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High-Mg adakite rocks preserve crucial information about the crust-mantle interactions during the magma evolution. The
Luxi Terrane, southeastern North China Craton, stores a set of Early Cretaceous high-Mg adakite rocks; nevertheless, their
petrogenesis remains controversial. In this study, we present new whole-rock geochemistry, zircon U-Pb-Hf isotopes in the
Tiezhai, Jinxingtou, and Sanshanyu complexes which are composed of gabbroic diorite, diorites, syenites, and monzonites. Field
observations and zircon U-Pb dating indicate that all of the rock units crystallized contemporaneously at ca. 125–120 Ma. They
are characterized by high Al2O3 and Sr contents, and low MgO, Y, Yb, and heavy rare earth elements contents, coupled with high
Sr/Y values (42–163), showing adakitic affinities. The magma mixing process is supported by the following ample evidence: (1)
the disequilibrium mineral textures and mafic enclaves; (2) high Mg# values (37–69, Mean = 58); and (3) widely zircons εHf(t)
values (−25.6 to +7.8). The signature geochemical characteristics support that the adakites were generated by magma mixing of
ancient crust-derived melts and relatively mafic melts from metasomatized mantle source. In combined with regional geology,
the Early Cretaceous high-Mg adakites in Luxi Terrane represent the magmatic response of intensive crust-mantle interaction
caused by the underplating of voluminous mantle-derived magma in an extension intracontinental setting.

1. Introduction
The traditional “Adakite” is referred to as intermediate-
felsic magmatic rock associated with young and hot
subduction and is characterized by high Sr/Y (>40) and
La/Yb (>20) ratios, depletion in Nb and Ta and a lack of
obvious Eu anomalies [1, 2]. In addition, some Meso‐
zoic intracontinental high-Mg adakitic rocks (HMARs)
with these geochemical signatures were detected in the
North China Craton (NCC) [3–6]. HMAR are character‐
ized by Mg# > 50 (molar Mg/[Mg+Fe]) and high Ni,
Cr, Sr, and Ba contents, low heavy rare earth element
(HREE), which are hypothesized to have resulted from
an interaction between the ascending felsic magmas and

the mantle peridotite [4, 5]. However, if the high-Mg
adakitic magmas observed in intracontinental environ‐
ments are not primitive, their high-Mg adakitic signa‐
tures might be related to alternative processes including
magma mixing and/or assimilation fractional crystalliza‐
tion (AFC) process [4, 7, 8]. These rocks and correspond‐
ing magmas can be termed as “High Sr/Y granitoids,” and
their geological implications are thus distinct from those
based on assumptions that they are primitive magmas
[6, 9–11]. Therefore, the petrogenetic mechanism of these
HMAR needs to be further investigated, and thus, we call
them “High Sr/Y granitoids” in this paper.

Situated at the Luxi Terrane, eastern of the NCC,
is characterized by widespread distribution of the Early
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Cretaceous adakite rocks and is considered a typical area to
study the process of crust-mantle interaction [4, 6, 11–13].
However, the petrogenesis of the Early Cretaceous “High
Sr/Y granitoids” in the Luxi Terrane remains controver‐
sial, resulting in the ambiguity of the geodynamic process
and mechanism. Based on previous studies, the generation
of the “High Sr/Y granitoids” rocks can be produced by
four possible models as follows: (1) partial melting of the
subducted oceanic crust and the magma assimilation with
the lower crust material of NCC [6, 14]; (2) magma mixing
coupled with AFC of the parental basaltic magma [4, 9, 15];
(3) partial melting of the mafic rocks from the thickened
lower crust [11, 13, 14, 16]; (4) partial melting of the
delaminated lower crust and subsequent interaction with
mantle peridotite [8, 17–19]. The complicated process of
crust-mantle resulted in the formation of multiple sources
of adakite rocks. Therefore, we present new geological,
petrological, whole-rock geochemical, zircon U-Pb, and
Lu-Hf isotopic data from a suite of gabbroic diorite, diorite,
and syenite in the Luxi Terrane, which were previously
explained to be adakitic rocks and originated from partial
melting of the enriched mantle and the magma assimilation
with ancient crust [20].

Our objective is to provide particular constraint on
crust-mantle interaction during the Early Cretaceous.
The systematic petrological observation, zircon U-Pb-Hf
isotopes, whole-rock geochemistry, and element modeling
support that the adakitic samples were predominantly
formed by the magma mixing of ancient crust-derived felsic
melts and metasomatized mantle-derived mafic melts. The
high-Mg adakitic porphyries in Jinxingtou, Tiezhai, and
Sanshanyu Complexes stand for the magmatic products
of intensive crust-mantle interaction induced by underplat‐
ing of voluminous mantle-derived magma in an extension
setting.

2. Geological Background
These “High Sr/Y” samples are located in the Luxi Terrane,
as adjacent to the Tan-Lu fault (Figure 1(a)). In order to
understand the geological context of the origin of these
samples, we summarize some key information of the Luxi
Terrane and the NCC as follows.

2.1. Regional Geology. The NCC is one of the world’s oldest
cratons [21–31] and has undergone significant lithospheric
thinning and decratonization (or destruction) in the
Mesozoic and Early Cenozoic eras [23, 32–35]. The thick
and enriched lithospheric mantle was strongly weakened
and gradually replaced by the thinner and depleted oceanic
mantle in the Early Cretaceous, evidenced by the mantle
xenoliths from the Paleozoic kimberlites and Cenozoic
basalts [23, 35–38]. The NCC is located in the northeastern
of China and composed of the eastern and western blocks
amalgamated by the Trans-North China Orogen, which was
also bounded by the Triassic Qinling-Dabie-Sulu Orogen
in the south and the Late Paleozoic-early Mesozoic Central
Asian Orogenic Belt in the north (Figure 1(b)) [21, 22,
27, 30, 31, 33, 39–41]. The NCC was cratonized at 1.85

Ga, and much of it had been stable up to the Triassic.
However, the eastern part of the NCC had been reactivated
since the early Mesozoic, as indicated by the occurrence of
voluminous Mesozoic magmatic rocks and the formation
of large-scale sedimentary basins. Most Mesozoic magmatic
rocks in the NCC have intermediate to felsic compositions,
with U-Pb zircon ages of 130–120 Ma, accompanied by
small amounts of coeval mafic rocks [33]. The voluminous
occurrence of Mesozoic HMARs in the eastern NCC has
been generally considered to represent partial melts of the
delaminated lowermost part of thickened continental crusts
at great depths [4, 18, 42].

The present research focuses on the Luxi Terrane, which
is a large uplifted region in the eastern blocks, separated
by the Tan-Lu fault [21, 24, 28]. Precambrian metamorphic
basement in the Luxi Terrane mainly contains supracrustal
sequences and large volumes of Archean intrusive rocks
(up to 90%), which commonly underwent greenschist to
lower amphibolite facies metamorphism [30, 31, 41–44].
These rocks are unconformably overlain by the upper part
of the Neoproterozoic Tumen Group, which is in turn
unconformably overlain by Cambrian to Ordovician shale,
sandstone and limestone, and Mesozoic to Cenozoic units
in the Jiaolai Basin [24, 39, 40].

The extensive adakitic magmatism in the Luxi Terrane
mainly occurred at 132–120 Ma, coincident with the
large-scale magmatism in Luxi Terrane (134, 119 Ma;
Figures 2(a) and 2(b)). By integrating the results obtained
from the published data, the ages of Late Mesozoic igneous
rocks in the Luxi Terrane can be divided into three groups:
(1) quartz monzonites and porphyritic syenites emplaced in
the Early Jurassic (185, 175 Ma); (2) mafic dykes emplaced
in the Late Jurassic (144, 143 Ma); and (3) emplaced in
134–119 Ma, mainly composed of granodiorites, monzon‐
ite, diorites, and gabbroic diorites [5, 6, 11, 14, 20, 45–
56]. The group (3) magma events corresponding to the
voluminous adakites indicate the crust-mantle interaction
reached culmination, and this process lasted until ca.
121 Ma when the enriched mantle was replaced by the
asthenosphere mantle of the NCC [34].

2.2. Field Geology. Based on our field work, the diorite,
syenite, and monzonite porphyry samples were collected
from the Tiezhai, Jinxingtou, and Sanshanyu complexes
(Figures 3(a) and 3(b)). The porphyries intruded into the
Precambrian basement and Paleozoic sediments, which
occurred as a dike in the field. The host rocks display
coarse-grained textures and numerous mafic magmatic
enclaves (MMEs) (Figures 4(a) and 4(b)).

The Tiezhai  Complex,  with  a  cover  area  of  40
km2,  is  located in  the  southwest  of  Linqu County  and
intruded in  an unconformity  contact  into  the  Precam‐
brian basement  and Neoarchean Tonalite-trondhjemite-
granodiorite  (TTG).  The intrusion consists  mainly  of
quartz  diorite  porphyry,  minor  monzonite,  and syenite
porphyry.  The quartz  monzonite  porphyry (129.0  ± 1.7
Ma) was  cut  through by the  quartz  monzonite  porphyry
(125.0  ± 1.6  Ma)  [56].  Laser-ablation inductively
coupled plasma mass  spectrometry  (LA-ICP-MS) zircon
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U-Pb ages  show that  this  complex was  emplaced at
125–129 Ma [14,  20,  47,  56,  57].

The Jinxingtou Complex, with an area of 11 km2,
is located in the central-eastern part of Luxi Terrane,
southeast of Yiyuan County, intruded the unconform‐
ity between the Precambrian basement and Paleozoic
limestone and shale. The intrusion mainly consists of
diorite porphyry, gabbroic diorite, and syenite porphyry
with Ar-Ar ages range from 120 to 121 Ma [58]. On the
basis of previous studies, we provided new zircon U-Pb age
and Lu-Hf isotope data and a new understanding of the
petrogenesis of the intrusions.

The Sanshanyu Complex is located in the Sanshanyu
village, 12 km2 away from the Tiezhai Complex. This
complex intruded the unconformity between the Pre‐
cambrian basement and Paleozoic limestone and shale,
consisting mainly of syenite and monzonite. These intrusive
rocks carry MMEs in the syenite and monzonite. The age
of the rocks from this complex has not been reported until
now.

3. Methods
Whole-rock geochemistry analyses were conducted at the
National Research Center for Geoanalysis, Beijing, China.

Major elements and trace elements, including rare earth
elements (REEs), were determined using standard X-ray
fluorescence (XRF) and inductively coupled plasma mass
spectrometry (ICP-MS) on a Finnigan MAT (Element I)
instrument. The XRF analysis’s accuracy is estimated to be
better than 1% for SiO2 and better than 2% for the other
oxides. The ICP-MS analyses yield accuracies better than 5%
for elements by multiple analyses of standards.

Zircon U-Pb geochronology was performed on an
LA-ICP-MS at the State Key Laboratory of Continental
Dynamics, Northwest University, Xi’an, China. Zircon U-Pb
analysis was performed using a Neptune MC-ICP-MS
equipped with a 193 nm excimer FX laser ablation system,
with spot sizes of 32 µm. The 91,500 zircons with a weighted
mean 206Pb/238U age of 1062.4 ± 5.9 Ma (2σ) and GJ-1 with
a weighted mean age of 599.5 ± 4.0 Ma (2σ) were used as
standards to monitor the ages of unknowns. Background
subtraction and correction for laser-induced fractionation
of U-Pb ratio signals were performed using Glitter 4.0.
Concordia diagrams were constructed using Isoplot 4.15
[59].

In-situ zircon Hf isotopic analysis was analyzed at the
State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan, China.
Zircon Hf isotopes were analyzed using a Neptune Plus

Figure 1: (a) Geological and tectonic framework of the NCC (modified from Reference 21). (b) Geological map of the Luxi Terrane
(modified from Reference 92). Abbreviations: SB = Siberia Block, XMOB = Xing-Meng orogenic belt, NCC = North China Craton, YC =
Yangtze Craton, PP = Pacific Plate, LX = Luxi Terrane, JB = Jiaobei Terrane, LD = Liaodong Peninsula, WL = Western Liaoning Province,
and TLF = Tan-Lu Fault.
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MC-ICP-MS in combination with a Geolas 2005 excimer
ArF laser ablation system with spot sizes of 44 µm and
a laser pulse frequency of 8–10 Hz. The initial 176Hf/177Hf
value of 0.282785 and 176Lu/177Hf value of 0.0336 were
calculated concerning the chondritic reservoir (CHUR)
[60]. Depleted mantle model ages (TDM) were calculated

regarding the depleted mantle at the present 176Hf/177Hf
value of 0.28325 and 176Lu/177Hf value of 0.0384 [61]. The
Hf isotope crustal model ages (TDMC) were calculated by
assuming that the samples’ parental magma was derived
from an average continental crust with a 176Lu/177Hf value
of 0.015 and originated from a depleted mantle source [61].

Figure 2: Spatial and temporal distribution map of the Mesozoic intrusive rocks in the Luxi Terrane (a, modified after Reference 93).
(b) Histogram and probability curves of age from the Early Cretaceous intrusive rocks compiled from previous studies and this study in
Luxi Terrane. Data sources: [3, 6, 11, 14, 17, 20, 45–53, 92, 94].

Figure 3: (a) Geological sketch map of the Tiezhai and Sanshanyu complexes (modified from Reference 20). (b) Geological sketch map of
the Jinxingtou Complex (modified from Reference 58).
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Off-line selection and integration of analyte signals were
performed using ICP-MS Data Cal [62].

4. Results
4.1. Petrography. Three samples were collected from the
Tiezhai Complex, 4 samples were collected from the
Jinxingtou Complex, and 4 samples were collected from the
Sanshanyu Complex (Table 1).

4.1.1. Tiezhai Complex. Two samples from the Tiezhai
Complex are diorite with porphyritic texture. The dio‐
rites (Sample TZ16D03B2 and TZ16D04B2) were collected
from the Yangtao and Maozihe village and are grayish
green. They have a major mineral association of feldspar
55 vol.%, amphibole 25 vol.%, and quartz 3 vol.%, with
accessory minerals of ilmenite, magnetite, zircon, and
titanite <3% (Figure 5(a)). The plagioclase phenocrysts
show grain sizes of 0.5–1.2 mm, and the matrix displays
a fine-grained texture of 0.2–0.5 mm. The matrix consists
of feldspar, quartz, and biotite 25 vol.%. The syenite Sample
TZ16D07B1, collected from the Shanziyu village, is dark
grayish and shows a medium-grained porphyritic texture.
They have a major mineral association of feldspar 60 vol.%,
amphibole 20 vol.%, quartz 3 vol.%, biotite <3%, and with
zircon and magnetite as the accessory minerals. Feldspars
are mainly composed of albite 1–5 mm, 30 vol.% and
K-feldspar 0.5–5 mm, 30 vol.%. The matrix consists of
feldspar and amphibole ~15 vol.%.

4.1.2. Jinxingtou Complex. The samples from the Jinxingtou
Complex are gabbroic diorite and diorite with porphyritic

texture. The gabbroic diorite (Sample JX16D01B1) was
collected from the Majialing village and is grayish green.
The pyroxene phenocrysts show grain sizes of 1–5 mm, and
the matrix displays a fine-grained texture of 0.5–0.8 mm.
They have a major mineral association of plagioclase
65 vol.% pyroxene 20%, amphibole 10 vol.%, quartz 3 vol.%,
and zircon and magnetite <3% as the accessory mineral
(Figure 5(a)).

The diorite Samples JX16D02B1, JX16D03B1, and
JX16D03B3 that were collected from Xiyaozizhai and
Maoziyu villages were green grayish with porphyritic
texture. The enclaves enclosed in the diorite host are mainly
composed of hornblende and plagioclase (Figures 4(e)–
4(f)). The diorites are normally fine-grained at locations
without mafic enclaves. The feldspar phenocrysts show
grain sizes of 1–1.5 mm, and the matrix displays a fine-
grained texture of 0.2–0.5 mm. They have a major mineral
association of plagioclase 40 vol.%, amphibole 25 vol.%,
quartz 3 vol.%, and zircon and magnetite <3% as the
accessory minerals. The matrix consists of feldspar and
amphibole ~30 vol.% (Figure 5(a)).

4.1.3. Sanshanyu Complex. The Sanshanyu complex is
composed of syenite, monzogranite, and MMEs within
them. Both the MMEs in the monzogranites and syen‐
ites are globular, ellipsoidal, or lenticular with heterogene‐
ous orientation and lengths ranging from 5 cm to tens
of centimeters and occasionally up to 30 cm. The syen‐
ites (Sample SSY16D01B1 and SSY16D01B2) are grayish
yellow in color and show porphyritic texture. The albite
and subordinate K-feldspar phenocrysts show grain sizes
of 1–8 mm and 0.6–5.0 mm, respectively, and the matrix

Figure 4: Representative photographs of hand specimens (a and b), and photomicrographs under cross-polarized light (c–f) showing the
petrographic characteristics of the samples from the Luxi Terrane. (a and b) MME (mafic magmatic enclaves, marked by the red line)
within porphyries and the sharp contact between them; (c) porphyritic syenite in which hornblende has well crystal shape; (d) Plagioclase
showing obvious oscillatory zoning texture; (e and f) The hornblende gabbro is mingled enclaves enclosed in diorite host, and the pyroxene
has been replaced by amphibole and biotite. Abbreviations: Bt = biotite; Hbl = hornblende; Pl = plagioclase; Qtz = quartz.
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displays a fine-grained texture of 0.1–0.5 mm. They have
a major mineral association of albite 15 vol.%, K-feldspar
20 vol.%, amphibole 25 vol.%, quartz 3% vol.%, and zircon
and magnetite <3% as the accessory minerals. The matrix
consists of feldspar ~30 vol.% (Figure 5(a)).

The monzonites (Sample SSY16D02B1 and
SSY16D02B3) are green grayish with a porphyritic texture.
The plagioclase and K- feldspar phenocrysts show grain
sizes of 0.5–5 mm and 0.1–5 mm, respectively, and the
matrix displays a fine-grained texture of 0.2–0.5 mm. They

Table 1: Rock types, locations, and mineralogy of samples from the Tiezhai, Jinxingtou, and Sanshanyu complexes in the Luxi Terrane.

No. Samples Rock types Locality GPS readings Mineralogy

1 TZ16D03B2 Diorite porphyry Yangtao village N 36°20′36″;
E 118°18′47″

Pl + Hbl + Qtz + Bt + Mt

2 TZ16D4B2 Diorite Miaozihe village N 36°20′22″;
E 118°18′53″

Pl + Hbl + Qtz + Bt + Mt

3 TZ16D07B1 Monzonite porphyry Shanziyu village N 35°21′50″;
E 118°18′05″

Kfs + Ab + Qtz + Hbl + Mt

4 JX16D01B1 Diabase porphyry Majialing village N 35°57′40″;
E 118°14′04″

Px + Pl + Qtz + Mt

5 JX16D02B1 Diorite porphyry Xiyaozhai village N 35°57′24″;
E 118°14′27″

Pl + Kfs + Qtz + Hbl + Mt

6 JX16D03B1 Diorite porphyry Maoziyu village N 35°57′49″;
E 118°13′36″

Pl + Kfs + Qtz + Hbl + Mt

7 JX16D03B3 Diorite porphyry Maoziyu village N 35°57′47″;
E 118°13′15″

Pl + Kfs + Qtz + Hbl + Mt

8 SSY16D01B1 Syenite porphyry Sanshanyu village N 36°17′17″;
E 118°35′19″

Pl + Kfs + Qtz + Bt + Hbl + Mt

9 SSY16D01B2 Syenite porphyry Sanshanyu village N 36°17′17″;
E 118°35′19″

Pl + Kfs + Qtz + Hbl + Mt

10 SSY16D02B1 Monzonite porphyry Sanshanyu village N 36°16′21″;
E 118°35′34″

Pl + Qtz + Hbl + Mt

11 SSY16D02B3 Monzonite porphyry Sanshanyu village N 36°16′21″;
E 118°35′34″

Pl + Qtz + Hbl + Mt

Qtz = quartz; Hbl = hornblende; Bt = biotite; Mt = magnetite; Kfs = K-feldspar; Pl = plagioclase

Figure 5: (a) Quartz-Alikali Plagioclase diagram [95]. (1) Alkali feldspar syenite; (2) quartz alkali feldspar syenite; (3) alkali feldspar
granite; (4) quartzolite; (5) monzodiorite or monzogabbro; (6) quartz monzodiorite or quartz monzogabbro; (7) diorite, gabbro, or
anorthosite; (8) quartz diorite, quartz gabbro, or quartz anorthosite; (9) trondhjemite. (b) Ba/Nb versus La/Nb plot showing that the “High
Sr/Y granitoids” is characterized by high Ba/Nb and La/Nb ratios, falling in the field of arc volcanics. CC = continental crust and clastic
sediment average [96]; MORB and OIB [97]; fields of arc volcanic rocks are from Reference 98.
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have a major mineral association of plagioclase 25 vol.%, K-
feldspar 20 vol.%, amphibole 20 vol.%, quartz <3 vol.%, and
zircon and magnetite as the accessory minerals. The matrix
consists of feldspar and quartz ~30 vol.% (Figure 5(a)).

4.2. Whole-Rock Geochemistry. The major and trace element
compositions of eleven samples, including gabbroic diorite,
diorite, monzonite, and syenite, are shown in Table 2.

The gabbroic diorite (Sample JX16D01B1) is character‐
ized by low SiO2 (52.1 wt%), high MgO (8.8 wt%), TFeO
(9.4 wt%), Cr (420 ppm), and Ni (95 ppm) concentrations
and Mg# values (62). The rock is plotted in the gabbro fields
in the total alkalis versus silica (TAS) diagram (Figure 6(a))
and belongs to the high-K calc-alkaline series (Figure 6(b)).
It also shows enrichment in LREE ([La/Yb]N = 5.11) with
no obvious Eu anomalies (δEu = 0.9) on chondrite-normal‐
ized REE patterns (Figure 6(e)). In the primitive mantle-
normalized multielement diagram (Figure 6(f)), this sample
exhibit negative Nb, Ta, and Ti anomalies and positive
anomalies in large ion lithophile elements (LILEs; Ba, Rb,
Pb, and K).

The diorite samples (Samples TZ16D03B2, TZ16D04B2,
JX16D02B1, JX16D03B1, and JX16D03B3) are characterized
by SiO2 (57.6, 63.3 wt%), low MgO (2.75, 4.79 wt%), TFeO
(3.9, 6.5 wt%), Cr (84, 211 ppm), and Ni (30.9, 50.7 ppm)
concentrations and Mg# values (55–69). The rocks are plotted
in the diorite fields in the TAS diagram (Figure 6(a)), belong to
the high-K calc-alkaline and calc-alkaline series (Figure 6(b)),
and commonly plot in the peraluminous field (Figure 6(c)).
On a chondrite-normalized REEs pattern, they are enriched
in LREE ([La/Yb]N = 8.9–13.9) with no obvious Eu anomalies
(δEu = 0.93–1.04; Figure 6(e)). In the primitive mantle-nor‐
malized multielement diagram (Figure 6(f)), they exhibit
negative Nb, Ta, and Ti anomalies and positive anomalies in
LILEs (Ba, Rb, Pb, and K).

The syenite samples (Samples TZ16D07B1,
SSY16D01B1, and SSY16D01B2) are characterized by SiO2
(64.2, 65.9 wt%), low MgO (0.7, 3.9 wt%), TFeO (2.2,
4.2 wt%), Cr (20.6, 218 ppm), and Ni (5.4, 61.3 ppm)
concentrations and Mg# values (37–62). The rocks are
plotted in the syenite fields in the TAS diagram (Figure
6(a)), belong to the high-K calc-alkaline series (Figure 6(b)),
and commonly plot in the peraluminous field (Figure 6(c)).
Syenite samples are also LREE enriched ([La/Yb]N = 13.6–
33.5) with no obvious Eu anomalies (δEu = 1.02–1.09,
Figure 6(e)). In the primitive mantle-normalized multiele‐
ment diagram (Figure 6(f)), they exhibit negative Nb, Ta,
and Ti anomalies and positive anomalies in LILEs (Ba, Rb,
Pb, and K).

The monzonite samples (Samples SSY16D02B1 and
SSY16D02B3) are characterized by SiO2 (61.9, 64.9 wt%),
MgO (3.2, 4.3 wt%), TFeO (3.5, 4.3 wt%), Cr (184, 271
ppm), and Ni (53.0, 80.6 ppm) concentrations and Mg#

values (62–64). The rocks are plotted in the syenite fields
in the TAS diagram (Figure 6(a)), belong to the high-
K calc-alkaline series (Figure 6(b)), and are commonly
plotted in the peraluminous field (Figure 6(c)). In the
primitive mantle-normalized multielement diagram (Figure
6(e)), they exhibit negative Nb, Ta, and Ti anomalies and

positive anomalies in LILEs (Ba, Rb, Pb, and K). They show
LREE-enriched REEs patterns ([La/Yb]N =13.6–33.5) with
no obvious Eu anomalies (δEu = 1.02–1.09, Figure 6(f)).

4.3. Zircon U-Pb Dating. LA-ICP-MS zircon U-Pb
geochronology analysis was conducted on 8 samples from
the Tiezhai, Sanshanyu, and Jinxingtou complexes (Figures
7(a)–7(h)). The zircon U-Pb dating results are listed in
Table 3.

4.3.1. The Diorite (Sample TZ16D03B2, TZ16D04B2,
JX16D02B1, and JX16D03B1). Zircons from the diorite
porphyry sample (Sample TZ16D03B2) display magmatic
oscillatory zoning without dark residual cores (Figure 7(a)).
The grains are colorless or dark brownish, with a maximum
length of 100 µm and a length-to-width ratio of 1.5:1 to
1:1. The zircon grains show an extensive range of Th (7,
2341 ppm) and U (9, 1164 ppm) contents, with Th/U ratios
varying from 0.05 to 2.3. Fifteen concordant spots yield a
weighted mean 206Pb/ 238U age of 125 ± 1 Ma (MSWD =
0.33), and three xenocrystic grains yield 207Pb/206Pb ages of
2513, 2354, and 2512 Ma.

Zircon grains from the diorite sample (Sample
TZ16D04B2) show magmatic oscillatory zoning, with a
maximum length of 150 µm and a length-to-width ratio
of 2:1 to 1:1 (Figure 7(b)). Fifteen analyzed spots have
Th contents in the range of 149–1149 ppm, U contents in
the range of 147–1937 ppm, and Th/U values of 0.3–1.79.
They yield a weighted mean 206Pb/238U age of 123 ± 1 Ma
(MSWD = 1.6).

Sixteen zircon grains from the diorite porphyry
sample (sample JX1602B1) were obtained for zircon U-Pb
geochronology (Figure 7(d)). The grains are colorless or
dark brownish, with a clear core-rim structure and a
maximum length of 150 µm and a length-to-width ratio
of 1.5:1 to 1:1. Twenty spots show 78–446 ppm Th and 8–
828 ppm U with Th/U values of 0.2–1.4. Ten spots yield a
weighted mean 206Pb/238U age of 120 ± 1 Ma (MSWD = 1.3).
Ten other spots define a weighted mean 207Pb/206Pb age of
2529 ± 6 Ma.

Zircon grains from the diorite porphyry sample (sample
JX16D03B1) show a large range of Th (31, 696 ppm) and
U (74, 949 ppm) contents, with Th/U ratios varying from
0.1 to 6.3 (Figure 7(e)). Based on 17 concordant spots,
a weighted mean 206Pb/238U age of 122 ± 1 Ma (MSWD
= 0.82) is obtained. Three xenocrystic grains yielded 207Pb/
206Pb ages of 2551, 2505, and 2493 Ma (spot 1, 4, and 18).

4.3.2. The Syenite Samples (Samples TZ16D07B1,
SSY16D01B1, and SSY16D01B2). The zircon grains from
the syenite porphyry sample (Sample TZ16D07B1) were
obtained for zircon U-Pb geochronology (Figure 7(c)).
Seventeen grains are colorless or dark brownish, with
a clear core-rim structure and a maximum length of
200 µm and a length-to-width ratio of 2:1 to 1:1.
Seventeen analyzed spots have Th contents in the range
of 73–346 ppm, U contents in the range of 371–818 ppm,
and Th/U values of 0.07–0.67. Seventeen concordant data
points form a tight cluster with a weighted mean 206Pb/
238U age of 123 ± 1 Ma (MSWD = 1.4).
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The zircon grains from the syenite porphyry sample
(sample SSYD01B1) display magmatic oscillatory zoning
without dark residual cores (Figure 7(f)). The zircon grains
show an extensive range of Th (42, 350 ppm) and U (345,
914 ppm) contents, with Th/U ratios varying from 0.2 to
0.4. Twenty spots yield a weighted mean age 206Pb/238U age
of 124 ± 1 Ma (MSWD = 0.93).

Zircons from the syenite porphyry sample (Sample
SSYD01B2) are brown and range in size up to 100 × 200
μm with a length-to-width ratio of around 2:1 (Figure 7(g)).
They are generally euhedral to subhedral, and some grains

have cloudy or patchy zoning. Twenty analyzed spots have
Th contents in the range of 80–255 ppm, U contents in the
range of 342–904 ppm, and Th/U values of 0.15–0.5. Twenty
concordant spots yield a weighted mean 206Pb/238U age of
123 ± 1 Ma (MSWD = 1.7).

4.3.3. The Monzonite Sample (Sample SSY16D02B1). Zircons
from the monzonite sample (Sample SSY16D02B1) are mostly
brownish and range in size of 100 × 200 μm with a length-to-
width ratio of around 2:1 (Figure 7(h)). They show euhedral
to subhedral morphology, and some grains display patchy or

Figure 6: Geochemical signatures of “High Sr/Y granitoids” in the Luxi Terrane. (a) TAS diagram [97]; (b) K2O versus SiO2 diagram
[99]; (c) A/CNK versus SiO2 diagram. (d) Plot of TiO2 versus FeOT + MgO. (e) Chondrite-normalized rare earth elements patterns [64].
(f) Primitive mantle-normalized spider diagrams [100].
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clouded zoning. Twenty analyzed spots have Th contents in the
range of 61–259 ppm, U contents in the range of 398–806 ppm,

and Th/U values of 0.1–0.4. Eleven concordant spots yield a
weighted mean 206Pb/238U age of 123 ± 1 Ma (MSWD = 0.89).

Figure 7: Cathodoluminescence images of representative zircons and zircon U-Pb concordia plots. The samples from the Tiezhai
Complex: (a) TZ16D03B2, (b) TZ16D04B2, and (c)TZ16D07B1; the samples from the Jinxingtou Complex: (d) JX16D02B1 and
(e) JX16D03B1; the samples from the Sanshanyu Complex: (f) SSY16D01B1; (g) SSY16D01B2; (h) SSY16D02B1. The larger green circle
represents the spot of Lu-Hf analysis, and the smaller red circle represents the spot of U-Pb analysis. Spot number, U-Pb age in Ma, and the
εHf(t) values are shown below of the zircons.
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4.4. Lu-Hf Isotopes. Eight dated samples were also analyzed
for Lu-Hf isotope compositions within the same dated
zircon domains. The REE zircon data of samples are shown
in Table 4. The analytical results and calculation parameters
are listed in Table 5. The fLu/Hf values of all the analysis
spots concentrate on −0.95, which is lower than those of the
mafic lower crust with a value of −0.34 and felsic upper
crust with a value of −0.72 [63]. The 176Lu/177Hf analyses are
<0.002.

When corrected to their respective magmatic crystalliza‐
tion ages, all these samples show εHf (t1) values close to
the (CHUR) evolution line (Figure 8). The diorites (sample
JX1602B1 and JX16D03B1) show εHf (t1= 120–125 Ma)
values from –9.1 to 0.9 with TDMC ages of 1674–1733
Ma and εHf (t2= 2505–2539 Ma) 2.5–4.6 with TDMC ages
of 2676–2756 Ma. The diorites (Sample TZ16D03B2 and
TZ16D04B2) yield εHf(t1) values between –0.9 and 7.8 with
(TDMC) of 658–1206 Ma. Analogously, the syenite porphyry
(Sample SSYD01B1, SSYD01B2, and Sample TZ16D07B1)
and monzonite (Sample SSY16D02B1) show εHf (t1) values
from –5.2 to 0.5 with TDMC ages of 745–1645 Ma. And
two spots of (Sample TZ16D07B1) yield εHf (t1) values of
–25.5 and –25.6.

5. Discussion
5.1. Petrogenesis

5.1.1. Magma Mixing Between Mafic and Felsic Melts. The
Jinxingtou, Tiezhai, and Sanshanyu complexes possess
similar geochronological, geological, and petrological
features, suggesting that they are comagmatic and formed
in the same tectonic thermal event [20, 56, 58]. Crus‐
tal assimilation and fractional crystallization may occur
synchronously during magma ascent [47]. Among the
zircon grains of these “High Sr/Y granitoids” in Luxi
Terrane, inherited zircon cores from basement rocks of
NCC might suggest the presence of crustal contamination
during magma ascent [6]. The involvement of continen‐
tal components is also indicated by the crust-like trace
element features, including enrichment in LILEs and
LREEs, positive Pb anomalies and depletion in HFSEs,
and negative Nb-Ta anomalies. However, the high Sr (480,
1107 ppm) and Ba (445, 1282 ppm) preclude any signif‐
icant input of crustal components. In addition, higher
Lu/Yb ratios (0.16, 0.18) are considered as an indicator of
crustal involvement [64], whereas our data display only a
lower range of 0.14–0.15 indicating minor effects of crustal
contamination.

Now we consider the fractional crystallization process
which is another important factor. In the Harker
diagram, the major elements of the samples display
a trend of fractional crystallization process (Figure 9).
This is consistent with the mantle-derived amphibole
enclaves in the Luxi Terrane [65]. The amphibole-bear‐
ing cumulates within the MMEs are most likely to
be homologous with the host rock and derived from
the fractional crystallization of diorite magma in the

magma chamber [20, 56, 65, 66]. Based on petrography
and geochemical characteristics, previous studies indicate
that parental magma of the Early Cretaceous intrusions
may have been sourced from the partial melting of the
enriched mantle and the assimilation of some ancient
crustal materials [14, 19, 20, 23, 35, 56, 67]. However,
several lines of evidence lead us to support that these
“High Sr/Y granitoids” in the Luxi Terrane could have
been formed by magma mixing/mingling of the basic
and felsic end-members [4].

(1) Plagioclase mineral evidence. Crystallization within
a closed system cannot lead to structural
disequilibrium observed in plagioclases of these
“High Sr/Y granites” (Figure 4(d)). The overgrowth
rim can be observed in the samples, suggesting the
reaction between silicic and relatively mafic magma
[68]. In addition, quartz monzonite in the Tiezhai
Complex containing plagioclase phenocrysts
featured by compositional zoning with high Ca
content in the core (~31 An%) and contrasting low
Ca content in the rim zone (~18 An%) [20, 56]. The
plagioclase cores are interpreted as relict An-rich
plagioclase grains initially in equilibrium with the
gabbronoritic magma.

(2) Major element evidence. A high Mg# value (49–73)
is a useful parameter for discriminating purely crust-
derived magma from those that have involved the
mantle-derived component [4, 68]. The Mg numbers
of the adakitic rocks of the Luxi Terrane, regardless
of high- or low-SiO2 variety, are basically higher
than those of experimental melts from basalts at the
same silica contents (Figures 10(a) and 10(b) [36]).
Therefore, a sole thickened mafic lower crust source
is unreasonable, and the addition of high-Mg
lithospheric mantle-derived mafic magma is
required. Few adakite samples with relatively low
Mg# content such as monzonite (TZ16D07B1, Mg# =
37) were considered to be the result of crystallization
differentiation of magnetite [20, 56]. In addition, the
increasing Fe + Mg contents would be expected due
to the basification of relatively felsic magma [69]. In
this study, the positive correlation of FeOT + MgO
and TiO2 contents is also in favor of magma mixing
between mantle-derived mafic magma and crust-
derived felsic melts (Figure 6(d); [70]).

(3) Trace element evidence. The “High Sr/Y granitoids”
in the Luxi Terrane display limited fractionated
LREE patterns relative to MREE ([La/Sm]N = 2.19–
3.90; Figure 6(f)), thus indicating the limited
fractionation of MREE-enriched minerals (e.g.,
hornblende, clinopyroxene, and apatite) [71]. Eu
anomaly is also of significance to trace the crustal
evolution and exchange between crust and mantle
[72]. They have negligible Eu anomalies in the REE
patterns, suggesting mantle derived and insignificant
plagioclase fractional crystallization in parental
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Table 5: Lu-Hf isotopic compositions of samples from the Tiezhai, Jinxingtou, and Sanshanyu complexes in the Luxi Terrane.

Spots Ages (Ma)1 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(t) TDM (Ma) TDMC (Ma) fLu/Hf

TZ16D03B2
1 125 0.072652 0.001668 0.282795 0.000022 3 659 963 -0.95
2 125 0.118597 0.003054 0.282834 0.000040 4.3 626 882 -0.91
3 125 0.090907 0.002068 0.282832 0.000031 4.3 613 882 -0.94
4 125 0.279132 0.007413 0.282889 0.000124 5.8 621 782 -0.78
5 125 0.087712 0.002084 0.282910 0.000041 7 499 706 -0.94
6 125 0.115654 0.003587 0.282913 0.000053 7 516 707 -0.89
7 2512 0.032602 0.000776 0.281457 0.000023 8.8 2493 2483 -0.98
8 247.6 0.043865 0.000871 0.282726 0.000023 3.3 743 1043 -0.97
9 125 0.034709 0.003095 0.282868 0.000092 5.5 577 806 -0.91
10 125 0.108762 0.002218 0.282931 0.000032 7.8 470 658 -0.93
TZ16D04B2
1 123 0.106222 0.002131 0.282904 0.000038 6.8 509 721 -0.94
2 123 0.157252 0.005431 0.282685 0.000064 -1.2 910 1231 -0.84
3 123 0.102010 0.002047 0.282854 0.000033 5 580 833 -0.94
4 123 0.341220 0.009373 0.282790 0.000114 2.1 843 1016 -0.72
5 301 0.147682 0.002937 0.283119 0.000042 18 197 143 -0.91
6 123 0.105434 0.001972 0.282893 0.000024 6.4 523 745 -0.94
7 123 0.073933 0.001477 0.282802 0.000026 3.2 646 948 -0.96
8 123 0.094377 0.001885 0.282747 0.000032 1.2 733 1075 -0.94
9 123 0.263562 0.007398 0.282701 0.000069 -0.9 941 1206 -0.78
10 123 0.069743 0.001419 0.282773 0.000031 2.2 687 1014 -0.96
TZ16D07B1
1 123 0.015357 0.000352 0.282687 0.000023 -0.8 787 1203 -0.99
2 123 0.013346 0.000310 0.282704 0.000020 -0.2 762 1164 -0.99
3 123 0.032492 0.000674 0.281989 0.000051 -26 1761 2763 -0.98
4 123 0.036620 0.000813 0.282810 0.000016 3.6 623 927 -0.98
5 123 0.020400 0.000450 0.282678 0.000026 -1.1 801 1223 -0.99
6 123 0.021276 0.000486 0.282633 0.000022 -2.7 865 1326 -0.99
7 123 0.038046 0.000836 0.281986 0.000018 -26 1772 2771 -0.97
8 123 0.024856 0.000519 0.282735 0.000038 0.9 723 1094 -0.98
9 203 0.020267 0.000463 0.282657 0.000022 -0.1 831 1220 -0.99
10 123 0.021485 0.000495 0.282696 0.000015 -0.5 778 1183 -0.99
JX16D02B1
1 122 0.051045 0.000993 0.282475 0.000038 -8.3 1098 1682 -0.97
2 2539 0.020265 0.000428 0.281304 0.000018 4.6 2676 2762 -0.99
3 2539 0.017748 0.000372 0.281287 0.000019 4.1 2695 2793 -0.99
4 2539 0.014129 0.000338 0.281277 0.000017 3.8 2707 2813 -0.99
5 2539 0.018096 0.000356 0.281264 0.000014 3.3 2726 2843 -0.99
6 2539 0.012273 0.000262 0.281294 0.000020 4.5 2679 2766 -0.99
7 122 0.015667 0.000347 0.282451 0.000020 -9.1 1113 1733 -0.99
8 2539 0.020978 0.000462 0.281247 0.000018 2.5 2756 2891 -0.99
9 122 0.039370 0.000804 0.282494 0.000020 -7.6 1066 1639 -0.98
10 122 0.011390 0.000960 0.282479 0.000119 -8.2 1092 1674 -0.97

(Continued)
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Table 5: Continued

Spots Ages (Ma)1 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(t) TDM (Ma) TDMC (Ma) fLu/Hf

JX16D03B1
1 120 0.066351 0.001166 0.282597 0.000252 -4.1 932 1411 -0.96
2 120 0.036303 0.000908 0.282606 0.000105 -3.7 913 1390 -0.97
3 120 0.078015 0.001398 0.282763 0.000065 1.8 700 1037 -0.96
4 120 0.045640 0.000906 0.282598 0.000043 -4 924 1408 -0.97
5 120 0.062495 0.001437 0.282740 0.000026 1 734 1090 -0.96
6 120 0.026911 0.000507 0.282602 0.000362 -3.9 909 1397 -0.98
7 120 0.036690 0.000808 0.282606 0.000021 -3.7 909 1388 -0.98
8 2505 0.016868 0.000370 0.281290 0.000024 3.4 2692 2809 -0.99
9 120 0.059254 0.001313 0.282715 0.000027 0.1 767 1145 -0.96
10 120 0.028714 0.000545 0.282800 0.000367 3.1 633 950 -0.98
SSY16D01B1
1 125 0.054035 0.001107 0.282677 0.000020 -1.1 817 1228 -0.97
2 125 0.015981 0.000347 0.282678 0.000019 -1 799 1221 -0.99
3 125 0.034463 0.000757 0.282627 0.000021 -2.9 879 1339 -0.98
4 125 0.038729 0.000805 0.282659 0.000018 -1.8 836 1267 -0.98
5 125 0.033168 0.000736 0.282643 0.000022 -2.3 856 1302 -0.98
6 125 0.046165 0.000964 0.282625 0.000019 -3 887 1343 -0.97
7 125 0.047487 0.001264 0.282639 0.000021 -2.5 873 1313 -0.96
8 125 0.035729 0.000918 0.282629 0.000018 -2.8 880 1335 -0.97
9 125 0.023859 0.000517 0.282629 0.000017 -2.8 870 1332 -0.98
10 125 0.021412 0.000448 0.282723 0.000020 0.5 739 1121 -0.99
SSY16D01B2
1 123 0.039803 0.000841 0.282630 0.000020 -2.8 876 1332 -0.97
2 123 0.040748 0.000921 0.282703 0.000021 -0.2 776 1168 -0.97
3 123 0.053411 0.000988 0.282722 0.000027 0.4 750 1126 -0.97
4 123 0.028395 0.000658 0.282693 0.000020 -0.6 785 1190 -0.98
5 123 0.017278 0.000389 0.282714 0.000020 0.2 750 1142 -0.99
6 123 0.039797 0.000845 0.282644 0.000019 -2.3 858 1302 -0.97
7 123 0.044581 0.000995 0.282562 0.000029 -5.2 976 1487 -0.97
8 123 0.025074 0.000555 0.282706 0.000013 -0.1 765 1161 -0.98
9 123 0.017362 0.000389 0.282570 0.000016 -4.9 949 1465 -0.99
10 123 0.022783 0.000502 0.282757 0.000024 1.7 692 1045 -0.98
SSY16D02B1
1 123 0.036139 0.000752 0.282616 0.000019 -3.3 895 1364 -0.98
2 123 0.041579 0.001114 0.282620 0.000053 -3.2 898 1358 -0.97
3 123 0.040736 0.000853 0.282671 0.000017 -1.4 819 1240 -0.97
4 123 0.034399 0.000752 0.282676 0.000018 -1.2 811 1230 -0.98
5 123 0.032626 0.000694 0.282629 0.000019 -2.9 876 1336 -0.98
6 123 0.019681 0.000584 0.282644 0.000034 -2.3 851 1300 -0.98
7 123 0.040946 0.000853 0.282615 0.000017 -3.4 899 1368 -0.97
8 123 0.006591 0.000551 0.282574 0.000053 -4.8 949 1458 -0.98
9 123 0.038720 0.000850 0.282623 0.000014 -3.1 887 1348 -0.97

(Continued)
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magmas [73]. In the MgO, Th/Ce and Yb versus
SiO2 plots, most samples fall in the field of the
delaminated lower crust-derived adakitic rocks,
indicating that adakitic magma passed through the
lithospheric mantle and react with mantle peridotite
as they rise (Figures 10(a)–10(d); [74]). In addition,
the high Sr/Y and La/Yb concentrations for residual
melts could be mainly controlled by magma mixing
rather than fractional crystallization, evidenced by
no obvious correlation between the Sr/Y, La/Yb
ratios, and SiO2 in the adakitic samples in the Luxi
Terrane (Figures 11(a) and 11(b); [4]). The Nb/Ta
ratios of “High Sr/Y granitoids” (14.68, 28.29,
average value = 17.62) are obviously higher than the
average value of lower crust (8.3) [64], also ruling
out the possibility of thickened mafic lower crust
source. In addition, geochemical modeling reveals
that these samples also display magma mixing trends
in the Th versus Th/V and 1 /V versus Sm/V
diagrams, where Th and Sm act as CI elements and V
acts as a CC element (Figures 11(c) and 11(d)).

(4) Isotopic evidence. In this study, the εHf (t1) values of
the syenites can be divided into two groups: (−25.5
to −25.6) with TDMC ages = (2.76, 2.77 Ga) and
(−4.9, 3.6) with TDMC ages = (927, 1487 Ma). A huge
variation of Hf isotope indicates the involvement of
the magma derived from the reworking of the
ancient basement. In addition, the wide range of εHf
(t1) values (from −31.4 to +7.8) of the Early
Cretaceous adakites in the Luxi Terrane is
intermediate between those of completely mantle-
derived lamproites (from −0.9 to +2.7) and Jurassic
diorites in Tongshi Complex (−27, −16), further
supporting a hybrid origin (Figure 8).

To sum up, we propose that the “High Sr/Y Granitoids”
in Luxi Terrane were formed by magma mixing of mafic
and felsic melts. In addition, previous studies believed that
the high Sr/Y geochemical characteristics can be interpreted
by: (1) the presence of garnet as a residual or fractionating
phase [15, 75] or (2) plagioclase + amphibole + clinopyr‐
oxene accumulation and interstitial melt loss in “crystal

Table 5: Continued

Spots Ages (Ma)1 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ εHf(t) TDM (Ma) TDMC (Ma) fLu/Hf

10 123 0.044048 0.000934 0.282673 0.000017 -1.3 818 1236 -0.97
1Calculated age for εHf(t) values.

Figure 8: Zircon εHf (t1) values versus U-Pb ages from the igneous rocks. Data sources: Tiezhai Complex ( References 8, 52; this study);
Liujing and Mengyin porphyries [6]; Tietonggou Complex [50]; Zichuan mafic dykes [17]; Jinling, Zouping and Jinan mafic dykes [48, 51];
Tongshi and Tongjing complexes [3, 57]; Yinan Complex [48]; Jiaodong diabase porphyry [34]; Sanshanyu and Jinxingtou complexes (this
study).
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mush model” [76]. The blue field in which some “High Sr/Y
Granitoids” fell can be interpreted to reflect varying degrees
of plagioclase + amphibole + clinopyroxene accumulation
[76]. Meanwhile, the high Sr/Y rocks also plot between the
partial melting curves for garnet amphibolite and amphibo‐
lite restites (Figures 10(e) and 10(f)). Therefore, both the
two fractionation crystallization processes may exist in the
magma emplacement, but magma mixing still dominates.
Thus, it is difficult to further discuss fractional crystalliza‐
tion under the background of the magma mixing process.

5.1.2. Source Characteristics of Mafic and Felsic End-
Members. Macroscale evidence leads us to support that
the High Sr/Y granitoids were predominantly generated
by magma mixing between relatively mafic magma and
felsic melts. Melting of such a magma source would yield
a melt in which the major elements are dominated by
mantle components, while the trace elements and isotopic
compositions are governed by the crustal components [4].
Therefore, we present the following discussions about the
characteristics of mafic and felsic end-members.

The mafic intrusions (SiO2 < 53%) such as gabbroic
diorites and gabbro have widely εHf(t1) (−31.4, 0; Figure
8) and Mg# (up to 50) values, pointing out the incorporation
of metasomatized-mantle mafic melts. The high La/Nb and
Ba/Nb ratios of the “High Sr/Y granitoids” also fall into
the field of the arc volcanics (Figure 5(b)), implicating that
the mantle source of the Luxi Terrane was similar to the
mantle wedge in the subduction zone [46]. In addition, the
high LILEs could be inherited from basic magmas derived

from a lithospheric mantle that previously metasomatized
by subduction zone fluids/melts (Figure 11(e); [7, 23]).

Physical conditions (e.g., temperature and H2O content)
can also control the composition of magma by influencing
the magmatic process [77]. The mixing process between
two magma end-members indicates that the viscosity of
the mafic magmas was not significantly different from that
of the felsic end-members [78]. Because melt viscosity is
highly dependent on water content and temperature [79],
the mafic end-members involved in magma mixing should
be water-rich and therefore rather evolved. In addition, the
contribution from such a metasomatized mantle is also
manifested by the abundance of euhedral hornblende in
these high Sr/Y rocks, which indicates an H2O-rich parental
magma (Figures 4(c), 4(e), and 4(f)). The oxygen fugacity
and crystallization temperature of magma were estimated
by the Ce anomaly and Ti thermometer, respectively. The
results showed that the magma had a high-oxygen fugacity
that ranges between FMQ and MH (ΔFMQ [fO2] = 0.62–
4.02; T = 636°C–776°C; Table 6). They show Ti-in-zircon
temperatures ranging from 636°C to 676°C, which are
much lower than those of amphibole-dehydration melt‐
ing reactions (850°C–900°C [80]) but similar to those
of water-fluxed melting reactions under crustal pressures
(<800°C; [77]).

These mantle-related magmas with significantly elevated
MgO (>3 wt%), Cr, and Ni concentrations and high Mg#

values (>50 [36]) were formed by the partial melting of the
delaminated lower continental crust in the mantle produces
adakitic magma that ascends and interacts with overlying

Figure 9: Elemental variation diagrams showing possible fractionating phases during magma evolution.
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mantle peridotite material. These chemical characteristics
are similar to the results of experiments involving the
interaction with melts and peridotite [81] and can be
attributed to the mantle-derived high-Mg basic magma,
compounded by the entrainment of pyroxene (and olivine)
xenocryst [4, 14]. We therefore suggest that the gabbroic
diorite (Sample JX1601B1, SiO2 = 52.1%, Mg# = 62) is
the best candidate that reflects the most primitive adakite
magmas of the mantle-derived source.

The samples in this study display a slight evolution trend
from calc-alkaline to high-K calc-alkaline series (Figure
6(b)), indicating the increasing incorporation of potassium-
rich crustal compositions. All of the diorites, syenites,
and monzogranites are peraluminous rocks (A/CNK = 1.1–
1.4; Figures 6(b) and 6(c)), also suggesting the involve‐
ment of evolved, high-K crust-derived melts. Based on the
magma mixing model proposed by Chen et al. [4], felsic
melts could be formed as a result of the underplating of

Figure 10: (a) Mg versus SiO2 diagram. (b) Mg# versus SiO2 diagram (after References 101, 102). (c) Th/Ce versus SiO2 diagram.
(d)Yb versus SiO2 diagram. Fields of metabasaltic and eclogitic experimental melts, delaminated and thick lower crust-derived adakitic
rocks are after Reference 101. Source (1) is a supposed pure slab melt [74], and source (2) is the metabasaltic or eclogitic experimental melt
which is not hybridized by mantle peridotite [81]. (e) Sr/Y versus Y [1]. (f) (La/Yb) N versus Yb N diagram [103], curves show calculated
partial melting trends. The blue field overlapping Western Fiordland Orthogness (WFO) bulk rocks is interpreted to reflect varying degrees
of plagioclase + amphibole + clinopyroxene accumulation [76]. Data sources: Data sources of the high-Mg adakites in the Luxi Terrane:
Tiezhai Complex ([20]; this study); Shangyu Complex [54]; Liujing and Mengyin porphyries [6]; Tietonggou Complex [50]; Zouping and
Jinan mafic dykes [51]; Mengyin and Zichuan mafic dykes [11]; Tongjing Complex [49]; Sanshanyu and Jinxingtou complexes (this study).
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basic magma in the lower crust, which triggered partial
melting of the basement rocks (Archean mafic granulites
and TTG gneisses). In addition, the occurrence of Neo‐
archean–Paleoproterozoic inherited zircons indicates that
the ancient lower crust in the NCC participated in the
formation of the magma process during magma ascent
[46, 50, 51, 82]. To reveal the interaction between ancient
crustal basements and Mesozoic magma events in the Luxi
Terrane, we plot the recently published inherited data of
the intrusions in the εHf (t2) versus age data (Figure 8).
The inherited zircons have a 207Pb/206Pb age range between
2.51 and 2.35 Ga (concentrate on ca. 2.5 Ga), positive
εHf (t2) values (2.5, 8.8), and TDMC values (2.6, 2.8 Ga).
The U-Pb ages and the εHf (t1) values of the inherited
zircons from the Early Cretaceous intrusive rocks in the
Luxi Terrane are consistent with the formation of ancient
basement rocks (2.65, 2.50 Ga) [39, 40, 54, 83, 84]. The
Neoarchean inherited zircons were related to the most

large-scale crustal accretion and reactivation in the NCC
[24, 30, 85]. The widely distributed Late Archean-Early
Paleoproterozoic TTGs (2.57, 2.30 Ga) in the southern NCC
consist of both juvenile and reworked materials, which
are mostly attributed to the accretionary orogen accom‐
panied by the basaltic underplating [51, 85]. The observa‐
tion of dominantly juvenile lower crust in the southern
NCC during the Late Archean to Early Paleoproterozoic
is consistent with positive εHf (t2) values in most inheri‐
ted zircons. TTGs constituted dominant components of
the Precambrian continental crust of the NCC [39]. Thus,
we propose the orthogneiss sample collected in the Luxi
Terrane (XT16D01B1, SiO2 = 60.94%, Mg# = 37 [40]) can be
taken as a presumed felsic end-member candidate.

Based on the hypothetical mafic and felsic end-members
as mentioned above, we process classic major elements two
end-members mixing model following the equation of Cm
= Ca (1 − x) + Cb x [86], the Cm represents the contents of

Figure 11: Petrogenetic discrimination and magma mixing modeling diagrams for the adakitic porphyry samples. (a) Sr/Y versus SiO2
diagram. (b) La/Yb versus SiO2 diagram. (c) Th (ppm) versus Th/V diagram showing that the geochemical variations in the samples from
the Luxi Terrane are dominantly controlled by magma mixing. The inset is a schematic CI versus CI/CC plot, where the superscripts I and
C are incompatible and compatible elements, respectively. (d) 1 /V versus Sm/V diagram. The inset is a schematic 1/CI versus CI/CC plot.
(e) (Hf/Sm) N versus (Ta/La) N diagrams for mafic dykes in the NCC [82]. (f) Al2O3/CaO versus Na2O/CaO diagram.
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hybrid magma, and Ca and Cb represent the compositions
of felsic and mafic end-members, respectively. The x is the
mass fraction of the felsic end-member. In this study, the
composition of the metasomatized mantle-derived gabbroic
diorite was used as mantle-derived mafic end-member and
the ancient crust-derived TTG gneiss as felsic end-mem‐
ber. The major element contents of the gabbroic diorite,
monzogranites, diorites, and syenites plot on a straight line
that passes through the origin (Figure 11(f)), suggesting
that the “High Sr/Y granitoids” can be produced by the
magma mixing of felsic melts and relatively mafic melts. The
syenite and monzonite are more evolved than diorites. The
results indicate that the High Sr/Y granitoids were derived
from the magmatic precursors of gabbroic diorite with the
addition of (10%–60%) ancient lower crust in the Luxi
Terrane. Combining the above lines of evidence derived
from petrological, petrographical, and geochemical data, we
conclude that the magmatic precursors of these High Sr/Y
granitoids were dominantly derived from magma mixing
[87].

5.2. Geodynamic Implications. As demonstrated above from
field and geochemical evidence, these intermediate-acid
high-Mg adakites of the Luxi Terrane may not represent
adakitic primitive magma. In contrast, they are suggested
to generate from a mixture of a metasomatized mantle-
derived basic magma and a crustal melt, followed by limited
fractionation of ferromagnesian phases and entrainment of
xenolitic crystals [4]. In addition, the formation of high-
Mg adakite from different sources in the Luxi Terrane has
demonstrated that the involvement of subduction-related
materials and crustal recycling became dominant during
late Mesozoic magmatism in the NCC (Figure 6(d); [4, 6,

Table 6: Crystallization temperature and zircon oxygen fugacity of
samples from the Tiezhai, Jinxingtou, and Sanshanyu complexes in
the Luxi Terrane.

No. Samples δCe1 tMean(°C)2 Lg(fO2)3 ΔFMQ4，5

1 JX16D02B1 96 719.0 −12.33 4.02
2 JX16D03B1 105.5 666.0 −14.94 2.8
3 TZ16D03B2 49.6 776.1 −11.96 3.05
4 TZ16D04B2 36.5 727.6 −15.51 0.62
5 TZ16D07B1 79.05 704.5 −13.84 2.87
6 SSY16D01B1 162 636.5 −15.13 3.46
7 SSY16D01B2 163 640.7 −14.84 3.62
8 SSY16D02B1 153 647.6 −14.65 3.61

1 ( CeCe ∗ )D ≈ (( CeCe ∗ ))CHUR = CeNLaN*PrN .

2 Log (ppm Ti-in-zircon) = (5.711 ± 0.072) − 4800 ± 86T K  − logαSiO2 − logαTiO2 [104].

3 In ( CeCe ∗ )D = (0.1156 ± 0.0050) * In (fO2) + 13860 ± 708T K  − 6.125 ± 0.484

[105].
4 FMQ log (fO2)＝ −24441.9T K  + (8.290 ± 0.167) [106].
5 ΔFMQ ＝ log (fO2) − FMQ.

11]). The eclogite was likely to delaminate and be recycled
into the mantle due to its higher density and lower melting
temperature than lithospheric mantle peridotite in the Early
Cretaceous [19, 81]. Meanwhile, depleted mantle material
also participated in the formation of the Early Cretaceous
magma in a dynamic process [3]. The εHf (t1) values of
the intrusive rocks in the Luxi Terrane show a systematic
change from highly negative to nearly positive, indicating
that the upwelling of the asthenosphere under the strongly
thinned subcontinental lithosphere from 130 to 120 Ma [6,
46, 47].

Numerous mafic dykes were emplaced in the NCC
during Mesozoic suggesting an extensional tectonic regime
during the Early Cretaceous [33, 42]. Lithospheric extension
beneath NCC has also been supported by several lines
of evidence, including a series of fault basins, widespread
metamorphic core complexes, and associated voluminous
magmatism [23, 46, 82]. The large-scale extension and
voluminous magmatism resulted in extensive destruction
of the NCC [19, 42]. Recent geological and geophysical
studies have shown that the slab rollback of the Paleo-
Pacific slab beneath the eastern NCC caused the extension
of the lithospheric mantle and upwelling of the astheno‐
sphere during the late Mesozoic [12, 21, 32, 42, 46, 88].
The destruction of the NCC can also be first-order linked
with the evolution of the Paleo-Pacific subduction [89]. By
matching the subduction stage of the Paleo Pacific plate
with the formation process of the Early Cretaceous high Mg
adakite rocks in the studied area, we can clearly describe
the process of crust-mantle interaction beneath the Luxi
Terrane [6, 23].

At ca. 185–175 Ma, the subduction of the Paleo-Pacific
plate led to a few magmatic activities in the Luxi Terrane,
such as the emplacement of the Tongshi Complex [23, 35,
47]. The enriched mantle has not yet melted completely,
and some asthenosphere material has been added to the
magma source in the Middle Jurassic, evidenced by the
zircon εHf(t) values (−25, −10) of the intrusive rocks
(Figure 12(a); [47, 57, 66]). At ca. 144 Ma, the subduc‐
ted Paleo-Pacific slab rolled back, causing continental
arc-rifting and the lithosphere bottom to be heated by the
upwelling asthenospheric mantle (Figure 12(b); [90, 91]).
And the basaltic magmas also underplated the lower crust
to form the newly thick amphibole-bearing eclogite lower
crust [35]. Until ca. 135 Ma, the progressive slab rollback
caused the founder of the newly underplated thick lower
crust within the shallow lithospheric mantle. The gabbroic
diorite (sample JX16D01B1) discussed in this section
was supposed to be derived from the partial melting
of delaminated newly underplated thick lower crust that
interacted with above asthenospheric mantle peridotite
[6]. The underplating of the hot mantle-derived mafic
magmas beneath the crust further triggered the rework‐
ing of the Neoarchean basement of the NCC, forming
the felsic end-member (Figure 12(c); [36]). Consequent
magma mixing and AFC process might have resulted in
the various lithologies and compositions of other rocks
in the Luxi Terrane (see above discussions), including the
“High Sr/Y granitoids.”
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6. Conclusions

(1) The zircon U-Pb dating results indicate that the
Tiezhai, Jinxingtou, and Sanshanyu adakitic magma
intruded into the Luxi Terrane at 125–120 Ma. The
Jinxingtou and Tiezhai adakitic rocks contain
abundant Neoarchean–Paleoproterozoic inherited
zircon cores with ages of 2.55–2.35 Ga. The three
complexes were emplaced in the peak period of
magmatic flare-up during the Early Cretaceous.

(2) The “high Sr/Y granitoids” of the three complexes
were generated by magma mixing between
metasomatized mantle-derived mafic melts and

ancient crust-derived felsic melts. The mafic
components of the adakitic rocks were derived from
the delaminated lower crust and then interacted
with the mantle peridotite. The felsic magma
chambers were intruded by mantle-derived mafic
magma resulting in varying degrees of magma
mixing and mingling.

(3) In conjunction with regional geodynamic setting
and published Hf isotopes of Mesozoic igneous
rocks, we propose that the enriched mantle was
gradually replaced by the depleted mantle during the
intense crust-mantle interaction. The subduction
processes of the Paleo-Pacific plate provided

Figure 12: Schematic plate tectonic model showing lithospheric destruction of the North China Craton through thermal-chemical-
mechanical erosion and lithospheric delamination (modified after Reference 82).
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significant chemical materials (e.g., the melts and
fluids of the slab) and suitable environments (e.g.,
the extensional tectonic settings and upwelling flow)
for the intense crust-mantle interaction in the NCC.
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