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Abstract – Geochronological, elemental and isotopic data of the Dashizhuzi granites and lampro-
phyre dykes from the eastern Hebei – western Liaoning on the northern North China Craton (NCC)
provide an insight into the nature of their magma sources and subcontinental lithospheric mantle. The
Dashizhuzi granites have an emplacement age of 226 Ma. They have enriched lithospheric mantle
type 1 (EM1-like) Sr–Nd isotopic compositions, and have distinctive features of high Na2O and Sr and
low Y with high Sr/Y and (La/Yb)N ratios. These characteristics show that the Dashizhuzi granites
originated directly from melting of mafic lower crust composed of pre-existing ancient crustal and en-
riched mantle-derived juvenile crustal materials at normal continental crustal depth of 33–40 km. The
lamprophyre dykes are dated at 167 Ma, and can be divided into two groups. The Group 1 dykes have
variable Sr–Nd isotopic compositions and mid-ocean-ridge basalt (MORB-) like Th/U, Ba/Th and
Ce/Pb ratios, whereas the Group 2 dykes have enriched Sr–Nd isotopic compositions and notable high
Co, Cr, MgO and low Al2O3 characteristics. These distinctive features suggest that the Group 1 dykes
were derived from a relatively fertile lithospheric mantle source (garnet-facies amphibole-bearing
lherzolite) which has experienced variable degrees of asthenospheric mantle-derived melt–peridotite
interaction prior to melting. However, the Group 2 dykes were derived from an ancient garnet-facies
phlogopite and/or amphibole-bearing lherzolite lithospheric mantle. Thinning of the Early Mesozoic
lithospheric mantle beneath the northern NCC is dominantly through melt–peridotite interaction and
thermo-mechanical erosion prior to Middle Jurassic time. The chemical compositions have been mod-
ified at the bottom of the lithospheric mantle through melt–peridotite interaction processes.
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1. Introduction

Recent studies have shown pronounced changes in
lithospheric thickness, thermal state and petrological
and geochemical compositions of the lithospheric
mantle from an old, thick and refractory lithosphere
during Palaeozoic time to a juvenile, thin and fertile
lithosphere during Cenozoic time beneath the east-
ern North China Craton (e.g. Ma, 1987; Lu et al.
1991; Griffin, O’Reilly & Ryan, 1992; Menzies, Fan
& Zhang, 1993; Griffin et al. 1998; Menzies & Xu,
1998; Xu et al. 1998; Zheng & Lu, 1999; Liu et al.
2015). However, the timing and mechanism of this
replacement or removal of lithosphere still remains
controversial (e.g. Xu, 2001; Gao et al. 2002; Zhang
et al. 2002; Chen, Jahn & Zhai, 2003; Liu et al. 2004,
2011; Niu, 2005; Xu et al. 2006b, 2009; Zhang et al.
2009a; Fu et al. 2012a; Xia et al. 2013). The debate
on the beginning of replacement or removal of litho-
sphere is mainly focused on whether it was a rapid or a
more protracted transformation process, with opinion
divided between the late Carboniferous – Late Trias-
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sic, the Late Triassic and Jurassic – Early Cretaceous
(Zhang et al. 2002; Chen, Jahn & Zhai, 2003; Liu et al.
2004; Xu et al. 2009; Zhang et al. 2009a; Fu et al.
2012a).

Mesozoic magmatism may be used as a ‘window’
to help resolve the above questions of timing and
mechanism of lithospheric thinning (Ma et al. 2014a).
Following the assembly of the Mongolian composite
terranes with the NCC during middle–late Permian
time (Xiao et al. 2003; Li, 2006; Windley et al. 2007),
a number of Triassic magmatic rocks (alkaline, mafic-
ultramafic, felsic magmas and mafic dykes) intruded
into supercrustal rocks in the northern NCC. Form-
ation of these magmas was considered to involve at
least five components, including asthenospheric
mantle, enriched or juvenile lithospheric mantle, and
juvenile or ancient lower continental crust (LCC) ma-
terials (e.g. Wu, Jahn & Lin, 1997; Shao et al. 1999;
Liu et al. 2002; Tian et al. 2007; Peng et al. 2008; Fu
et al. 2012a; Yang et al. 2012; Wu et al. 2014; Ye et al.
2014). It is believed that the above enriched litho-
spheric mantle beneath the NCC was formed during
Archean time and replaced or metasomatized during
late Palaeoproterozoic time (Wu, Jahn & Lin, 1997;
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Figure 1. (a) Tectonic setting, modified after Gao et al. (2004) and Zhao et al. (2005), showing the location of (b). YZ – Yangtze
craton; SC – South China Orogen; WB – Western Block of the North China Craton; EB – Eastern Block of the North China Craton;
TNCO – Trans-North China Orogen; CAOB – Central Asian Oregenic Belt; Jiao-Liao-Ji – Jiao-Liao-Ji continental rift. (b) Simplified
geological map of the eastern Hebei – western Liaoning area, showing the location of (c). The inset shows spatial correlations between
the Dushan and the Dashizhuzi complexes. (c) Geological sketch map of the Baizhangzi area (modified after Team 109 of Metallurgy
and Geology Exploration Company, Liaoning, 1990, unpub.), showing the location of cross-section A–B. (d) Profile of the Baizhangzi
granites and lamprophyre dykes.

Gao et al. 2002; Wu et al. 2006a; Li et al. 2011; Liu
et al. 2011, 2012, 2015); nevertheless, whether it was
fertile or refractory remains under debate. This is vital
for our understanding of the Phanerozoic lithospheric
evolution beneath the NCC. Since Jurassic time an-
other pronounced tectono-thermal event featured in
the eastern NCC, accompanied by the emplacement
of vast intrusive rocks and widespread volcanic rocks.
Only a few studies have been carried out on mafic
rocks formed at this time, however. Because igneous
rocks often have deep crustal or mantle derivations,
studies of such rocks can be a sufficient approach to
understanding the nature of subcontinental lithosphere.

There are widespread Mesozoic mafic dykes dis-
tributed along the northern margin of the NCC (Shao
& Zhang, 2002; Fu et al. 2010, 2012a; Zhang et al.
2010a; Zhang, Yuan & Wilde, 2014). They may
provide efficient probes into the nature of the lower
crust and lithospheric mantle given their instantaneous
emplacement processes and minor resultant modifica-
tions. As important country rocks of the mafic dykes,
only zircon U–Pb age and major- and trace-element
data were reported for the granodiorites of the Dash-

izhuzi (DSZZ) complex that consists of granodior-
ites and granites (Ye et al. 2014). In this paper, we
present zircon U–Pb ages, major- and trace-element
data, and Sr–Nd isotope compositions for the lampro-
phyre dykes and the DSZZ granites exposed in the
eastern Hebei – western Liaoning, and use these data
to discuss their petrogenesis and implications for un-
derstanding their magma sources and the nature of the
lithosphere beneath the NCC.

2. Geological setting

Containing continental rocks of age 3.85–3.2 Ga, the
NCC was thought to be one of the oldest cratons
in the world (Liu et al. 1992; Song et al. 1996;
Zhai & Santosh, 2011). The NCC is composed of an
Archean–Palaeoproterozoic metamorphosed basement
overlain by Mesoproterozoic–Cenozoic cover. Accord-
ing to the lithological assemblages and geochemical,
geochronological, structural and pressure–temperature
(P–T) data, the basement of the NCC can be divided
into the Eastern and Western blocks, separated by the
Trans-North China Orogen (Fig. 1a; Zhao et al. 2001).
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Collision between the Eastern and Western blocks
along the Trans-North China Orogen during late Pa-
laeoproterozoic time led to the amalgamation of the
NCC (Wu & Zhong, 1998; Zhao et al. 2001). The East-
ern Block underwent Palaeoproterozoic rifting (Jiao-
Liao-Ji continental rift) along its eastern margin before
the collision of the Western and Eastern blocks (e.g. Li
et al. 2005; Zhao et al. 2005). The craton was magmat-
ically and tectonically quiescent until the occurrence
of a tectono-thermal event at 0.98–0.60 Ga, recorded
by some exposed Neoproterozoic mafic magmas and
zircons in xenoliths derived from the lower crust (e.g.
Shao, Zhang & Li, 2002; Zheng et al. 2012, 2013).

During Palaeozoic – early Mesozoic time, volumin-
ous igneous rocks intruded into supercrustal rocks in
the NCC. The eruption of Middle Ordovician kim-
berlites in Fuxian and Mengyin was followed by the
uplift of the NCC, which resulted in the absence of
Upper Ordovician – middle Carboniferous sediment-
ary rocks (Zheng et al. 2004a). During middle Carbon-
iferous – Permian time, emplacement of voluminous
granitic magmas in the northern part of the NCC was
related to the complicated tectono-thermal processes
of the Central Asian Oregenic Belt (CAOB; e.g. Xiao
et al. 2003; Windley et al. 2007; Zhu, Yang & Wu,
2012). The Solonker suture in the CAOB marks the
location of the final closure of the Palaeo-Asian Ocean
and the collision between the NCC and the Mon-
golian composite terranes (Xiao et al. 2003) which
led to significantly N–S-directed tectonic shortening
of the continental crust in the northern NCC during
middle–late Permian time (Zhang et al. 2011; Lin et al.
2013). From early Mesozoic time a number of Triassic-
aged igneous rocks, including alkaline rocks and some
magma mafic to felsic in composition, have occurred
in the northern NCC (Zhang et al. 2012). Following
this, massive intrusive rocks and widespread volcanic
rocks of late Mesozoic age have been identified within
the entire Eastern Block.

The eastern Hebei – western Liaoning area is loc-
ated on the northern part of the NCC. Widespread
intermediate-mafic dykes and several granitic intru-
sions, including the Baizhangzi (BZZ) granites, Dash-
izhuzi and Dushan complex, intruded into the Archean
amphibolites and Mesoproterozoic littoral-neritic sed-
iments (Fig. 1b, c). The exposed DSZZ complex is el-
liptical, approximately 20×7 km, and comprises gran-
ites and granodiorites as well as localized mafic en-
claves including hornblende pyroxenites and diorites.
Zircon U–Pb dating of the DSZZ granodiorites yields
a weighted mean age of 224 Ma (Ye et al. 2014). The
Dushan complex is located to the SW of the DSZZ
complex, and was dated at 221–223 Ma (zircon U–Pb
age; Luo et al. 2003; Ye et al. 2014). The BZZ gran-
ites, with a scale of approximately 600×200 m, crop
out to the north of the DSZZ complex and were dated
at 222 Ma (Luo et al. 2004). The large amount of ex-
posed lamprophyre and granite dykes within the DSZZ
complex and the BZZ granites range over 0.5–3 m in
width and are hundreds of metres in length. Individual

dykes mostly strike 28–58°NE and dip 37–67° towards
the SE.

3. Samples

The granite samples of the DSZZ complex were
collected for chemical and isotopic analyses. A
composite (HGY-1) that consists of granite samples
HGY-1, HGY-4 and HGY-5 was used for zircon U–Pb
dating. Sampling locations are shown in Figure 1b.
Some lamprophyre dyke samples were collected from
underground, and the remainders were collected in the
interior of the DSZZ complex (Fig. 1b–d). Both
lamprophyre dyke samples in the interior of the DSZZ
complex and the BZZ granites were collected for
chemical and isotopic analyses. Two (SCYM-2 and
SCYM-12) of them were chosen for zircon U–Pb
dating.

The granites are coarse–medium grained
with a mineral assemblage of K-feldspar (30–
35 %) + quartz (20–30 %) + plagioclase (25–
35 %) + hornblende ± biotite and typical granular
texture. Sphene, zircon and magnetite are common
accessory minerals. K-feldspar and plagioclase are
partly altered to kaolinite.

All rock types of lamprophyres are mainly minette
and kersantite with porphyritic texture. The pheno-
crysts are commonly biotite (or phlogopite, 30–
40 %) ± minor plagioclase. These dykes contain vari-
ous amounts of plagioclase, minor Fe–Ti oxide and
quartz as groundmass phases. The biotite and phlogo-
pite are partly altered to sericite and chlorite.

4. Analytical techniques

4.a. Zircon U–Pb isotope dating by LA-ICP-MS

Hand-picked zircon grains were mounted in epoxy
blocks and polished until approximately two-thirds of
grains were remained. U–Pb dating analyses were con-
ducted by laser ablation inductively coupled plasma
mass spectrometer (LA-ICP-MS; laser-ablation sys-
tem GeoLas 2005 connected with an Agilent 7500a
ICP-MS instrument) at the State Key Laboratory
of Geological Processes and Mineral Resources
(GPMR), China University of Geosciences, Wuhan.
All data were acquired in single spot mode at a spot
size of 32 μm. Detailed operating conditions for the
laser-ablation system and the ICP-MS instrument were
described by Liu et al. (2008, 2010b). Off-line data
reduction was performed by ICPMS DataCal 9.0 (Liu
et al. 2008). Concordia diagrams and weighted mean
age calculations were made using IsoPlot 3.0 (Ludwig,
2003).

4.b. In situ Hf isotope analyses of zircon by
LA-MC-ICP-MS

Hafnium isotopic analyses were conducted using a
multi-collector ICP-MS (MC-ICP-MS, Neptune Plus)
in combination with a laser ablation system (GeoLas
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2005) at the GPMR. All data were acquired at a spot
size of 44 μm. Detailed operating conditions can be
found in Hu et al. (2012). Isobaric interference of
176Yb on 176Hf was corrected by measuring 173Yb iso-
tope and using 176Yb/173Yb = 0.7876 (McCulloch,
Rosman & De Laeter, 1977). The relatively minor in-
terference of 176Lu on 176Hf was corrected by meas-
uring the intensity of 175Lu isotope and using the
recommended 176Lu/175Lu = 0.02656 (Blichert-Toft,
Chauvel & Albarède, 1997). Off-line data reduction
was performed by ICPMS DataCal 9.0 (Liu et al.
2010a).

4.c. Major- and trace-element measurements

Whole-rock samples were crushed and powdered in
an agate ring mill to greater than 200 meshes. Major-
element concentrations were determined by ME-
XRF06 with analytical errors less than 3 % at the ALS
Minerals in Guangzhou, China. Trace-element con-
centrations were measured by an inductively coupled
plasma time-of-flight mass spectrometer (ICP-TOF-
MS; OptiMass 9500) at the State Key Laboratory of
Biogeology and Environmental Geology, China Uni-
versity of Geosciences, Wuhan. The samples were
completely dissolved in Teflon bombs using a mixture
of HF + HNO3. Analyses of BCR-2 and GSR-3 indic-
ate analytical accuracy is mostly better than 8 % in re-
lative error.

4.d. Sr–Nd isotope analyses

Whole-rock powders were digested by bomb dissol-
ution with a mixture of HF + HNO3. Sr and Nd
compositions were determined by a Finnigan MAT
261 thermal ionization mass spectrometer (TIMS)
at the GPMR. Detailed analytical techniques are
similar to those of Ling et al. (2009). Proced-
ural blanks were about 2.0 ng and 0.12 ng for Sr
and Nd, respectively. The measured values for the
GBW04411 (K-feldspar) and La Jolla standards were
87Sr/86Sr = 0.75992 ± 0.00010 (2σ), 143Nd/144Nd =
0.511845 ± 0.000012 (2σ). 87Sr/86Sr ratios were nor-
malized to 86Sr/88Sr = 0.1194 and 143Nd/144Nd ra-
tios were normalized to 146Nd/144Nd = 0.7219. The
87Rb/86Sr and 147Sm/144Nd ratios were calculated us-
ing the Rb, Sr, Sm and Nd concentrations obtained by
the ICP-TOF-MS.

5. Results

5.a. Zircon U–Pb geochronology

5.a.1. DSZZ granites

Results are shown in online Supplementary Table
S1 (available at http://journals.cambridge.org/geo) and
Figures 2 and 3a. Zircons from granite HGY-1 are light
brown, transparent and euhedral to subhedral, with
length/width ratios varying from 1 to 3 and lengths
generally ranging from 70 to 180 μm. The cathodo-

luminescence (CL) images show that zircons contain
typical magmatic oscillatory zoning. A total of 18 zir-
cons were analysed at 19 points. With the exception
of one point (HGY-1-12), the U–Pb data fall in a con-
centrated area and are all near-concordant in the con-
cordant diagram. The core (HGY-1-6) is younger than
the rim (HGY-1-5) in one grain, which may imply Pb
loss. Two points yield an Early Triassic age (206Pb/238U
age) of 242 ± 6 Ma and 244 ± 6 Ma. The remaining
16 analyses yield a weighted mean 206Pb/238U age of
226 ± 3 Ma (2σ, MSWD = 3.6, n = 16).

5.a.2. Lamprophyre dykes

Zircons from dyke SCYM-2 are light green to trans-
parent and rounded, irregular in external form, and of
length ranging from 50 to 140 μm. The CL images
show that some grains have both dark cores and bright
rims, and some grains are structureless (Fig. 3b). A
total of 10 zircons were analysed at 10 points; 9
of these are near-concordant to moderately concord-
ant, and yield a weighted mean 207Pb/206Pb age of
2494 ± 23 Ma (2σ, MSWD = 0.23, n = 9). The re-
maining analysis (SCYM-2-3) yields a late Carbon-
iferous age of 301 ± 6 Ma. Although the zircon grain
is dark in the CL image, magmatic oscillatory zoning
still occurs within the grain; this indicates that it was
probably captured from igneous rocks of upper Palaeo-
zoic age.

Lamprophyre dyke SCYM-12 has complex zircon
populations (Fig. 3c, d), and 48 zircons were ana-
lysed at 48 points. Thirty-one of them demonstrate an
Archean-Palaeoproterozoic age, and they can be di-
vided into four groups with 207Pb/206Pb age ranges of
2660–2610 Ma, 2530–2440 Ma, 2330–2200 Ma and
1980–1830 Ma. All these grains are rounded in ex-
ternal form and have no obvious oscillatory zoning in
CL images. A Mesoproterozoic age (207Pb/235U ages
of 1453–1254 Ma) was demonstrated by two near-
concordant zircon grains, and two near-concordant zir-
con grains record a Neoproterozoic age (206Pb/238U
ages of 923–805 Ma). Except for two less-concordant
points, six zircon grains have significant oscillatory
zoning and show widely scattered near-concordant
206Pb/238U ages of Middle Ordovician – Middle Trias-
sic. The remaining four zircon grains, with significant
oscillatory zoning, yield a weighted mean 206Pb/238U
age of 167 ± 8 Ma (2σ, MSWD = 4.4, n = 4).

5.b. Major and trace elements

5.b.1. DSZZ granites

The major- and trace-element data are reported in
Table 1. The DSZZ granites have SiO2 contents ran-
ging from 65.9 to 70.8 wt %. All samples are rel-
atively high in Al2O3 (14.7–15.1 wt %), Na2O (4.5–
4.9 wt %) and total alkalis (K2O + Na2O ranging over
8.5–9.2 wt %), with Na2O/K2O ratios of 0.96–1.25. By
contrast, they are low in P2O5 (0.10–0.24 wt %) and
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Figure 2. Cathodoluminescence images of zircons. White and black circles are LA-ICP-MS analysis spots.

Figure 3. Zircon U–Pb age of (a) the Dashizhuzi granites (HGY-1) and (b–d) lamprophyre dykes (SCYM-2 and SCYM-12).
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Table 1. Major- and trace-element concentrations of the Dashizhuzi granites and the lamprophyre dykes

DSZZ granites Group 2 dykes Group 1 dykes

Sample HGY-1 HGY-2 HGY-3 HGY-4 HGY-5 HGY-6 SCYM-2 SCYM-15 SCYM-5 SCYM-11 SCYM-12 SCYM-16 SCYM-17

Major elements (wt %)
SiO2 70.77 65.90 69.38 69.59 69.28 69.03 49.09 51.96 55.29 56.42 54.58 48.49 53.73
Al2O3 14.91 15.08 15.02 14.74 14.87 15.01 11.70 12.43 14.10 14.03 13.42 12.37 14.14
Fe2O3 1.69 3.58 2.09 2.16 2.09 1.83 7.95 7.37 5.29 6.65 6.43 7.95 6.80
CaO 0.85 2.59 1.44 1.66 1.48 1.58 5.88 5.19 5.88 2.71 5.06 8.16 6.14
MgO 0.52 1.86 0.67 0.80 0.81 0.46 13.69 11.72 6.34 7.90 7.16 9.67 5.70
Na2O 4.64 4.69 4.87 4.59 4.58 4.48 1.30 2.63 3.65 3.12 3.25 2.50 3.85
K2O 4.54 3.76 4.33 4.23 4.59 4.68 4.98 2.58 3.55 4.38 4.99 4.21 4.59
TiO2 0.27 0.44 0.34 0.32 0.31 0.35 1.05 0.73 0.84 0.81 0.80 1.23 0.99
P2O5 0.10 0.24 0.13 0.13 0.12 0.14 0.63 0.46 0.94 0.77 0.78 0.99 0.83
LOI 0.68 1.16 1.10 0.64 0.68 1.64 2.42 3.66 3.42 2.05 2.01 3.06 2.42
Total 99.19 99.68 99.61 99.12 99.07 99.41 99.31 99.25 99.68 99.36 99.18 99.11 99.79
Mg no. 37.9 50.7 38.8 42.3 43.4 33.2 77.3 75.9 70.3 70.2 68.8 70.7 62.4

Trace elements (ppm)
Li 16.2 27.4 26.6 12.9 20.9 14.2 38.7 30.7 16.3 26.4 24.7 42.7 26.5
Be 2.55 1.77 2.29 2.33 2.97 3.77 2.27 2.41 2.70 3.71 3.60 3.89 3.33
Sc 2.57 5.89 3.55 3.13 3.40 3.33 17.40 18.30 14.35 13.60 14.80 21.00 16.40
Ti 2047 2511 2200 1871 1965 2269 6039 4510 4715 4435 4612 6858 5909
V 18.9 59.1 29.6 27.9 28.2 34.7 139.0 142.0 134.0 119.0 125.0 165.0 147.0
Cr 124.0 103.0 129.0 119.0 116.0 122.0 712.0 563.0 218.0 275.0 290.0 461.0 174.0
Mn 304 351 232 292 308 244 882 734 457 416 672 796 718
Ni 7.8 9.2 12.9 10.6 11.5 11.7 45.4 69.1 45.1 21.6 24.8 30.9 23.2
Co 53.3 30.4 67.2 46.3 56.1 94.9 470.0 360.0 170.5 94.5 102.0 116.0 50.7
Cu 1.8 5.9 3.5 2.1 2.2 3.5 149.0 27.9 21.7 14.4 57.1 65.2 63.5
Zn 28.9 36.9 34.7 28.6 28.2 33.2 103.0 64.0 61.1 89.4 71.9 90.0 68.2
Ga 34.9 41.7 35.8 36.7 39.4 37.1 51.5 45.9 41.7 65.4 84.0 37.6 72.9
Rb 101.0 68.9 73.0 87.5 92.5 122.0 161.0 68.2 74.8 78.7 97.8 119.0 98.6
Sr 463 1042 696 668 679 458 1011 1004 849 1003 1673 943 1618
Y 5.7 8.3 7.8 7.3 7.6 7.0 14.2 11.7 27.0 17.9 18.0 24.6 18.6
Zr 151 217 188 148 154 211 158 167 268 329 321 461 357
Nb 17.7 16.4 21.3 17.4 18.8 20.6 8.3 9.1 7.9 16.4 15.5 9.5 16.6
Cd 1.25 2.81 1.88 0.98 1.61 4.11 13.90 5.15 4.51 3.07 2.86 5.04 3.34
Ba 1281 1711 1298 1356 1480 1357 2293 1989 1632 2434 3289 1557 2840
La 37.4 46.4 42.4 37.9 36.0 46.9 56.3 40.7 201.5 101.0 102.0 79.0 95.1
Ce 58.9 76.9 68.1 60.9 63.4 68.4 159.0 80.3 459.0 346.0 340.0 308.0 339.0
Pr 5.7 8.2 7.0 6.0 6.4 6.8 13.3 9.7 30.5 20.7 21.2 22.0 21.9
Nd 18.4 27.6 23.4 20.4 19.9 21.3 35.9 38.4 128.0 75.6 77.3 89.1 83.9
Sm 2.85 4.37 3.73 3.19 3.39 3.26 9.73 6.91 24.25 13.50 14.20 18.00 14.30
Eu 0.87 1.36 1.19 1.07 1.05 1.08 2.58 1.97 5.83 3.72 4.06 4.68 3.81
Gd 2.25 3.45 2.97 2.49 2.66 2.71 6.98 4.75 16.80 9.65 9.40 12.90 9.91
Tb 0.24 0.37 0.32 0.29 0.30 0.28 0.82 0.53 1.83 1.04 1.05 1.43 1.06
Dy 1.15 1.73 1.57 1.34 1.34 1.26 3.21 2.37 6.54 3.99 3.98 5.93 4.19
Ho 0.19 0.27 0.26 0.23 0.24 0.23 0.52 0.42 0.95 0.64 0.62 0.87 0.66
Er 0.60 0.83 0.76 0.73 0.72 0.74 1.48 1.21 2.54 1.77 1.79 2.26 1.86
Tm 0.08 0.12 0.12 0.11 0.11 0.12 0.18 0.16 0.28 0.23 0.22 0.26 0.22
Yb 0.58 0.73 0.75 0.74 0.73 0.70 1.02 0.98 1.58 1.36 1.27 1.59 1.41
Lu 0.10 0.13 0.13 0.11 0.12 0.14 0.16 0.15 0.25 0.22 0.21 0.25 0.21
Hf nda 4.84 nd nd nd nd 3.99 4.42 6.42 8.14 7.80 11.30 8.60
Ta 1.90 1.27 2.80 2.44 2.82 3.29 1.25 1.46 1.36 2.13 1.97 1.46 1.96
Pb 27.2 25.2 27.4 25.4 24.8 26.1 21.4 9.5 21.2 29.5 25.8 11.3 19.2
Th 14.1 11.9 14.1 13.5 12.6 15.0 9.7 5.5 30.6 20.3 20.2 13.8 15.8
U 1.87 2.34 1.87 2.77 2.19 2.97 1.65 1.53 4.61 6.13 5.61 3.65 4.17
REE 129.29 172.42 152.74 135.54 136.35 153.95 291.18 188.53 879.78 579.42 577.30 546.27 577.53
δEu 1.01 1.03 1.06 1.12 1.03 1.08 0.91 0.99 0.84 0.95 1.01 0.89 0.93
(La/Yb)N 46.3 45.6 40.6 36.7 35.4 48.1 39.6 29.8 91.8 53.3 57.6 35.6 48.4
(Gd/Yb)N 3.2 3.9 3.3 2.8 3.0 3.2 5.7 4.0 8.8 5.9 6.1 6.7 5.8
Dy/Yb 1.98 2.37 2.09 1.81 1.84 1.80 3.15 2.42 4.14 2.93 3.13 3.73 2.97
Sr/Nd 25.2 37.8 29.7 32.7 34.1 21.5 28.2 26.1 6.6 13.3 21.6 10.6 19.3
Sr/Y 81.7 126.3 89.2 91.4 89.2 65.3 71.2 85.8 31.5 56.0 92.9 38.3 87.0
Th/U 7.5 5.1 7.5 4.9 5.8 5.1 5.9 3.6 6.6 3.3 3.6 3.8 3.8
Ba/Sr 2.8 1.6 1.9 2.0 2.2 3.0 2.3 2.0 1.9 2.4 2.0 1.7 1.8
Ba/Th 90.9 143.8 92.1 100.4 117.5 90.5 236.9 364.3 53.4 119.9 162.8 112.8 179.7
Ce/Pb 2.2 3.1 2.5 2.4 2.6 2.6 7.4 8.5 21.7 11.7 13.2 27.3 17.7
Rb/Sr 0.22 0.07 0.10 0.13 0.14 0.27 0.16 0.07 0.09 0.08 0.06 0.13 0.06
Ba/Rb 12.7 24.8 17.8 15.5 16.0 11.1 14.2 29.2 21.8 30.9 33.6 13.1 28.8
K/Ybb 65.0 42.8 47.9 47.5 52.2 55.5 39.3 20.6 17.7 26.1 31.8 20.9 26.2

and: data not detected; bK/Yb = weight (K/Yb)/1000
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Figure 4. (a) SiO2 v. Na2O + K2O and (b) SiO2 v. K2O for the Dashizhuzi granites and lamprophyre dykes. The data for Dushan
complex and Dashizhuzi granodiorites are from Ye et al. (2014).

Figure 5. Plot of A/CNK v. ANK for the Dashizhuzi gran-
ites and lamprophyre dykes. The data for Dushan complex and
Dashizhuzi granodiorites are from Ye et al. (2014).

TiO2 (0.27–0.44 wt %) abundances, and have Mg no.
of 33–51 (Mg no. = 100 × molar Mg/(Mg + Fe)).
The DSZZ granites have SiO2 contents comparable to
those of the DSZZ granodiorites and the Dushan com-
plex (Ye et al. 2014), but with relatively higher total
alkali contents. In the total alkali versus silica dia-
gram (Fig. 4a), all samples plot in granite and quartz
monzonite fields. These granite rocks are metalumin-
ous (Fig. 5) and can be categorized to high-K calc-
alkaline series rocks (Fig. 4b).

The DSZZ granites have total rare Earth element
contents (�REE) varying over 129–172 ppm, and dis-
play right-dipping chondrite-normalized REE patterns
(Fig. 6b) with (La/Yb)N and (Gd/Yb)N ratios of 35–
48 and 2.8–3.9, respectively. All samples are dis-
tinctive for their extremely low heavy REE (HREE)
abundances when compared to typical ocean island
basalt (OIB; Sun & McDonough, 1989) and LCC
of the NCC (Gao et al. 1998). The patterns have
slightly positive Eu anomalies (1.01–1.12; δEu =
(Eu)N/(0.5×[(Sm)N + (Gd)N]), where the subscript N
denotes chondrite-normalized value). The primitive

mantle-normalized trace-element patterns are similar
to those of the DSZZ granodiorites (Ye et al. 2014) and
LCC of the NCC (Fig. 6a). All samples are enriched
by large-ion lithophile elements (LILE; e.g. K, Rb,
Sr, Ba, U) and depleted in high-field-strength elements
(HFSE; e.g. Nb, Ta, Ti, P), and display a strong positive
Pb anomaly and moderate to strong negative Nb, Ta, Ti
and P anomalies. They also have some other striking
geochemical features, including high Sr/Y (65–126)
and elevated Cr (103.0–129.0 ppm) abundances.

5.b.2. Lamprophyre dykes

The lamprophyre dykes display a wide range of SiO2

abundances (48.5–56.4 wt %). They are all character-
ized by moderate to low Na2O (1.3–3.9 wt %) and
high abundances of total alkalis (K2O + Na2O = 5.2–
8.4 wt %). Two groups of dykes can be recognized
based on their elemental features, especially MgO and
Al2O3 contents. The Group 2 dykes include SCYM-
2 and SCYM-15, and the remainder of the dykes
belong to Group 1. The Group 1 dykes have moder-
ate to high Al2O3 (12.4–14.1 wt %) contents and re-
latively low total Fe2O3 (Fe2O3

T, 5.3–8.0 wt %) and
MgO (5.7–9.7 wt %) contents, with Mg no. of 62–71;
the Group 2 dykes have relatively low Al2O3 (11.7–
12.4 wt %) contents and relatively high Fe2O3

T (7.4–
8.0 wt %) and MgO (11.7–13.7 wt %) contents, with
Mg no. of 76–77. All samples plot in the fields of
monzodiorite and monzonite, and belong to shoshonite
series rocks (Fig. 4a, b).

The Group 1 dykes are characterized by low Ni
(21.6–45.1 ppm) and Sc (13.6–21.0 ppm) and moder-
ate Co (51–171 ppm) and Cr (174–461 ppm) abund-
ances, and significantly high �REE abundances (546–
880 ppm). In contrast, the Group 2 dykes contain mod-
erate Ni (45.4–69.1 ppm) and very high Co (360–
470 ppm) and Cr (563–712 ppm) abundances, and
low Sc (17.4–18.3 ppm) and �REE abundances (189–
291 ppm). All these samples exhibit a wide range
of �REE abundances, and display similar right-
dipping chondrite-normalized REE patterns (Fig. 6d)
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Figure 6. (a, c) Trace-element and (b, d) rare Earth element concentrations of the Dashizhuzi granites and lamprophyre dykes. Con-
centrations were normalized to primitive mantle and chondrite that were recommended by Sun & McDonough (1989). Data for OIB,
N-MORB and E-MORB (Sun & McDonough, 1989) and LCC of the NNC (Gao et al. 1998) are presented for comparison. The data
for the Dashizhuzi granodiorites are from Ye et al. (2014).

with (La/Yb)N and (Gd/Yb)N ratios of 30–92 and 4.0–
8.8, respectively. The patterns have slightly negative
Eu anomalies with δEu ranging from 0.84 to 1.01. All
these lamprophyre dykes show subparallel primitive-
normalized trace-element patterns (Fig. 6c). They are
enriched in LILE (e.g. K, Rb, Sr, Ba, U), depleted
in HFSE (e.g. Nb, Ta, Ti, P) and display a strong
positive Pb anomaly, moderate to strong negative Nb,
Ta and Ti anomalies and slightly negative P, Zr and
Hf anomalies. The primitive mantle-normalized trace-
element patterns are similar to those of LCC of the
NCC to some extent, and abundances of most trace
elements of the Group 2 dykes are comparable with
those of OIB. The Group 1 dykes have Th/U (3.3–3.8,
except SCYM-5), Ba/Th (53–180) and Ce/Pb (11.7–
27.3) ratios similar to those of MORB (Salters &
Stracke, 2004), whereas the Group 2 dykes have rel-
atively higher Ba/Th (237–364) and lower Ce/Pb (7.4–
8.5) ratios.

5.c. Whole-rock Sr–Nd isotopes

5.c.1. DSZZ granites

Sr and Nd isotope compositions are listed in Table 2.
The DSZZ granites have Sr–Nd isotopic compositions
plotting in the field of the Mesozoic lower crustal gran-

ulite xenoliths (Fig. 7a; Liu et al. 2004; She et al.
2006) and cumulates (Shao et al. 2006). The initial
87Sr/86Sr ratios (0.70416–0.70449) of the DSZZ gran-
ites are almost identical to those of coeval Hekanzi
pyroxene-biotite syenite (Yang et al. 2012) and the
Devonian Hongshila pyroxenite-hornblendite complex
(Zhang et al. 2009a). They display a narrow range in
Nd isotopes (εNd (226 Ma) of –11.0 to –9.1), and have
Nd model (TDMNd) ages of 1.42–1.58 Ga.

5.c.2. Lamprophyre dykes

The Group 1 dykes have initial 87Sr/86Sr ratios of
0.70569 to 0.70629 and have εNd (167 Ma) values
varying from –8.5 to –0.1. With the exception of
SCYM-11, their Sr–Nd isotopic compositions over-
lap those of the Xinglonggou lavas (Gao et al. 2004).
TDMNd ages of the Group 1 dykes range over 0.93–
1.51 Ga. The Group 2 dykes have initial 87Sr/86Sr ra-
tios of 0.70618–0.70800 and εNd (167 Ma) values of
–10.7 to –7.4. The significantly high 87Sr/86Sr ratio
of SCYM-2 is possibly due to hydrothermal altera-
tions, which is also supported by relatively high Rb,
Cu and Zn contents. Their Sr–Nd isotopic composi-
tions plot in the field of the Mesozoic alkaline rocks
(Fig. 7b). TDMNd ages of the Group 2 dykes range over
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1.68–2.82 Ga, which is significantly older than the
Group 1 dykes.

5.d. Zircon Hf isotopes

5.d.1. DSZZ granites

Results for in situ Hf isotope analyses of zircons are
shown in online Supplementary Table S2 (available at
http://journals.cambridge.org/geo) and Figure 8. Zir-
cons from the DSZZ granites have model ages
(TDMHf) of 0.95–1.36 Ga and a wide range of εHf(t)
values varying from –12.2 to –1.4 with a trend towards
the CHUR line recommended by Bouvier, Vervoort &
Patchett (2008).

5.d.2. Lamprophyre dykes

The ancient zircons of the lamprophyre dyke SCYM-2
have TDMHf ages of 2.67 Ga and εHf(t) values varying
over 3.2–4.5, which lie close to the depleted mantle and
mafic-granulite-xenoliths-hosted ancient zircons evol-
ution line (Zheng et al. 2004a) at this time beneath the
NCC (Fig. 8).

6. Discussion

6.a. Emplacement age

Previous studies have shown that zircons are used to
track complicated thermal histories. Similarly, most
tectono-thermal histories of the NCC are recorded
by zircon U–Pb geochronology of the DSZZ gran-
ites and the lamprophyre dykes. Four Precambrian
age groups of 2.66–2.61 Ga, 2.53–2.44 Ga, 2.33–
2.20 Ga and 1.98–1.83 Ga are recognized from zir-
cons within the lamprophyre dykes SCYM-2 and
SCYM-12 (online Supplementary Table S1, available
at http://journals.cambridge.org/geo, and Fig. 3b, c).
The Archean age group of 2.66–2.61 Ga is identical
to their in situ hafnium model ages (2.67 Ga). These
zircons also have high εHf (2.67 Ga) values from +3.2
to +4.5, which probably reflects a depleted-mantle-
derived Precambrian continental crust growth event.
The age group of 2.53–2.44 Ga coincides with a wide-
spread metamorphism and deformation event during
late Archean time (c. 2.5 Ga) in the NCC (e.g. Pidgeon,
1980; Jahn & Zhang, 1984; Jin, Li & Liu, 1991; Wu
et al. 1991; Kröner et al. 1998). The Palaeoprotero-
zoic age group of 2.33–2.20 Ga is roughly coeval with
the development and closure of the Jiao-Liao-Ji con-
tinental rift in the Palaeoproterozoic (2.2–1.9 Ga; e.g.
Li et al. 2005; Zhao et al. 2005), and the younger
age group of 1.98–1.83 Ga probably marks the final
collision of the Western and Eastern blocks of the
NCC during late Palaeoproterozoic time (c. 1.85 Ga;
Zhao et al. 2001, 2005). Further, two Palaeozoic age
groups of 468–416 Ma and 331–289 Ma obtained from
the lamprophyre dykes, SCYM-2 and SCYM-12, co-
incide well with the complicated evolution histories
of the Palaeo-Asian Ocean (e.g. Windley et al. 2007)
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Figure 7. Nd and Sr isotopic compositions of (a) the Dashizhuzi granites and (b) lamprophyre dykes. The black and grey curves
A and B in (a) with horizontal tick marks are AFC (assimilation and fractional crystallization) trends showing 5 % increments in F
(magma remaining) for melts of enriched mantle (Hongshila pyroxenite; Zhang et al. 2009a) that assimilate lower crust (DMP-27; Liu
et al. 2004). Fields for melts derived from depleted mantle are the Triassic Hongqiling-Piaohechuan (HQL) mafic-ultramafic rocks
(Wu et al. 2004) and the Jurassic Xinglonggou (XLG) lavas (Gao et al. 2004); for melts derived from enriched mantle the Triassic
alkaline magma rocks (Yang et al. 2012; Zhang et al. 2012) and the Devonian Hongshila (HSL) pyroxenite-hornblendite complex
(Zhang et al. 2009a); and for Mesozoic LCC of the NCC the Hannuoba (HB) deep-seated mafic-intermediate xenoliths (Liu et al.
2004) and early Mesozoic lower crustal cumulates (Shao et al. 2006) and granulites (Shao et al. 2006; She et al. 2006). Data for
Jingchanggouliang (JCGL) diorite dykes (Fu et al. 2012a) are present for comparison. All data are calculated at 226 Ma in (a) and
167 Ma in (b).

and the Carboniferous–Permian (330–265 Ma) colli-
sion of the NCC and the Mongolia composite terranes
(e.g. Windley et al. 2007; Zhang et al. 2010a). An-
other considerable Phanerozoic period (249–240 Ma)
is also recorded by zircons from the granite HGY-1 and
lamprophyre dykes SCYM-12, and may be related to
post-collisional extension or the granulite metamorph-
ism induced by basaltic underplating (Shao, Han & Li,
2000).

The youngest group from the granite HGY-1 yields a
weighted mean 206Pb/238U age of 226 ± 3 Ma (Fig. 3a),
which is consistent with the reported zircon U–Pb age
(224 ± 2 Ma) of the DSZZ granodiorites by Ye et al.
(2014). This age probably represents the best estim-
ate of the crystallization age of the DSZZ granites.
The DSZZ complex therefore emplaced during Middle
Triassic time. This period is also implied by many
exposed Triassic alkaline, mafic-ultramafic and felsic
magma rocks along the northern margin of the NCC
(online Supplementary Table S3 and Supplementary
Figure S1; e.g. Yan et al. 2000; Luo et al. 2003; Wu,
Yang & Liu, 2005; Pei et al. 2008; Fu et al. 2012a; Ye
et al. 2014).

Zircon grains from the lamprophyre dykes SCYM-2
and SCYM-12 are mainly inherited from early igneous
and metamorphic rocks. The Middle Jurassic age of
167 ± 8 Ma is recorded by four zircon grains that are
euhedral to subhedral in external form (Figs 2, 3d).
This is consistent with the field relationships demon-
strating that these dykes are hosted in the interior of
the Middle Triassic DSZZ complex. Furthermore, the

Figure 8. Plots of εHf(t) against U–Pb age for the Dash-
izhuzi granites and lamprophyre dykes. The dashed line with
(176Lu/177Hf = 0.0025), representing trend of zircons in the
Fuxian garnet granulite xenoliths (Zheng et al. 2004a), is shown
for comparison. The mafic crust, felsic crust and average crust
evolution line with assumed 176Lu/177Hf ratios of 0.020, 0.010
and 0.015, respectively, are presented for comparison.

occurrence of voluminous intermediate to felsic gran-
itoids and volcanic rocks in the NE segment of the
NCC (e.g. Miao et al. 1998; Gao et al. 2004; Wu et al.
2006a; Du et al. 2007) suggests a Middle–Late Juras-
sic pronounced magmatism period. The Middle Juras-
sic age of 167 ± 8 Ma is therefore the best estimate for
emplacement age of these lamprophyre dykes.
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Table 3. Elemental ratios and isotopic data used for the AFC modelling for curves A and B (EM – enriched lithospheric mantle; LCC – lower
continental crust)

87Sr/86Sr(t) εNd(t) Sr/Nd References
226 Ma 226 Ma

EM 0.704771 − 5.1 15.7 Zhang et al. (2009a) ; Yang et al. (2012)
LCC 0.708910 − 27.1 2.0 Liu et al. (2004)

6.b. Source of the DSZZ granites

The distinctive features of high Na2O (≥4.4 wt %) and
Sr (≥458 ppm), enrichment in LREE and extreme de-
pletion in HREE, Nb–Ta and Y (≤ 8.3 ppm), with
high Sr/Y (65–126) and (La/Yb)N ratios (35–48) of the
DSZZ granites, are similar to those of adakitic magmas
from island arcs and Archean TTG suites (Kay, 1978;
Martin, 1999). As recognition of magma rocks with
analogous characters has increased, several petrogen-
etic hypotheses have been proposed including: melts
from subducted young oceanic crust followed by in-
teraction with the overlying mantle wedge peridotite
(e.g. Kay, 1978; Drummond & Defant, 1990; Schi-
ano et al. 1995), melting of thickened mafic LCC (e.g.
Atherton & Petford, 1993) or melting of foundered
LCC (e.g. Xu et al. 2002, 2006a; Gao et al. 2004);
melting of hydrated mantle peridotite (Stern & Han-
son, 1991; MacPherson, Dreher & Thirlwall, 2006) or
AFC (assimilation and fractional crystallization and/or
crustal contamination) processes in basaltic magmas
(e.g. Richards & Kerrich, 2007; Fu et al. 2012b); mix-
ing of mafic and felsic magmas (Guo et al. 2007;
Streck, Leeman & Chesley, 2007); and source inher-
itance (Ma et al. 2012, 2015). In the following discus-
sion, we test these potential petrogenetic hypotheses in
order to explain the petrologic and geochemical char-
acteristics of the DSZZ granites.

Slab-melt–peridotite interaction has been proposed
to account for the origin of rocks with adakitic char-
acters (e.g. Kay, 1978; Schiano et al. 1995). This
petrogenetic model requires a subduction setting in
the northern margin of the NCC, yet the initial
subduction of the Palaeo-Pacific Plate beneath the
Eurasian continent took place during Early–Middle
Jurassic time (Xu et al. 2013) and the original calc-
alkaline volcanic rocks related to the subduction of
Mongol-Okhotsk Ocean Plate occurred during Early
Jurassic time in the Erguna Massif (Wu et al. 2011;
Xu et al. 2013). These subduction events took place
later than the emplacement of the DSZZ granites
(226 Ma) and only the closure of the Palaeo-Asian
Ocean, taking place during late Permian – Early Tri-
assic time (Xiao et al. 2009), can match this. Nev-
ertheless, the DSZZ granites have significantly lower
Na2O/K2O ratios (0.96–1.25) than typical ocean slab-
derived adakites (with Na2O/K2O ratios >2.3; Mar-
tin, 1999). Further, the evolved Sr (87Sr/86Sr (226 Ma)
≥0.7042) and Nd (143Nd/144Nd (226 Ma) ≤0.5119)
isotopic compositions of the DSZZ granites contrast
with MORB-like Sr–Nd isotopic compositions of slab

melts interacted or not with overlying mantle wedge
peridotite. The DSZZ granites were therefore not likely
to originate from slab-melt–peridotite interaction.

Some studies have proposed that adakitic rocks can
be generated by melting of hydrated mantle peridotite
(Stern & Hanson, 1991; MacPherson, Dreher & Thirl-
wall, 2006) or AFC processes in basaltic magmas (e.g.
Richards & Kerrich, 2007; Fu et al. 2012b). However,
the SiO2 (65.9–70.8 wt %), MgO (0.46–1.86 wt %)
and Sr (458–1042 ppm) contents of the DSZZ granites
are inconsistent with those of the low-SiO2 adakites
(<60 wt %, such as the sanukitoids described by Stern
& Hanson, 1991), which have been suggested as a
result of melting of peridotite source metasomatized
by slab melts (Martin et al. 2005), but similar to
those of the high-SiO2 adakites. Derivation of hydrated
mantle peridotite for the DSZZ granites is therefore
impossible here. The EM1-like Sr–Nd isotopic fea-
tures (Fig. 7a) of the DSZZ granites are similar to those
of the coeval-enriched mantle-derived alkaline magma
rocks (Yang et al. 2012; Zhang et al. 2012) and the
Devonian Hongshila pyroxenite-hornblendite complex
(Zhang et al. 2009a), and may be an indication that
AFC processes play an important role in magma pet-
rogenesis. Indeed, their Sr–Nd compositions could be
modelled by EM1-derived melts with assimilation of
18 % crustal materials (represented by the intermedi-
ate granulite sample DMP-27; Liu et al. 2004) and a
rate ratio of assimilation and fractional crystallization
(r) close to 0.2. However, extremely low Sr/Nd ratios
(Sr/Nd = 2.0; Table 3) are required in this model for
the crustal contamination end-member. The required
Sr/Nd ratios are obviously lower than the average
Sr/Nd ratios of the continental crust (16.0) and LCC
(31.6) recommended by Rudnick & Gao (2014), which
makes the modelled results infeasible. Furthermore,
the presence of mafic enclaves locally entrained by the
DSZZ granites and granodiorites in field investigations
contrasts with crustal assimilation because mafic en-
claves are normally regarded as proof of basaltic injec-
tion into felsic melts (Xu et al. 2004; Yang et al. 2007)
rather than crustal contamination. AFC processes in
basaltic magmas can therefore also be ruled out.

Mixing of mafic and felsic magmas also have been
proposed to account for some adakitic rocks (e.g. Guo
et al. 2007; Streck, Leeman & Chesley, 2007). The
local presence of pyroxenite and diorite enclaves in the
DSZZ complex and adjacent Dushan complex implies
basaltic injection into these magmas. This process
probably resulted in the slightly elevated Magnesium
number (such as sample HGY-2 with Mg no. of 51)
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and Cr contents. However, no reversely zoned plagio-
clase is observed in the petrographic study. Moreover,
there is no obvious positive correlation between initial
Nd isotopes and MgO and Cr contents. Such petrolo-
gic and geochemical characteristcis and the local oc-
currence of mafic enclaves possibly indicate that the
addition of basaltic components does not play a signi-
ficant role in magma petrogenesis. Although we cannot
completely rule out this scenario, we do not favour it.

Preclusion of a mantle origin leads us to favour
a crustal origin for the Triassic DSZZ granites. The
adakitic characteristics of the DSZZ granites may have
been generated by melting of thickened LCC that was
delaminated or not (e.g. Atherton & Petford, 1993; Xu
et al. 2002, 2006a; Gao et al. 2004), or just inher-
ited from the crustal origin (Ma et al. 2012, 2015).
In the former petrogenetic hypothesis, depletion in
HREE and high Sr/Y without Eu anomalies are nor-
mally explained by deep melting (at depths >45 km)
with the presence of garnet, amphibole, clinopyroxene
and little or no plagioclase as stable and residual min-
erals (Atherton & Petford, 1993). The equilibrium P–
T conditions estimates of the Palaeozoic kimberlites-
hosted lower-crustal xenoliths in Fuxian County
revealed that the depth of the lower boundary of the
crust exceeded 30 km during early Palaeozoic time
(Zheng et al. 2004a, b). The crust was then signific-
antly thickened in the northern NCC by generally N–
S-directed tectonic shortening during middle–late Per-
mian time related to the assembly of the Mongolian
composite terranes with the NCC (Zhang et al. 2011;
Lin et al. 2013). Nevertheless, whether a Triassic-
thickened LCC existed or not remains unknown.

Regardless of the thickness of the Mesozoic contin-
ental crust of the NCC, Ma et al. (2015) carried out
trace-element modelling (with the depth ranging from
≤33 to >45 km) on the Mesozoic adakitic rocks from
the northern part of the NCC, where the DSZZ gran-
ites are also located. We compared trace-element data
with these modelled results. Most of the DSZZ gran-
ites samples can be generated either by 15–28 % melt-
ing of the mafic LCC of the NCC with residues of
garnet-bearing granulite (33–40 km) or by approxim-
ately 50 % melting with residues of eclogite (>45 km)
as indicated in the Sr/Y–Y diagram (Fig. 9a), and can
be generated by 10–25 % melting with residues of
garnet-bearing granulite as indicated in the (La/Yb)N–
YbN diagram (Fig. 9b). Hence, on the basis of trace-
element features, the DSZZ granites can be pro-
duced either by low melt fractions with residues of
garnet-bearing granulite (Cpx:Opx:Am:Grt:Pl:Ilm:Rt
= 40:20:24:10:5:0.5:0.5) or by large melt fractions
with residues of eclogite (Cpx:Grt:Rt = 70:29:1; Ma
et al. 2015). However, according to the melting exper-
iments on compounds with major elements analogous
to mafic LCC estimated by Rudnick & Gao (2003) and
Condie & Selverstone (1999), conducted by Qian &
Hermann (2013), their major-element contents (such
as SiO2, MgO, Mg no., Al2O3, K2O/Na2O) are consist-
ent with the experimental results of 15–22 % melting

of mafic LCC at 800–950 °C and 10–12.5 kbar (cor-
responding to a depth of 30–40 km; experimental run
C-3180; Fig. 9c–f). Increasing melting (such as 50 %
melt proportions) will produce elevated CaO, MgO,
Mg no. and Al2O3 and depressed SiO2 and K2O/Na2O
values (Winther, 1996; Qian & Hermann, 2013), which
are inconsistent with the major elemental character-
istics of the DSZZ granites. Although low melt pro-
portions products at higher pressures (15 kbar; corres-
ponding to a depth of >45 km) and low temperatures
(800 °C; experimental run C-3171) would also display
similar major element contents, it cannot produce ap-
propriate Sr/Y, Y, (La/Yb)N and Yb values (Fig. 9a, b).
Furthermore, (Gd/Yb)N values will be strongly elev-
ated in melts coexisting with high proportions of am-
phibole and especially garnet (Wang et al. 2007; Qian
& Hermann, 2013). As calculated by Ma et al. (2015),
melts generated by 15–25 % melting with residues of
eclogite will have (Gd/Yb)N values of 4.1–4.3. These
values are obviously higher than those ((Gd/Yb)N =
2.8–3.9) of the DSZZ granites. Additionally, the EM1-
like Sr–Nd isotopic compositions of the DSZZ gran-
ites are very different when compared to those of melts
produced by foundered lower crust followed by inter-
action with mantle peridotites (Fig. 7a; Xu et al. 2002;
Gao et al. 2004). We therefore conclude that melt-
ing of thickened or foundered LCC cannot be used to
explain the petrogenesis of the DSZZ granites. Their
adakitic characteristics may simply be inherited from
the mafic LCC of the NCC (with residues of garnet-
bearing granulite at depths of 33–40 km).

As discussed above, the DSZZ granites have Sr/Y
and Y values and major-element contents similar
to melts coexisting with garnet-bearing granulite/or
mafic LCC by approximately 15–28 % melting propor-
tions (Fig. 9a, b). Moreover, their Zr (148–217 ppm)
and Hf (4.8 ppm) are also consistent with those (Zr
= 185–232 ppm and Hf = 4.3–5.1 ppm; Ma et al.
2015) of melts coexisting with garnet-bearing gran-
ulite. Depletion in Nb–Ta and Ti was considered to
be inherited from the intrinsic characteristics of the
LCC of the NCC (Rudnick & Gao, 2003, 2014; Ma
et al. 2015), and does not necessarily indicate high-
pressure melting conditions. However, some previous
studies have argued that garnet is not a common min-
eral in the lower crustal xenoliths (e.g. Ma et al. 2012).
Here, we argue that this cannot be used to exclude the
possibility that small proportions of garnet (≤10 %)
could have existed in the mafic LCC, because garnet
is present in the deep-seated crustal xenoliths from
Fuxian and Hannuoba (Liu et al. 2004; Zheng et al.
2004a). Distinctive high-K2O (3.8–4.7 wt %) features
also can be observed. This may be related to incor-
poration of some enriched subcontinental lithospheric
mantle-derived materials into the LCC prior to melt-
ing (Roberts & Clemens, 1993). We therefore suggest
the pre-existing ancient mafic LCC of the NCC as the
main source for the DSZZ granites.

The EM1-like Sr–Nd isotopic features of the DSZZ
granites (Fig. 7a) could be produced by either enriched
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Figure 9. Plot of (a) Sr/Y v. Y, (b) (La/Yb)N v. YbN, (c) K2O/Na2O v. melt proportion, (d) Al2O3 v. pressure, and (e) SiO2 and (f)
Mg no. v. melt temperature. Data for the DSZZ granodiorites (Ye et al. 2014) and the Shuiquangou lavas (Ma et al. 2012) are also
shown. Partial melting curves for batch melting of the mafic lower crust of the NCC in (a) and (b) are from Ma et al. (2015), and the
fields of adakites and classical island-arc rocks (andesite-dacite-rhyolite) are modified from Defant & Drummond (1990). In the partial
melting model, the assumed starting material is represented by the weighted average of Archean mafic-granulite terrains and mafic
lower-crustal xenoliths in Phanerozoic basalts and kimberlites. For more details see Ma et al. (2015). Experimental melting data and
its trends for major element values in (c–f) are from Qian & Hermann (2013). Numbers labelled adjacent to each symbol correspond
to different experiment runs.
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Figure 10. Plots of (a) εNd(t) and (b) TDMNd v. U–Pb age for the Dashizhuzi granites. Data for the late Carboniferous – early Permian
intermediate-felsic magma rock are from Wang et al. (2009) and Zhang et al. (2009b) . Data for the late Permian – early Mesozoic
intermediate-felsic magma rocks are from Wang et al. (2009), Zhang et al. (2009b), Ma et al. (2012), Xiong et al. 2017; and this study.
Data for the Middle–Late Jurassic intermediate-felsic magma rocks are from Gao et al. (2004) and Zhang, Yuan & Wilde (2014).

lithospheric mantle or LCC. As mentioned above, pure
mantle derivation can be ruled out, and the addition of
basaltic components plays a limited role in magma pet-
rogenesis. Moreover, the DSZZ granites have Sr–Nd
isotopic compositions plotting in the field of the Meso-
zoic lower crustal granulite xenoliths (Liu et al. 2004;
She et al. 2006) and cumulates (Shao et al. 2006). Old
Nd model ages (TDMNd (226 Ma) = 1.42–1.58 Ga)
also indicate ancient crustal materials were involved in
the magma source, which is consistent with the inter-
pretation indicated by their major- and trace-element
characteristics.

In addition, variable in situ Hf isotopic compositions
(with εHf (226 Ma) up to –1.4) and young Hf (TDMHf

(226 Ma) = 0.95–1.36 Ga) model ages suggest that
a primitive component was involved in the magma
source. The incorporation of mantle component is
also indicated by the systematic changes in Nd and Hf
isotopic compositions of the late Palaeozoic – Jurassic
intermediate-felsic magma rocks in the northern NCC.
The early Mesozoic intermediate-felsic magma rocks
have higher εNd(t), εHf(t) values and younger Nd, Hf
model ages than their late Palaeozoic counterparts
(Figs 10, 11). This primitive component was probably
derived from the subcontinental lithospheric mantle in
an extensional environment, as there are widespread
contemporaneous lithospheric mantle-derived alkaline
magma rocks (e.g. Yan et al. 2000; Mu et al. 2001;
Han, Kagami & Li, 2004; Yang et al. 2012; Zhang
et al. 2012) along the northern margin of the NCC.
Incorporation of subcontinental lithospheric mantle-
derived materials into the LCC therefore led to the
formation of a juvenile lower-crust component during
early Mesozoic time, and melting of the mixture of
ancient and juvenile lower-crustal materials resulted
in the relatively high Nd and Hf isotopic compositions
of the DSZZ granites.

Depletion in P may result from apatite separation.
Depletion in Ti is mainly related to the intrinsic charac-
teristics of the LCC of the NCC, and may be partly re-
lated to fractionation of titanite (a common accessory
mineral in the DSZZ granites). However, no clear neg-
ative correlation is observed in the plot of Ba/Sr v. δEu
(online Supplementary Figure S2, available at http:
//journals.cambridge.org/geo), which indicates that no
significant plagioclase separation occurred. In sum-
mary, the petrography, geochemistry and isotope com-
positions suggest that the DSZZ granites were derived
directly from melting of mixed lower-crust sources,
which consisted of pre-existing ancient crustal and ju-
venile crustal materials, followed by fractionation of
apatite and titanite.

6.c. Source of lamprophyre dykes

6.c.1. Crustal contamination

It is important to evaluate whether these lamprophyre
dykes have undergone significant crustal contamin-
ation and magmatic differentiation before trying to
explore their mantle sources. They seem to have ex-
perienced significant crustal contamination as indic-
ated by their ‘crustal-like’ geochemical features (e.g.
depletion in HFSE and enrichment in Pb; Fig. 6c).
However, the Group 2 dykes have primitive Mg
no. (76–77; Table 1), Cr (563–712 ppm), Co (360–
470 ppm) and Al2O3 (11.7–12.4 wt %) values, which
could be regarded as the mantle-derived primary or
near-primary melts. Their Ba (1989–2293 ppm) and
Sr (1004–1011 ppm) contents are apparently different
from those of the average continental crust (456 ppm
Ba; 320 ppm Sr; Rudnick & Gao, 2014), suggest-
ing that trace elements were not obviously contam-
inated by crustal materials. Moreover, 87Sr/86Sr and
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Figure 11. Plots of (a) εHf(t) and (b) TDMHf v. U–Pb age for the Dashizhuzi granites. Data sources as for Figure 10.

Figure 12. Plots of (a) 87Sr/86Sr v. SiO2 and (b–d) εNd(t) versus SiO2, Ni and Co for the lamprophyre dykes.

εNd(t) values decrease with increasing SiO2 contents
(Fig. 12a, b); such characteristics are also inconsist-
ent with crustal contamination and may simply re-
flect a heterogeneous mantle source. Although there
are some inherited Archean–Palaeoproterozoic zircons
present in the sample SCYM-2, given the fact that less

than 70 zircon grains were picked out from c. 9 kg
of rocks, crustal contamination played a limited role
in the magma petrogenesis. Crustal contamination is
therefore negligible.

Similarly, high Mg no. (62–71), Cr (174–461 ppm)
and Co (51–171 ppm) and low SiO2 (48.5–56.4 wt %)
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Figure 13. Plots of MgO v. selected major and trace elements for the lamprophyre dykes.

values of the Group 1 dykes also suggest that they
are dominantly mantle derived. Slightly positive cor-
relations between εNd(t) and compatible elements (e.g.
Ni, Co and Cr; Fig. 12c, d) are observed, which in-
dicates that some extent of crustal contamination was
involved in the magma evolution processes. Incor-
poration of some crustal materials is also suggested
by the occurrence of a large range of zircon pop-
ulations (Fig. 3c). Bulk crustal contamination is im-
possible however, given the fact that only about 120
zircon grains were picked out from c. 11 kg of rocks.
In addition, their Ba (1557–3289 ppm) and Sr (849–
1673 ppm) contents are much higher than those of
the average continental crust (Rudnick & Gao, 2014).
Nb/U (1.7–4.0) and Ce/Pb (11.7–27.3) ratios are also
different from those of the average continental crust
(6.2 Nb/U; 3.9 Ce/Pb; Rudnick & Gao, 2014). The
Group 1 dykes have therefore experienced low extent
rather than bulk crustal contamination.

6.c.2. Fractional crystallization

The Group 2 dykes have linear correlations between
MgO and major and trace elements, although we do not

have many samples (Fig. 13). TFe2O3, CaO/Al2O3 and
Cr increase and SiO2 decreases with increasing MgO
contents; such characteristics indicate that the Group
2 dykes may have experienced some fractionation of
olivine and clinopyroxene. Similarly, positive correla-
tions between P2O5, TiO2 and MgO indicate that some
fractionation of accessory minerals (e.g. apatite and
Fe–Ti oxides) may have occurred. In addition, the ab-
sence of Eu and Sr anomalies suggest that fractionation
of plagioclase is insignificant.

The Group 1 dykes do not have clear linear cor-
relations between MgO and major and trace elements
(Fig. 13). The parental magma may not have exper-
ienced extensive fractional crystallization. Likewise,
the absence of Eu and Sr anomalies indicates that pla-
gioclase was not a significant fractionating phase.

6.c.3. Source of Group 2 dykes

The Group 2 dykes have primitive Mg no. (76–77), Cr
(563–712 ppm), Co (360–470 ppm) and Al2O3 (11.7–
12.4 wt %) values, which are similar to the features of
mantle-derived primary or near-primary melts. These
lamprophyre dykes could therefore originate from
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either the convective asthenospheric mantle or the sub-
continental lithospheric mantle. The high Ba/Th (237–
364) and low Ce/Pb (7.4–8.5) and Nb/U (5.0–6.0) ra-
tios are obviously different from those of the MORB
(Ba/Th = 86; Ce/Pb = 22.4; Nb/U = 45.7; Salters &
Stracke, 2004). Moreover, their enriched Sr–Nd iso-
topic compositions and ancient TDMNd age (1.68–
2.82 Ga) also argue against an asthenospheric mantle
derivation. Due to the limited role of crustal contam-
ination as discussed above, negative Nb–Ta and pos-
itive Pb anomalies further demonstrate that the Group
2 dykes cannot be generated from melting of astheno-
spheric mantle. Asthenospheric mantle derivation can
therefore be ruled out, and the subcontinental litho-
spheric mantle may account for the petrogenesis of the
Group 2 dykes.

Distinct geochemical features, such as strong frac-
tionation between LREE and HREE, LILE enrichment
and HFSE depletion, are similar to those of some
Mesozoic mafic dykes in the northern NCC (Jiang
et al. 2010; Fu et al. 2012a; Duan et al. 2014) and
in the Jiaodong Peninsula (Ma et al. 2014a, b), inter-
preted to have been derived from an enriched litho-
spheric mantle. The enriched Sr–Nd isotopic compos-
itions of the Group 2 dykes are also similar to those
of the early Mesozoic enriched lithospheric mantle-
derived alkaline magma rocks (Fig. 7b; e.g. Yan et al.
2000; Yang et al. 2012; Zhang et al. 2012). Mantle en-
richment was probably produced by subduction pro-
cesses as indicated by the depletion of HFSE (e.g.
Nb, Ta, Zr and Hf) relative to neighbouring ele-
ments in the primitive mantle-normalized pattern (e.g.
Duggen et al. 2005; Ma et al. 2014a). Moreover, the
enrichment of the mantle source probably occurred
during ancient time, which is suggested by the an-
cient whole-rock TDMNd ages (1.68–2.82 Ga) of the
Group 2 dykes. The TDMNd ages are roughly con-
sistent with the original formation (Archean; e.g. Wu
et al. 2006b; Zhang et al. 2008; Liu et al. 2015) and
replacement (late Palaeoproterozoic; Gao et al. 2002;
Liu et al. 2011, 2012, 2015) age of the subcontinental
lithospheric mantle beneath the NCC. The Group 2
dykes were therefore derived from an ancient subcon-
tinental lithospheric mantle.

The high K2O content and enrichment of LILE sug-
gest that K and volatile-bearing minerals such as phlo-
gopite or amphibole were present in the mantle source
of the Group 2 dykes. Their moderate Ba/Rb (14–29)
and Rb/Sr (0.07–0.16) ratios indicate that the potassic
phase in the magma source may be either phlogopite
or amphibole (Fig. 14a). The identification of phlo-
gopite and/or amphibole in the source region of the
Group 2 dykes implies that mantle metasomatism by
fluids or volatile-rich melts occurred prior to melting
(Jiang et al. 2010). In addition, the K/Yb and Dy/Yb
ratios have been proposed to provide constraint on the
composition of the mantle source and melt proportion
(Duggen et al. 2005). The Group 2 dykes have Dy/Yb
ratios of 2.37–3.21 and plot in the field of garnet-
facies lherzolite (Fig. 14b), which suggests that some

proportions of garnet are present in the source of the
Group 2 dykes. The occurrence of garnet in the magma
source is also consistent with their high (La/Yb)N and
(Gd/Yb)N values (30–40 and 4.0–5.7). The Group 2
dykes were therefore probably derived from a garnet-
facies phlogopite and/or amphibole-bearing lherzolite
lithospheric mantle.

6.c.4. Source of Group 1 dykes

High Mg no. (62–71), Cr (174–461 ppm) and Co (51–
171 ppm) and low SiO2 (48.5–56.4 wt %) values of the
Group 1 dykes also suggest a dominantly mantle deriv-
ation. Although the Group 1 dykes have experienced
a low extent of crustal contamination, the LILE en-
richment and HFSE depletion observed in the most
basic dyke sample (SCYM-16) indicates a dominantly
subduction-related metasomatized lithospheric mantle
derivation. Their relatively lower MgO and compat-
ible trace-element (such as Cr, Co and Ni) contents
than the Group 2 dykes probably call for a relatively
fertile mantle source. Dyke samples SCYM-5 and
SCYM-16 have nearly primitive Nd isotopes (Fig. 7b),
suggesting that a depleted component (e.g. astheno-
spheric mantle) was incorporated in the magma ori-
gin. This is supported by their identical Sr–Nd isotopic
characteristics with those of the Triassic Hongqiling-
Piaohechuan mafic-ultramafic rocks (Wu et al. 2004)
and the Late Jurassic Xinglonggou lavas (Gao et al.
2004), which were thought to be derived from astheno-
spheric mantle or to have an asthenospheric mantle
component. The relatively young TDMNd ages (0.93–
1.51 Ga) is also consistent with the involvement of de-
pleted component in the magma source. Moreover, the
Group 1 dykes have Th/U (3.3–3.8, except SCYM–
5), Ba/Th (53–180) and Ce/Pb (11.7–27.3; Table 1) ra-
tios similar to those (Th/U = 3.3; Ba/Th = 86; Ce/Pb
= 22.4; Salters & Stracke, 2004) of the MORB. Fur-
thermore, the significantly higher REE contents of the
Group 1 dykes (Fig. 6c, d) compared to the Group 2
dykes probably suggests that the incorporated depleted
mantle materials are probably asthenospheric mantle-
derived, volatile-rich, low-density melts. The Group 1
dykes were therefore derived from an ancient subcon-
tinental lithospheric mantle with incorporation of as-
thenospheric mantle-derived melts.

As discussed above, the Group 1 dykes have exper-
ienced a low extent of crustal contamination. How-
ever, their variable εNd (167 Ma) values (–8.5 to –
0.1) cannot be produced through crustal contamina-
tion, because the Group 1 dykes have significantly
higher Sr (849–1673 ppm) and Nd (76–128 ppm) con-
tents than the average continental crust (320 ppm Sr;
20 ppm Nd; Rudnick & Gao, 2014). Their Sr–Nd com-
positions are therefore insensitive to crustal contam-
ination, and lowering the εNd values by 7.5 units re-
quires bulk crustal contamination. The variation in εNd

(167 Ma) values therefore cannot be caused by assimil-
ation of crustal materials; such characteristics may re-
flect heterogeneity in the magma source, which was
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Figure 14. (a) Plots of Ba/Rb v. Rb/Sr (modified after Furman & Graham, 1999; Ma et al. 2014a) and (b) K/Yb v. Dy/Yb for
the lamprophyre dykes. Melting curves of garnet lherzolite, garnet-facies phlogopite lherzolite, garnet-facies amphibole lherzolite,
spineal-facies amphibole lherzolite and spinel lherzolite are from Duggen et al. (2005).

probably produced by variable degrees of mixing
between the ancient subcontinental lithospheric mantle
and asthenospheric mantle-derived component.

In addition, the high K2O and Ba/Rb (13–34, most
>21) and low Rb/Sr (0.06–0.13, most <0.10) val-
ues indicate that amphibole is the dominantly po-
tassic phase in the mantle source (Fig. 14a). Such
characteristics imply mantle metasomatism prior to
melting. Additionally, the Group 1 dykes have Dy/Yb
ratios ranging over 2.93–4.14, and plot in the field of
garnet-facies amphibole lherzolite (Fig. 14b). Signific-
antly high (La/Yb)N and (Gd/Yb)N values (36–92 and
5.8–8.8) further support the existence of garnet as a re-
sidual phase in the magma source. The Group 1 dykes
were therefore probably derived from a garnet-facies
amphibole-bearing lherzolite lithospheric mantle with
incorporation of asthenospheric mantle-derived melts
prior to melting.

6.d. Evolution of the lithosphere

Continental adakitic rocks are normally considered as
a geodynamic indicator of crustal thickening, orogenic
collapse and lithospheric delamination (e.g. Kay, 1978;
Atherton & Petford, 1993; Xu et al. 2002; Ma et al.
2015). Interpretation of the Mesozoic adakitic rocks
as resultants of crustal thickening have inferred the
Late Mesozoic lithospheric delamination and destruc-
tion of the NCC (Xu et al. 2002; Gao et al. 2004). Ma
et al. (2015) pointed out the flaw of this interpreta-
tion, and ascribed it to ignoring the effect of source
composition on the generation of continental adakitic
rocks. As discussed above, the Triassic DSZZ gran-
ites were produced from melting of mafic LCC, with
residues of garnet-bearing granulite, at a normal con-
tinental crustal depth of 33–40 km. The adakitic char-
acteristics were dominantly inherited from the proto-
lith sources. Trace-element modelling also suggested
that the melting depth required to produce the Juras-
sic adakitic rocks in the Yanshan belt is from <33 to

40 km (Ma et al. 2015). These lines of evidence there-
fore do not support the existence of a thickened mafic
LCC during early Mesozoic time. The occurrence of
these early Mesozoic adakitic rocks cannot be regarded
as crucial evidence for later lower-crust foundering as
an important mechanism for destruction of the NCC.

Mantle xenoliths entrained by Cenozoic volcanic
rocks have distinct chemical compositions and ages
compared to those entrained by Ordovician kim-
berlites, which suggested significant thinning and re-
placement of the lithospheric mantle beneath the east-
ern NCC during Mesozoic time (e.g. Griffin et al.
1998; Gao et al. 2002; Wu et al. 2006b; Chu et al.
2009; Liu et al. 2015). More than 100 km of ancient
refractory lithospheric mantle beneath the NCC have
been removed and replaced by young and fertile mantle
materials (e.g. Menzies et al. 2007). However, when
and how the replacement occurred has been debated
for a long time (e.g. Xu, 2001; Gao et al. 2002; Zhang
et al. 2002; Chen, Jahn & Zhai, 2003; Xu et al. 2006b,
2009; Liu et al. 2011, 2015; Fu et al. 2012a).

As discussed above, the Group 2 lamprophyre
dykes were generated by a garnet-facies metasomat-
ized lherzolite lithospheric mantle. Previous studies
have proposed that the depth of garnet-facies zone in
the upper mantle is greater than 75–85 km (e.g. McK-
enzie & O’Nions, 1991; Robinson & Wood, 1998;
Klemme & O’Neill, 2000). The thickness of the
Middle Jurassic (167 Ma) lithosphere beneath the Yan-
shan belt is therefore ≥75–85 km. The ancient Nd
model ages of the Group 2 lamprophyre dykes suggest
that the original Archean and Proterozoic lithospheric
mantle has been preserved, and their chemical compos-
ition has not been changed at that time.

However, a petrogenetic study of the Group
1 lamprophyre dykes indicates a relatively fer-
tile lithospheric mantle source that has experienced
variable degrees of asthenospheric mantle-derived
melt–peridotite interaction. Their significantly higher
(La/Yb)N and (Gd/Yb)N values indicate a higher
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content of garnet in the source. It may therefore re-
flect an even greater melting depth than the Group
2 lamprophyre dykes. Previous studies have sugges-
ted that a change in magma source from lithospheric
mantle to asthenospheric mantle and the occurrence of
asthenosphere-derived magmas can be considered as
an indicator of lithospheric thinning (e.g. Xu, 2006;
Wu et al. 2008; Xu et al. 2009; Ma et al. 2014a).

The widespread early Mesozoic (240–220 Ma) al-
kaline magmas were considered to have enriched sub-
continental mantle sources beneath the northern NCC
(e.g. Yan et al. 2000; Mu et al. 2001; Han, Kagami &
Li, 2004; Yang et al. 2012; Zhang et al. 2012). Stud-
ies of Triassic granitic igneous rocks also have sug-
gested incorporation of variable amounts of subcon-
tinental lithospheric mantle-derived materials in their
origin (Figs 10, 11; e.g. Ma et al. 2012; Xiong et
al. 2017; this study). Although some asthenospheric
mantle components were considered to have been
invoked in certain Triassic ultramafic-mafic igneous
rocks (Tian et al. 2007; Fu et al. 2012a), this scen-
ario is not common at that time. Asthenospheric mantle
therefore does not have a significant role in the petro-
genetic processes of the early Mesozoic magma rocks.

During Middle–Late Jurassic time large amounts of
mafic to felsic magmas were emplaced in the north-
ern NCC, including the Yanshan belt and Liaodong
peninsula (e.g. Gao et al. 2004; Zhang et al. 2010b;
Zhu, Yang & Wu, 2012; Zhang, Yuan & Wilde,
2014; this study). Geochemical data reveal signific-
ant involvement of asthenospheric mantle materials
in these magmas, and their trace-element signatures
are intermediate between clearly defined lithospheric
and asthenospheric characteristics. Such characterist-
ics probably suggest some extent of lithospheric thin-
ning during Middle–Late Jurassic time, which was
possibly induced by the subduction of the Palaeo-
Pacific Plate beneath the Eurasian continent (e.g. Xu
et al. 2013). Based on the petrogenetic processes of
the Group 1 lamprophyre dykes in this study, melt–
peridotite interaction processes probably played an
important role in the change of chemical composi-
tions of the lithospheric mantle beneath the north-
ern part of the NCC. It has been demonstrated that
melt–peridotite interaction can change rheology and
modal composition of mantle rocks (Kelemen, Dick &
Quick, 1992; Xu, 2001). Repeated invasion of a small
amount of asthenosphere-derived volatile-rich melts
would accumulate at the lithosphere–asthenosphere in-
terface, and provide heat to cause melting of this
zone and its gradual upwards movement (McKenzie,
1989). Meanwhile, upwelling of asthenosphere would
lead to thermal weakening on the base of the litho-
spheric mantle. The melt–peridotite interaction and
thermo-mechanical erosion may be jointly associated,
rather than mutually exclusive (Xu, 2001). The mech-
anism of lithospheric thinning is therefore mainly
by coupled melt–peridotite interaction and thermo-
mechanical erosion during Middle Jurassic time. Al-
though the Late Jurassic Xinglonggou lavas were con-

sidered to have been produced as a result of lower
crustal foundering (Gao et al. 2004), the influence of
lower crustal foundering may be local and limited.
One reason is that the Jurassic adakitic rocks in the
Yanshan belt were produced at a depth from <33 to
40 km (Ma et al. 2015); such an interpretation does
not support the existence of thickened mafic LCC
during Jurassic time. Another reason is that the ori-
ginal Archean and Proterozoic lithospheric mantle has
been preserved, according to the petrogenetic study of
Group 2 lamprophyre dykes. If lower crustal founder-
ing has occurred, the original Archean and Protero-
zoic lithospheric mantle would have detached into the
asthenosphere, accompanied by formation of juvenile
lithosphere.

In summary, thinning of the early Mesozoic litho-
spheric mantle beneath the northern part of the NCC
was dominantly though coupled melt–peridotite in-
teraction and thermo-mechanical erosion prior to
Middle Jurassic time. The chemical compositions were
modified at the bottom of the lithospheric mantle
through melt–peridotite interaction processes. How-
ever, whether a rapid removal process occurred at some
point after Middle Jurassic time remains the topic for
further studies.

7. Conclusions

Integrated U–Pb geochronology, elemental and Sr–
Nd–Pb isotope studies of the DSZZ granites and
lamprophyre dykes in the northern NCC allow us to
make the following conclusions.

(1) The DSZZ granites are dated at 226 ± 3 Ma.
The occurrence of voluminous Triassic alkaline,
mafic-ultramafic and felsic magma rocks along the
northern margin of the NCC suggests a pronounced
magmatism period during Middle Triassic time.

(2) The Triassic DSZZ granites were produced from
melting of mafic LCC of the NCC with residues of
garnet-bearing granulite at normal continental crustal
depths of 33–40 km, followed by fractionation of apat-
ite and titanite. Their protolith source consists of
pre-existing ancient crustal and lithospheric mantle-
derived juvenile crustal materials.

(3) The Group 2 lamprophyre dykes were de-
rived from an ancient garnet-facies phlogopite and/or
amphibole-bearing lherzolite lithospheric mantle at
depths greater than 75–85 km. However, the Group
1 lamprophyre dykes have a relatively fertile litho-
spheric mantle source (garnet-facies amphibole-
bearing lherzolite) that has experienced variable
degrees of asthenospheric mantle-derived melt–
peridotite interaction prior to melting. The melting
depth of the Group 1 lamprophyre dykes is even
greater than the Group 2 lamprophyre dykes.

(4) Thinning of late Mesozoic lithospheric mantle
beneath the northern part of the NCC is dominantly
thought to have occurred via coupled melt–peridotite
interaction and thermo-mechanical erosion prior to
Middle Jurassic time. The chemical compositions were
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modified at the bottom of the lithospheric mantle
through melt–peridotite interaction processes.
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