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The North China Craton (NCC) was stable for more than 2.0 Gyr before a
Jurassic–Cretaceous large-scale lithospheric thinning event, but the geodynamic
setting during the early phases (Late Jurassic) of NCC reworking remains controversial.
We present new petrological and whole-rock geochemical data, zircon and apatite
geochemistry, U–Pb ages, O isotopic data, and Sr–Nd isotopic data for two phases of
Late Jurassic granite (Linglong and Luanjiahe) from the Jiaobei terrane, southeastern NCC.
LA-ICP-MS zircon U-Pb dating suggests that the Linglong granite formed about 6 Myr
earlier than Luanjiahe granite (158 Ma vs 152Ma), after the inception of the paleo-Pacific
plate subduction. High zircon U/Yb ratios, high δ18O values [7.89 ± 0.10‰ to 7.67 ±
0.14‰ (2σ)], and inherited zircon age spectra, as well as high apatite F/Cl ratios and Sr–Nd
isotopic compositions, suggest that the Linglong and Luanjiahe granites formed by partial
melting of ancient thickened lower continental crust of the NCC and Yangtze Craton.
Magma evolution modelling based on Rb and Rb/Nb data suggests a similar decoupled
assimilation-fractional crystallization process for the generation of Linglong and Luanjiahe
granite but with different assimilation degrees. The water contents of parental magma
evaluated by using whole-rock Ba, Sr and apatite F, Cl data indicate that the Linglong
granite was formed in a relatively water-rich environment than Luanjiahe. This is consistent
with the presence of amphibole and minor negative Eu anomalies in the Linglong granite,
as water input can promote amphibole fractionation and suppresses plagioclase
crystallization. Considering the similar magma sources but distinct water contents of
the granites, and the oblique Paleo-Pacific plate subduction setting in the Late Jurassic,
the fluids were likely released from the ocean plate beneath a stacked thickened crust.
Since the earliest mafic dikes (OIB-type) in the NCC are coeval with the Luanjiahe granite,
we suggest that the lower water contents of the Luanjiahe granite were associated with
roll-back that resulted in an increasing distance from slab to continental crust. Such a
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tectonic transition from subduction compression (158 Ma) to initial extension (152 Ma) in
the Late Jurassic perhaps possibly marks the beginning of the reworking of the NCC.

Keywords: granite petrogenesis, accessory mineral geochemistry, paleo-pacific subduction, jiaobei terrane, craton
reworking

INTRODUCTION

The North China Craton (NCC) is an Archean craton that was
stable in the Neoarchean to Paleoproterozoic with a thick
(>200 km) lithosphere (Menzies et al., 1993; Kusky et al.,
2007; Zhang et al., 2017) but underwent reworking in the
Jurassic–Cretaceous (Rudnick et al., 2004; Wu et al., 2005;
Kusky et al., 2007; Zhu et al., 2012). During the
Jurassic–Cretaceous, the reworking of the NCC involved a
significant lithospheric thinning, losing at least 75–80 km
crust, that was associated with intense magmatism, as

evidenced by the presence of large-scale Late
Jurassic–Cretaceous granite and mafic dikes (Zhai et al., 2007;
Yang J.-H. et al., 2008; Zhang, 2012; Deng et al., 2017). Previous
research into the deep Jurassic lithosphere and related granitoid
petrogenesis are the subjects of debate. Several studies have linked
Jurassic magmatism to asthenospheric upwelling caused by
sinking/roll-back of the paleo-Pacific plate (e.g., Jiang Y.-H.
et al., 2010; Yang et al., 2012; Ma et al., 2013), while others
proposed that the granites formed as a result of the far-field
influence of oblique subduction of the paleo-Pacific plate (e.g., Liu
et al., 2019; Wu H. J. et al., 2020). This debate has hindered the

FIGURE 1 | (A) Simplified geological map of the Jiaodong Peninsula after Liu et al. (2021) (B)Geological map of the Linglong ore district, showing the distribution of
the Linglong and Luanjiahe granites and sample locations.
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understanding of the lithospheric evolution during the initiation
of the reworking of the North China Craton.

The Jiaobei terrane, located on the southeastern margin of the
NCC, hosts abundant Late Jurassic–Cretaceous granitoids and large
numbers (>200) of Cretaceous gold deposits (Figure 1A; Tan et al.,
2012; Deng et al., 2020). Two Late Jurassic granitoids, Linglong and
Luanjiahe, have been recognized in the Jiaobei terrane (Figure 1;
Yang et al., 2012; Li H. et al., 2019). Research into the granite
petrogenesis has led to models that proposed a similar origin of the
partial melting of lower crust for the two granites (Hou et al., 2007;
Jiang N. et al., 2010; Yang et al., 2012; Yang et al., 2017). However,
field observations show that the Luanjiahe granite intrudes into the
Linglong granite and there are distinct differences in mineral
assemblages (e.g., biotite, amphibole and feldspar) and textures.
These differences suggest there may have been different
magmatic processes during the Late Jurassic, which likely provide
insights into the geodynamic evolution of NCC.

Zircon and apatite are common accessory minerals in the
granite that have been utilized to investigate magmatic and
tectonic processes (Hughes and Rakovan, 2015; Andersson
et al., 2019; Xing et al., 2021). The composition of zircon and
apatite can provide important information on the environment of
magma crystallization (Belousova et al., 2002; Hoskin and
Schaltegger, 2003), melt volatiles (Scott et al., 2015), the
temperature of formation (Ferry and Watson, 2007), redox
state (Ballard et al., 2002; Trail et al., 2015; Xing et al., 2021)
and sources of the parental magma (Cao et al., 2012; Li et al.,
2018). Here, we present petrological observations, zircon and
apatite chemistry, zircon U–Pb age and O isotope data, apatite
Sr–Nd isotope data, and whole-rock geochemical data. These
results provide new constraints on the magma source and
petrogenesis of the Late Jurassic Linglong and Luanjiahe
granitoids, leading to further understanding of the tectonic
evolution of the Jiaobei terrane to decipher the lithospheric
dynamics during the initiation of the reconstruction of the NCC.

GEOLOGICAL BACKGROUND

The Jiaodong Peninsula is divided into two major tectonic units by
the Wulian-Yantai Fault: the Jiaobei terrane of the NCC in the west
and the Sulu orogenic belt of the Yangtze Craton in the east
(Figure 1A; Zhai et al., 2000; Tan et al., 2012). Precambrian
metamorphic rocks form the basement of the Jiaobei terrane,
consisting of the Archean Jiaodong Group (tonalite-trondhjemite-
granodiorite (TTG) and amphibolites), the Paleoproterozoic
Jingshan/Fenzishan, and the Neoproterozoic Penglai Group (Jiang
N. et al., 2010; Liu et al., 2021). The protolith of the Jiaodong Group
was formed by a series of magmatic processes, including crustal
thickening at ca. 2.9 and 2.7 Ga and subduction at ca. 2.5 Ga (Liu
et al., 2021). The overlying Jingshan and Fenzishan Groups are in
unconformable contact with the Jiaodong Group and comprise
mostly schist, gneiss, calcareous silicate, marble, minor granulites,
and amphibolite, with the ages of 1.8–2.5 Ga (Ma et al., 2013). The
primary lithologies of the Penglai Group include low-grade
metamorphic rocks such as marble, slate, quartzite, phyllite, and
marl (Li X.-H. et al., 2019; Liu et al., 2021).

The Precambrian basement of the Sulu belt is dominated by
ultrahigh-pressure and low-temperature metamorphic
assemblages, such as granitic gneiss, coesite-bearing eclogite,
siliceous rocks (Wang et al., 2021), the protoliths of which are
780–740 Ma in age (Zhao et al., 2016; Yang et al., 2017), and
minor eclogite, amphibolite, and granulite with ages of 2.0–1.8 Ga
(Zhao et al., 2016).

The Mesozoic magmatism is dominated by the Late Jurassic
(160–146 Ma; Yang et al., 2017) and Early Cretaceous granites
(130–120 Ma; Tang et al., 2014). Late Triassic granites
(225–205 Ma; Ma et al., 2013) occur only in the east of the
Jiaodong Peninsula, whereas the Late Jurassic and Early
Cretaceous granites are more widespread (Figure1A; Liu et al.,
2021). The Late Triassic synorogenic granites and post-orogenic
high-alkali feldspar syenites in the Sulu orogenic belt were formed
during the north-south trending collision of the NCC with the
Yangtze craton (Zhai et al., 2000). The Late Jurassic magmatism is
the most extensive event in the Jiaodong Peninsula and includes
the Linglong and Luanjiahe granites (Hou et al., 2007; Ma et al.,
2013). These Late Jurassic granites intruded into the
metamorphic basement rocks of the Jiaobei terrane and Sulu
orogenic belt (Ma et al., 2013). The Linglong and Luanjiahe
granites occur as a band along the NNE-trending detachments in
the northwest Jiaodong Peninsula (Figure 1A; Zhang et al.,
2010b) and were intruded by Early Cretaceous Guojialing-type
and Aishan-type granodiorite (Hou et al., 2007). The Early
Cretaceous Guojialing and Weideshan granodiorites
(130–120Ma; Tang et al., 2014) have been interpreted to have
formed by the crystallization of a magma derived from a mix of
crust and mantle (Wu et al., 2005; Tang et al., 2014). In addition,
there are many NNE-NE trending Cretaceous mafic dikes (e.g.,
lamprophyre and dolerite) in the Jiaodong Peninsula.

SAMPLES AND ANALYTICAL METHODS

Samples
In this study, we collected ten fresh Linglong granite samples and
eight Luanjiahe samples in the northwest of the Jiaodong
Peninsula (Figure 1B). The Luanjiahe pluton often invaded
into the Jiaodong Group metamorphic rocks and/or Linglong
pluton, showing an intrusive contact relationship (Figure 2A).

The Linglong granite consists mainly of fine-grained biotite
granite with local gneissic textures and is grey in hand-specimen
(Figure 2B). The main mineral assemblages of the Linglong
granites consist of quartz (20–30 vol%), K-feldspar (30–40 vol
%), plagioclase (25–30 vol%), biotite (6–10 vol%) and amphibole
(3–5 vol%), with minor accessory zircon, titanite, garnet, and
apatite (Figures 2D–F). The Luanjiahe granite has a medium-to
coarse-grained texture and is pale red in hand-specimen
(Figure 2C). The main mineral assemblages of the Luanjiahe
granites consist of quartz (25–40 vol%), K-feldspar (35–45 vol%),
and plagioclase (30–45 vol%), with minor accessory zircon,
garnet, and apatite (Figures 2G–I). Compared to the Linglong
granites, the Luanjiahe granites contain more quartz and
plagioclase, with no amphibole and little biotite (~2 vol%).
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Whole-Rock Geochemistry
Major and trace elements were determined by XRF and ICP-MS
respectively at ALS Chemex Co Ltd, Guangzhou, China. Samples
were firstly pulverized to 200 mesh under freezing temperature
conditions and the composition of the major elements was
determined by XRF. Standards GBW07105 and ARM-4 were
used as reference materials for monitoring the major elements.
After dissolution with lithium borate, trace elements were
measured by ICP-MS. Reference standards OREAS-120 and
OREAS-100a were used to monitor trace elements during
analysis. The analytical accuracy for major and trace elements
is better than 3% and 10%, respectively.

EPMA Analysis of Apatite
The major element analysis of apatite was undertaken with a
JEOL JXA-8230 Electron Probe Microanalyzer (EPMA) with five
wavelength-dispersive spectrometers (WDS) at Wuhan
Microbeam Analysis Technology Co., Ltd. The accelerating
voltage was 15 kV, the accelerating current was 5 nA, and the
spot diameter was 20–40 μm for quantitative WDS analysis. The
peaks of Na, Sr, Ca, Cl, S, F, and P elements were measured for
10 s. The high-energy and low-energy backgrounds had
measurement times that were half of the peak measurement
duration. The specimens used for the test elements were
jadeite (Na), celestite (Sr), NaCl (Cl), barite (S), fluorite (F),

apatite (P, Ca). The detection limit was ~100 ppm for Cl,
~200 ppm for Ca, Na, P, and S, and ~200 ppm for F and Sr,
with an accuracy of ± 1.5%.

LA-ICP-MS Analysis of Zircon and Apatite
Zircon and apatite LA-ICP-MS trace elements and U–Pb
geochronology analyses were measured with a Teledyne
Photon Machines Analyte He Excimer 193 nm laser ablation
system, equipped with an Analytik Jena PlasmaQuantMS Ellite at
the Central South University, China. Samples were placed in a
sealed ablation chamber which was flushed with a combination of
high-purity Ar (13.5 L/min) and He gas (1.1 L/min) at a constant
rate. The laser repetition rate was ~5 Hz, and the spot size was
50 μm. Each spot was subjected to a 15–25 s background
acquisition followed by a 35–45 s sample ablation. External
standards for U-Pb dating and trace element calibration were
zircon 91,500 and glass NIST610, respectively. The Si and Ca
(determined by EPMA) were used as the internal standard for
zircon and apatite, respectively. Data were processed using the
GLITTER program (Griffin et al., 2008).

SIMS O Isotope Analysis of Zircon
Zircon oxygen isotope analyses were performed with a CAMECA
IMS 1280-HR SIMS at the State Key Laboratory of Isotope
Geochemistry, Guangzhou Institute of Geochemistry. Detailed

FIGURE 2 | Field photograph (A), hand-specimen photographs (B,C), and thin-section microphotographs of the Linglong (D–F) and Luanjiahe (G–I) granites in the
Jiaobei Terrane (A) The intrusive contact between Linglong pluton and Luanjiahe pluton, from Ren (2017) (B) Hand-specimen of Linglong fine-grained biotite granite (C)
Hand-specimen of Luanjiahe medium-to coarse-grained granite (D) Quartz, K-feldspar, plagioclase, and biotite assemblages of Linglong granite (E) Amphibole, biotite,
and titanite occurrence in the Linglong granite (F) Apatites contained by plagioclase (G,H) Intergrown coarse quartz, K-feldspar, plagioclase, and biotite (I) Apatites
as inclusions in quartz. Abbreviations: Amp–amphibole; Ap–apatite; Bt–biotite; Kfs–K-feldspar; Pl–plagioclase; Qz–quartz; Ttn–titanite.
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methods are described in (Li et al., 2009). The principal ion
stream employed was 133Cs with an intensity of about 2 nA,
which was focused into a beam spot of around 10 µm size after

passing an accelerating voltage of 10Kv. The secondary ion signal
was collected by scanning an area of about 20 µm size on the
sample surface in a raster scanning mode. The Penglai zircon

FIGURE 3 | (A) Plots of SiO2 vs Na2O + K2O and (B) A/CNK (molar Al2O3/(CaO +Na2O + K2O)) (after Irvine and Baragar, 1971) vs A/NK (molar Al2O3/(Na2O + K2O))
(after Maniar and Piccoli, 1989) (C) Plots of SiO2 vs MgO (after Lai and Qin, 2013) and (D) Y vs Sr/Y (after Defant and Drummond, 1990) (E) Primitive mantle-normalized
trace element and (F) Chondrite-normalized REE diagrams for the Linglong and Luanjiahe granites. Normalized values are from Sun and McDonough (1989).
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standard (δ18O = 5.31‰ ± 0.10‰) was used to calibrate the
instrument mass fractionation. The measured δ18O/16O ratios
were adjusted using the Vienna Standard Mean Ocean Water
(VSMOW) composition (δ18O/16O = 0.0020052). The corrected
δ18O readings were reported in conventional per-mil notation
with 2σ error.

LA-MC-ICP-MS Sr–Nd Isotope Analysis of
Apatite
The apatite Sr–Nd isotope analysis was carried out at Beijing
Createch Testing Technology Co., Ltd. utilizing a Neptune Plus
MC-ICP-MS coupled with a RESOlution SE 193 nm UV-ArF
excimer laser ablation system. The isotope data were obtained by
multiple static acquisitions using nine Faraday collectors in low-
resolution mode. The spot ablation was performed using a
50–100 µm spot with an energy density of 8 J/cm2 and a laser
pulse frequency of 10 Hz. The standard data-gathering cycle
includes a 10 s Kr gas background acquisition and a 20 s
measurement. The detailed Nd and Sr isotope methods are
presented in Yang Y. et al. (2008) and Yang et al. (2009),
respectively. The mass fractionation of Nd and Sr isotopes was
estimated using the exponential law and adjusted using 144Nd/
146Nd = 1.385233 and 88Sr/86Sr = 8.375209. The Durango apatite
was used as a standard. Seventeen spots of Durango yielded
average 143Nd/144Nd = 0.512465 ± 26 (2SD), 145Nd/144Nd =
0.348407 ± 26 (2SD) and 18 spots of Durango yielded average
84Sr/86Sr = 0.0566 ± 21 (2SD), 87Sr/86Sr = 0.70597 ± 41 (2SD). The
data for the standard is consistent with the reported 143Nd/144Nd
ratios of 0.51075–0.512497 and 145Nd/144Nd of 0.3484–0.348419
as well as 84Sr/86Sr of 0.05560–0.05667 and 87Sr/86Sr of
0.70500–0.70641 (http://georem.mpch-mainz.gwdg.de).

RESULTS

Whole-Rock Geochemistry
Major and trace element data are shown in Supplementary Table
S1. The Linglong and Luanjiahe granites have SiO2 contents of
61.65–73.66 wt% and 72.16–74.89 wt%, Al2O3 contents of
14.51–17.07 and 13.68–14.74 wt%, and total alkali (K2O+
Na2O) contents of 5.66–8.32 wt% and 7.98–8.29 wt%, whereas
the compositions of the Linglong granite are more variable.
Chemically, the two granite units belong to the subalkaline
series (Figure 3A) and are metaluminous to weakly
peraluminous (Figure 3B). Their Mg# (Mg# = 100 Mg2+/
(Mg2++Total Fe2+)) values are low, ranging from 18 to 59
(mean 37) and 14–22 (mean 18; Supplementary Table S1),
but the MgO contents of the Linglong granite are higher than
those of Luanjiahe (Figure 3C).

Generally, the Sr/Y ratios of the Linglong and Luanjiahe
granites are relatively high (Figure 3D). All granite samples
show enrichment in large-ion lithophile elements (LILE; e.g.,
Ba, Rb, Th, and U) and depletion in high-field strength elements
(HFSE; e.g., Nb, Ta, Zr, Hf, and Ti; Figure 3E). The total REE
contents of the Linglong granites are highly variable (ΣREE =
41–888 ppm, mean 208 ppm), and higher than Luanjiahe

(83–151 ppm, mean 123 ppm). Both the granites have similar
chondrite-normalized REE patterns with enrichment in light rare
earth elements (LREE) and relative depletion in heavy rare earth
elements (HREE), but the Linglong granite has a higher LREE
enrichment ((La/Yb)N 22.8–260.3 vs 28.9–76.3; Figure 3F). The
Eu anomalies (Eu/Eu* = EuN/(SmN × GdN)

0.5) of the Linglong
and Luanjiahe granites are weakly negative to positive (Eu/Eu* =
0.53–1.70 and 0.62–1.03; Figure 3F).

Zircon U–Pb Ages, Trace Elements, and O
Isotope
The zircon geochronology, geochemistry, and SIMS O isotope
data are shown in Supplementary Tables 2, 3. Zircons separated
from the Linglong and Luanjiahe granites are prismatic and
stubby with a width of ~200 μm and an aspect ratio of 3:1–3:
2. Oscillatory and planar zonation has been observed in CL
images (Figures 4A,B), and Th/U ratios are relatively high
(Linglong 0.16–0.92, mean 0.49; Luanjiahe 0.05–1.02, mean
0.46; Supplementary Table S2), consistent with a magmatic
origin (Hoskin and Schaltegger, 2003).

The Luanjiahe pluton invaded into the Linglong pluton
(Figure 2A), suggesting that the Luanjiahe granites formed
later than the Linglong granites. Eleven spots were analysed
on zircon from sample 199ZK1-10, yielding a concordant age
of 157.5 ± 3.5 Ma (MSWD = 0.36), and the weighted mean age
was 158.2 ± 3.2 Ma (MSWD = 0.35; Figure 5A). Twelve spots of
sample 199ZK1-11 define a concordant age of 157.6 ± 3.1 Ma
(MSWD = 0.65), and a weighted mean age of 157.5 ± 3.5 Ma
(MSWD = 0.60; Figure 5B). Zircons from the Luanjiahe granite
(LJHZK1-01) yielded a concordant age of 151.7 ± 2.1 Ma (MSWD
= 0.80, n = 24), and a weighted mean age of 150.6 ± 1.6 Ma
(MSWD = 1.5; Figure 5C).

The Linglong and Luanjiahe zircons are mostly characterized
by enrichment in HREE, negative Eu anomalies (Linglong: Eu/
Eu* = 0.14–0.71; Luanjiahe: Eu/Eu* = 0.12–0.60) and strong
positive Ce anomalies (Ce/Ce* = CeN/(LaN × PrN)

0.5; Linglong:
Ce/Ce* = 3.83–471.75; Luanjiahe: Ce/Ce* = 1.79–436.83;
Figure 6A; Supplementary Table S2). Both have high ΣREE
and Y contents and a positive correlation between them
(Supplementary Table S2). Linglong and Luanjiahe zircons
exhibit similar REE patterns. There is a significant divergence
between the light and heavy rare earth elements (Linglong:
ΣLREE/ΣHREE = 0.02–0.08; Luanjiahe: ΣLREE/ΣHREE =
0.01–0.08), with heavy rare-earth enrichment and light rare-
earth depletion, with negative Eu anomalies and positive Ce
anomalies (Figure 6A).

The δ18O values of Linglong zircons range from 7.52 to
8.36‰, with a weighted average value of 7.88 ± 0.10‰ (2σ, n
= 25; Supplementary Table S3), whereas the Luanjiahe zircons
have slightly low δ18O values (7.05 to 8.26‰, average 7.67 ±
0.14‰ (2σ; n = 24).

Apatite Geochemistry
Themajor and trace element results are shown in Supplementary
Tables 4, 5. Apatites separated from the Linglong and Luanjiahe
granites are prismatic and stubby with a width of 100–200 μm
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and an aspect ratio of 3:1–3:2 (Figures 4C,D). The apatite from
the Linglong granites has a distinct zonal structure (Figure 4C),
whereas the Luanjiahe apatite is homogeneous and has a distinct
and strong phosphorescence effect (Figure 4D). The major
elements and trace elements of apatite from Linglong vary
markedly between the cores and rims. The CaO and P2O5

contents of Linglong and Luanjiahe granites are weakly
variable, ranging from 54.7 to 56.2 wt% and 53.8 to 55.6 wt%
and 41.2 to 42.9 wt% and 40.9 to 42.4 wt% (Supplementary Table
S4), respectively. The SrO, Na2O, and SO3 contents are very low
(most lower than 0.1 wt%). The Luanjiahe granite contains high F
contents than Linglong (3.46–3.77 wt% vs 2.99–3.73 wt%, mean
3.43 wt% vs 3.72 wt%) and Cl contents of all analyzed apatites are
extremely low (mostly lower than 0.1 wt%; Supplementary Table
S5), thereby exhibiting a strong negative correlation between F
and OH (Figure 7B). The F concentrations in the cores are more
enriched than the rims of the Linglong apatites (3.33–3.73 wt% vs
2.99–3.44 wt%; Supplementary Table S4)

The Linglong apatite has relatively high Sr contents of
619–1315 ppm and low Y contents of 77–2169 ppm than
Luanjiahe (491–736 ppm vs 1795–4856 ppm; Supplementary
Table S4). The Linglong and Luanjiahe apatites show similar
flat REE patterns and negligible Ce anomalies, but with different
Eu anomalies (Figure 6B). This is also reflected in the cores and
rims revealed by CL imaging of the Linglong apatite. The REE, Y,
Th, and U concentrations in the cores are more enriched than the
rims (ΣREE = 1529–5312 ppm vs 323–2081 ppm, Y =
319–2169 ppm vs 76–902 ppm, Th = 5.4–47 ppm vs 0.1–21.3
ppm, U = 3.0–73 ppm vs 0.5–37 ppm; Supplementary Table S5)
and have stronger negative Eu anomalies (Eu/Eu* = 0.23–0.63

and 0.70–2.40; Figure 6B). The Luanjiahe apatite has the highest
REE contents (ΣREE = 4421–10,599 ppm) and negative Eu
anomalies (Eu/Eu* = 0.12–0.32; Supplementary Table S5).

Apatite Sr and Nd Isotopic Compositions
The Sr and Nd isotope data of the Linglong and Luanjiahe
apatites are presented in Supplementary Table S6. All
analyses of Linglong and Luanjiahe apatites exhibit a tight
range of 87Sr/86Sr (0.711443–0.714458 and
0.710729–0.712695) and 143Nd/144Nd (0.511402–0.511576
and 0.511356–0.511666). The calculated initial 87Sr/86Sr
ratios and εNd(t) values are similar in Linglong (mean
0.71233 and –26.52) and Luanjiahe apatites (mean 0.71169
and –26.15; Supplementary Table S6).

DISCUSSION

Identification of Partial Melts From Ancient
Continental Crust
The Late Jurassic granites from this study have low Mg#, low Rb/
Sr, and metaluminous to slightly peraluminous characteristics,
consistent with them having been derived from an intermediate-
felsic orthogneiss. New zircon and apatite geochemistry and
isotope data provide further constraints on the magmatic
sources of the Linglong and Luanjiahe granite.

1) The moderate Hf and Y contents and high U/Yb ratios of
zircon are consistent with the characteristics of continental
zircons (Figure 8; Grimes et al., 2007).

FIGURE 4 | (A,B) Cathodoluminescence (CL) images of representative zircons, with the ages and δ18O values given nearby (C,D) Phosphorescence effect and
Cathodoluminescence (CL) images of representative apatites, with the initial 87Sr/86Sr ratios and εNd(t) values given nearby. The scale bar is 200 μm.
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2) Chloride and F have different partition coefficients during
magma differentiation so that Cl is enriched in the fluid phase
in the mantle, whereas the lithophile affinity of F causes it to

enter the melt phase and be enriched in the crust. Thus, high
F/Cl ratios of apatite typically reflect a crustal source (Mathez
and Webster, 2005; Webster et al., 2009). Both the Linglong
and Luanjiahe apatites have high F/Cl ratios (28–187 and
82–377; Supplementary Table S4), suggesting a crustal source
(Boudreau and Kruger, 1990; Webster et al., 2009).

3) The δ18O values of zircon from the Linglong and Luanjiahe
samples range from 7.52 to 8.36‰ and 7.05 to 8.26‰, similar
to ancient continental crust and related melts/fluids (Figure 9;
Yang J.-H. et al., 2008). The crust-like δ18O values in zircon,
combined with the strongly negative εHf(t) values (Figure 9),
suggest they formed by melting ancient continental crust. The
slightly lower δ18O values of the Luanjiahe zirconmay reflect a
minor contribution of residual Yangtze craton given its low
δ18O values (–0.4 to 5.1‰; Jiang N. et al., 2010).

4) The εNd(t) and initial 87Sr/86Sr values of Linglong and
Luanjiahe apatites plot between the fields of the lower crust
of the Yangtze craton and the upper crust of the NCC,
suggesting both may have acted as sources for the granite
magmas (Figure 10). This is supported by the occurrence of
Neoarchean, Neoproterozoic, and Triassic inherited zircons in
the Linglong and Luanjiahe granites (Supplementary Figure
S1), which coincide with the formation time of the NCC and
Yangtze craton (2.7–2.9 Ga, ~2.5 Ga, ~1.9 Ga) or the
metamorphic age (~200 Ma) of the Sulu orogenic belt
(Supplementary Figure S1).

Taken together, the Late Jurassic granitic magma in the Jiaobei
terrane was dominantly formed by partial melting of the ancient
continental crust of the NCC with a minor contribution from the
Yangtze Craton.

Magma Nature and Evolution of Late
Jurassic Granites
Magma Oxidation and Hydration States
Cerium and Eu both have two valence states (i.e. Ce3+ vs Ce4+ and
Eu2+ vs Eu3+). Zircon prefers to incorporate Eu3+ and Ce4+ in
their lattice, whereas apatite prefers Eu3+ and Ce3+ (Drake, 1975;
Ballard et al., 2002; Belousova et al., 2002; Cao et al., 2012). Zircon
and apatite cerium and Eu anomalies have long been used to
characterize the oxidation status of host rocks (e.g., Trail et al.,
2011; Cao et al., 2012; Trail et al., 2015; Du et al., 2019; Xing et al.,
2021). Due to the influence of mineral fractionation and element
incorporation on element partitioning (Bruand et al., 2014; Wang
et al., 2020), the correlation between Ce and Eu anomalies is more
suitable for determining the oxidation state than single anomalies
(Cao et al., 2012; Du et al., 2019). The Ce/Ce* and Eu/Eu* of the
Linglong and Luanjiahe zircons (Ce/Ce* = 3.83–471.75 and Ce/
Ce* = 1.79–436.83, Eu/Eu* = 0.14–0.71 and 0.12–0.60;
Supplementary Table S2) have no significant co-variation
(Figure 11A). A similar trend between Ce/Ce* and Eu/Eu*
also exists in the apatite data (Ce/Ce* = 0.98–1.09 and
0.98–1.06, Eu/Eu* = 0.32–2.40 and 0.12–0.32; Figure 11B;
Supplementary Table S5), where Luanjiahe apatites have
stronger negative Eu anomalies than Linglong apatites owing
to the influence of plagioclase (Eu-rich mineral) crystallization.

FIGURE 5 | LA-ICP-MS zircon U–Pb concordia diagrams for the
Linglong (A–B) and Luanjiahe (C) granites.
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FIGURE 6 | (A) Chondrite-normalized REE pattern of zircon (A) and apatite (B) from Linglong and Luanjiahe granites. Chondrite normalizing values are from Sun
and McDonough (1989).

FIGURE 7 | F-Cl-OH ternary diagram (A) and F-OH diagram (B). The OH content in apatite is calculated based on the assumption that halogen sites are occupied
completely with XF + XCl + XOH = 1, where X is the mole fraction modulus (Piccoli and Candela, 2002).

FIGURE 8 | Zircon Hf vs U/Yb (A) and Y vs U/Yb (B) diagrams for the Linglong and Luanjiahe granites in the Jiaobei terrane. The fields of continental and oceanic
crust zircon and kimberlite are after Grimes et al. (2007).
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The results suggest a similar magma oxidation state for the
Linglong and Luanjiahe granites. The Ce4+/Ce3+ and oxygen
fugacity (f O 2; Supplementary Table S2) were calculated
using zircon and whole-rock geochemistry data via the
methods proposed by Ballard et al. (2002) and Trail et al.
(2011). Our calculated results show that the Ce4+/Ce3+ ratios
of the Linglong and Luanjiahe granites range from 7.05 to 149
(mean 53.1) and 1.08 to 169 (mean 52.2), and the f O 2 mainly
varies from –16 to –20 and –15 to –20 (Supplementary Table
S2; Figure 12), which are consistent with similar oxygen
fugacity conditions. Thus, the Linglong and Luanjiahe granite
were derived from magma with a similar and moderate
oxidation state.

Water can decrease the effective viscosity of the crust and
lithospheric mantle of a craton, causing instability of the craton
(Arcay et al., 2005; Grant et al., 2007; Peslier et al., 2010; Peslier
et al., 2012). Estimating the variation of the water content in
magmas is therefore important for investigating craton
reworking. Apatite, as a carrier of halogens and water, records
the halogen and water fugacity during the cooling and
crystallization of the parental magma (Patiño Douce et al.,
2011; Gross et al., 2013; Webster and Piccoli, 2015; Pan et al.,
2016; Palma et al., 2019). Boyce and Hervig (2009) showed that
there was a positive correlation between the variation of OH in

FIGURE 9 | Zircon εHf(t) vs δ18O diagram and related box diagrams for the Linglong and Luanjiahe granites. The Hf isotope data are from Yang
et al. (2012). Areas of low-temperature altered oceanic crust and sediments and related melts/fluids, high-temperature altered oceanic crust and
related melts/fluids, areas of the ancient lithospheric mantle, ancient continental crust, and ancient recycled oceanic crust are referred from Zhu et al.
(2017).

FIGURE 10 | (87Sr/86Sr)i vs εNd(t) diagram for the Linglong and Luanjiahe
granite. Data sources: the literature data are from Yang et al. (2012); upper and
lower crust of the NCC and the Yangtze Craton from Jahn et al. (1999). All the
(87Sr/86Sr)i and εNd(t) values are calculated using the Chondrite Uniform
Reservoir (CHUR) values of 87Rb/86Sr = 0.0847 and 87Sr/86Sr = 0.7045 (λRb =
1.42 × 10–11 year−1), and 147Sm/144Nd = 0.1967 and 143Nd/144Nd =
0.512638 (λSm = 6.54 × 10–12 year−1; Lugmair and Marti, 1978).
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apatite and H2O in the coexisting melt using experimental data
for the partitioning behavior of F, Cl, and OH between apatite and
the melt. Given the positive correlation, the variation of OH
content in apatite has often been used to assess the water fugacity
or relative abundance of H2O in the melt (e.g., Webster et al.,
2009; Cao et al., 2012; Robinson and Taylor, 2014; McCubbin
et al., 2015; Pan et al., 2016). Although the absolute H2O contents
of the magma could not be estimated due to the lack of F or Cl
data, Linglong apatite has much higher OH than Luanjiahe
apatite (8.2 mol% vs 0. 96 mol%; Figure 7), indicating a more
water-rich parental magma for the Linglong granite. This is

consistent with the Linglong granites having higher Sr
(707–1380 ppm vs 479–665 ppm) and Ba contents (mean
2,376 vs 1,526 ppm; Supplementary Table S1), because
hydrothermal experiments of You et al. (1996) indicate that
Ba and Sr contents in magma are positive correlated with the
degree of fluid enrichment. Evidence is also provided by the
higher contents of biotite, lower contents of plagioclase, and
occurrence of amphibole in Linglong granites (Figure 2), because
the occurrence of amphibole or biotite phenocrysts is often
indicative of high magmatic water concentration, as water
promotes amphibole fractionation and suppresses plagioclase
crystallization (Davidson et al., 2007; Grove et al., 2012;
Richards et al., 2012; Xing et al., 2021). Therefore, the above

FIGURE 11 | Binary plots of Ce/Ce* and Eu/Eu* of zircon (A) and apatite (B).

FIGURE 12 | Zircon temperature and oxygen fugacity (logfO2) diagram
for the Linglong and Luanjiahe granites. Oxygen fugacity and Ti temperatures
were calibrated using methods proposed by Trail et al. (2011) and by Ferry
and Watson (2007), respectively. The activities of SiO2 and TiO2 are
assumed to be 1.0 and 0.7 for Linglong granite since it contains titanite and no
rutile, and 1.0 and 0.6 for Luanjiahe granite which has no titanite and rutile.
FMQ = fayalite-magnetite-quartz buffer curve, HM = hematite-magnetite
buffer curve, MW = wüstite-magnetite buffer curve, and NNO = nickel-nickel
oxide buffer curve. The literature data are from Li X.-H. et al., 2019.

FIGURE 13 | Rb vs Rb/Nb diagram of whole-rockss from the Linglong
and Luanjiahe granites, showing a FC-A (Decoupled assimilation-fractional
crystallization) model for magma evolution. The “r” is the ratio of assimilated
material to crystallized material. Details for the FC-A model can be found
in Cribb and Barton, (1996). The FC-A modelling was conducted in an Excel©

based program of PetroGram (Gündüz and Asan, 2021). The bulk partition
coefficient (D values) of Rb and Nb between the solid phase (i.e. mineral) and
liquid (i.e. melt) was set to 0.1. The interval between F values was 10%. The
literature data of Linglong and Luanjiahe granites are from yang et al., 2017
and Yang et al., 2012, respectively.
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observations indicate that the Linglong magmas had higher water
contents than Luanjiahe.

Magma Formation Processes
Previous studies mostly argued for a similar magmatic evolution
for the Late Jurassic granites in the Jiaobei terrane (e.g., Jiang N.
et al., 2010; Yang et al., 2012; Li H. et al., 2019). However, the
differences in textures, mineral assemblages (Figure 2), and
mineral geochemistry (Supplementary Tables 4, 5) suggest
that they may have been formed by different magma processes.

The observation of local residual basement rocks (e.g., Archean
TTG gneisses; Wu X. D. et al., 2020; Wang et al., 2021) and the
occurrence of Neoarchean, Neoproterozoic, and Triassic inherited
zircons in the Linglong and Luanjiahe granites (Supplementary
Figure S1) suggests crustal assimilation in the shallow crust. Here
we examine the roles of fractional crystallization and assimilation
during the formation of the granite by modelling Rb and Rb/Nb data
as proposed by Cribb and Barton (1996; Figure 13). They show
markedly different Rb contents (Figure 13), combined with the
higher F contents of Luanjiahe apatite (Figure 7), reflecting that
the Luanjiahe granite is more evolved and richer in volatiles
(Supplementary Table S4) since the F and Rb contents are
positively correlated with magmatic evolution degree (Ekwere,
1985). The modelling results show that the variations between the
Rb and Rb/Nb of the Linglong and Luanjiahe granites are consistent
with the decoupled assimilation-fractional crystallization (FC-A)
magmatic evolution model at r = 0.2–0.5 and 0.3–0.6, respectively
(Figure 13). The FC-A model emphasizes that the assimilation and
dissociated crystallization process are not fully correlated in a magma
system, and the mass of assimilation was separated from the mass of
crystallization and varied independently (e.g., Cribb and Barton,
1996; Chen and Arakawa, 2005). In summary, both the Linglong
and Luanjiahe granites have undergone different degrees of crustal
assimilation and crystal fractionation.

Apatite can separate the trace elements such as REE, Y, Sr, Th,
and U in the parent magma during crystallization by various
substitution/coupled-substitution reactions (Boudreau and
Kruger, 1990; Wolf and London, 1995; Hughes and Rakovan,
2015). The apatite of Linglong granites shows distinct light-dark
zoning (Figure 4C), which is usually due to magma mixing or
changes in the surrounding magmatic environment (e.g., oxygen
fugacity, fluid circulation, magma composition, etc.; Piccoli and
Candela, 2002; Streck, 2008; Bruand et al., 2014). A detailed study
by Tepper and Kuehner (1999) indicates that magma-mixed
apatite often displays a feature of lack systematic core-to-rim
chemical variations. Our data show there is a synchronous
decrease in REE + Y, Th and U in rims to cores of Linglong
apatites (Supplementary Table S5), indicating that the zoning
may not be caused by the magmatic mixing. Changes in oxygen
fugacity will cause changes in the contents of variable elements
with multiple valence states such as Ce and Eu in the magma. The
data in this paper show variation in the Eu anomalies between the
cores and rims (Figure 11B), which is controlled by the
plagioclase crystallization rather than a change in f O 2. Thus,
the simple change in f O 2 cannot explain the abrupt change in
REE between cores and rims.Water enrichment may promote the
Sr and LREE in magma (You et al., 1996). There is a slightly

increasing in Sr (866 ppm vs 802 ppm) and ΣLREE/ΣHREE (5.3
vs 3.3) between the Linglong apatite rims to cores, which may
indicate a change in magmatic hydrous environment. The
calculating of OH contents shows an increasing trend in the
rims compared to the cores of Linglong apatite (Figure 7B),
which may indicate an increase in magmatic water contents
during the formation of apatite zoning as clarified above.
Collectively, the zonation of Linglong apatite may be due to
changes in the surrounding magmatic environment likely related
to the water contents.

The Sr partitioning is not sensitive to melt composition or
temperature (Blundy and Wood, 1989; Du et al., 2019), thus in
most cases, the Sr content of apatite is greatly influenced by the
crystallization of other Sr-rich minerals (e.g., plagioclase; Wolf and
London, 1995; Du et al., 2019; Sun et al., 2022). The REE + Sr
variations in apatite, such as the (La/Yb)N, (Sm/Yb)N (La/Sm)N ratios,
and Sr contents, closely reflect themineral crystallization process (e.g.,
Belousova et al., 2002; Andersson et al., 2019; Zhang et al., 2019). The
(La/Yb)N, (Sm/Yb)N, and (La/Sm)N ratios of Linglong apatite have a
significant positive correlation with Sr contents (Figures 14A–C),
indicating that the plagioclase crystallization, which preferentially
partitions Sr, has a significant influence on the composition of the
magmawhen apatite crystallized. In addition, plagioclase has a strong
affinity to host Eu, particularly Eu2+ (Drake, 1975), and its
crystallization can result in Eu depletion (and negative Eu
anomalies) in syn- or post-crystallized minerals. The cores of
Linglong apatite have more significant negative Eu anomalies than
the rims (0.23–0.63 vs 0.70–2.40; Figure 14D), suggesting a greater
effect on early-stage Linglong apatite from plagioclase crystallization.
In contrast, the enhanced suppression of plagioclase fractionation
owing to increasing water contents in the later stage implies a weaker
effect of plagioclase fractionation on apatite chemistry, which is
consistent with a weak negative to positive Eu anomalies of the
apatite rims (Figure 14D).

There are no significant positive correlation between the (La/
Yb)N, (Sm/Yb)N (La/Sm)N ratios and Sr contents of Luanjiahe
apatite (Figures 14A–C), indicating that plagioclase had less
influence on the Luanjiahe magma when apatite crystallized.
Compared to the Linglong apatite, the low Sr contents of
Luanjiahe apatite (mean 623 vs 837 ppm) and strong negative Eu
(0.12–0.32; Figure 14D) anomalies of Luanjiahe apatite could
further suggest that plagioclase have crystallized before apatite
since the crystallization of plagioclase would separate Sr and Eu
from the magma. This is consistent with that the Luanjiahe apatite is
subhedral (Figure 4D) and commonly found as an inclusion in
quartz (Figure 2I) but not in plagioclase. In addition, there is a
strong negative Eu (0.12–0.32) anomaly in the Luanjiahe apatite,
which is also likely caused by the crystallization of plagioclase that
has separated Eu from the magma. In summary, the early
crystallization of plagioclase in the Luanjiahe granite can explain
the characteristics of Sr and Eu in apatite.

Implications for the Geodynamic Setting at
Late Jurassic
The petrogenesis of late Jurassic granites in northwest Jiaodong has
important implications for the tectonic evolution of the southeast
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margin of the NCC. Most of the Linglong and Luanjiahe samples
have Al2O3/(CaO + Na2O + K2O) ratios concentrated between 1.0
and 1.1 consistent with a transitional I-type to S-type origin,
whereas some of the Linglong samples have ratios <1 more
consistent with an I-type origin (Figure 3B). Whole-rock
geochemistry data show that the granites have high Sr
(479–1380 ppm), low Yb (0.15–1.06 ppm) and Y
(1.70–11.7 ppm) contents, high (La/Yb)N (23–260), and Sr/Y
(59–600) ratios with only minor Eu anomalies (Eu/Eu* mostly
in 0.8–1.2), similar to adakitic rocks (Atherton and Petford, 1993;
Lai and Qin, 2013). Typically, adakitic rocks form by melting of the
thickened mafic lower crust, or in crystal fractionation of normal
basaltic arc magmas under high-pressure conditions, or by partial
melting of young oceanic crust under eclogitic facies conditions
(Atherton and Petford, 1993; Reay and Parkinson, 1997; Tang et al.,
2017). The new zircon and apatite chemistry data for the Linglong
and Luanjiahe granites are consistent with melting of the thickened
mafic lower crust, probably a combination of NCC and Yangtze
craton basement, during the Late Jurassic in the Jiaodong Peninsula.

Our zircon geochronology data suggest that the Linglong
granite was formed at ca. 158 Ma (Figures 5A,B), which is
generally coeval with the sinistral strike-slip (164–156 Ma)
along the Tanlu fault based on muscovite 40Ar/39Ar dating of
mylonite (Wang, 2006; Wu H. J. et al., 2020). The

contemporaneous granitic magmatism (Figure 1A) and
deformation probably indicate that the continuous NW-
trending subduction of the paleo-Pacific plate (start at ca.
170 Ma; Liu et al., 2019; Zhu and Xu, 2019) lead both to the
thickening of the mafic lower crust and reactivation of the Tanlu
fault as a sinistral strike-slip fault (Figure 15A).

The Linglong granite is more widespread than the Luanjiahe
granite in the Jiaodong Peninsula (Figure 1A). As discussed above,
the sourcemagmas of the Linglong and Luanjiahe granites were both
derived from the ancient continental crust, with the parent magma
for the Linglong granite (ca. 158Ma) having higher water contents
than the Luanjiahe granite (ca.152Ma). Typically, the addition of
water can lower the melting temperature and facilitate the partial
melting of the thickened underlying crust (e.g., Gaetani and Grove,
1998; Collins et al., 2021). Hence, we infer that more water may
resulted in the more extensive formation of the Linglong granite
while decreasingwatermade the limited Luanjiahe granite, that is the
water has dominated the formation of Late Jurassic granites.

Magmas derived from partial melting of the lower crust are
generally enhanced by the breakdown of amphibole in the lower
crust and/or the input of supercritical fluids from the subducting
oceanic slab (Kay andMpodozis, 2002; Reich et al., 2003; Deng et al.,
2017). The similar magmatic sources of the Linglong and Luanjiahe
granite and the likely low-angle subduction of the Paleo-Pacific slab

FIGURE 14 | Binary diagrams of Sr and (La/Yb)N (A), (Sm/Yb)N (B), (La/Sm)N (C) and Eu/Eu* (D) of apatite from the Linglong and Luanjiahe granites.
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(e.g., Deng et al., 2017; Liu et al., 2019; Zhu and Xu, 2019), suggest
that the magmatic water originated from the shallow Paleo-Pacific
oceanic crust beneath the NCC and Yangtze Craton (Figures
15B,C). The earliest mafic dikes (lamprophyre; ocean-island
basalt (OIB) type) in the NCC formed at ca. 155Ma
(Figure 15C) are interpreted to have originated from
subcontinental lithospheric mantle driven by asthenospheric
upwelling caused by slab roll-back setting (Jiang Y.-H. et al.,
2010; Deng et al., 2017; Liu et al., 2019; Liang et al., 2020). The
lower water contents of the Luanjiahe magma (Figure 7), suggest
that the Paleo-Pacific slab may have begun to sink or roll-back at ca.
155–152Ma causing a reduced input of associated with water the
subducted oceanic crust, due to an increasing distance from the slab
to continental crust (Figure 15C). Therefore, we provide new
constraints on the geodynamic setting in the Late Jurassic when
the Paleo-Pacific plate began to sink or roll-back, likely accompanied
by asthenospheric upwelling (e.g., Deng et al., 2017; Liu et al., 2019).

CONCLUSIONS

This paper presents new geochronological, geochemical, and
isotopic data for the Linglong and Luanjiahe granites and
related zircon and apatite to investigate the petrogenesis of
Late Jurassic granite. Zircon U-Pb dating shows that the
Linglong granite emplacement in the Jiabei terrane occurred at
ca. 158 Ma, whereas the Luanjiahe granite formed at ca. 152 Ma,
consistent with the intrusive contact relationships. The parental
magma for the Late Jurassic granites originated from the partial

melting of thickened ancient continental crust (NCC crust and
Yangtze crust) and underwent a decoupled assimilation-
fractional crystallization process to form the Linglong and
Luanjiahe granites. Apatite and zircon geochemistry data
indicate the two granites share similar oxygen fugacity, but the
parental magma for the Linglong granite contained much more
water than Luanjiahe. The above conclusions combined with the
subduction setting of the paleo-Pacific plate suggest the
occurrence of slab roll-back of a low-angle ocean slab and
accompanying asthenospheric upwelling at ca. 155–152 Ma.
Such a tectonic transition in the Late Jurassic perhaps
represents the initiation of the large-scale NCC reworking, as
the prolonged slab roll-back would cause the intense mantle-crust
interaction and reduce lithosphere strength and accelerate crustal
extension that facilitates lithosphere thinning of the craton.
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