted mean
calculations were made using the IsoplotR software of Vermeesch [19].

Zircon Lu–Hf isotope compositions were analyzed using a multicollector inductively
coupled plasma mass spectrometer (MC-ICP-MS) coupled with an excimer laser ablation
(LA) system at the Tianjin Institute of Geology and Mineral Resources. All the points
selected for zircon Lu–Hf isotope analysis were in situ or around the U–Pb dating points.

3.2. Major and Trace Elements

The whole-rock major elements were analyzed using an Axios PW4400 X-ray fluores-
cence spectrometer (Malvern Panalytical, Malvern, UK) at the Tianjin Institute of Geology



Minerals 2023, 13, 963 5 of 21

and Mineral Resources. The test conditions were voltage 50 kV and current 60 mA. Analyses
of USGS rock reference materials (GBW07101-14, BCR-2, and BHVO-1) indicate a precision
and accuracy of better than 5%. Whole-rock trace element analyses were conducted with an
Agilent 7900e ICP-MS (Santa Clara, CA, USA) at OLMDL, IO, CAS. The analytical precision
was better than 5% for most trace elements.

3.3. Sr–Nd Isotopes

Sr–Nd isotope analyses were performed by a Neptune Plus MC-ICP-MS (Thermo
Fisher Scientific, Dreieich, Germany) at the Wuhan Sample Solution Analytical Technology
Co., Ltd., Wuhan, China. The USGS reference materials BCR-2 (basalt) and RGM-2 (rhyolite)
were used as reference materials for Sr–Nd isotope dating calibration. The 87Sr/86Sr
analysis values of RGM-2 and BCR-2 are 0.704173 ± 20 and 0.705012 ± 20, respectively.
The 143Nd/144Nd test values of RGM-2 and BCR-2 are 0.512641 ± 11 and 0.512804 ± 12,
respectively.

4. Results
4.1. Zircon U–Pb Ages and Lu–Hf Isotopes

In this study, nine samples were used for zircon U–Pb dating and Lu–Hf isotopic
analyses. The CL images of quartz monzonite and granite show that most zircons are
euhedral to subhedral (Figure 3) with typical magmatic oscillatory zoning (Th/U > 0.1).
These features collectively indicate that they are of magmatic origin. The quartz mon-
zonite yielded a weighted mean 206Pb/238U age of 120.5 ± 1.2 Ma (sample QD008-1).
The monzogranite yielded weighted mean 206Pb/238U ages of 119.2 ± 1.4 Ma (sample
QD001-3) and 120.2 ± 1.3 Ma (sample QD002-2), respectively. The syenogranite yielded
weighted mean 206Pb/238U ages of 117.4 ± 1.4 (sample QD0012-1) and 119.4 ± 1.3 (sample
QD0016-1), respectively. The alkali feldspar granite yielded weighted mean 206Pb/238U
ages of 118.6 ± 1.4 (sample QD003-1), 113.1 ± 1.6Ma (sample QD005-1), 117.0 ± 1.1 Ma
(sample QD009-1), and 117.7 ± 1.2 Ma (sample QD0015-1), respectively. These results
indicate that the crystallization age of the granitoids from the Qingdao area was in the
Early Cretaceous (Table S1, Figure 4).
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The zircon εHf(t) values for alkali feldspar granite are between −0.68 and −25.08, with
the corresponding two-stage model ages ranging from 1213 to 2437 Ma. The εHf(t) values
of the other granites are relatively low, and the two-stage model ages range from 2009 to
2755 Ma. The quartz monzonite samples show εHf(t) values ranging from −22.82 to −27.01,
and the two-stage model age ranging from 2614 to 2876 Ma (Table S2).

4.2. Whole-Rock Element Geochemistry

The major and trace element data are summarized in Table S3. The granitoids have
variable K2O contents, which fall in the high-K calc-alkaline and shoshonitic fields on
the K2O vs. SiO2 diagram (Figure 5). Almost all the samples are subalkaline on the total
alkalis versus silica (TAS) diagram (Figure 6a). There are two categories of granitoids
in this paper based on the SiO2 content, which are consistent with the micrograph ob-
servations: (1) quartz monzonite with SiO2 less than 70%, which falls in the domain of
quartz monzonite in the TAS diagram (Figure 6a); (2) the granites include monzogranite,
syenogranite, and alkali feldspar granite with varying SiO2 contents of more than 70%.
The quartz monzonite samples are metaluminous (Figure 6b), with A/CNK (Al2O3/CaO
+ Na2O + K2O) of 0.82–0.83, and high in K2O (3.93%–3.96%), Al2O3 (15.45%–15.56%), Sr
(>400 ppm), and Ba (1468–1646 ppm) concentrations and Sr/Y ratios (58.1–58.3); they are
low in TiO2 (0.55%–0.56%) and Rb (53.08–53.69 ppm) (Table S3, Figure 7). The granites are
metaluminous to weakly peraluminous (A/CNK = 0.98–1.05, Figure 6b) and are relatively
low in CaO (0.07%–1.66%), TiO2 (0.12%–0.28%), Fe2O3 (0.08%–0.43%), MgO (0.04%–0.36%),
P2O5 (0.01%–0.26%), Sr (10.78–166.60 ppm), and Ba (27.14–653.26 ppm) concentrations and
Sr/Y ratios but high in Rb (136.65–295.51 ppm) and Rb/Sr ratios (Table S3, Figure 7).
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The Zr saturation temperatures of granitoids are also calculated according to the
method given by Boehncke [23] and are shown in Table S3. The saturation temperature
values range from 675 ◦C to 810 ◦C for the Qingdao granitoids.

4.3. Sr–Nd Isotopes

Whole-rock Sr–Nd isotopic data for the granitoid samples are presented in Table S3.
The εNd(t) and (87Sr/86Sr)I values are calculated for the ages of magma crystallization. The
quartz monzonites have high (87Sr/86Sr)I ratios of 0.7088 and negative εNd(t) values of
−16.7. The single-stage model age (TDM1) is 1931 Ma, and the two-stage model age (TDM2)
is 2271 Ma. (87Sr/86Sr)I ratios and εNd(t) values of monzogranite (sample QD0016-1) are
0.7079 and −17.71, respectively, with TDM1 and TDM2 ages being 1928 Ma and 2353 Ma,
respectively (Table S3).
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Figure 7. REE and trace element diagrams for the granitoids in the Qingdao area. (a) Chondrite-
normalized REE diagrams for all studied samples. (b–e) Individual chondrite-normalized REE
diagrams for quartz monzonite, monzogranite, syeogranite and alkali feldspar granite samples,
respectively. (f) Primitive mantle-normalized trace element diagrams for all studied samples. (g–j)
Primitive mantle-normalized trace element diagrams for quartz monzonite, monzogranite, syeogran-
ite and alkali feldspar granite samples, respectively. The chondrite REE and primitive mantle
normalization values are from [24].
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5. Discussion
5.1. Timing of Emplacement for the Qingdao Granitoids

U–Pb dating data from this study show that the granitoids in the Qingdao area formed
in 120.5–113.1 Ma (Early Cretaceous) (Table S1, Figure 4). These ages are similar to the
previous studies. For example, SHRIMP zircon U–Pb ages obtained by Zhao et al. range
from 110.8 to 146.8 Ma [11]. Gao et al. reported zircon U–Pb ages of 120 Ma for the Laoshan
granites [17]. Yan et al. reported a SHRIMP zircon U–Pb age of 115 Ma [15]. Therefore, the
Qingdao granitoids formed after approximately 120 Ma in response to the collision of the
NCC and SCB [25–30].

5.2. The Petrogenesis and Magma Source
5.2.1. Quartz Monzonite

The quartz monzonite samples fall within the I-type or S-type fields (Figure 8), but
they are metaluminous with low A/CNK (0.82–0.83) values and do not contain aluminum
minerals, e.g., muscovite, garnet, cordierite, or tourmaline, which is an obvious difference
from typical strong peraluminous S-type granites. In addition, the trace elemental features
of the quartz monzonite are below the minimum for A-type granites [31], having Zr + Nb +
Ce + Y contents of 253–263 ppm and lower 10,000 × Ga/Al ratio (1.95–1.98). Then, quartz
monzonite is classified as an I-type granitoid.

1 

 

 

Figure 8. Variation diagrams of (a) 10,000 × Ga/Al vs. FeOT/MgO and (b) Zr + Ce + Nb + Y vs.
(Na2O + K2O)/CaO for the Qingdao granitoids (modified after [31]. FG: Fractionated granites; OGT:
Unfractionated I-, S-, and M-type granites).

The quartz monzonite is characterized by high Sr contents but low Yb and Y contents;
strongly fractionated REE patterns; and high Sr/Y and (La/Yb)N ratios with negligible or
weakly positive Eu anomalies (Figures 5–7), which are geochemical features similar to those
of adakite-like granitoids (Figure 9) [32–36]. Generally, there are three common petrogenetic
models of adakite-like granitoids: (1) the mixing of mafic magma and felsic magma coupled
with fractional crystallization (AFC) [33,36,37]; (2) the melting of the delaminated lower
crust with addition of mantle material [38–40]; and (3) the partial melting of the thickened
lower crust [29,30,41].
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Figure 9. Sr/Y vs. Y diagram for the Qingdao granitoids. The literature data sources are
from [11,15,17]. The solid line indicates the Adakite range, and the dotted line indicates the ADR
range. The black lines are from [35]. The blue lines are from [34], and the orange lines are from [32].

The quartz monzonite generally exhibits high SiO2 and K2O, low Cr and Ni, strong
depletion of Nb and Ta, negative εHf(t) (−22.82 to −27.01) and εNd(t) (−16.71) values,
and older TDM2 ages (2.8–2.6 Ga), suggesting that the derivation of adakitic rocks was
mainly from the continental crust rather than mantle material. Moreover, there are no
large-volume mafic rocks or mafic xenoliths/enclaves in the study area. Then, it is unlikely
that the petrogenesis of the quartz monzonite plutons was related to mantle-derived mafic
magma [13,42–44]. In addition, if the quartz monzonite was formed by crystallization
differentiation of mafic magma, the original magma should have higher Sr contents and
Sr/Y and (La/Yb)N values. However, the Early Cretaceous mafic rocks that do occur
in the study area have lower Sr/Y and (La/Yb)N values than quartz monzonite [42,45].
Additionally, most trace elements (e.g., Sr, La, La/Yb) of quartz monzonite are extremely
depleted with increasing SiO2 (Figure 10). Then, the Quartz monzonite with higher Sr/Y
and (La/Yb)N values is unlikely to be formed by the fractional crystallization of mafic
magma. Adakite-like rocks derived from melting of delaminated mafic lower crustal
rocks generally have extremely high Mg# (normally > 40) and Ni (≥20 ppm) contents but
low SiO2 and K2O contents, attributed to interaction with the peridotitic asthenospheric
mantle during the ascent of slab melts [35,36,46]. But the quartz monzonite from Qingdao
exhibits relatively lower contents of MgO and Ni than delaminated lower crust. So, the
quartz monzonite in the study area was considered to be unlikely to have been derived
from the partial melting of delaminated lower crust with the addition of mantle material.
Therefore, the studied quartz monzonite may be formed by the partial melting of thickened
lower crust.
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The high LREE, low HREE, and weakly negative Eu anomaly values of the quartz
monzonite (Figure 7a) indicate that garnet remains in the magma source as residual material.
However, the HREE distribution pattern is flat with (Ho/Yb)N of 1.02–1.05 (Figure 7a),
suggesting that amphibole may be the main residual mineral. It means that eclogite or
garnet amphibolite may be the residual phase after the partial melting of the mafic lower
crust. Experimental petrological studies suggest that a tonalite–trondhjemite melt can be
produced by the partial melting of metabasic rocks [47–49]. At a higher temperature and
pressure (15–20 kb, 1000 ◦C), the melt formed by dehydration melting phengite-bearing
eclogite is characterized by low Mg and high K contents, high Sr/Y and La/Yb ratios,
LREE enrichment and HREE depletion, positive Eu anomaly, and Nb–Ta deficit [50], which
are consistent with the geochemical characteristics of quartz monzonite. Moreover, as
shown in Figure 11, the Sr–Nd isotopic composition of the quartz monzonite samples fall
into the range of the Dabie–Sulu UHP eclogites [43]. In addition, the characteristics of
trace elements show negative Nb-Ta anomaly, high (87Sr/86Sr)I ratios (0.708487), low εHf(t)
values (−21.90~−24.87), εNd(t) values (−16.08~−16.71), and old two-stage model ages
(TDM2) (2495~2694 Ma), which are similar to the adakitic rocks derived from the partial
melting of thickened lower crust in the Jiaodong Peninsula [30,51]. In conclusion, the
quartz monzonite in the Qingdao area could be generated by partial melting eclogite under
pressure conditions of 15–20 kb and at the corresponding depth of 50–65 km.
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Figure 11. (87Sr/86Sr)I vs. εNd(t) for the Qingdao granitoids (modified after [30]). The ages for quartz
monzogranite and monzogranite are 120.5 Ma and 119.4 Ma, respectively, which are used to calculate
the (87Sr/86Sr)I and εNd(t). The literature data sources are from [11,15,17].

5.2.2. Monzogranite and Syenogranite

The monzogranite and syenogranite are characterized by remarkably negative Eu
anomalies, low FeOT/MgO, 10,000 × Ga/Al ratios and Zr + Nb + Ce + Y contents
(253–263 ppm), which are below the specified minimums for A-type granites [31]. They
are similar to I-type or S-type granites rather than A-type granites. As shown in Figure 8,
most samples fall within the I-type or S-type fields. Moreover, they are metaluminous or
weakly peraluminous with low A/CNK values (0.74–1.05) and do not contain aluminum
minerals, e.g., muscovite, garnet, cordierite, or tourmaline, which are obvious differences
from typical strong peraluminous S-type granite. In addition, the SiO2 vs. P2O5 (Figure 12)
contents show a strong negative correlation, indicating that they are similar to the trend of
I-type granitoids, but not S-type granitoids.

The depletion in Ba, Sr, P, Ti, Nb, and Ta of monzogranite and syenogranite indicated
that the rocks experienced a high crystallization differentiation after partial melting. The
negative anomalies of Sr and Ba are mainly caused by the crystallization differentiation
of alkali feldspar. As shown in the Sr vs. Ba plot (Figure 13), alkali feldspar is a major
fractionation phase, which can also interpret the Ba depletion, while the low Sr/Y ratios
(0.61–11.27) and significant negative Eu anomalies are considered to be connected with the
fractionation of plagioclase [52].
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Minerals 2023, 13, 963 14 of 21

Minerals 2023, 13, x  15 of 22 
 

 

The depletion in Ba, Sr, P, Ti, Nb, and Ta of monzogranite and syenogranite indicated 

that the rocks experienced a high crystallization differentiation after partial melting. The 

negative anomalies of Sr and Ba are mainly caused by the crystallization differentiation of 

alkali feldspar. As shown in the Sr vs. Ba plot (Figure 13), alkali feldspar is a major 

fractionation phase, which can also interpret the Ba depletion, while the low Sr/Y ratios 

(0.61–11.27) and significant negative Eu anomalies are considered to be connected with 

the fractionation of plagioclase [52]. 

 

Figure 13. Ba vs. Sr plot (modified after [52]. Pl: plagioclase; Kfs: K-feldspar; Bt: biotite; Hbl: 

hornblende). 

The monzogranite and syenogranite have high (87Sr/86Sr)I ratios but negative εHf(t) 

and εNd(t) values (Figures 11 and 14, Table S3). Their Sr–Nd isotopic compositions fall into 

the range of both eclogites and granitic gneisses. These rocks are characterized by high 

contents of SiO2 and K2O; low Fe2O3, MgO, and TiO2 contents; and depletion of Nb, Ta, P, 

Sr, and Ba, which is like the trace element distribution of the Sulu granitic gneisses [53–

55]. In addition, they show low εHf(t) values (−13 to −25) and old two-stage model ages 

(2.7–2.0 Ga) (Figure 14), which show the affinity of the basement of the NCC [56,57]. So, 

the monzogranite and syenogranite were most likely produced by the partial melting of 

ancient crustal rocks, represented by granitic gneisses. 

 

Figure 14. Zircon Hf isotope diagrams. (a) Variations of Hf isotopic data with time for depleted 

mantle and crust. (b) Inserted diagram in a showing the zircon Hf isotopic features for granitoids 

from the Qingdao area. 

Figure 13. Ba vs. Sr plot (modified after [52]. Pl: plagioclase; Kfs: K-feldspar; Bt: biotite; Hbl:
hornblende).

The monzogranite and syenogranite have high (87Sr/86Sr)I ratios but negative εHf(t)
and εNd(t) values (Figures 11 and 14, Table S3). Their Sr–Nd isotopic compositions fall into
the range of both eclogites and granitic gneisses. These rocks are characterized by high
contents of SiO2 and K2O; low Fe2O3, MgO, and TiO2 contents; and depletion of Nb, Ta, P,
Sr, and Ba, which is like the trace element distribution of the Sulu granitic gneisses [53–55].
In addition, they show low εHf(t) values (−13 to −25) and old two-stage model ages
(2.7–2.0 Ga) (Figure 14), which show the affinity of the basement of the NCC [56,57]. So,
the monzogranite and syenogranite were most likely produced by the partial melting of
ancient crustal rocks, represented by granitic gneisses.
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Figure 14. Zircon Hf isotope diagrams. (a) Variations of Hf isotopic data with time for depleted
mantle and crust. (b) Inserted diagram in a showing the zircon Hf isotopic features for granitoids
from the Qingdao area.

5.2.3. The Alkali Feldspar Granite

The alkali feldspar granites are characterized by high contents of SiO2 and total alkalis
(Figure 6a), but low contents of CaO, MgO, and Al2O3 (Figure 12). They exhibit significant
Eu anomalies and high zircon saturation temperatures, which are typical of A-type granites.
As shown in Figure 8, the value of (Zr + Nb + Ce + Y) ranges from 282 to 455 ppm and the
10,000 × Ga/Al values are between 2.32 and 3.20. Most of these values are higher than
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the lower limits of A-type granites. Therefore, the alkali feldspar granites are classified as
A-type. Meanwhile, the A-type granites can generally be divided into A1 and A2 chemical
subclasses based on their Y/Nb ratios [58]. As shown in Figure 15, the alkali feldspar
granite samples fall into the A1-type field according to the characteristics of trace elements.
The A1-type granites commonly derived from fractional crystallization of mantle-derived
mafic magmas, and also contains peralkaline minerals. However, the A1-type granites in
the Qingdao region exhibit high SiO2 but low MgO and negative εHf(t) values (−10.10
to −17.95), as well as lacking in peralkaline minerals, suggesting that the derivation was
mainly from the continental crust rather than mantle-derived magmas.
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after [57]. OIB = ocean island basalt; IAB = island arc basalt).

The A1-type granites in the Qingdao area are characterized by high SiO2, K2O + Na2O
contents but low Zr contents and zircon saturation temperature, as well as significantly
negative Eu anomalies, which are geochemical features similar to those of aluminous
A-type granites. Generally, the aluminous A-type granites are derived from the partial
melting of Archean tonalites, trondhjemites, and granodiorites (TTGs) that have high Y/Nb
ratios (>1.20) and belong to A2-type granites [59]. However, the A1-type granites in the
Qingdao area have low Y/Nb ratios (0.28~2.14) and low zircons saturation temperature
(TZr = 784–837 ◦C). They are unlikely to have been derived from the partial melting of TTGs.

As shown in Figure 12, non-adakitic granites and A-type granites show a similar
crystallization trend and similar saturation temperatures of zircon (the former slightly
higher than the latter), suggesting that the A-type granites may be formed through fractional
crystallization from the non-adakitic granitic magma in the Qingdao area. There was a
significant correlation between the Rb/Sr, Rb/V ratio, and Rb contents in Figure 16, which
proves that crystallization plays a dominant role in the magmatic evolution and confirms the
evolution relationship between non-adakitic granites and A-type granites in the Qingdao
area. The low Y/Nb ratios are controlled by the fractional crystallization of amphibole and
plagioclase. As shown in Figure 13, alkali feldspar is a fractionation phase, which can also
interpret the Ba and Sr depletion, while the strong negative Eu anomalies are considered to
be connected with plagioclase fractionation. The characteristics of P and Ti are attributed
to the fractionation of apatite and ilmenite.
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5.3. Tectonic Significance and Granite Magmatism

The studied granitoids in the Qingdao area originated from the dehydration melting
of the thickened crust and the zircon saturation temperature of the granitoids can reach
675 ◦C–810 ◦C. The saturation temperature indicates the upper limit of the magma temper-
ature for inheritance-rich granites (>10% residual zircons) but is only an estimate of magma
temperature for inheritance-poor granitoids [60]. The Qingdao granitoids contain almost
no residual zircons based on the U–Pb ages and CL images (Figures 3 and 4). Therefore,
the saturation temperature of these granitoids represents the magmatic temperature. It is
difficult to get such high melting temperatures without heat supply from the mantle [61].
Therefore, the dehydration and melting of crustal materials in the study area may be related
to mantle-derived magma underplating. According to the geochemical characteristics of
the adakite-like granitoids, the magma formation depths are more than 50 km, which is
thicker than the current average depth of the crust (35 km) [62–66], indicating that there was
still a thick crust in some regions of the eastern NCC and Sulu belt at ~120 Ma. Zircon U-Pb
dating shows that both normal granitoids and adakite-like granitoids intruded the eastern
NCC about 120 Ma ago. There was a lack of adakitic rocks but widespread distribution of
normal granites after 120 Ma, suggesting further that the lithosphere beneath the eastern
North China Craton was removed at ~120 Ma beneath the Jiaodong Peninsula.

There were various tectonic causes that lead to lithospheric thinning in the NCC,
including (1) the collision of the NCC and SCB [63,64], (2) a mantle superplume [67–69],
and (3) the subduction of the Paleo-Pacific plate [45,70–72]. Some scholars believed that
the collision of the NCC and SCB in the Triassic resulted in the thickening of the crust
and the formation of a large volume of eclogites, which caused the delamination of the
lithosphere. However, it is difficult to explain why the thickening of the crust in the Triassic
did not cause delamination until 100 Ma [73]. Furthermore, the collision occurred in the
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west of the NCC, but the thinning mainly occurred in the east. Moreover, the orogenic
belts formed by the collision of the NCC and SCB were distributed in the E–W direction,
while the lithospheric thinning areas were distributed in the N–NE direction, which is not
consistent with the distribution direction of the orogenic belts. Therefore, the collision
of the NCC and SCB was only the tectonic basis of lithospheric thinning rather than the
triggering factor [74]. Other scholars believed that the mantle upwelling affected the
evolution of eastern China and led to the destruction of the NCC. However, there is still
a lack of evidence for the existence of mantle superplume beneath the NCC during the
Mesozoic. The eastern China continent shows a trend of being thick in the west and thin in
the east at present, which is consistent with the subduction direction of the Paleo-Pacific
plate in the Mesozoic. Geophysical data show that a high velocity anomaly appears in the
eastern China continent within the depth range 930–1120 km, which may be related to
the subduction of the Paleo-Pacific plate [75,76]. The subduction of the Paleo-Pacific plate
was the most likely trigger for a lithospheric extensional environment in the eastern China
during the Cretaceous due to the rollback process of the Paleo-Pacific slab [73,76,77]. It has
been proposed that subduction of the Paleo-Pacific plate beneath the Eurasian plate was
initiated at ca. 180–170 Ma [78,79]. The subduction angle changed from shallow to deep
during the Late Jurassic, and slab rollback of which the rate reached the maximum in the
Early Cretaceous at ca. 130–120 Ma [80]. Once the Paleo-Pacific plate is decoupled from the
mantle wedge, the slab–mantle interface is heated by lateral incursion of the asthenospheric
mantle to allow the dehydration melting of rocks in the metasomatized mantle wedge base.
The partial melting of the mantle resulted in magma underplating, which provided the
heat source. The continuous underplating caused the almost simultaneous partial melting
of lower and middle crusts to form quartz monzonite and granite, respectively. The density
of UHP eclogite partial melting residue is much higher than that of normal eclogite. The
gravity of the high-density residue tended to be unstable, which was more conducive to
the delamination and uplift of the orogenic belt, resulting in a large-scale crustal thinning
in the eastern NCC and Sulu belt during the Early Cretaceous (Figure 17).
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6. Conclusions

(1) The granitoids in the Qingdao area include quartz monzonite, monzogranite, syenogran-
ite, and alkali feldspar granite, which were all emplaced during the Early Cretaceous
(120.5–113.1 Ma).
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(2) Quartz monzonite, characterized by adakitic features, may have been produced by
the partial melting of phengite-bearing eclogites at the base of the thickened crust
with crustal material from the NCC.

(3) The monzogranite and syenogranite belong to highly fractionated I-type granites, and
may be derived from the continental material of the NCC. The I-type monzogranite
and syenogranite were most likely produced through the partial melting of granitic
gneisses from the NCC. The A-type alkali feldspar granite may be formed through
fractional crystallization from the non-adakitic granitic magma.

(4) The Qingdao granitoids were likely formed under a lithospheric extensional envi-
ronment due to the rollback process of the Paleo-Pacific slab, which in turn resulted
in the partial melting of the residual UHP eclogite and granitic gneisses in the Sulu
orogenic belt.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13070963/s1, Table S1: LA-ICP-MS zircon U-Pb data of the
Qingdao granitoids; Table S2: Zircon Hf isotopic data of the Qingdao granitoids; Table S3: Whole-rock
major and trace elements and Sr-Nd isotopes of the Qingdao granitoids.
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