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The Taipusi area in the Bainaimiao Arc Belt is located in the northern margin of the North China
Craton, at the southern margin of the middle Central Asian Orogenic Belt. It is characterized by
large exposures of mafic dikes. In this contribution, we present first-hand whole-rock major and
trace elements, zircon U–Pb geochronology and in situ trace element geochemistry data for these
mafic rocks, which reveal their petrogenesis and tectonic evolution. These mafic dikes display varied
compositions of SiO2 (49.42–54.29%), TiO2 (0.63–1.08%), Al2O3 (13.94–17.60%), MgO (4.66–10.51%),
Fe2O3 (1.59–3.07%), FeO (4.60–6.90%), CaO (4.57–8.91%), Na2O (1.61–4.26%), K2O (0.92–2.54%)
and P2O5 (0.11–0.29%). They are mainly of high-K calc-alkaline series with indistinct Eu anomalies,
enriched in large ion lithophile elements (e.g., Rb, Ba, K and Sr) but depleted in high field strength
elements (e.g., Nb, P and Ti). These suggest that the crystallizing magma was derived from enriched
mantle altered by metasomatic fluids in a subduction setting with imprints of active continental
margin features. The high concentrations of Hf, U, Th, Pb and Y, pronounced positive Ce but slightly
negative Eu anomalies in zircons indicating that the magma underwent a fractional crystallization and
crustal contamination process, with medium to high fO2. Zircon LA–ICP–MS U–Pb dating yielded
concordant ages of 437–442 Ma for these mafic dikes, which is consistent with the early Paleozoic
volcanic arc magmatic activity in the Bainaimiao area. Hence, we conclude that the Bainaimiao Arc
Belt is a continental arc formed by the southward subduction of the Paleo-Asian ocean during early
Paleozoic.

Keywords. Mafic dikes; zircon U–Pb dating; tectonic setting; Bainaimiao Arc Belt; Central Asian
Orogenic Belt.
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1. Introduction

As one of the largest Phanerozoic orogenic accre-
tionary belt in the world, the Central Asian
Orogenic Belt (CAOB) is of great interest due
to its long-term evolutionary history and com-
plex tectonic magmatism (Windley et al. 2006).
The Xing–Meng Orogenic Belt (XMOB), located
at the eastern part of the CAOB within China,
is about 2000 km long and 500 km wide and
borders the Siberian Craton to the north and
North China Craton to the south (figure 1a).
Accompanied by widespread occurrence of var-
ious tectonic components, such as Precambrian
microcontinents, Paleozoic island arcs, ophiolites,
accretionary wedges, oceanic plateaus and succes-
sions of volcanic rocks, the XMOB has undergone
multi-stage complex tectonic evolution, such as
oceanic subduction, crustal accretion, multi-block
collision and post-orogenic extension due to con-
sumption of the Paleo-Asian Ocean (PAO) between
the Paleozoic and the early Mesozoic (Sengör et al.
1993; Chen et al. 2000; Xiao et al. 2003). The
XMOB tectonically consists of Northern Orogenic
Belt (NOB), Solonker Suture and Southern Oro-
genic Belt (SOB) from the north to the south with
several large linear faults as dividing lines (fig-
ure 1b; Khain et al. 2003; Jahn 2004; Xiao et al.
2004, 2009).

At the southern part of SOB, the E–W trend-
ing Bainaimiao Arc Belt (BAB) is located between
Xilamulun fault and Chifeng–Baiyanobo fault (Jian

et al. 2008). It is mainly composed of calc-alkaline
tholeiitic basalts, felsic lavas, alkaline basalts,
agglomerates, volcanic breccias, tuffs, granodiorites
and granites (Zhao and Zhai 2013). The formation
of the BAB is attributed mainly to the southward
subduction of the PAO during the early Paleozoic,
which led to the large-scale products of volcanic
activity between Bainaimiao and Chifeng cities
(Stampfli and Borel 2002). The formation, distribu-
tion and evolution of magmatism are closely related
to the tectonic evolution of the area, and thus play
a key role in identifying the tectonic environment.
However, the space-time framework and tectonic
setting of the early Paleozoic magmatism in the
BAB have not yet reached unified understanding.
The BAB has been identified as an island arc by
many researchers (e.g., Jong et al. 2006) while oth-
ers consider it as an Andean-type continental arc
within the northern margin of North China Cra-
ton (e.g., Xiao et al. 2003); some researchers still
suggest that there used to be a broad ocean that
separated the northern NCC from BAB during the
Cambrian–Ordovician period, which resulted in the
formation of BAB (e.g., Zhang et al. 2014). In
addition, previous studies in the area paid more
attention to the geochemistry and geochronology
of granite rocks in the western part of BAB.
For example, U–Pb concordant ages of ∼446 and
∼443 Ma have been determined in Damaoqi and
Bainaimiao, respectively (Zhang and Jian 2008;
Feng et al. 2014). Due to the diverse granitic types
and uncertain nature of magmatic source areas, the

Figure 1. (a) Tectonic map of North China Craton and its adjacent areas (after Zhao et al. 2001) and (b) regional geological
map of the Central Asian Orogenic Belt (after Xiao et al. 2003).
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tectonic background of the Bainaimiao area is still
controversial.

This study hopes to provide further constraints
on this disputed tectonic environment from new
approaches using local magmatic rocks. The Tai-
pusi area is situated in the south of Xinlingol
League, inner Mongolia autonomous region of
North China, within the southmost middle segment
of BAB. There have been limited geochemical and
geochronological studies of mafic dikes in the mid-
dle part of Bainaimiao Arc Belt, which may host
abundant information and provide constraints on
the tectonic evolution of BAB.

Mafic rocks usually originate from the mantle
and are closely related to mantle-derived rocks,
which are associated with global tectonics (such
as plate subduction and deep mantle processes).
Thus, mafic rocks are of great significance in inves-
tigating source properties and analysing tectonic
setting and deep kinetics of the lithosphere (Li
et al. 2016). Furthermore, the study of the nature,
source region, evolution, origin and dynamic back-
ground of mafic magma is the key to obtain
information about related internal processes for
further revealing magmatic generation and activ-
ity related to deep kinetic mechanisms. Based on
field geological observation, the occurrence of the
Taipusi area mafic dikes may be linked to the tec-
tonic evolution of BAB.

Hence, based on comprehensive analysis of zircon
U–Pb, geochronology and whole-rock, and zircon
geochemistry, this study aims to reveal the ori-
gin and evolution of mafic magma in Taipusi area
and provide new insights into the early Paleozoic
tectonic evolution of BAB.

2. Regional tectonic evolution and geology

The northern margin of the NCC records a long
history of crustal growth, tectonic evolution and
stabilization from Archean to Paleoproterozoic
(Santosh 2010; Zhao et al. 2010). During the
Paleozoic, the northern margin of NCC was once
strongly influenced by southward subduction of
the Paleo-Asian ocean as indicated by surface tec-
tonics and magmatism (Cope et al. 2005; Zhang
et al. 2010). The consumption of PAO eventu-
ally led to the collision of North China Craton
with the Siberia Craton, with Solonker Suture as
the evidence for the termination of this collision–
accretion process (Xiao et al. 2003). However,
the tectonic model and time constraint for this

subduction is still controversial. Based on detailed
investigation of subduction- and collision-related
magmas and forearc sediments in Solonker Suture
zone, Chen et al. (2009) suggested that the oppos-
ing subduction of the PAO started from 530 Ma
and ended between 296 and 234 Ma. In contrast,
Jian et al. (2010) considered that the tectonic
evolution for central southern CAOB can be clas-
sified into two independent subduction–collision
processes that occurred during the early Paleo-
zoic and also during the late Carboniferous–late
Permian. Recently, a new model suggested that
there used to be a southern subduction–collision
system between North China Craton and Hun-
shandake Block during 500–440 Ma as well as
a northern subduction–collision system between
South Mongolia Microcontinent and Hunshandake
Block during 500–380 Ma, resulting in the for-
mation of SOB and NOB in 410 and 380 Ma,
respectively (Xu et al. 2013). Until recent times,
the closure of the Paleo-Asian ocean is postulated
to have occurred between Permian and Triassic
(Chen et al. 2000; Jian et al. 2008; Xiao et al. 2009).
Although the existence of a Paleozoic subduction
is an accepted fact, the formation, distribution
and evolution of mafic rocks still require further
investigation to provide more constraints in
establishing the ancient tectonic environment of
BAB.

The tectonic framework of XMOB and adjacent
areas include several tectonic units from north to
south, such as the Ulilastai Continental Margin,
Erlian-Hegen Mountain Ophiolitic Belt, Northern
Orogenic Belt (NOB), Solonker Suture and South-
ern Orogenic Belt (SOB) (figure 1b, Jian et al.
2008). The Erlian-Hegen Mountain ophiolitic com-
plex is on the south of the Wuliang Yasi-Taiyuan
continental margin, which consists of volcanic sed-
imentary strata, granite, blue schist, and a large
number of ophiolites (Miao et al. 2008). The NOB
is composed of Xilinhaot metamorphic complexes,
Erdaojing complex, and two types of magmatic
rocks associated with island arcs and collision
features in Baolilao area (Xu et al. 2013). Rep-
resenting the termination of the CAOB evolution
in inner Mongolia, the Solonker Suture is marked
by ophiolite exposures in the Sonlonker, Xiamulun
and Linxi areas and separates XMOB into two oro-
genic belts (Jian et al. 2008). The area is bounded
by Linxi fault to the north and Xilamulun fault to
the south (Li et al. 2012a).

The main tectonic units of the SOB include
the Bainaimiao Arc Belt (BAB) and the Ondor
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Figure 2. Simplified geological map of the Taipusi area (after Li et al. 2017).

Sum subduction–accretionary complex. The Ondor
Sum complex is located to the north of the
BAB and can be further subdivided into three
units: underformed ophiolite belt, island arc com-
plex, and mylonitized UHP subduction complex.
The BAB is characterized by an assemblage of
calc-alkaline tholeiitic basalts, felsic lavas, alka-
line basalts, agglomerates, volcanic breccias, tuffs,
granodiorites and granites (Xiao et al. 2003; Li
et al. 2015). Four major geological units can be
differentiated in the Bainaimiao area, namely a
greenschist-facies volcano-sedimentary sequence, a
low-P/T metamorphic complex, a mid-late Silurian
flysch sequence and a late Silurian molasse (Zhang
et al. 2013).

The exposed strata in the Taipusi area mainly
belongs to the Mesoproterozoic Bayan Obo Group,
with large exposures of Quaternary alluvium and
limited exposures of Variscan granitic rocks
(Devonian–Permian) (figure 2). The Bayan Obo

Group structures trend NE–SW and consist of
medium grade (partial to high grade) metamorphic
formations. The photolytes are sedimentary clastic
rocks, carbonate rocks and intermediate volcanic
rocks. Divided into several lithologic sections, the
Bayan Obo Group of the Taipusi area consists of
garnet two-mica quartz schist, biotite quartz schist,
marble, argillaceous slate, metamorphic feldspathic
quartz sandstone, plagioclase amphibole schist,
and banded migmatite. The Variscan granitic rocks
are mainly medium-fine grained biotite-plagioclase
granites and fine grained biotite adamellites, with
intense silicification around the intrusive bodies. In
addition, Permian–Triassic Mo polymetallic miner-
alization was formed in this area, with no obvious
relationship with the outcropped magmatic rocks
(Li et al. 2017).

The Taipusi area is characterized by widely dis-
tributed mafic dikes with different scales and occur-
rences (figure 2). They intruded into the Bayan



J. Earth Syst. Sci. (2017) 126:64 Page 5 of 26 64

Obo Group along secondary fractures. These dikes
mainly consist of gabbro, diabase and lamprophyre
(figure 3a–b). The diabase and gabbro are mainly
distributed in the southern and northeastern por-
tions. The diabase is greyish-green in colour, has
a massive structure and an ophitic texture with
plagioclase (50%), pyroxene (30%) and hornblende
(15%) as major minerals (figure 4a). The lampro-
phyre is dominantly located in the northern part of
the ore field and has similar mineral composition
exhibiting a porphyritic texture (figure 4b).

3. Sampling and analytical techniques

Different types of fresh mafic rocks were collected
in the outcrops and exploratory trenches in the Tai-
pusi area. Sampling locations of the representative
samples are shown in figure 2.

Major elements were determined by X-ray
fluorescence spectrometry. The FeO and Fe2O3

compositions were analysed using classical wet
chemical method, followed by the measurement
procedure described by Hey (1982). Standard sam-
ples were analysed to estimate precision, and the
results indicated an error of <5%. Trace elements
were analysed with an Agilent 7500a ICP-MS
at the State Key Laboratory of Geological Pro-
cesses and Mineral Resources, China, University of
Geosciences, Wuhan, China. The detailed sample
digestion procedure for the ICP-MS analysis, ana-
lytical precision and accuracy is similar to those
described in Liu et al. (2008).

Diabase sample 821-12 and lamprophyre sample
826-1 were chosen for zircon U–Pb dating and trace
element analysis. Zircon separation were carried
out using standard techniques, purified by hand

Figure 3. Field occurrences of diverse magmatic dikes in the Taipusi area (a) Diabase and (b) Gabbro.

Figure 4. Micrograph images of the diverse magmatic dikes in the Taipusi area (a) Gabbro and (b) Lamprophyre. Px:
pyroxene; Pl: plagioclase; Hbl: hornblende; Qtz: quartz.
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picking under binocular microscope and mounted
in epoxy resin and polished down to expose the
grain center. Cathodoluminescence (CL) imaging
was carried out at Northwest University (China),
using a scanning electron microscope equipped
with an energy dispersive spectroscopy system and
a CL3+ detector under an operating condition
at 15 kV and 20 nA. Typical CL images were
obtained to identify internal structures and choose
potential target sites for U–Pb and trace element
analyses.

In-situ zircon trace element and U–Pb isotope
analyses were performed at the State Key Labora-
tory of Continental Dynamics, Northwest Univer-
sity, China. An Agilent 7500a ICP–MS, equipped
with a pulsed 193 nm ArF Excimer (Compex102)
with laser power of 70 mj pulse energy at a rep-
etition rate of 10 HZ, was used for ablation. The
laser ablation beam diameter was 30 µm and the
ablation depth was 20–40 µm. Helium was used as
carrier gas to provide efficient aerosol transport to
the ICP and minimize aerosol deposition. To cor-
rect laser induced fractionation, the SSB (Sample
Standard Bracket) method was performed. Zircon
91,500 was used as an external standard to normal-
ize isotopic fractionation during isotope analysis,
and it was analysed twice for every 5 analyses.
Meanwhile, NIST610 glass, which was analysed
once every 10 analyses, was used as an external
standard. Detailed descriptions of analytical proce-
dure and instrumentation are given by Yuan et al.
(2008). Off-line selection and integration of back-
ground and analytical signals, time-drift correction
and quantitative calibration for U–Pb dating were
performed using in-house software ICPMSDataCal
(Liu et al. 2010), and the 204Pb-based method
was applied for common Pb correction (Ander-
sen 2002). The ISOPLOT (version 4.15) pro-
gram was employed for zircon concordant diagram
plotting.

Zircon trace element concentration results were
simultaneously obtained during zircon U–Pb dat-
ing. Combined with external standard NIST610,
91Zr was used as an internal standard to correct
trace element concentrations of the unknowns. A
detailed calibration procedure for each element was
presented in Liu et al. (2010). The preferred values
of element concentrations for the standard sam-
ple NIST610 glass are from the GeoReM database
(http://georem.mpch-mainz.gwdg.de/). The aver-
age analytical error ranges from ∼10% for light
rare earth elements (LREE) to ∼5% for other trace
elements.

4. Results

4.1 Major and trace elements of rocks

The major and trace element concentrations of
18 mafic rock samples from the Taipusi area are
shown in table 1. The mafic rocks have varied
chemical compositions in whole-rock geochemistry,
with contents of SiO2=49.42–54.29%, TiO2=0.63–
1.08%, Al2O3=13.94–17.60%, MgO=4.66–10.51%,
Fe2O3=1.59–3.07%, FeO=4.60–6.90%, CaO=4.57–
8.91%, Na2O=1.61–4.26%, K2O=0.92–2.54%, and
P2O5=0.11–0.29%. Total alkali content (Na2O +
K2O) was 2.53–6.01%, with an average value of
4.98%. A/CNK values range from 0.71–0.95, with
an average value of 0.79. All of these imply a met-
aluminous signature for the mafic rocks. After the
removal of LOI and recalculation of total major-
element oxides into 100%, immobile elements (i.e.,
Ti, Zr, Y, Nb) are used to determine the rock
types to eliminate the influence of the mobile
alkaline elements. In the Zr/TiO2–Nb/Y diagram,
samples are plotted as andesite or basalt (fig-
ure 5a). Furthermore, the samples mostly plot in
the calc-alkaline series field in the AFM diagram
(figure 5b), and high-K calc-alkaline series and
calc-alkaline series fields in the K2O–SiO2 diagram
(figure 5c).

The total rare earth element (ΣREE) compo-
sitions of these mafic rocks range from 68.11 to
128.95 ppm, averaging at 91.95 ppm (table 1). The
samples are characterized by the pronounced differ-
entiation of LREE and HREE and the enrichment
of LREE, with LREE/HREE and (La/Yb)N val-
ues ranging 4.97–8.96 and 4.58–9.88, respectively.
REE patterns among different samples are similar
to each other, with inclined lines for LREE but
flat curves for HREE (figure 6a). The Eu and Ce
negative anomalies are relatively weak, with aver-
age Eu/Eu* and Ce/Ce* values of 0.94 and 0.91,
respectively.

On primitive mantle-normalized multi-element
diagrams (figure 6b), these mafic rock samples
show enrichment in large ion lithophile elements
(LILE) (e.g., Rb, Ba, K and Sr) and depletion in
high field strength elements (HFSE) (e.g., Nb, P
and Ti).

4.2 U–Pb geochronology

The zircon CL images of sample 821-12 and 826-
1 are present in figure 7. The typical oscillatory
zoning of these zircons indicate that they are

http://georem.mpch-mainz.gwdg.de/
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Table 1. Major and trace element compositions and related calculating parameters for the mafic dikes from the Taipusi area.

Sample no. 816-9 821-1 826-6-3 821-5 821-3 829-4 821-12 821-2 822-8

SiO2 (%) 53.18 53.82 50.18 51.28 50.05 54.21 50.85 52.60 54.29
TiO2 0.75 0.96 0.87 0.98 1.07 0.78 1.00 0.74 0.78
Al2O3 14.6 16.9 14.5 16.0 16.0 15.6 15.4 15.5 14.7
Fe2O3 1.59 2.02 2.18 2.36 3.26 1.83 2.21 2.05 1.77
FeO 6.00 5.20 6.90 5.90 5.55 5.75 6.55 5.70 5.45
MnO 0.14 0.11 0.16 0.15 0.11 0.13 0.15 0.13 0.13
MgO 8.65 6.14 10.51 6.76 8.12 7.11 7.51 7.51 8.30
CaO 6.28 5.97 7.93 7.95 7.71 7.47 6.64 8.58 6.37
Na2O 2.87 3.23 1.82 3.11 3.58 2.93 3.67 2.72 3.22
K2O 2.28 2.54 2.17 2.14 1.66 1.25 2.30 1.46 2.00
P2O5 0.12 0.18 0.13 0.27 0.13 0.11 0.28 0.15 0.14
LOI 2.54 2.06 1.81 2.14 1.91 1.96 2.47 2.00 1.88
TOTAL 99.03 99.15 99.11 99.06 99.15 99.13 98.98 99.15 99.03
Na2O + K2O 5.15 5.77 3.99 5.25 5.24 4.18 5.97 4.18 5.22
A/NK 2.03 2.10 2.70 2.16 2.08 2.53 1.80 2.56 1.97
A/CNK 0.79 0.89 0.73 0.73 0.74 0.79 0.75 0.72 0.77

Mg# 67 61 68 60 63 63 61 64 68
FeOtotal 7.43 7.02 8.86 8.02 8.48 7.40 8.54 7.54 7.04
La (ppm) 17.2 20.2 13.2 15.0 12.5 12.3 17.3 12.5 16.7
Ce 33.9 43.1 27.5 34.4 26.2 24.5 36.8 25.6 33.1
Pr 4.51 5.81 3.74 4.68 3.60 3.42 4.96 3.45 4.48
Nd 18.1 23.7 15.9 19.9 15.5 14.1 20.9 14.3 18.4
Sm 3.86 4.84 3.53 4.19 3.59 3.17 4.37 3.08 3.83
Eu 1.09 1.36 1.11 1.33 1.12 0.95 1.32 0.95 1.20
Gd 3.6 4.4 3.6 3.8 3.5 3.1 4.0 2.9 3.5
Tb 0.59 0.71 0.60 0.57 0.56 0.52 0.61 0.46 0.55
Dy 3.41 4.05 3.59 3.03 3.22 2.93 3.24 2.66 3.11
Ho 0.71 0.81 0.74 0.59 0.65 0.59 0.62 0.53 0.63
Er 1.89 2.20 2.01 1.53 1.68 1.54 1.61 1.43 1.66
Tm 0.29 0.34 0.31 0.23 0.26 0.24 0.25 0.22 0.26
Yb 1.90 2.15 1.95 1.43 1.58 1.51 1.57 1.37 1.59
Lu 0.32 0.35 0.32 0.23 0.25 0.25 0.26 0.23 0.26
ΣREE 91.34 114.00 78.02 90.87 74.18 69.07 97.76 69.69 89.23
LREE/HREE 6.18 6.60 4.97 6.97 5.34 5.49 7.07 6.09 6.69
Eu/Eu* 0.88 0.89 0.95 1.00 0.96 0.92 0.95 0.95 0.98
Ce/Ce* 0.89 0.92 0.91 0.96 0.90 0.88 0.92 0.90 0.89
LaN/YbN 6.12 6.35 4.58 7.09 5.35 5.51 7.47 6.15 7.06
Rb 111 153 332 82 64 61 86 66 88
Ba 801 787 173 960 346 309 636 386 466
Th 5.06 5.64 3.05 3.04 2.32 3.44 3.36 3.25 3.55
U 0.97 1.12 0.72 0.76 0.62 0.80 0.76 0.75 0.96
Ta 0.3 0.6 0.3 0.5 0.3 0.3 0.5 0.4 0.4
Nb 3.5 6.8 3.8 6.2 3.2 3.1 6.3 3.3 4.3
Sr 412 513 310 360 316 308 390 378 510
Zr 111 160 98 126 98 99 132 104 116
Hf 3.1 5.4 2.5 3.7 2.7 2.8 3.3 3.0 3.1
Y 18.9 20.7 18.2 15.1 16.0 15.3 15.9 12.9 16.4
Th/Ta 18.21 9.36 10.07 5.96 8.46 10.02 7.42 8.88 10.03
Nb/U 3.58 6.09 5.32 8.19 5.17 3.92 8.28 4.40 4.51
Nb/La 0.20 0.34 0.29 0.41 0.26 0.25 0.36 0.27 0.26
Nb/Ta 12.51 11.35 12.56 12.15 11.74 9.09 13.91 9.04 12.21
Zr/Hf 35.86 29.77 39.91 34.22 36.71 35.01 40.18 35.17 36.99
Nb/Yb 1.83 3.18 1.95 4.35 2.04 2.07 4.03 2.41 2.71
K* 4.76 3.82 5.41 4.15 4.42 3.16 4.21 3.58 4.04
Nb* 0.10 0.17 0.12 0.19 0.12 0.15 0.17 0.14 0.13
Sr* 1.20 1.16 1.08 1.00 1.14 1.20 1.02 1.44 1.50



64 Page 8 of 26 J. Earth Syst. Sci. (2017) 126:64

Table 1. (Continued.)

Sample no. 81-2-1 85-3 87-1 88-4-2 810-2 813-1 816-1-2 821-4 811-1

SiO2 (%) 54.02 50.85 53.36 50.91 50.03 53.39 52.86 50.56 49.42

TiO2 0.75 1.06 0.63 0.95 1.08 0.78 0.77 0.81 1.07

Al2O3 15.0 17.0 15.4 16.3 17.6 16.1 17.0 13.9 16.2

Fe2O3 2.46 2.94 2.05 2.43 3.01 2.40 2.80 3.00 3.07

FeO 4.69 5.18 4.60 4.64 5.80 5.11 4.92 5.63 5.61

MnO 0.13 0.14 0.13 0.11 0.15 0.12 0.13 0.17 0.14

MgO 8.08 5.51 7.92 5.74 4.66 6.93 6.74 10.47 7.43

CaO 5.96 8.91 6.13 4.57 7.37 6.40 6.90 8.74 7.15

Na2O 3.64 3.19 3.24 4.26 4.06 3.09 3.47 1.61 2.89

K2O 1.81 1.82 1.69 1.75 1.89 1.53 1.42 0.92 2.41

P2O5 0.14 0.29 0.12 0.25 0.22 0.11 0.16 0.12 0.28

LOI 2.31 2.29 3.15 5.70 2.04 2.36 1.56 2.91 2.38

TOTAL 98.95 99.13 98.39 97.57 97.91 98.29 98.78 98.88 98.02

Na2O + K2O 5.45 5.01 4.93 6.01 5.95 4.62 4.89 2.53 5.30

A/NK 1.88 2.35 2.15 1.83 2.02 2.38 2.35 3.82 2.20

A/CNK 0.80 0.72 0.84 0.95 0.80 0.87 0.86 0.71 0.79

Mg# 68 56 69 60 49 63 62 69 61

FeOtotal 6.91 7.83 6.44 6.82 8.51 7.27 7.44 8.33 8.37

La (ppm) 14.9 21.0 12.8 24.7 20.0 11.5 14.7 14.8 25.4

Ce 30.9 42.0 26.2 50.2 40.8 24.3 31.3 31.2 49.4

Pr 3.98 5.65 3.51 6.16 5.21 3.21 4.00 4.20 6.35

Nd 17.2 24.4 15.1 26.1 22.7 13.9 17.4 17.8 26.5

Sm 3.69 5.16 3.27 5.07 4.82 3.24 3.85 4.13 5.38

Eu 1.03 1.57 1.03 1.48 1.50 0.98 1.13 1.08 1.69

Gd 3.4 4.5 3.0 4.1 4.3 3.2 3.5 4.1 4.5

Tb 0.48 0.62 0.44 0.55 0.64 0.48 0.50 0.61 0.62

Dy 2.97 3.74 2.74 3.35 4.10 3.05 3.08 4.02 3.89

Ho 0.58 0.70 0.54 0.63 0.79 0.59 0.64 0.79 0.73

Er 1.69 1.90 1.58 1.84 2.43 1.71 1.81 2.35 2.06

Tm 0.23 0.26 0.21 0.26 0.33 0.23 0.26 0.32 0.29

Yb 1.57 1.71 1.39 1.69 2.22 1.54 1.73 2.18 1.90

Lu 0.24 0.26 0.21 0.24 0.33 0.22 0.24 0.32 0.28

ΣREE 82.84 113.50 72.05 126.40 110.19 68.11 84.12 87.85 128.95

LREE/HREE 6.44 7.27 6.11 8.96 6.27 5.20 6.17 5.00 8.06

Eu/Eu* 0.88 0.97 0.98 0.96 0.99 0.93 0.93 0.80 1.03

Ce/Ce* 0.93 0.89 0.91 0.93 0.92 0.93 0.94 0.92 0.89

LaN/YbN 6.41 8.30 6.22 9.88 6.09 5.05 5.74 4.59 9.03

Rb 72 59 74 69 53 65 46 71 97

Ba 460 478 382 1210 752 423 616 301 932

Th 3.92 3.54 3.04 4.89 4.52 3.12 3.04 3.92 4.57

U 0.88 0.81 0.82 1.03 0.93 0.70 0.64 0.75 0.96

Ta 1.2 0.9 1.9 0.6 1.6 0.6 2.6 1.3 2.8

Nb 5.1 7.3 4.2 5.8 6.3 3.2 3.9 5.2 8.5

Sr 588 416 716 782 707 388 569 358 500

Zr 114 130 100 132 112 96 112 97 148

Hf 3.2 3.4 2.9 3.6 3.2 2.8 3.2 2.9 3.9

Y 17.0 20.8 15.4 18.4 24.0 17.2 18.4 23.1 21.1

Th/Ta 3.27 3.93 1.60 8.15 2.83 5.20 1.17 3.02 1.63

Nb/U 3.58 6.09 5.32 8.19 5.17 3.92 8.28 4.51 5.80
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Table 1. (Continued.)

Sample no. 81-2-1 85-3 87-1 88-4-2 810-2 813-1 816-1-2 821-4 811-1

Nb/La 0.34 0.35 0.33 0.23 0.32 0.28 0.27 0.35 0.33
Nb/Ta 4.25 8.11 2.21 9.67 3.94 5.33 1.50 4.00 3.04
Zr/Hf 35.63 38.24 34.48 36.67 35.00 34.29 35.00 33.45 37.95
Nb/Yb 3.25 4.27 3.02 3.43 2.84 2.08 2.25 2.39 4.47
K* 2.97 3.21 2.22 2.81 1.62 2.65 1.80 2.49 1.14
Nb* 0.15 0.18 0.13 0.15 0.21 0.15 0.11 0.17 0.25
Sr* 1.85 0.95 2.62 1.56 1.69 1.54 1.77 1.10 1.00

Mg# = 100Mg2+/(Mg2+ + FeOtotal), FeOtotal = FeO + 0.8998 × Fe2O3, K∗ = 2KN/(TaN + LaN), Nb∗ = 2NbN/(KN + LaN),

Sr∗ = 2SrN/(CeN + NdN).

magmatic zircons. Most of the zircons are trans-
parent but dark to slightly bright except 2 grains
containing bright cores (No. 06 and 08 of sam-
ple 826-1). Grain size mainly varies from 70–120
µm, with aspect ratios 2:1 to 3:1 and euhedral to
slightly rounded shapes, indicating that some of
them are inherited zircons trapped by ascending
magma.

The 33 spots of U–Pb analytical results from
samples 821-12 and 826-1 are presented in table 2.
There are large variations for the total Pb, 232Th,
238U contents and distinct 206Pb/238U ages rang-
ing 435–2132 Ma. However, most of the ages cluster
at ∼440 Ma while the other ages are scattered
(figure 8a–d). Previous research suggested that a
series of magmatic activities occurred in the NCC
from the late Paleoproterozoic to Neoproterozoic:
formation of a large igneous province (∼1.78 Ga),
anorogenic magmatic activity (1.72–1.62 Ga), dia-
base sill intrusions (1.35–1.32 Ga) and mafic dyke
swarm intrusions (∼900 Ma) (Zhai et al. 2014).
Conforming to these magmatic events, the age of
inherited zircons in the study reflect the assimi-
lation of the old basement of NCC during magma
ascent. After removing unreliable data with concor-
dance less than 90%, the zircons dated ∼400–500
Ma can be considered representative of the for-
mation age of the mafic rocks; while those with
scattered and old ages may be inherited zircons.
Eventually, 9 spots of 821-12 and 13 spots of
826-1 (noted as magmatic zircons in table 2) were
selected to calculate the formation age of the
diabase. Zircons from 821-12 yielded a concor-
dant U–Pb age of 437.6±5.8 Ma (MSWD=0.25)
and a weighted mean U–Pb age of 437.6±2.7 Ma
(MSWD=0.33). Within the age error of sample
821-12, zircons from 826-1 gave a concordant age of
442.6±9.2 Ma (MSWD=0.18) and a weighted mean
age of 440.5±2.3 Ma (MSWD=0.28) (figure 8e, f).
Thus, the mafic rocks in the Taipusi area are esti-
mated to have intruded during ∼440 Ma.

4.3 Trace elements of zircons

Magmatic zircon trace element analysis results are
shown in table 3. Due to the similarity of the
samples in element concentration, their geochem-
ical characteristics are described together. These
zircons have high average Hf values of 31,300
ppm. Titanium concentrations mainly vary from
10–33 ppm (averaging at 17 ppm) except one zir-
con possessing 465 ppm. In addition, these zircons
have low average values of Nb (9.1 ppm) and Ta
(4.1 ppm) concentrations. Meanwhile, the Th/U
ratios are greater than 0.4 with an average value
of 0.71.

The chondrite-normalized REE patterns of the
zircons are strongly enriched in heavy REEs rela-
tive to light REEs (figure 9a, b). ΣREE concentra-
tions range from 960 to 3853 ppm with an average
value of 1956 ppm. These zircons possess medium
negative Eu anomalies with Eu/Eu* varying from
0.16–0.68 (averaging 0.41) and pronounced positive
Ce anomalies with Ce/Ce* ranging from 3.3–47.9
(averaging 25.7).

5. Discussion

5.1 Timing of dikes in Taipusi area

Dikes exposed in the Taipusi area are mainly com-
posed of mafic rocks such as gabbro, diabase and
lamprophyre. The zircons from these mafic rocks
have long columnar, idiomorphic crystal shapes
with high Th/U ratios. They show clear oscillatory
zoning in CL images, indicating a magmatic ori-
gin. Hoskin (2005) demonstrated that there exists
a distinct discrepancy of REE distribution pat-
terns between magmatic zircons and hydrothermal
zircons. Compared to magmatic zircons, hydrother-
mal zircons have flat LREE concentration patterns,
higher REE concentration and slight positive Ce
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Figure 5. (a) Zr/TiO2 vs. Nb/Y diagram (after Winchester
and Floyd 1977), (b) AFM diagram (after Irvine and Baragar
1971), TH: tholeiite series; CA: calc-alkaline series and (c)
SiO2 vs. K2O diagram (after Peccerillo and Taylor 1976).

anomaly. As shown in figure 9(a, b), all the zir-
cons show typical features of magmatic zircons
although several zircons with older ages display

Figure 6. (a) Chondrite-normalized REE patterns for the
mafic rocks from the Taipusi area. (b) Primitive mantle
normalized trace element patterns for the mafic rocks
from the Taipusi area. Normalized values for chondrite
and primitive mantle are from Sun and McDonough (1989).

diverse patterns, implying they may be inherited
zircons due to crustal contamination. The dating
results show that the concordant ages of the dia-
base and lamprophyre are ∼437 and ∼442 Ma,
respectively, which are within the error range.
Numerous contemporaneous magmatic activities
have been identified in the BAB area such as
granodiorite porphyry (445±6 Ma) in Bainaimiao
deposit, tonalite (446±3 Ma) and quartz diorite
(438±4 Ma) in Siping–Yitong of NE China, and
hornblende gabbro in Damaoqi area (Li et al. 2010,
2012b; Zhang et al. 2014). These isotopic data con-
form to U–Pb ages in this study, indicating that
magmatism in BAB area have regional characteris-
tics rather than influenced by local development. It
confirms that the dating results are of high reliance,
and thus formation period of these dikes is consid-
ered to be during the early Silurian.
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Figure 7. Zircon CL images of diabase sample 821-12 (a) and lamprophyre sample 826-1 (b) from the Taipusi area.

5.2 Origin and evolution of the mafic magma

5.2.1 Whole-rock geochemical implications

Most original mafic magmas formed by partial
melting of the mantle do not undergo pronounced
fractional crystallization and crustal contamina-
tion. Mafic rocks formed by original magmas are
generally characterized by low compositions of
SiO2 and incompatible elements (e.g., LILE, HFSE
and LREE), with Mg# values ranging from 65
to 75 (Jesus et al. 2014). Mafic rocks in Tai-
pusi area are enriched in LILE and LREE but
depleted in HFSE, with varied Mg# values ranging
49–69 (table 1), indicating the source region evo-
lution may have an affinity with subduction zone
magmatism.

The relationship between different major-element
oxides is shown in figure 10. The negative correla-
tion between MgO and Al2O3 indicates fractional
crystallization of olivine during the magma evolu-
tionary process (figure 10a), and the positive cor-
relation of MgO vs. CaO and CaO vs. CaO/Al2O3

implies fractional crystallization of clinopyroxene
(figure 10b, c). Additionally, the negative correla-
tion of MgO vs. P2O5 and MgO vs. TiO2 illus-
trates fractional crystallization of apatite and Ti–
Fe oxides (figure 10d, e). The negative correlation
between MgO and total alkaline (Na2O+K2O) also
indicates fractional crystallization of other major
and accessory minerals (figure 10f). In contrast, the
slightly negative Eu anomalies (average δEu=0.94)
imply weak fractional crystallization of plagioclase.

Crustal contamination is an important evolution-
ary process during magma ascent. The enrichment

of LILE and LREE, and the depletion of HFSE
indicate that crustal materials were involved in the
formation process of the mafic rocks in the Tai-
pusi area, either at the source or during magma
ascent and evolution (Wang et al. 2012; Zhao et al.
2014). The weak negative Ce anomalies (average

δCe=0.91) may imply that crustal materials with
depleted Ce were incorporated into the magma.
The depletion of Nb and Ta may indicate that
crustal or source contamination occurred during
the magma intrusive process. The Th/Ta ratios
range from 1.17 to 18.21 (average 6.62) and are
mostly higher than 2.07 value of primitive man-
tle (Sun and McDonough 1989), also suggesting
pronounced crustal contamination. High primitive
mantle-normalized Tb/Ta ratios ((Tb/Ta)N > 1)
and low Nb/La ratios (Nb/La < 1) are two reliable
indicators for crustal contamination (Kieffer et al.
2004). The mafic rocks in the Taipusi area have
ratios of (Tb/Ta)N > 1 and Nb/La < 1 (table 1),
also implying that it may have undergone signifi-
cant upper crustal contamination. Ratios of Nb/U
do not experience significant differentiation during
the partial melting of mantle, and can thus be used
to reflect geochemical characteristics of magma
source region. The Nb/U ratios of mafic rocks in
the Taipusi area range from 3.58 to 8.28, which
are lower than that of primitive mantle (∼34, Sun
and McDonough 1989) and close to that of conti-
nental crust (9–12, Hofmann 1988), also suggesting
that the magma underwent crustal contamination.
The ratios of Nb/Ta range from 1.50 to 13.91 with
an average value of 8.14, which are also distin-
guished from that of primitive mantle (17.39, Sun
and McDonough 1989). Ratios of elements with
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similar total partition coefficients would not be
influenced by fractional crystallization and degree
of partial melting; thus their correlation can be
used to determine the existence and degree of
crustal contamination. As shown in figure 11(a–
d), the linear correlations of Zr vs. Th, Nb vs. Th,
Nb/Ta vs. La/Yb and La/Nb vs. Zr/Nb imply that
assimilation and crustal contamination occurred
during the crystallization process. Moreover, the
considerably varied Th and U contents as well as
different 206Pb/238U ages among zircons from the
diabase also indicate that some zircons originated
through capture. The information of captured zir-
cons preserved in diabase indicates the existence
of an old basement in the study area. These
inherited zircons may have been incorporated in
the mafic magma by way of crustal assimilation
and contamination when they passed through the
basement.

The characteristics of source mantle should be
considered when we study magma evolutionary
processes. Aside from information on fractional
crystallization and crustal contamination, features
of original mantle magma can also be revealed
by major and trace element compositions. The
Zr/Hf ratios of mafic rocks in the Taipusi area
range from 29.77 to 40.18 with an average value
of 35.81. These values are close to the primitive
mantle value (36.73, Sun and McDonough 1989)
but significantly higher than that of continental
crust (∼11, Weaver 1991). This implies that the
magma originated from the mantle or its source
was influenced by subduction metasomatic fluids.
In the Th/Nb vs. Ce/Nb diagram (figure 11a),
these samples clearly plot along the direction of
subduction-derived components, which are close
to arc field and far away from crustal material
field. This indicates a mantle wedge magmatic
source that was modified by subduction metaso-
matic aqueous fluids released by dehydration; and
that the continental crust component played an
insignificant role in the source region. In addition,
a better identification of the impact of subduction
metasomatic fluids and crustal sediments on source
evolution is illustrated on the Ba/Zr vs. Th/Zr
plot (figure 11b), which shows an evolutionary ten-
dency towards altered oceanic crustal fluids. This
is further reflected by the Nb/Y vs. La/Yb plot
(figure 11c), on which most of the samples plot
in the fluid-induced metamorphism field. These
plots confirm that slab-derived fluids contributed
significantly to the generation and evolution of
the magma rather than influence from subducted

sediment and the melt. Immobile elements, such
as Nb, Yb and Zr, are employed to discriminate
the nature of the magma source. Ratios of Nb/Yb
can provide a robust indicator of mantle fertility
(Pearce and Stern 2006; Xu et al. 2014). In the
diagram of Zr/Yb vs. Nb/Yb (figure 11d), Nb/Yb
ratios of the mafic rocks in the Taipusi area are
in a range of 1.83–4.47, most of which are higher
than that of N-MORB (0.76, Sun and McDonough
1989) and approach values of E-MORB (3.5, Sun
and McDonough 1989), indicating that the man-
tle source of these rocks is probably an enriched
mantle wedge altered by subduction fluids. LREE
enrichment could also be a signature of enriched
mantle source and suggests the involvement of
enriched mantle components on the origin of these
mafic rocks (Zhou et al. 2015). The enriched man-
tle is generally thought to be related to recycling
of subduction crustal components (Donnelly et al.
2004). Source mantle features can be studied fur-
ther by using plots of Ti/Yb vs. Nb/Yb (figure 11e)
and Th/Yb vs. Nb/Yb (figure 11f). As shown
in the diagrams, the source mantle of the mafic
rocks can be identified as altered enrichment man-
tle related to continental arcs. Thus, we infer that
source magma of the Taipusi area mafic rocks
originated from an enriched mantle altered by
aqueous fluids derived from the subducting plate
that experienced fractional crystallization, assim-
ilation and contamination of crustal materials to
different degrees during their ascent through the
lithosphere.

5.2.2 Zircon geochemical insights

Zircon is a host for significant fractions of U,
Th, Hf, and the REE in the whole-rock abun-
dance (O’Hara et al. 2001; Hoskin and Schal-
tegger 2003). In addition, Zr–Hf fractionation has
been reported for highly evolved magmatic sys-
tems (Bau 1996). Since most Hf-enriched zircons
were found in evolved rock-types, it is likely that
the Hf concentration of zircon has a positive
correlation with magmatic differentiation (Hoskin
et al. 2000; Hoskin and Schaltegger 2003). Mean-
while, the fractionation of Zr and Hf in zircon-
crystallizing melts may be correlated with the
Zr/Hf activity coefficient ratio in the melt (Lin-
nen and Keppler 2002). Therefore, Zr/Hf ratio
can serve as an indicator of the evolutionary
degree during the magmatic differentiation pro-
cess. In this study, magmatic zircons from the
mafic samples have high Hf concentration values,
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Figure 8. (a–b) Histogram of 206Pb/238U ages and (c–f) concordia diagram of La–ICP–MS zircon U–Pb dating results for
the mafic rock samples 821-12 and 826-1 from the Taipusi area.
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Figure 9. Chondrite-normalized REE patterns of zircons for the mafic rocks from the Taipusi area (a) sample 821-12 and
(b) sample 826-1. Normalized values for chondrite are from Sun and McDonough (1989).

indicating an intensely fractionated magma origin.
Moreover, zircons from highly evolved rocks are
often enriched in radioactive elements such as U,
Th and Pb. In zircons, U and Th can replace
Zr; Th and U are positively correlated with Y
and REE; and Y and Yb/Sm increase with
increasing fractional crystallization. All of this
reflects the evolutionary trend of magma. Highly
evolved magma contains higher incompatible
elements (Belousova et al. 2002, 2006; Li et al.
2014, 2017). In this study, magmatic zircons of
samples 821-12 and 826-1 have high average val-
ues of U, Th, Pb and Y, suggesting that the mafic
rocks at the Taipusi area were derived from a well-
evolved magma.

It has been recognized that Eu may exist in
+2 or +3 states in nature and its valence state
is a function of temperature and oxygen fugacity
of magma. As shown in table 3, all the zircons
have weak negative Eu anomalies. This suggests
that parental magmas may have experienced minor
feldspar fractionation before zirconium saturation,
or have possessed an initial negative Eu anomaly
as a result of being derived from a feldspar-rich
source.

A widely accepted explanation for the positive
Ce anomaly in zircons is the oxidation of Ce3+

to Ce4+ during high oxygen fugacity conditions;
since the ionic radius and charge of Ce4+ is sim-
ilar to Zr4+, it enters crystal lattice of zircon
then replaces the latter. In contrast, the trivalent
light REEs are extremely incompatible with zir-
con due to their differences in both charge and
radius (Trail et al. 2011). It is also generally

acknowledged that the magnitude of the Ce anomaly
is controlled by oxygen fugacity of the magma, and
can thus be used to provide information on the
fO2, since high fO2 makes Ce3+ convert more eas-
ily to Ce4+ (Ballard et al. 2002; Claiborne et al.
2010; Han et al. 2013). As shown in table 3,
most magmatic zircons have pronounced positive
Ce anomalies, implying that the parent magma
of the mafic rocks in the Taipusi area once had
a medium to high fO2 during its evolutionary or
ascension process. In addition, Ta can easily oxi-
dize into 5+ valence state while Nb remains in
4+ valance state, which contributes to high Nb/Ta
ratios in zircons that formed in an oxidizing envi-
ronment. The Nb/Ta ratios of magmatic zircons
from samples 821-12 and 826-1 varies from 0.97
to 4.58 with a relatively high mean value of 2.43,
also implying they were derived from an oxidizing
environment.

Grimes et al. (2007) suggests an efficient way
to identify zircon crystallization environment using
U/Yb–Hf and U/Yb–Y diagrams. As shown in fig-
ure 12, these magmatic zircons mainly fall into the
transitional field of oceanic crust and continental
fields, implying the source of magma was meta-
somatized by slab fluids derived from subducted
oceanic slabs.

Thus, trace element analysis indicates that the
magma source was associated with the south-
ward subduction of oceanic slabs and underwent
fractional crystallization and crustal contamina-
tion to different degrees during its ascent through
the lithosphere, forming mafic rocks of diversified
types.
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Figure 10. Discrimination diagrams of magma fractional crystallization for the mafic rocks from the Taipusi area.
(a) MgO vs. Al2O3; (b) MgO vs. CaO; (c) CaO vs. CaO/Al2O3; (d) MgO vs. P2O5; (e) MgO vs. TiO2 and
(f) MgO vs. Na2O + K2O.

5.3 Tectonic setting

The major element analytical results show that the
mafic rocks in the Taipusi area belong to the high-
K calc-alkaline series. The average content of Al2O3

is 15.75%, which have similar values to continental
high-alumina basalt. The TiO2 content is similar
to that of volcanic arc basalt. The enrichment of
LILE and depletion of HFSE are consistent with

the characteristics of volcanic arc rocks (Eiler et al.

2000; Grove et al. 2003; Li et al. 2013, 2016).
Furthermore, volcanic arc basalts can be

subdivided into oceanic and continental types.
Pearce (1983) pointed out that most basalts from
active continental margins have Ta/Yb values >0.1
whereas basalts from oceanic arcs have values
<0.1. The mafic rocks from the Taipusi area
have Ta/Yb values ranging from 0.15 to 1.47,
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Figure 11. Discrimination diagrams of magma genesis and evolutionary process for the mafic rocks from the Taipusi area.
(a) Th/Nb vs. Ce/Nb diagram (after Song et al. 2004); (b) Th/Zr vs. Ba/Zr diagram (after Hoffer et al. 2008); (c) La/Yb
vs. Nb/Y diagram (after Ishizuka et al. 2003); (d) Nb/Yb vs. Zr/Yb diagram; (e) Nb/Yb vs. Ti/Yb diagram; (f) Nb/Yb
vs. Th/Yb diagram (d), (e), and (f) after Pearce and Peate (1995).
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Figure 12. Discrimination diagrams of zircon crystallization environment for the mafic rocks from the Taipusi area. (a)
U/Yb vs. Hf diagram and (b) U/Yb vs. Y diagram (after Grimes et al. 2009).

Figure 13. Discrimination diagrams of tectonic settings for the mafic rocks from the Taipusi area. (a) Ta/Yb vs. Th/Yb
diagram (after Pearce 1982) and (b) Zr vs. Zr/Y diagram (after Pearce and Norry 1979 and Pearce 1983) IAB: Island arc
basalt; IAT: Island arc tholeiite; ICA: Island calc-alkaline; SHO: Shoshonite; WPB: Within plate basalt; MORB: Mid-ocean
ridge basalt; TH: Tholeiitic basalt; TR: Transitional basalt; ALK: Alkalic basalt.

which suggests a continental type arc environment
(figure 13a). A more effective discrimination dia-
gram for this purpose is the Zr/Y vs. Zr dia-
gram of Pearce (1983) presented in figure 13(b).
The mafic rocks plot in the continental margin
field, which essentially favors a continental arc
origin.

There is additional evidence from elemental geo-
chemistry pointing to a continental arc origin. The
enrichment of LREE and inclined-LREE with flat-
HREE patterns are comparable with features of
continental margin volcanic arc basalt, which are
distinct from the normal mid-ocean ridge basalt
and oceanic island basalt. Some elemental anoma-
lies (such as K*, Nb* and Sr*) can be used to

determine tectonic setting and related evolution-
ary processes of magma (Xia et al. 2007). Basalts
with K* values higher than 1 could have originated
from the island arc region and have close rela-
tionship with subduction (Nakamura et al. 1985).
Mafic magmas contaminated by crustal materials
or granitic rocks would have Nb* values lower than
1. Sr* values <1 may be deemed as results of frac-
tional crystallization of plagioclase or metasomatic
alteration of fluids (Pin et al. 1988). For the mafic
rocks in the Taipusi area, samples have values of
K*>1, Nb*<1 and Sr*>1 (table 1), indicating that
the magma was derived from the mantle beneath a
continental island arc that was strongly affected
by subduction, then contaminated by crustal or
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granitic materials with some degree of fractional
crystallization.

The northern margin of NCC was strongly influ-
enced by subduction of the Paleo-Asian ocean
during the early Paleozoic to Triassic. The ca.
437 Ma mafic rocks in the Taipusi area reported
in this study indicate that the middle part of
the northern margin of NCC experienced sub-
duction. These mafic rocks were formed under a
subduction setting associated with enriched mantle
wedge metasomatized by fluids from the subduc-
tion zone. The variable compositions of major and
trace elements might be a reflection of a het-
erogeneous source composition, probably related
to a subduction-modified sublithospheric man-
tle (Yang et al. 2014). This subduction process
might have enriched the subcontinental mantle
lithosphere.

In summary, the mafic rocks in the Taipusi
area provide evidence of formation in a subduc-
tion environment. The mafic rocks in the Taipusi
area inherited the features of continental arc rocks,
and the mantle source was probably metasom-
atized by slab fluids with minor melts derived
from either subducted oceanic slabs or pelagic
sediments.

5.4 Implications for tectonic evolution of BAB

After the eastern landmass collided with the
western landmass to form a single continental plate
at ∼1.85 Ga, the NCC experienced a long period
of steady tectonic evolution with a passive conti-
nental margin until the Early Cambrian (Wilde
et al. 2002; Zhai and Santosh 2011). Afterward,
the Early Paleozoic southward subduction of the
Paleo-Asian ocean changed the northern margin
of NCC into active continental margin. Previous
studies indicate that magmatic activity related to
this subduction in BAB was sustained about 80 Ma
from the Cambrian (∼500 Ma) to the Middle–Late
Silurian (∼420 Ma) and peaked at Late Ordovi-
cian (Wang et al. 2012). However, different tectonic
evolution models are applied to explain the closure
process of the PAO, which mainly involves the long-
term continuous subduction and the north-south
differential subduction. Based on different models,
the late Paleozoic magmatic activity in BAB may
be related to island arc subduction or collisional
orogenic tectonic setting.

Previous studies on the magmatic rocks in adja-
cent areas may offer further understanding for the
tectonic evolution of BAB. Located to the north

of BAB, the Ondor Sum Subduction-Accretionary
Complex Belt developed a set of complexes formed
by the subduction zone, which is composed of the
Ondor Sum group, Deyeqimiao plagioclase amphi-
bolite, ultramafic rocks and oligoclase granite. It
is a subduction remnant of the PAO plate and
a product of island arc magmatism. The Ondor
Sum group is divided into the lower Sanda and
upper Halhada formation, and is a set of accre-
tionary complexes consisting of oceanic crust and
intra-oceanic arc with different ages and genesis.
Jong et al. (2006) reported a phengite 40Ar–39Ar
age of ∼450 Ma for the mylonite from the Hal-
hada formation at the northern Ulan Arc, which is
interpreted as the result of high-pressure metamor-
phism during subduction. Furthermore, Jian et al.
(2008) obtained an age of 479.6±2.4 Ma from meta-
morphic gabbro cutting through the greenschist
in the Tulinkai area. Consequently, it is consid-
ered that the Ondor Sum formation may have
formed between late Cambrian and middle Sil-
urian. The Deyangmiao plagioclase amphibolite is
also related to the Ondor Sum subduction zone,
which is the oceanic island arc that is formed
by asthenospheric convection after oceanic-oceanic
collision. Recently, Wang et al. (2015) gave a new
zircon U–Pb age of 490.3±4.6 Ma of amphibolite
series in eastern Ondor Sum area. Moreover, Liu
et al. (2003) found a set of adakite rocks includ-
ing quartz diorite, trondhjemite, anorthosite and
dacite in the Tulinkai area and considered them
as the mark of the early Paleozoic magmatic rocks
resulting from subduction in this area. Geochrono-
logical results show that the earliest rock emplaced
was the quartz diorite (∼467 Ma), followed by a
high-grade metamorphism event and partial melt-
ing process. The dacite and trondhjemite intruded
at ∼459 and ∼451 Ma respectively; and finally
the anorthosite dike was formed at ∼429 Ma.
In contrast, the ages of quartz diorite, dacite
and anorthosite given by Jian et al. (2008) are
453.7±3.1, 457.9±2.6 and 425.3±2.2 Ma, respec-
tively, indicating that the Ondor Sum–Tulinkai
oceanic crust experienced ∼30 Ma subduction
during the early Paleozoic period. According to
chronological data, the SOB could have developed
two subduction zones between 453 and 425 Ma.
The northern zone may represent the subduction
zone of the intra-oceanic arc, and the southern
zone may represent the subduction zone of the
BAB. This suggests that the southern subduc-
tion of the PAO along the BAB from the early
Ordovician to the middle Silurian led to intense
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Figure 14. Cartoon-like profiles demonstrating the tectonic evolution of the Bainaimiao arc belt.

volcanic activity and the formation of widely dis-
tributed volcanic rocks in the northern margin of
NCC.

The BAB has been recognized as an island arc
by several authors (e.g., Tang and Yan 1993; Zhang
et al. 2014). Correspondingly, the northern margin
of NCC was considered as a passive continental
margin on account of widely developed epiconti-
nental sea sedimentation from the Cambrian to
the middle Ordovician (Zhang et al. 2006). In
addition, Zhang et al. (2014) proposed that the
BAB is an ensialic island arc characterized by a
different evolution history and basement composi-
tions from the northern NCC. They also suggested
that a South Bainaimiao Ocean existed between
BAB and NCC during the Cambrian–Ordovician
period. Long-term northward subduction brought
about closure of the South Bainaimiao Ocean from
the Early Cambrian to Middle Silurian (0.52–
0.42 Ga) and final accretion of the Bainaimiao
island arc to North China Craton during the Late
Silurian to early Devonian by arc-continent col-
lision. In comparison, the high initial strontium

isotope ratio (87Sr/86Sri=0.7146) of granites (Shao
1989) and the εNd value of 2.4±1.7 of granodior-
ite (Nie and Bjørlykke 1999) imply that the BAB
formed by magma mixing between mantle-derived
components and crustal rocks in an active conti-
nental Cordilleran–type margin rather than in an
island arc (Xiao et al. 2003). Moreover, accord-
ing to detailed geochronology and geochemistry of
Bainaimiao metamorphic volcanic rocks, Liu et al.
(2014) believed that the original magma of these
rocks may have been derived from enriched mantle
wedge and metasomatized by fluid during subduc-
tion and hybridized by continental crust materials,
with active continental margin features.

Within the middle part of BAB, these mafic
dikes from the Taipusi area have similar geochem-
ical features with the Bainaimiao metavolcanic
rocks, implying a similar source region and tectonic
setting. Additionally, mafic dikes in the Taipusi
area are dated at ∼440 Ma, which is also consistent
with the peak magmatic activity of Bainaimiao Arc
Belt during the Late Ordovician. The geochemical
features of these Taipusi area mafic dikes suggest
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the tectonic environment of BAB to be a conti-
nental arc rather than an island arc. Hence, we
conclude that the middle section of Bainaimiao
Arc Belt once underwent intensive continental
accretion caused by southward subduction of the
Paleo-Asian ocean during the Early Paleozoic.

Consequently, the early Paleozoic tectonic evo-
lution of the northern margin of NCC can be sum-
marized as follows (figure 14): During the period
from the late Precambrian to early Cambrian,
the mid-ocean ridge of PAO gradually expanded
and formed the Ondor Sum serpentinite that later
migrated from the north to the south with the
oceanic plate. Meanwhile, the Bainaimiao area
continued to suffer from compression and stress
accumulation. From Cambrian to Silurian, ocean–
ocean subduction occurred on the south side of
the Ondor Sum serpentinite, which resulted in an
accretionary complex and arc volcanic rocks. At
the same time, the northern margin of NCC was
converted into an active continental margin, and
the oceanic crust subducted under the continental
crust. The metasomatism from subduction resulted
in the formation of the mafic rocks in the Taipusi
area.

6. Conclusion

• Zircon LA–ICP–MS U–Pb concordant ages of
the mafic rocks in the Taipusi area are 437–442
Ma, consistent with the peak magmatism at the
Bainaimiao Arc Belt. This indicates that forma-
tion of these mafic rocks is associated with the
Paleo-Asian Ocean southward subduction during
Early Paleozoic.

• The magma of the mafic rocks originated from
an altered enriched mantle that was proba-
bly metasomatized by subducting slab fluids,
and underwent notable fractional crystallization
and crustal contamination during their ascent
through the lithosphere under an active conti-
nental arc setting.

• The middle section of Bainaimaio Arc Belt is a
continental arc rather than an island arc during
the early Silurian. No island arcs were gener-
ated and accreted to the northern North China
Craton during late Devonian to early Silurian.
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