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In this study, we conducted zircon U-Pb dating, and whole-rock geochemical and Sr-
Nd isotope analyses on the Late Mesozoic dolerite dykes in the Bailingshan Fe deposit
(Eastern Tianshan Orogen, NW China) to unravel their petrogenesis and regional tectonic
significance. Zircon U-Pb dating on the dolerite yielded an Early Cretaceous age of
129.7 ± 1.4 Ma. The dolerite is calc-alkaline sodic (Na2O/K2O = 4.71 to 6.80), and
enriched in LILEs (Rb, K, Sr, and Pb) but depleted in HFSEs (Nb, Ta, and Ti). The
intermediate Nb/U (16.7 to 18.5) and Ce/Pb (6.33 to 6.90) values, and the presence
of xenocrystic zircons in these dolerite dykes suggest crustal assimilation during the
magma evolution. Petrological modeling suggests fractionation of olivine, pyroxene,
garnet, and spinel. All the dolerite samples have low initial 87Sr/86Sr (0.7041 to 0.7043)
and positive εNd(t) (+ 4.6 to + 5.1) values, indicative of a depleted asthenospheric mantle
source. Partial melting modeling suggests that the melting has occurred in the spinel-
garnet stability field. Integrating the data from ore deposit geology, geochronology,
geochemistry and Sr-Nd isotopes, we proposed that the Late Cretaceous Eastern
Tianshan mafic magmatism was developed in an intraplate extension setting.

Keywords: petrogenesis, asthenospheric melts, within-plate magmatism, late mesozoic, eastern tianshan

INTRODUCTION

The Eastern Tianshan Orogen is located between the Tarim and Junggar blocks (Mao et al., 2005;
Han et al., 2010; Wang et al., 2014; Hou et al., 2014). Devonian to Triassic igneous rocks are
widely exposed in the orogen, consisting of the Jingerquan granite (376.9 ± 3.1 Ma), Bailingshan
granitoids (317 to 307 Ma), Huangshandong mafic-ultramafic intrusions (274 ± 3 Ma), and
Donggebi granite porphyry (233.8 ± 2.5 Ma) (Zhou et al., 2010; Deng et al., 2015; Zhang et al.,
2015, 2016; Zhao et al., 2019). Since many of these intrusions are related to regional magmatic-
hydrothermal mineralization, several studies were conducted to understand their geochronology,
petrogenesis, and geodynamic setting (Zhang et al., 2015, 2016; Xiao et al., 2017; Zhao et al., 2019),
which suggested that the Devonian-Carboniferous intrusions are arc-related, whereas the Permian-
Triassic intrusions are syn- to post-collisional (Wu et al., 2006; Zhou et al., 2010; Wang et al., 2014;
Zhao et al., 2019). However, the Late Mesozoic tectonic setting is still poorly constrained due to the
lack of robust indicator, which inhibits the reconstruction of the completed geological history for
the Eastern Tianshan Orogen.

Geochemistry of basaltic magmas is an effective geodynamic
tracer, because basalts from different tectonic settings have distinctive
geochemical characteristics (Pearce, 1982, 2014; Wilson, 1989;
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Xia and Li, 2019). For instance, oceanic island basalts
(OIB) are enriched in light rare earth elements (LREEs)
and high field strength elements (HFSEs), whereas arc-related
basalts are characterized by low Nb/La ratios and negative
Nb, Ta, and Ti anomalies, and mid-ocean ridge basalts
(MORB) have high contents of compatible trace elements
and depleted isotopic values (Sun and McDonough, 1989;
Hofmann, 1997). In the past decades, a large number of
tectonic discrimination diagrams were established using basalt
geochemistry (Pearce and Norry, 1979, Pearce, 1982, 2008;
Wood, 1980; Shervais, 1982; Mullen, 1983; Meschede, 1986;
Vermeesch, 2006; Ross and Bedard, 2009; Ishizuka et al., 2014;
Saccani, 2015). Recent review studies suggested that intraplate
basalts can be distinguished from arc-related ones by Zr-
Zr/Y and Th/Yb-Ta/Yb diagrams, whereas OIB and MORB
are distinguishable from each other in the ternary 3Tb-Th-2Ta
diagram (Xia and Li, 2019).

In this contribution, we describe the newly-discovered
Cretaceous dolerite dykes near the Bailingshan deposit in the
Eastern Tianshan, and present their whole-rock geochemical
and isotopic compositions. These dolerite dykes represent
the youngest magmatic rocks in the Eastern Tianshan, and
our data provide new petrogenetic insight and improve our
understanding in the Late Mesozoic tectonic evolution of
the region.

REGIONAL GEOLOGY

The Chinese Eastern Tianshan in NE Xinjiang (NW China)
is an important component of the Central Asian Orogenic

Belt (CAOB). The prolonged arc magmatism and collisional
orogenesis have formed the widespread Paleozoic to Permian
magmatic rocks and numerous Fe, Cu-Ni, Au-Ag, Pb-Zn and
Mo deposits (Mao et al., 2005; Han et al., 2010; Wang et al.,
2014; Hou et al., 2014; Li et al., 2019). From north to south,
the Eastern Tianshan comprises four tectonic terranes, including
the Dananhu-Tousuquan arc belt, Kanggur shear zone, Aqishan-
Yamansu belt and the Central Tianshan block (Figure 1; Qin
et al., 2002; Mao et al., 2005). These tectonic terranes are bounded
by several roughly E-W trending faults, including the Kanggur,
Yamansu and Aqikekuduke (Chen and Jahn, 2004; Mao et al.,
2005; Xiao et al., 2008; Yang et al., 2009).

The northern Dananhu-Tousuquan island arc belt contains
predominantly Silurian to Carboniferous calc-alkaline felsic
lavas, mafic volcanic-volcanoclastic rocks and marine clastic
sediments (Mao et al., 2005; Zhang et al., 2015). Overlying
these sedimentary-volcanic rocks are Permian basalts and
Cenozoic sediments. Many Devonian to Carboniferous (ca.
360 – 320 Ma) intrusions were considered to be arc-related
(Wu et al., 2006; Zhou et al., 2010; Wang et al., 2014).
Several important porphyry copper deposits (PCDs) were
discovered along this belt, notably Tuwu, Yandong, Yuhai, and
Linglong (Shen et al., 2014; Xiao et al., 2017; Wang et al.,
2018). The Kanggur shear zone (about 400 km long and
20 km wide) contains dominantly Carboniferous volcaniclastic
rocks, clastic rocks and ophiolite fragments, most of which
are ductile deformed (Mao et al., 2005; Li et al., 2006).
Abundant Permian mafic-ultramafic intrusions and important
Cu-Ni sulfide deposits were formed in the eastern Kanggur
shear zone (Han et al., 2010; Zhang et al., 2012; Deng
et al., 2015). Besides, some syn- or post-collisional-related

FIGURE 1 | Geologic map of the Chinese Eastern Tianshan Orogen (modified after Mao et al., 2005; Wang et al., 2006).
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FIGURE 2 | Representative photographs showing the field relations, mineral assemblages and textural features for the dolerite: (a) Dolerite dyke cutting the Late
Carboniferous volcaniclastic rocks. (b) Mafic rocks with medium- to fine-grained porphyritic texture. (c) Groundmasses of the dolerite with doleritic/interstitial texture.
Abbreviations: Am = amphibole; Cpx = clinopyroxene; Ep = epidote; Pl = plagioclase.

orogenic Au and porphyry Mo deposits were formed at ca.
280 – 230 Ma (Zhang et al., 2015; Wang and Zhang, 2016;
Wu et al., 2017).

The Aqishan-Yamansu belt comprises mainly Carboniferous
intermediate-felsic volcanic-volcaniclastic rocks with minor
marine sediment interbeds (Zhang et al., 2012; Han et al., 2019).
These sequences are widely intruded by Carboniferous-Permian
granitoids, which include the Bailingshan intrusive complex,
Hongyuntan granodiorite and Xifengshan granite (Zhou et al.,
2010; Zhang et al., 2016). Previous studies suggested that the
widely-exposed felsic rocks are I-type and arc-related (Luo et al.,
2016; Zhang et al., 2016; Zhao et al., 2019; Liu et al., 2020).
The Aqishan-Yamansu island arc is well-known for hosting a
series of Fe(-Cu) deposits, such as (from west to east) the
Hongyuntan, Bailingshan, Yamansu, and Shaquanzi (Mao et al.,
2005; Huang et al., 2013; Han et al., 2014; Hou et al., 2014;
Jiang et al., 2018; Zhang et al., 2018a,b; Shi et al., 2021). The

Central Tianshan Block is mainly consisted of a Precambrian
metamorphic basement and Paleozoic active-margin magmatic
sequences (Shu et al., 2002). Many skarn-type Fe and Pb-Zn
deposits were formed during the Late Carboniferous (Zheng
et al., 2015; Lu et al., 2018).

SAMPLING AND ANALYTICAL METHODS

Sampling
Dolerite dyke samples in this study were collected near the
Bailingshan Fe deposit (41◦48′07′′N, 91◦11′40′′E) in the Aqishan-
Yamansu belt, with a sampling interval of about 2 – 5 m
from one dyke. In the field, the dolerite dyke (70 – 80 m
long, 2 – 3 m wide) was observed to have intruded the Late
Carboniferous volcaniclastic rocks (Figure 2a), suggesting a
younger magmatic event.
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TABLE 1 | Zircon U-Pb dating results for the study mafic dykes in the Eastern Tianshan.

Spot No. Content (ppm) Th/U Isotopic ratios Isotopic ages (Ma)

Th U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ

βµ-01 1209 732 1.65 0.0543 0.0024 0.1562 0.0070 0.0209 0.0003 383 100 147 6 133 2

βµ-02 873 744 1.17 0.0535 0.0024 0.1513 0.0067 0.0206 0.0003 354 97 143 6 131 2

βµ-04 139 198 0.70 0.1221 0.0057 0.9643 0.0453 0.0568 0.0009 1987 88 686 23 356 6

βµ-06 132 162 0.82 0.0568 0.0030 0.4477 0.0233 0.0573 0.0011 483 117 376 16 359 7

βµ-07 576 487 1.18 0.0493 0.0033 0.1381 0.0095 0.0206 0.0006 165 157 131 8 132 4

βµ-08 474 350 1.36 0.0516 0.0056 0.1432 0.0165 0.0201 0.0004 333 49 136 15 128 2

βµ-09 143 243 0.59 0.0814 0.0057 0.4603 0.0310 0.0406 0.0006 1231 137 384 22 256 4

βµ-10 512 434 1.18 0.0484 0.0033 0.1350 0.0082 0.0206 0.0003 120 152 129 7 132 2

βµ-11 295 404 0.73 0.0543 0.0034 0.1563 0.0096 0.0209 0.0004 383 139 147 8 134 2

βµ-12 378 748 0.50 0.0615 0.0028 0.3260 0.0141 0.0384 0.0004 657 92 286 11 243 3

βµ-13 547 512 1.07 0.0484 0.0029 0.1355 0.0078 0.0204 0.0003 120 133 129 7 130 2

βµ-14 1735 1082 1.60 0.0526 0.0024 0.1457 0.0066 0.0201 0.0003 322 104 138 6 128 2

βµ-15 2205 1263 1.75 0.0505 0.0022 0.1387 0.0061 0.0197 0.0003 217 100 132 5 126 2

βµ-16 309 360 0.86 0.0558 0.0036 0.1541 0.0096 0.0200 0.0004 443 147 146 8 128 2

βµ-17 1640 1157 1.42 0.0527 0.0022 0.1473 0.0062 0.0202 0.0003 322 94 139 5 129 2

βµ-18 1551 1072 1.45 0.0523 0.0023 0.1448 0.0065 0.0199 0.0003 302 100 137 6 127 2

βµ-19 878 796 1.10 0.0490 0.0023 0.1363 0.0063 0.0200 0.0003 150 107 130 6 128 2

βµ-20 48.5 56.4 0.86 0.1127 0.0039 5.2078 0.1816 0.3344 0.0052 1844 58 1854 30 1860 25

βµ-21 686 519 1.32 0.0570 0.0032 0.1594 0.0087 0.0203 0.0004 500 126 150 8 130 2

βµ-22 473 580 0.82 0.0565 0.0021 0.4551 0.0164 0.0582 0.0008 472 83 381 11 365 5

βµ-23 1279 994 1.29 0.0560 0.0022 0.1631 0.0062 0.0212 0.0004 454 87 153 5 135 2

βµ-24 127 462 0.27 0.0856 0.0077 0.5544 0.0671 0.0416 0.0009 1329 174 448 44 263 6

βµ-25 323 314 1.03 0.0478 0.0037 0.1340 0.0094 0.0206 0.0004 100 161 128 8 132 2

The dolerite samples are dark green, and medium- to
fine-grained porphyritic (Figure 2b). Euhedral plagioclase
is the dominant phenocryst phase and commonly 1 to
3 mm long (Figure 2b). The doleritic-/interstitial-textured
groundmass is composed mainly of subhedral plagioclase,
clinopyroxene and trace Fe-Ti oxides (Figure 2c). Minor
plagioclase and clinopyroxene grains in the samples are
partially altered to epidote and amphibole, respectively. All the
sample preparation and laboratory analyses were performed
at the Wuhan SampleSolution Analytical Technology Co., Ltd.
(WSATCL), China.

Zircon U-Pb Geochronology
After separated with the conventional density and magnetic
separation techniques, zircon grains were hand-picked
under a binocular microscope. The zircon internal
structure was studied via cathodoluminescence (CL)
imaging using an Analytical Scanning Electron Microscope
(JSM− IT100).

Laser Ablation-Inductively Coupled Plasma-Mass
Spectrometry (LA-ICP-MS) zircon U-Pb dating and trace
element analysis for the dolerite samples were performed at
the WSATCL. The laser ablation used 5 Hz frequency and
24 µm spot size. Each analysis comprises a background
acquisition of approximately 20 - 30s, followed by 50s
of sample data acquisition. The zircon 91500 and glass
NIST610 were used as the external standard, and the

Plešovice and GJ-1 zircons as the internal standard.
Quantitative calibration for trace element analyses and U-Pb
dating were conducted using ICPMSDataCal (Liu et al.,
2008). Calculation of weighted mean ages and concordia
diagram construction were performed using Isoplot/Ex 3.0
(Ludwig, 2003).

Whole-Rock Major and Trace Element
Analyses
All the samples were first powdered to less than 200-mesh,
then were placed in an oven at 105◦C for drying of 12 h to
determine LOI. The major element contents were measured
by X-ray fluorescence (XRF) spectrometry (1 g powder for
each sample), and the analytical precision is better than
1%. For trace elements (including REEs), 50 mg powder for
each sample was dissolved in a mixture of 100ml HNO3
and 100 ml HF. This solution was then analyzed with
an Agilent 7700e ICP-MS, and the analytical precision is
better than± 5%.

Whole-Rock Sr-Nd Isotopes
Whole-rock Sr-Nd isotope analyses were conducted on
a Neptune Plus Multi-Collector (MC)-ICP-MS, with the
detailed analytical techniques as described by Wang et al.
(2019). The 87Rb/86Sr and 147Sm/144Nd ratios were calculated
using the Sr, Rb, Nd and Sm contents obtained by ICP-
MS. All the measured Sr and Nd isotope ratios were
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FIGURE 3 | Zircon CL images of the dolerite dyke.

FIGURE 4 | (A) U-Pb concordia diagram of all the analytical zircon grains from the dolerite dyke. (B) U-Pb concordia diagram and weighted mean age of the
concordant zircons.

normalized with 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219,
respectively (Lin et al., 2016). Analyses of the standards
NIST SRM 987 and JNdi-1 during the measurement
period yielded 87Sr/86Sr = 0.710244 ± 0.000022 (2σ) and
143Nd/144Nd = 0.512118 ± 0.000015 (2σ), similar to the
recommended values (Tanaka et al., 2000).

RESULTS

Zircon U-Pb Ages
One sample was dated by zircon U-Pb analysis, and the
results are given in Table 1. The zircons analyzed have
wide ranges of U and Th contents, and all have high
Th/U ratios (> 0.4). The zircon grains are transparent and
euhedral-subhedral prismatic, indicating a magmatic origin
(Figure 3; Belousova et al., 2002; Li, 2009). The 23 zircons
analyzed show a wide 206Pb/238U age range (Figure 4A).
The concordant zircons (n = 16) range from 136 to 126
Ma, yielding a weighted mean age of 129.7 ± 1.4 Ma
(MSWD = 1.4; Figure 4B), which likely represents the dolerite

crystallization age. Seven inherited/xenocrystic zircons were
identified, including a Precambrian (1860 Ma), three Devonian-
Carboniferous (365 to 356 Ma), and three Permian-Triassic (263
to 243 Ma) ones.

Whole-Rock Major and Trace Elements
Whole-rock major element and trace element contents of
the dolerite dykes are listed in Table 2. As our samples
are fresh or only slightly altered (e.g., weak epidote
alteration in some plagioclase grains), the alteration effect
on geochemistry is likely negligible. After normalized to
100 wt.% (anhydrous), the samples contain 49.4 to 50.1
wt.% SiO2, 19.8 to 20.6 wt.% Al2O3, and 6.54 to 6.82 wt.%
MgO. They have medium Fe2O3

T content (8.43 to 8.71
wt.%) with corresponding Mg# (100∗Mg/(Mg + Fe)) of 47 –
49. The rocks are sodic (Na2O/K2O = 4.71 to 6.80), and
fall inside the basalt field in the TAS diagram (Figure 5;
Wilson, 1989).

All the studied dolerite dykes display uniform chondrite-
normalized REE patterns, as characterized by slight LREE
enrichments ((La/Yb)N = 3.63 to 3.77) and subtle Eu anomalies
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TABLE 2 | Major oxides (wt.%) and trace elements (ppm) abundances of the
doleritic dykes in the Eastern Tianshan.

β µ -01 β µ -02 β µ -03 β µ -04 β µ -05

Major oxides (wt.%)

SiO2 48.34 48.25 48.27 48.75 48.43

TiO2 0.97 0.97 0.95 0.98 0.99

Al2O3 19.43 19.58 19.81 19.42 19.48

Fe2O3
T 8.44 8.45 8.16 8.52 8.44

FeO 4.90 4.42 4.60 4.38 4.42

MnO 0.13 0.15 0.14 0.13 0.13

MgO 6.60 6.41 6.43 6.39 6.36

CaO 9.68 9.54 9.56 9.87 9.78

Na2O 2.69 2.75 2.72 2.76 2.76

K2O 0.56 0.40 0.50 0.58 0.59

P2O5 0.25 0.26 0.25 0.26 0.25

Loss 2.52 2.66 2.65 2.39 2.43

Total 99.60 99.42 99.44 100.03 99.63

Trace elements (ppm)

Sc 22.3 21.8 21.4 22.8 22.3

V 185 184 183 190 190

Cr 149 149 150 144 148

Co 35.6 36.0 35.9 37.1 36.8

Ni 121 113 116 113 112

Cu 75.3 64.4 47.0 72.1 82.3

Zn 57.7 65.9 56.2 57.4 57.7

Ga 17.7 18.2 18.0 18.5 18.2

Rb 19.8 13.5 18.2 25.5 25.3

Sr 541 524 535 552 544

Y 19.4 20.4 19.7 20.6 20.1

Zr 104 99 99 107 106

Nb 4.40 4.31 4.22 4.50 4.52

Cs 0.96 0.84 0.69 1.48 1.42

Ba 153 106 115 158 142

La 9.25 9.20 9.05 9.70 9.48

Ce 22.4 23.0 22.6 24.2 23.4

Pr 3.06 3.07 3.04 3.24 3.17

Nd 13.9 14.0 13.6 14.7 14.2

Sm 3.79 3.73 3.67 3.78 3.74

Eu 1.12 1.20 1.16 1.19 1.18

Gd 3.51 3.48 3.62 3.66 3.56

Tb 0.55 0.56 0.54 0.56 0.55

Dy 3.47 3.44 3.35 3.78 3.54

Ho 0.72 0.69 0.71 0.72 0.72

Er 1.90 1.92 1.86 2.00 1.99

Tm 0.29 0.28 0.27 0.30 0.30

Yb 1.77 1.82 1.75 1.88 1.80

Lu 0.27 0.27 0.26 0.28 0.28

Hf 2.39 2.21 2.35 2.37 2.40

Ta 0.27 0.28 0.26 0.29 0.28

Pb 3.49 3.33 3.30 3.66 3.70

Th 0.66 0.63 0.63 0.65 0.65

U 0.26 0.23 0.24 0.25 0.25

Na2O/K2O 4.82 6.80 5.42 4.80 4.71

Mg# 49 48 49 49 47

Nb/U 16.7 18.5 17.9 17.9 18.1

(Continued)

TABLE 2 | Continued

β µ -01 β µ -02 β µ -03 β µ -04 β µ -05

Ce/Pb 6.43 6.90 6.85 6.61 6.33

Sm/Yb 2.14 2.05 2.09 2.01 2.08

Dy/Yb 1.96 1.89 1.91 2.01 1.97

(La/Yb)N 3.75 3.63 3.70 3.70 3.77

Eu/Eu* 0.93 1.01 0.96 0.97 0.97

(Eu/Eu∗ = 0.93 to 1.01) (Figure 6A). In the primitive mantle-
normalized multi-element plot (Figure 6B), the samples are
enriched in large-ion lithophile element (LILE; e.g., Rb, K, Sr, and
Pb) and depleted in HFSEs.

Whole-Rock Sr-Nd Isotopes
Whole-rock Sr-Nd isotope compositions of the studied samples
are presented in Table 3. Initial isotope ratios were back-
calculated to the dolerite crystallization age of 130 Ma. The
samples have low initial 87Sr/86Sr (0.7041 to 0.7043) and positive
εNd(t) (+ 4.6 to + 5.1) values, yielding depleted mantle Nd one-
stage model ages (TDM1) of 746 – 882 Ma. In the (87Sr/86Sr)i vs.
(143Nd/144Nd)i diagram (Figure 7), all samples plot in the ocean
island basalt (OIB) field (Hart, 1985), similar to the Permian
Huangshanxi gabbro in the Eastern Tianshan (Zhang et al., 2011;
Deng et al., 2015).

DISCUSSION

Fractional Crystallization and Crustal
Contamination
The dolerite samples have much lower Mg# (47 – 49),
Cr (144 – 150 ppm) and Ni (112 – 121 ppm) contents
(Table 2) than typical mantle-derived melts (Mg# = 71 –
83, Cr > 1000 ppm and Ni > 400 ppm; Wilson, 1989;
Wang et al., 2019), suggesting that their parental magma may
have experienced fractional crystallization. Rayleigh fractional
crystallization model calculations were conducted to determine
the fractionation phase (Wilson, 1989), which shows that all
samples plot between the olivine and pyroxene evolution trends
in the Cr-Ni diagram (Figure 8A). This indicates significant
fractionation of olivine and pyroxene. Fractionation of Ti-
bearing minerals (e.g., spinel) in the dolerite is evidenced
by the negative Nb, Ta and Ti anomalies and the Nb-Ta
fractional crystallization model diagram (Figure 8B; Saunders
et al., 1992; Hawkesworth et al., 1993). The lack of negative Sr
and Eu anomalies in the samples suggests limited plagioclase
fractionation (Figure 6).

Mantle-derived magmas commonly assimilate crustal
components during their ascent, which altered their geochemical
characteristics (e.g., LREE and LILE enrichments and HFSE
depletions; Wilson, 1989; Rudnick and Gao, 2014), as found
also in the dolerite dykes (Figure 6). This clearly suggests
certain degrees of crustal contamination for the doleritic
magma. Element pairs (e.g., Nb and U, Ce, and Pb) with similar
bulk-solid/melt partition coefficients cannot be significantly
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FIGURE 5 | K2O vs. SiO2 diagram for the samples (after Peccerillo and Taylor, 1976).

FIGURE 6 | (A) Chondrite-normalized REE patterns; (B) Primitive mantle-normalized multi-element diagrams. Data of average primitive mantle, E-MORB, N-MORB
and OIB are from Sun and McDonough (1989). Compositions of chondrite, Tarim basalts and Huangshanxi gabbro are from Boynton (1984); Zhou et al. (2009) and
Zhang et al. (2011), respectively.

TABLE 3 | Sr and Nd isotopic compositions of doleritic samples from the Eastern Tianshan.

Rb
(ppm)

Sr
(ppm)

87Rb/86Sr 87Sr/86Sr 2σ (87Sr/
86Sr)i

Sm
(ppm)

Nd
(ppm)

147Sm/
144Nd

143Nd/
144Nd

2σ (143Nd/
144Nd)i

εNd (t) TDM1

(Ga)

βµ-01 19.8 541 0.105745 0.704445 0.0000086 0.7043 3.79 13.9 0.164782 0.512867 0.0000056 0.5127 5.0 0.88

βµ-02 13.5 524 0.074352 0.704215 0.0000085 0.7041 3.73 14.0 0.161012 0.512865 0.0000064 0.5127 5.0 0.82

βµ-03 18.2 535 0.098366 0.704239 0.0000085 0.7041 3.67 13.6 0.162885 0.512872 0.0000078 0.5127 5.1 0.83

βµ-04 25.5 552 0.133849 0.704579 0.0000109 0.7043 3.78 14.7 0.154996 0.512863 0.0000065 0.5127 5.1 0.75

βµ-05 25.3 544 0.134156 0.704471 0.0000116 0.7042 3.74 14.2 0.159375 0.512842 0.0000126 0.5127 4.6 0.86
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FIGURE 7 | εNd (t) vs. ISr diagram for the dolerite dyke. All data were calculated to the corresponding zircon U-Pb ages. Data source: Tarim basalts (Zhou et al.,
2009); Huangshanxi gabbro (Zhang et al., 2011); DM (Salters and Stracke, 2004). The OIB and MORB fields are after Hart (1985) and Wilson (1989), respectively.

segregated through partial melting or fractional crystallization,
and their ratios remain roughly constant and reflect those of
the magma source (Hofmann, 1997). The dolerite samples
have Nb/U (16.7 to 18.5) and Ce/Pb (6.33 to 6.90) values
intermediate between the mantle array (OIB/MORB) and
continental crust, also suggesting crustal assimilation (Figure 9).
Crustal contamination is also evidenced by the presence of
xenocrystic zircons in the samples (Figure 4A). To summary,
both fractional crystallization and crustal contamination
occurred during the Cretaceous magma emplacement
at/around Bailingshan.

Magma Source
Mafic magmas can be derived from the lithospheric or
asthenospheric mantle (Wilson, 1989; Shellnutt, 2014). The
lithospheric mantle is generally cooler and isotopically more-
enriched due to its interactions with subduction-derived melts
and/or fluids and its long isolation from the mantle convection
underneath. In contrast, asthenospheric mantle is commonly
hotter and isotopically more-depleted (Saunders et al., 1992;
Hofmann, 1997). Our dolerite samples have low initial 87Sr/86Sr
(0.7041 to 0.7043) and positive εNd(t) (+ 4.6 to + 5.1) values,
plotting near the MORB field and overlap with typical OIB
(Figure 7), which suggests an asthenospheric mantle source.
This conclusion agrees with published work on the Huangshanxi
gabbro, which also pointed to a depleted asthenospheric mantle
source beneath the Eastern Tianshan Orogen (Zhang et al.,
2011; Deng et al., 2015). As above-discussed, the slight LREE
enrichments and distinct negative Nb, Ta and Ti anomalies of the
dolerite samples were likely caused by fractional crystallization
and crustal assimilation during the magma emplacement.

Since garnet has high partition coefficients for Yb
(Dgarnet/melt = 6.6) relative to Sm (Dgarnet/melt = 0.25), low-degree
partial melting of mantle lherzolite (with garnet residue) would
strongly increase the Sm/Yb ratios (Green, 2006; Jung et al.,
2006). In contrast, partial melting of mantle spinel lherzolite does
not markedly change the Sm/Yb ratios, since spinel has similar
partition coefficients for Sm and Yb (McKenzie and O’Nions,
1991; Kelemen et al., 1993). Therefore, mafic magma source can
be effectively constrained by fractionation of Sm and Yb (Ellam,
1992; Aldanmaz et al., 2000; Zhang et al., 2015). Our dolerite
dykes have slightly elevated Sm/Yb ratios (2.01 to 2.14), and all
samples plot near the spinel-garnet lherzolite model curve in the
partial melting model diagram (Figure 10). This suggests that
the parental magma was likely generated by low-degree partial
melting of a spinel-garnet lherzolite mantle source at 70 – 80 km
depth, which is where the spinel-to-garnet transition is located
(McKenzie and O’Nions, 1991).

Tectonic Implications
As discussed above, the dolerite dykes were mainly generated
by low-degree partial melting of the asthenospheric mantle.
Mafic rocks of similar petrogenesis were proposed to have
formed in tectonic events including subducting slab break-off
(Davies and von Blanckenburg, 1995; Deng et al., 2015; Zhang
et al., 2015), mantle plume upwelling (Campbell and Griffiths,
1990; Bryan and Ernst, 2008; Zhou et al., 2009), continental
rifting (Corti, 2009; Thybo and Nielsen, 2009), and lithospheric
delamination (Hoernle et al., 2006; McGee and Smith, 2016;
Wang et al., 2019).

Slab break-off usually occurs during incipient continent-
continent collision (Davies and von Blanckenburg, 1995).
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FIGURE 8 | Rayleigh fractionation modal calculations for trace elements (A) Cr-Ni, (B) Nb-Ta. Partition coefficients (KD) are from http://earthref.org/GERM/, and
N-MORB compositions are from Sun and McDonough (1989). Abbreviations: Cpx = clinopyroxene; Ilm = ilmenite; Mt = magnetite; Ol = olivine; Opx = orthopyroxene;
Pl = plagioclase; Rt = rutile; Spl = spinel.

Under this setting, the hot asthenospheric mantle would rise
through the slab window, and partially melted the overlying
metasomatized lithosphere (Rogers et al., 2002; Bonin, 2004;
Ferrari, 2004). Therefore, the resulting magmatism would be
focused along linear trends (Davies and von Blanckenburg,
1995). In/around our study area, no coeval linear magmatic
trends are observed or ever reported, inconsistent with a slab
break-off model. Considering the regional tectonic evolution,
it is widely considered that the Eastern Tianshan was in a
post-collisional setting since the Triassic (Wu et al., 2006;
Zhang et al., 2015; Zhao et al., 2019), after the Kanggur
Ocean closure and the subsequent Junggar-Central Tianshan
collision (Xiao et al., 2008; Wang et al., 2014; Zhang et al.,
2016; Zhao et al., 2019). Hence, we suggested that the

Cretaceous dolerite was unlikely produced by slab break-
off. The dolerite samples display obvious negative Nb, Ta
and Ti anomalies, significantly different from typical OIB-
like, mantle plume-related Tarim flood basalts (Zhou et al.,
2009). The small volume of Cretaceous Eastern Tianshan
mafic rocks is also inconsistent with a large igneous province
(LIP) origin (Campbell and Griffiths, 1990; Bryan and Ernst,
2008). Furthermore, no geophysical evidence is available
to show the presence of mantle plume beneath the Eastern
Tianshan. Hence, we considered that the dolerite was
unlikely to be mantle plume-related. The continental rift
model involves narrow and long tectonic depressions in
the lithosphere, leading to partial melting of the upwelling
asthenospheric mantle (Corti, 2009; Thybo and Nielsen, 2009).
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FIGURE 9 | (A) Nb/U vs. Nb; (B) Ce/Pb vs. Ce diagrams for the dolerite dyke. Average ratios of Nb/U and Ce/Pb in OIB and MORB are after Hofmann (1997), and
data for primitive mantle (Sun and McDonough, 1989) and average continental crust (Rudnick and Gao, 2014) are also shown for comparison.

Key features of this model include an elongated topographic
trough and Moho shallowing (Thybo and Nielsen, 2009).
However, graben structures are absent in the Eastern
Tianshan, suggesting that a continental rift scenario was
unlikely either.

Decompression through lithospheric delamination,
accompanied by crustal extension, is another possible mechanism
to explain the melting of upwelling asthenosphere (Marotta et al.,
1998; McGee and Smith, 2016). Jull and Kelemen (2001) reported
that the subduction-modified lower lithospheric mantle is denser
than the normal upper lithospheric mantle. This makes the lower
lithospheric mantle to sink into the underlying asthenosphere,
and the latter rises up to take its place (Kay and Kay, 1993;
Xu et al., 2002). In the Eastern Tianshan, many recent works

documented that Carboniferous arc-related igneous rocks were
extensively developed due to the subduction of Kanggur ocean
basin (Xiao et al., 2008; Wang et al., 2014; Luo et al., 2016; Zhang
et al., 2016; Zhao et al., 2019). This process has likely added
oceanic materials into the deep lithospheric mantle beneath
the Eastern Tianshan. After that, the high-density lithospheric
root was probably removed, resulting in asthenospheric mantle
upwelling and the Bailingshan dolerite dyke emplacement. This
suggestion is supported by the intraplate tectonic classification in
the Zr vs. Zr/Y diagram (Figure 11). Zhao et al. (2019) suggested
that the Triassic (ca. 235 Ma) felsic magmatism was derived from
partial melting of thickened juvenile lower crust, and Zhang et al.
(2017) reported that the Duotoushan adakitic dacite porphyry
was emplaced via delamination process at around 197 Ma. These
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FIGURE 10 | Plots of Sm/Yb vs. La/Yb, showing melting curves obtained with the batch melting equation: C1/C0 = 1/[D + F(1-P)] (after Wilson, 1989). C1:
Concentration of a trace element in the melt; C0: Concentration of the same element in original un-melted source; D: Bulk partition coefficient of the source; P:
Proportion of phase entering the melt; F: Melt fraction. Reference curves are the melting trends of spinel lherzolite, garnet lherzolite, and spinel-garnet (50:50)
lherzolite. Initial compositions of N-MORB are from Sun and McDonough (1989). Assumed weight fractions of Ol, Opx, Cpx, and Sp in the spinel lherzolite are 0.578,
0.270, 0.119, and 0.033, respectively. Proportions of Ol, Opx, Cpx, and Spl entering the melt are 0.100, 0.270, 0.500, and 0.130, respectively. For garnet lherzolite,
the weight fractions of Ol, Opx, Cpx, and Grt in the mineral assemblage are 0.598, 0.211, 0.076, and 0.115, respectively, with melt mode of 0.050, 0.200, 0.300,
and 0.450, respectively. Abbreviations: Cpx = clinopyroxene; Grt = garnet; Ol = olivine; Opx = orthopyroxene; Spl = spinel.

FIGURE 11 | Zr vs. Zr/Y diagram for the dolerite dyke (modified after Pearce and Norry, 1979).
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FIGURE 12 | Lithospheric delamination model and the formation of Cretaceous Eastern Tianshan intraplate magmatism (after Wang et al., 2019).

observations indicate an Early Jurassic tectonic transition from
post-collisional to intraplate setting in the Eastern Tianshan.
Together with our new newly data, we proposed that the removal
of the high-density lithospheric root may have continued
to the Cretaceous.

To summarize, we have constructed a modified tectonic
model to explain the Cretaceous intraplate magmatism in
the Eastern Tianshan (Figure 12). In our model, the lower
lithospheric mantle was modified by oceanic crustal input from
the Late Paleozoic subduction, which increased its density.
The density imbalance with the less-dense asthenospheric
mantle beneath may have caused a small-scale lithospheric
root removal. Consequently, the asthenospheric mantle upwelled
and partially melted, and formed the parental melt of the
Bailingshan dolerite dykes.

CONCLUSION

(1) Zircon U-Pb dating of the Bailingshan dolerite dykes from
the Eastern Tianshan yielded an Early Cretaceous age
(129.7± 1.4 Ma).

(2) Parental magma of the dolerite dykes was likely derived
from low-degree partial melting of the asthenospheric
mantle in the spinel-garnet stability field, and undergone
fractionation and crustal assimilation during its ascent.

(3) Formation of the Cretaceous Eastern Tianshan dolerite
dykes was likely in an intraplate extension setting, and
related to the sinking of dense, subduction-modified lower
lithospheric mantle.
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