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The timing and source of magmatism that formed Early Cretaceous dolerite dykes in the Tancheng–Luji-
ang (Tan–Lu) Fault area of the southeastern North China Craton was determined using geochronological,
geochemical, and whole-rock Sr–Nd isotopic data. Laser ablation–inductively coupled plasma–mass (LA–
ICP–MS) spectrometry U–Pb analysis of zircon yielded consistent ages of 129.6 ± 0.7, 126.8 ± 0.7,
125.5 ± 0.7, 124.9 ± 0.9, 126.4 ± 0.7, and 125.5 ± 0.7 Ma for six samples of the mafic dykes within the
NCC. The K2O + Na2O concentrations (5.02–5.21 wt.%) of the dykes indicate they are alkaline and these
dykes have K2O concentrations (2.35–2.48 wt.%) that indicate they are shoshonitic. These dolerites are
also characterized by high and wide ranging (La/Yb)N (14.5–36.0), have slightly negative Eu anomalies
(dEu = 0.70–0.91) and positive Ba, U, K, and Pb anomalies, and are depleted in the high field strength ele-
ments (Nb, Ta, P, and Ti). In addition, these mafic dykes are characterized by high radiogenic Sr
[(87Sr/86Sr)i = 0.7099–0.7100] and negative eNd (t) values (�14.4 to �13.7). These data suggest that the
magmas that formed the dykes were derived through the partial melting (12.0–15.0%) of an enriched
region of the mantle that was hybridized during interaction with subducted sedimentary rocks from
the Yangtze Craton. The parental magmas then fractionated olivine and Fe–Ti oxides during ascent and
underwent negligible crustal contamination during magma emplacement. These mafic magmas were
finally emplaced as dyke swarms associated with lithospheric extension.

� 2014 Elsevier Ltd. All rights reserved.
0. Introduction

China hosts three cratons, namely the North China Craton
(NCC), the Yangtze Craton, and the Tarim Craton. This study
focuses on the NCC, which formed during the Precambrian
(2.5 Ga; Wu et al., 1998; Zhai and Bian, 2000), contains ancient
continental crust (Wang et al., 1998, 2007; Zheng et al., 2004;
Gao et al., 2005; Wan et al., 2005; Diwu et al., 2008; Chen et al.,
2009; Zhang et al., 2009), and is cross-cut by swarms of Precam-
brian (2.5–0.8 Ga; Zhai and Bian, 2000; Peng et al., 2005, 2007,
2008, 2010, 2011a,b; Hou et al., 2006; Peng, 2010; Hou, 2012)
and Mesozoic (169.5–83.2 Ma; Liu et al., 2004, 2005, 2006,
2008a,b, 2009a, 2012, 2013a,b) mafic dykes. It is generally
accepted that intense destruction and thinning of the lithosphere
within the NCC occurred during the Mesozoic.

Belts of lithosphere extension are currently of great interest in
terms of geodynamic research, and this type of extensional tecton-
ics is commonly associated with the intrusion of mafic dykes (e.g.,
lamprophyre, diorite, and porphyritic dolerite dykes), which can
provide useful information on the processes that operated during
extension, the sourcing of the magmas, and the geodynamic evolu-
tion of an area. However, research in the NCC has generally focused
on Precambrian (e.g., more than 100 studies in Hebei, Shanxi, and
Shandong provinces) and Mesozoic (more than 700 studies in Jilin,
Liaoning, Shanxi, Hebei, Shandong, Gansu, Shaanxi, and Henan
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Fig. 1. (a) Location of the study area within the NCC. (b) Geological map of the study area, showing the regions of samples obtained during this study.
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Provinces, and Inner Mongolia Autonomous Region) dykes within
stable tectonic blocks (e.g., in orogenic zones and intraplate tec-
tonic settings; Li et al., 1997; Zhai and Bian, 2000; Liu et al.,
2004, 2005, 2006, 2008a,b,c, 2009a, 2012, 2013a,b,c,d,e; Peng
et al., 2005, 2007, 2008, 2010, 2011a,b; Hou et al., 2006; Peng,
2010; Hou, 2012), with comparatively few studies focusing on
the mafic dykes within fault zones. The Tan–Lu Fault is a very
important fault zone within China. At present, the formation per-
iod for the Tan–Lu Fault is controversial (Xu, 1993; Yin and Nie,
1993; Li, 1994; Tang et al., 1995; Wan and Zhu, 1996; Zhang,
1997; Wang et al., 2000; Xiao et al., 2000; Qian et al., 2001; Qiao
et al., 2001; Qiao and Zhang, 2002; Luo et al., 2005). However, it
is accepted that the Tu–Lu Fault likely formed during the Neoar-
chaean and was reactivated during both the Neoproterozoic and
the Mesozoic. Furthermore, movement on this Fault zone has also
been noted for the Palaeozoic. In addition, the Fault formed as a
result of lithospheric extension between the late Mesozoic and
the Palaeogene (Xu and Ma, 1992; Zhu et al., 2001, 2005; Liu



Fig. 2. Representative photomicrographs of the mafic dykes from the southeastern NCC, China. All of these samples have doleritic textures and hence are termed dolerite
dykes. Py = pyroxene, Pl = plagioclase.
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et al., 2002; Wang et al., 2006; Xie et al., 2007), and is considered to
be a classic model of lithospheric extension. Systematic investiga-
tion of the extension that occurred during the formation of the
Tan–Lu Fault can not only provide valuable information on the tim-
ing of and processes involved in extension in this area but can also
enhance our knowledge of geodynamic systems. The dynamic
mechanism and setting of the extension that formed the Tan–Lu
Fault has not as yet been the focus of systematic research, primar-
ily because of the limited availability of data from the surrounding
basins. Mesozoic magmatism was widespread throughout the Tan–
Lu Fault zone, and needs to be incorporated into any model for the
dynamic setting of this Fault. However, previous research in this
area has focused only on intermediate and felsic volcanic rocks
(Niu et al., 2001, 2002, 2005, 2007; Zhu et al., 2001, 2005; Xie
et al., 2008, 2009; Zhu et al., 2010), monzonites, and granites
(Niu et al., 2002, 2008); units that are present along only a small
part of the Fault zone, meaning that these rocks can provide only
limited information on the extensional regime that controlled the
development of the Tan–Lu Fault.

This lack of data indicates that a more detailed geochronologi-
cal, geochemical, and isotopic study of a variety of Mesozoic mafic
dykes from the Tan–Lu Fault is required to further refine the exten-
sional processes and geotectonic background that operated during
the formation of this Fault zone. Here, we present the results of
new zircon U–Pb dating using LA–ICP–MS, as well as petrological,
whole-rock geochemical, and Sr–Nd isotopic data for representa-



Table 1
LA–ICP–MS U–Pb isotope data for zircons from the mafic dykes within the Tan–Lu Fault zone.

CY01 Isotopic ratios Age (Ma)

Spot Th U Pb Th/U 238U/232Th 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r

1 684 1167 59 0.59 1.69 0.0522 0.0022 0.1345 0.0046 0.0202 0.0002 296 82 139 6 129 1
2 239 489 131 0.49 2.05 0.0519 0.0019 0.1363 0.0052 0.0203 0.0004 281 74 139 6 130 2
3 327 461 45 0.71 1.41 0.0525 0.0024 0.1354 0.0035 0.0197 0.0001 307 84 139 6 130 1
4 1245 947 169 1.31 0.78 0.0526 0.0025 0.1406 0.0028 0.0203 0.0003 312 79 139 6 131 2
5 1085 541 137 2.01 0.54 0.0525 0.0024 0.1345 0.0046 0.0196 0.0005 307 67 139 6 131 3
6 729 499 54.6 1.46 0.67 0.0524 0.0023 0.1373 0.0045 0.0204 0.0002 302 81 139 6 130 1
7 488 614 55.7 0.79 0.65 0.0520 0.0025 0.1403 0.0041 0.0203 0.0003 284 67 140 6 130 2
8 606 517 43.3 1.17 0.74 0.0529 0.0021 0.1353 0.0025 0.0198 0.0002 322 93 140 6 130 1
9 1956 1523 161 1.28 0.76 0.0533 0.0044 0.1354 0.0024 0.0201 0.0002 342 188 141 11 129 1
10 594 573 50.0 1.04 0.94 0.0461 0.0044 0.1402 0.0036 0.0203 0.0004 199 126 11 129 2
11 5165 4034 495 1.28 0.98 0.0463 0.0040 0.1366 0.0043 0.0202 0.0002 11 189 128 10 129 1

WF02
1 538 1145 104 0.47 0.75 0.0461 0.0019 0.1293 0.0079 0.0197 0.0003 88 120 4 126 2
2 1115 2299 135 0.49 0.73 0.0466 0.0031 0.1296 0.0066 0.0199 0.0002 30 145 122 8 127 1
3 2134 1512 148 1.41 0.71 0.0530 0.0021 0.1292 0.0083 0.0198 0.0002 329 85 139 6 126 1
4 611 878.3 444 0.70 0.75 0.0535 0.0046 0.1318 0.0114 0.0199 0.0003 349 197 139 11 127 2
5 1250 1598 207 0.78 0.76 0.0573 0.0061 0.1313 0.0104 0.0198 0.0004 502 243 147 14 126 2
6 1041 3486 158 0.30 0.78 0.0560 0.0041 0.1307 0.0101 0.0199 0.0002 452 169 145 10 127 1
7 3909 3004 557 1.30 0.92 0.0481 0.0058 0.1327 0.0109 0.0202 0.0004 105 249 127 14 128 3
8 10,216 4564 516 2.24 0.91 0.0522 0.0045 0.1323 0.0114 0.0198 0.0002 292 196 135 11 126 1
9 606 947 80.5 0.64 0.78 0.0507 0.0063 0.1324 0.0101 0.0200 0.0004 227 275 133 15 127 2
10 5158 4021 483 1.28 0.96 0.0473 0.0037 0.1311 0.0112 0.0201 0.0002 66 176 125 9 128 1
11 608 954 85.3 0.64 0.79 0.0527 0.0068 0.1334 0.0109 0.0199 0.0003 315 292 137 16 127 2
12 612 963 90.6 0.64 0.77 0.0507 0.0047 0.1316 0.0115 0.0200 0.0002 228 214 133 12 127 1
13 5172 4046 511 1.28 0.97 0.0472 0.0040 0.1307 0.0092 0.0201 0.0003 59 188 125 10 128 2

YS01
1 408 581 31.7 0.70 0.63 0.0519 0.0024 0.1353 0.0067 0.0196 0.0003 281 80 134 6 125 2
2 227 144 15.2 1.58 0.63 0.0518 0.0023 0.1352 0.0065 0.0197 0.0003 277 82 134 6 126 2
3 1023 895 93.9 1.14 0.63 0.0516 0.0023 0.1354 0.0068 0.0195 0.0004 268 76 134 6 124 2
4 642 466 41.2 1.38 1.40 0.0772 0.0028 0.1356 0.0083 0.0198 0.0002 1126 63 198 7 126 1
5 637 906 66.5 0.70 1.40 0.0475 0.0034 0.1361 0.0092 0.0195 0.0002 76 161 122 8 125 1
6 48.8 74.2 27.2 0.66 1.40 0.0461 0.0027 0.1352 0.0073 0.0197 0.0002 128 120 7 126 1
7 764 513 52.8 1.49 1.40 0.0464 0.0029 0.1354 0.0077 0.0196 0.0002 20 138 120 7 125 1
8 895 974 72.8 0.92 1.40 0.0480 0.0032 0.1356 0.0085 0.0198 0.0002 97 148 125 8 126 1
9 428 342 30.1 1.25 1.40 0.0465 0.0029 0.1356 0.0076 0.0196 0.0002 24 135 120 7 125 1
10 628 477 45.1 1.32 0.78 0.0481 0.0016 0.1352 0.0043 0.0196 0.0002 104 55 129 4 125 1
11 871 677 59.4 1.29 0.78 0.0483 0.0017 0.1354 0.0044 0.0197 0.0002 114 61 129 4 126 1
12 286 453 40.8 0.63 0.78 0.0479 0.0018 0.1361 0.0045 0.0198 0.0004 94 41 130 4 126 3

JX01
1 776 919 329 0.84 0.85 0.0587 0.0096 0.1319 0.0061 0.0197 0.0002 554 367 150 23 126 1
2 183 130 17.5 1.41 0.85 0.0557 0.0111 0.1318 0.0056 0.0194 0.0003 441 410 141 26 124 2
3 223 134 17.2 1.66 0.85 0.0541 0.0103 0.1317 0.0057 0.0197 0.0004 375 388 139 25 126 2
4 279 180 19.1 1.55 0.85 0.0562 0.0094 0.1315 0.0052 0.0195 0.0002 460 360 143 22 125 1
5 169 138 184 1.22 0.57 0.0524 0.0023 0.1316 0.0062 0.0194 0.0003 303 71 134 6 124 2
6 196 415 37.1 0.47 0.57 0.0522 0.0023 0.1315 0.0061 0.0195 0.0003 294 67 134 5 124 2
7 665 315 42.8 2.11 0.57 0.0523 0.0024 0.1318 0.0063 0.0197 0.0003 299 78 135 6 126 2
8 87.4 127 40.4 0.69 0.58 0.0528 0.0026 0.1319 0.0066 0.0198 0.0003 320 78 135 6 126 2
9 235 138 17.6 1.70 0.85 0.0526 0.0089 0.1317 0.0058 0.0195 0.0003 312 343 135 21 125 2
10 283 186 20.3 1.52 0.85 0.0542 0.0090 0.1315 0.0064 0.0195 0.0002 380 351 138 21 124 1
11 174 144 192 1.21 0.57 0.0523 0.0022 0.1315 0.0061 0.0195 0.0003 299 70 134 5 124 2
12 218 426 39.5 0.51 0.57 0.0524 0.0023 0.1314 0.0062 0.0194 0.0003 303 68 134 6 124 2
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tive samples of mafic dykes from the southeastern NCC in Shan-
dong Province, China. These new data allow us to constrain the
emplacement ages of these dykes and the origin of the mafic mag-
matism throughout the Tan–Lu Fault zone.
1. Geological setting and petrography

The NCC is one of the oldest cratonic blocks in the world, under-
lies the majority of northern China, the southern part of northeast
China, Inner Mongolia, Bohai Bay, and the northern part of the Yel-
low Sea, and covers an area of approximately 1,500,000 km2 (Zhao,
2014). The NCC is split into the eastern and western NCC along the
N–S-trending Palaeoproterozoic (1.85 Ga) Trans-North China Oro-
gen (Zhao et al., 2001, 2005; Wilde et al., 2002; Guo et al.,
2005a,b). The Tan–Lu Fault starts under the western Pacific Ocean
and extends into eastern China (Zhao, 2014). The Fault trends
NNE–SSW and stretches for more than 2400 km from south to
north, passing through Huangmei in Hubei Province, Lujiang and
Jiasan in Anhui Province, Sihong, Suqian, and Xinyi in Jiangsu Prov-
ince, Tancheng and Weifang in Shandong Province, the Gulf of
Bohai, and northeastern China. The Tan–Lu Fault also cross-cuts
the NCC, the Yangtze Craton, and the Xingmeng–Jihei and Dabie–
Sulu orogenic belts (Yan et al., 2008). The Fault has been studied
for more than 40 years (Xu and Zhu, 1994; Zhu et al., 1995, 2000,
2010; Niu et al., 2008), leading to a generally accepted evolutionary
history in which the Tan–Lu Fault underwent strike-slip movement
between the Late Jurassic and Early Cretaceous, extensional move-
ment between the Late Cretaceous and Palaeogene, and compres-
sion since the Neogene (Xu and Ma, 1992; Zhu et al., 2001, 2005;
Wang et al., 2006; Xie et al., 2007; Niu et al., 2008).

The Tan–Lu Fault is also called the Yi–Shu Fault in Shandong
Province and hosts more than 150 Mesozoic mafic dykes. The mafic
magmatism responsible for these dykes was widely distributed
across the Tan–Lu Fault zone and, as such, is critically important
to investigating the geodynamics of this Fault. Nevertheless, earlier
studies have mainly focused on felsic-intermediate magmatism
along the Tan–Lu Fault zone, and the swarms of mafic dykes have,
for the most part, been paid little attention (e.g., Liu et al., 2004,
2005, 2006, 2008a,b, 2009a, 2012, 2013a,b). To address these defi-
ciencies, this study focuses on mafic dykes from across the Chang-
yi, Weifang, Yishui, Juxian, Junan, and Linyi regions of central
Shandong Province (samples CY1 to CY4, WF1 to WF4, YS1 to
YS4, JX1 to JX4, JN1 to JN4, and LY1 to LY4, respectively). The mafic
dykes in these areas were intruded into both Proterozoic com-
plexes and early Mesozoic sedimentary rocks (Figs. 1b and 2 in
addition to field observations and notes). Individual dykes are ver-
tical, trend NE–SW, NW–SE, and nearly E–W and N–S, commonly
0.6–18 m wide, and are 2.5–15 km long. Representative hand spec-
imens and photomicrographs of the mafic dykes sampled during
this study are shown in Fig. 2. The dykes are generally medium-
grained dolerites that contain clinopyroxene (2.0–6.0 mm) and
plagioclase (2.0–5.5 mm) phenocrysts in a matrix (60–65%) that
contains clinopyroxene (0.05–0.06 mm) and plagioclase (0.03–
0.05 mm) with minor magnetite (�0.02–0.03 mm) and chlorite
(0.03–0.05 mm), and accessory zircon and apatite.
2. Analytical techniques

2.1. Zircon LA–ICP–MS U–Pb dating

Zircon grains were separated from six samples (CY01, WF02,
YS01, JX01, JN01, and LY02) using conventional heavy liquid and
magnetic techniques at the Langfang Regional Geological Survey,
Hebei Province, China. After separation and mounting, zircon inter-
nal and external structures were imaged using both transmitted



Fig. 3. Zircon LA–ICP–MS U–Pb concordia diagrams and CL images of zircons separated from the mafic dykes within the Tan–Lu Fault zone, eastern NCC, China.
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and reflected light and by cathodoluminescence at the State Key
Laboratory of Continental Dynamics, Northwest University, China.
Prior to zircon U–Pb dating, grain mount surfaces were washed in
dilute HNO3 and pure alcohol to remove any potential lead con-
tamination. Zircon U–Pb ages were determined by LA–ICP–MS
(Table 1; Fig. 3) using an Agilent 7500a ICP–MS instrument
equipped with a 193 nm excimer laser at the State Key Laboratory
of Continental Dynamics, Northwest University, China. A # 91500
standard zircon was used for quality control, and a NIST 610 stan-
dard was used for data optimization. A spot diameter of 24 lm was
used during analysis, employing the methodologies described by
Liu et al. (2010). Common Pb correction was undertaken following
the approach of Andersen (2002), and the resulting data were pro-
cessed using GLITTER and ISOPLOT (Table 1; Fig. 3). Uncertainties
on individual LA–ICP–MS analyses are quoted at the 95% (1r) con-
fidence level.
2.2. Whole-rock geochemistry

The whole-rock geochemical and Sr–Nd isotope compositions of
24 samples were determined during this study. Prior to whole-rock
geochemical analysis, samples were trimmed to remove altered
surfaces, cleaned with deionized water, and crushed and powdered
in an agate mill. Major element concentrations were determined
on fused glass disks using PANalytical Axios-advance X-ray fluores-
cence spectrometer at the State Key Laboratory of Ore Deposit Geo-
chemistry, Institute of Geochemistry, Chinese Academy of Sciences,
China. These analyses have a precision of <5% as determined using
GSR-1 and GSR-3 Chinese national standards (Table 2). Losses on
ignition values were obtained using 1 g of powder heated to
1100 �C for 1 h. Trace element concentrations were determined
using ICP–MS at the State Key Laboratory of Ore Deposit Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sciences,



Table 2
Major element concentrations (in wt.%) for the mafic dykes within the Tan–Lu Fault zone; LOI = loss on ignition, Mg# = 100 �Mg/(Mg + Fe) in atomic proportions.

Sample Rock type SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total Mg#

CY1 Dolerite 51.52 0.86 14.72 9.27 0.15 9.82 7.36 2.66 2.53 0.48 0.25 99.61 68
CY2 Dolerite 51.55 0.83 14.63 9.26 0.14 9.76 7.37 2.65 2.51 0.46 0.43 99.59 68
CY3 Dolerite 51.49 0.84 14.51 9.28 0.13 9.78 7.35 2.67 2.54 0.45 0.55 99.59 68
CY4 Dolerite 51.51 0.87 14.71 9.25 0.14 9.79 7.38 2.64 2.52 0.51 0.26 99.58 68
WF1 Dolerite 51.48 0.79 14.68 9.26 0.14 9.75 7.34 2.68 2.49 0.53 0.45 99.59 68
WF2 Dolerite 51.49 0.78 14.65 9.27 0.15 9.76 7.35 2.66 2.51 0.52 0.43 99.57 68
WF3 Dolerite 51.47 0.77 14.67 9.25 0.13 9.73 7.36 2.71 2.47 0.54 0.39 99.49 68
WF4 Dolerite 51.46 0.76 14.69 9.26 0.15 9.77 7.33 2.72 2.46 0.51 0.47 99.58 68
YS1 Dolerite 51.49 0.77 14.68 9.29 0.14 9.75 7.35 2.69 2.48 0.53 0.42 99.59 68
YS2 Dolerite 51.51 0.75 14.66 9.25 0.13 9.74 7.34 2.71 2.45 0.49 0.53 99.56 68
YS3 Dolerite 51.48 0.76 14.67 9.27 0.13 9.76 7.32 2.67 2.46 0.55 0.45 99.52 68
YS4 Dolerite 51.52 0.76 14.65 9.26 0.14 9.75 7.36 2.68 2.44 0.48 0.53 99.57 68
JX1 Dolerite 51.53 0.74 14.64 9.25 0.15 9.76 7.35 2.72 2.45 0.47 0.49 99.55 68
JX2 Dolerite 51.51 0.75 14.65 9.24 0.12 9.75 7.33 2.73 2.43 0.48 0.55 99.54 68
JX3 Dolerite 51.48 0.74 14.69 9.28 0.14 9.74 7.31 2.66 2.47 0.53 0.47 99.51 68
JX4 Dolerite 51.47 0.76 14.72 9.26 0.13 9.72 7.29 2.68 2.45 0.55 0.45 99.48 68
JN1 Dolerite 51.53 0.73 14.66 9.27 0.13 9.75 7.34 2.74 2.43 0.46 0.53 99.57 68
JN2 Dolerite 52.21 0.67 14.62 9.24 0.12 9.69 7.31 2.75 2.46 0.43 0.28 99.78 67
JN3 Dolerite 51.51 0.77 14.67 9.25 0.13 9.74 7.32 2.74 2.42 0.46 0.56 99.57 68
JN4 Dolerite 52.18 0.71 14.58 9.22 0.12 9.72 7.33 2.72 2.43 0.45 0.29 99.75 68
LY1 Dolerite 52.17 0.73 14.55 9.24 0.13 9.75 7.28 2.69 2.38 0.46 0.36 99.74 68
LY2 Dolerite 52.15 0.75 14.52 9.26 0.14 9.77 7.31 2.67 2.35 0.49 0.32 99.73 68
LY3 Dolerite 51.51 0.74 14.65 9.26 0.12 9.68 7.33 2.73 2.41 0.47 0.67 99.57 67
LY4 Dolerite 51.52 0.75 14.66 9.27 0.13 9.76 7.34 2.71 2.41 0.46 0.65 99.66 68
GSR-3 RV 44.64 2.37 13.83 13.4 0.17 7.77 8.81 3.38 2.32 0.95 2.24 99.88
GSR-3 MV 44.75 2.36 14.14 13.35 0.16 7.74 8.82 3.18 2.3 0.97 2.12 99.89
GSR-1 RV 72.83 0.29 13.4 2.14 0.06 0.42 1.55 3.13 5.01 0.09 0.7 99.62
GSR-1 MV 72.65 0.29 13.52 2.18 0.06 0.46 1.56 3.15 5.03 0.11 0.69 99.70
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China, following the procedures outlined in Qi et al. (2000). Tripli-
cate analyses were reproducible to within 5% for all elements, and
analyses of the OU-6 and GBPG-1 international standards agree
with recommended values (Table 3).

2.3. Sr–Nd isotope analyses

Sample powders used for Rb–Sr and Sm–Nd isotope analysis
were spiked with mixed isotope tracers, dissolved in Teflon cap-
sules using HF and HNO3 acids, and separated using conventional
cation-exchange techniques. Isotopic measurements were per-
formed using a Finnigan Triton Ti thermal ionization mass spec-
trometer at the State Key Laboratory of Ore Deposit
Geochemistry, Chinese Academy of Sciences, China. Procedural
blanks yielded concentrations of <200 pg for Sm and Nd and
<500 pg for Rb and Sr, and mass fractionation corrections for Sr
and Nd isotopic ratios were based on 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219, respectively. Analysis of the NBS987 and La
Jolla standards yielded values of 87Sr/86Sr = 0.710246 ± 16 (2r),
and 143Nd/144Nd = 0.511863 ± 8 (2r), respectively.

3. Results

3.1. Zircon LA–ICP–MS U–Pb ages

Euhedral zircon in samples CY01, WF02, YS01, JX01, JN01, and
LY02 are clean and prismatic and contain clear oscillatory mag-
matic zoning (Fig. 3). Eleven zircons from sample CY01 yielded a
weighted mean 206Pb/238U age of 129.6 ± 0.7 Ma (1r, 95% confi-
dence interval; Table 1; Fig. 3a), with thirteen zircons from sample
WF02 yielding a weighted mean 206Pb/238U age of 126.8 ± 0.7 Ma
(1r; 95% confidence interval; Table 1; Fig. 3b), twelve zircons from
sample YS01 yielding a weighted mean 206Pb/238U age of
125.5 ± 0.7 Ma (1r; 95% confidence interval; Table 1; Fig. 3c),
twelve zircons from sample JX01 yielding a weighted mean
206Pb/238U age of 124.9 ± 0.9 Ma (1r; 95% confidence interval;
Table 1; Fig. 3d), twelve zircons from sample JN01 yielding a
weighted mean 206Pb/238U age of 126.4 ± 0.9 Ma (1r; 95% confi-
dence interval; Table 1; Fig. 3e), and twelve zircons from sample
LY02 yielding a weighted mean 206Pb/238U age of 125.2 ± 0.7 Ma
(1r; 95% confidence interval; Table 1; Fig. 3f). These new data pro-
vide the best estimates of the crystallization ages of the mafic
dykes within the study area, and no inherited zircons were
observed in either sample population.

3.2. Major and trace element geochemistry

The whole-rock geochemical compositions of the mafic dykes
sampled during this study are listed in Tables 2 and 3. These dykes
have relatively uniform compositions, with SiO2 = 51.46–
52.21 wt.%, TiO2 = 0.67–0.87 wt.%, Al2O3 = 14.51–14.72 wt.%,
Fe2O3 = 9.24–9.29 wt.%, MnO = 0.12–0.15 wt.%, MgO = 9.68–
9.82 wt.%, CaO = 7.29–7.38 wt.%, Na2O = 2.64–2.74 wt.%,
K2O = 2.35–2.54 wt.%, and P2O5 = 0.45–0.55 wt.%. These dykes have
similar compositions to other dykes from Shandong Province (Guo
et al., 2004, 2005a,b; Liu et al., 2008a,b, 2009a, 2012), are all clas-
sified as alkaline on a total alkali–silica diagram (Fig. 4a), and are
classified as shoshonitic on an Na2O vs. K2O diagram (Fig. 4b).
MgO positively correlates with TiO2 (Fig. 5e) but poorly correlates
with other major oxides, such as SiO2, Al2O3, Na2O + K2O, CaO,
Fe2O3, MnO, and P2O5 (see Fig. 5a–d, f–h), and are enriched in light
rare earth elements and depleted in heavy rare earth elements,
with a wide and high range in (La/Yb)N (14.5–36.0) and a narrow
spread in dEu (0.70–0.91) values (Table 3; Fig. 6a and b). In addi-
tion, these mafic dykes are enriched in large ion lithophile ele-
ments (e.g., Ba, U, K, and Pb) and have clear negative Nb, Ta, P,
and Ti anomalies in primitive-mantle-normalized multi-element
variation diagrams (Fig. 6a and b).

3.3. Sr–Nd isotopes

The Sr–Nd isotopic compositions of 18 representative mafic
samples from the study area were determined during this study
(Table 4). These dykes have a relatively narrow range of (87Sr/86Sr)



Table 3
Trace element compositions (in ppm) of the mafic dykes from the Tan–Lu Fault zone; chondrite-normalization factors used to calculate (La/Yb)N values are from Sun and
McDonough (1989) and Eu/Eu = EuN/

p
(SmN � GdN).

Sample Cr Ni Rb Sr Y Zr Nb Ba La Ce Pr Nd Sm Eu

CY1 506 154 48.4 987 19.6 221 7.32 2242 65.6 133 15.4 53.8 8.42 2.12
CY2 121 68.6 62.5 1293 23.5 275 9.86 4312 92.3 195 22.1 76.8 13.2 2.98
CY3 566 233 52.6 652 17.5 142 5.93 1551 32.4 54.2 7.16 31.2 5.42 1.43
CY4 525 128 51.9 1124 19.2 186 6.54 3016 64.1 131 14.2 49.4 7.63 1.92
WF1 372 73.7 63.2 675 24.3 164 5.16 1424 55.3 91.8 13.1 44.2 7.16 1.85
WF2 451 135 58.5 1164 19.1 218 7.13 2511 72.5 138 16.4 54.5 8.15 2.12
WF3 368 78.6 73.6 727 32.3 173 5.45 1732 59.4 97.6 14.3 52.4 8.76 2.23
WF4 284 57.5 84.3 592 37.6 176 5.59 1728 55.2 98.2 13.1 46.5 7.55 1.96
YS1 66.4 53.9 74.5 1681 23.4 254 9.92 7643 97.4 195 22.2 79.3 12.8 2.78
YS2 585 165 39.3 1157 19.5 178 6.74 3865 64.6 124 15.3 50.8 7.78 1.83
YS3 322 59.5 96.2 696 16.5 166 5.48 2152 47.5 94.3 12.4 42.2 6.87 1.76
YS4 278 98.5 85.8 1051 25.2 263 7.67 3393 58.7 118 15.3 53.5 9.13 2.44
JX1 266 93.6 126 868 26.4 271 8.04 2964 61.6 125 15.5 56.4 9.45 2.45
JX2 264 85.8 76.7 962 26.5 275 7.85 2126 62.5 126 15.3 56.5 9.65 2.46
JX3 163 66.5 131 753 27.6 292 8.43 4853 66.4 118 16.1 57.4 9.82 2.42
JX4 237 82.7 138 985 26.3 274 8.32 2576 62.3 124 15.4 55.3 9.43 2.37
JN1 176 65.6 94.5 864 28.4 286 8.54 3815 66.5 135 16.2 58.7 10.5 2.62
JN2 292 107 128 976 25.5 261 7.93 2473 59.6 119 15.3 53.4 8.97 2.44
JN3 315 122 143 978 26.1 253 9.44 2852 67.1 134 16.2 58.6 9.87 2.45
JN4 274 84.6 73.6 869 25.3 272 8.13 2605 64.2 126 15.2 56.4 9.32 2.42
LY1 263 83.5 85.7 1054 26.2 278 8.64 1283 64.5 128 16.3 57.6 9.64 2.48
LY2 181 76.3 121 981 24.3 255 8.28 1471 53.1 106 13.1 48.4 8.31 2.22
LY3 287 114 123 969 25.6 248 8.24 2445 58.6 118 14.3 53.2 8.94 2.54
LY4 236 82.9 154 1142 27.4 291 8.93 3353 63.3 127 15.4 56.8 9.54 2.53
OU-6 (RV) 70.8 39.8 120 131 27.4 174 14.8 477 33 74.4 7.8 29 5.92 1.36
OU-6 (MV) 73.5 42.5 122 136 26.2 183 15.3 486 33.1 78 8.09 30.6 5.99 1.35
GBPG-1 (RV) 181 59.6 56.2 364 26.2 183 9.93 908 53 103 1.15 43.3 6.79 1.79
GBPG-1 (MV) 187 60.6 61.4 377 18 232 8.74 921 51 105 1.16 42.4 6.63 1.69

Gd Tb Dy Ho Er Tm Yb Lu Hf Ta Pb Th U (La/Yb)N dEu

6.24 0.85 4.13 0.82 2.13 0.32 1.93 0.29 4.52 0.14 12.1 12.2 4.53 24.4 0.86
9.65 1.16 5.05 0.91 2.42 0.33 1.96 0.32 5.13 0.15 22.3 14.3 2.65 33.8 0.77
4.87 0.65 3.43 0.76 1.95 0.27 1.71 0.26 3.21 0.13 21.6 5.95 1.56 13.6 0.83
6.45 0.82 3.82 0.81 2.14 0.29 1.79 0.28 3.93 0.12 13.3 9.12 1.14 25.7 0.81
6.16 0.84 4.11 0.85 2.22 0.31 1.75 0.28 3.54 0.11 4.95 7.26 1.32 22.7 0.83
6.42 0.83 3.83 0.83 2.11 0.28 1.78 0.27 4.43 0.13 11.5 12.8 1.63 29.2 0.86
7.55 0.98 5.45 1.13 3.21 0.45 2.93 0.46 3.76 0.12 6.66 7.95 1.65 14.5 0.82
6.78 0.92 5.18 1.12 3.08 0.42 2.54 0.38 3.75 0.11 6.94 8.18 1.54 15.6 0.82
10.8 1.15 4.96 0.94 2.44 0.32 1.94 0.31 5.15 0.15 25.5 15.4 2.91 36.0 0.70
6.74 0.81 3.84 0.75 2.15 0.28 1.85 0.28 4.14 0.12 14.4 9.75 1.32 25.0 0.75
5.45 0.73 3.42 0.64 1.76 0.24 1.54 0.24 3.83 0.11 7.65 7.85 1.43 22.1 0.85
8.18 0.96 4.91 0.96 2.63 0.35 2.12 0.34 5.16 0.52 23.2 5.76 1.85 19.9 0.84
8.54 0.98 5.13 0.95 2.72 0.37 2.33 0.35 5.45 0.53 24.5 6.06 3.98 19.0 0.82
7.96 0.97 5.15 0.97 2.73 0.36 2.41 0.36 5.43 0.55 29.6 5.83 2.86 18.6 0.83
9.06 1.12 5.55 1.11 2.92 0.37 2.54 0.38 5.76 0.54 41.6 5.82 1.55 18.8 0.77
8.22 0.97 5.14 0.96 2.74 0.36 2.33 0.35 5.32 0.55 26.5 5.94 2.92 19.2 0.80
8.93 1.13 5.72 1.14 2.93 0.38 2.42 0.38 5.83 0.57 55.4 6.23 2.98 19.7 0.81
7.83 0.94 4.94 0.95 2.64 0.35 2.31 0.34 5.15 0.53 18.7 5.51 1.33 18.5 0.87
8.55 0.98 5.35 0.97 2.67 0.36 2.36 0.36 5.22 0.62 21.1 8.98 1.95 20.4 0.80
7.86 0.95 5.16 0.96 2.63 0.36 2.32 0.36 5.43 0.64 21.4 5.95 3.63 19.8 0.84
7.85 1.05 5.43 0.98 2.82 0.35 2.43 0.37 5.45 0.65 29.3 5.81 2.72 19.0 0.84
6.74 0.94 5.66 0.92 2.43 0.36 2.14 0.32 4.93 0.66 29.2 5.76 2.55 17.8 0.88
7.73 0.95 4.93 0.94 2.64 0.35 2.21 0.33 5.12 0.67 19.4 5.45 1.33 19.0 0.91
8.75 0.96 5.35 0.98 2.82 0.38 2.32 0.36 5.54 0.69 22.6 5.92 2.55 19.6 0.83
5.27 0.85 4.99 1.01 2.98 0.44 3 0.45 4.7 1.06 28.2 11.5 1.96
5.5 0.83 5.06 1.02 3.07 0.46 3.09 0.47 4.86 1.02 32.7 13.9 2.19
4.74 0.6 3.26 0.69 2.01 0.3 2.03 0.31 6.07 0.4 14.1 11.2 0.9
4.47 0.59 3.17 0.66 2.02 0.29 2.03 0.31 5.93 0.46 14.5 11.4 0.99
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i values (0.7099–0.7100) and have negative eNd (t) values (�14.4 to
�13.7; Table 4; Fig. 7) that are indicative of magmas sourced from
an enriched region of the mantle. From Fig. 7, the mafic dykes
along the Tan–Lu Fault zone fall within the field outlined for other
mafic dykes in Shandong province, but are significant enriched
compared to the majority of these other Shandong dykes (Guo
et al., 2004, 2005a,b; Liu et al., 2008a,b, 2009a, 2012).
4. Discussion

The new zircon, geochemical, and Sr–Nd isotope data presented
in this study allow us to constrain the source, crustal contamina-
tion, fractional crystallization, and evolution of the magmas that
were emplaced within the Tan–Lu Fault zone of the southeastern
NCC.
4.1. Source and petrogenesis

The Early Cretaceous (130–125 Ma) mafic dykes within the
study area are characterized by low SiO2 concentrations (51.5–
52.2 wt.%; Table 2), suggesting that they were derived from an
ultramafic source (Liu et al., 2008a,b, 2009a, 2013a,b,c,d). An ultra-
mafic source is also supported by the relatively high MgO (9.68–
9.82 wt.%), Mg# values (67–68, not shown), Cr (66.4–585 ppm)



Fig. 4. Classification of the mafic dykes from the Tan–Lu Fault zone using: (a) the
TAS diagram (Middlemost, 1994; Le Maitre, 2002) based on major element
concentrations recalculated to 100% volatile-free compositions, and (b) the K2O
vs. Na2O diagram (Menzies and Kyle, 1972).
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and Ni (53.9–233 ppm) of these dykes (Tables 2 and 3). Further, a
crustal source can be ruled out as partial melting of any crustal
rocks (e.g., Hirajima et al., 1990) or lower-crustal intermediate
granulites (Gao et al., 1998) would produce melts with high Si
and low Mg concentrations (i.e., granitoid liquids; Rapp et al.,
2003). The high initial 87Sr/86Sr ratios (0.7099–0.7100) and nega-
tive eNd (t) values (�14.4 to �13.7; Table 4) of these dykes are con-
sistent with an origin from an enriched lithospheric mantle source
rather than from a depleted region of the mantle as in the case for
MORB. In addition to the evidence outlined above, the samples
analyzed during this study define a partial melting trend on La
vs. La/Yb and Ni vs. Th diagrams (not shown; Liu et al., 2008c), indi-
cating that the magmas that formed these dykes were derived from
the partial melting of an enriched region of the mantle. In addition,
based on the modeled calculations of Guo et al. (2014), the partial
melting degree of the studied dykes ranges from 12.0% to 15.0%.

4.2. Crustal contamination and fractional crystallization

Crustal contamination can cause significant Nb–Ta depletions in
basaltic rocks and can lead to mafic magmas with enriched Sr–Nd
isotopic compositions (Guo et al., 2004). The dolerites within the
study area are characterized by negative Nb–Ta anomalies
(Fig. 6b) and have high initial 87Sr/86Sr ratios and negative eNd (t)
values (Table 4) that are indicative of the involvement of a crustal
component in their petrogenesis. However, the poor correlations
between SiO2, Al2O3, Na2O + K2O, CaO, Fe2O3, MnO, and P2O5 and
MgO (Fig. 5), and an homogeneous Sr and slight variation in Nd iso-
tope composition, imply that there was little to no crustal contam-
ination during the ascent of magmas, despite an absence of
inheritance within zircon found within these dykes. This observa-
tion is further supported by the fact that the dykes have high Cr
(66.4–585 ppm) and Ni (53.9–233 ppm) (Table 3), no correlation
between Mg#, Cr, Ni and initial Sr ratio (not shown), distinctive
negative high field strength elements (Nb, Ta, P, and Ti) and posi-
tive Pb anomalies (Fig. 6a and b; Zhang et al., 2005), high La/Nb
and Ba/Nb ratios (5.0–11.0, 148–770; Table 3; Jahn et al., 1999),
high (87Sr/86Sr)i values (0.7099–0.7100), and negative eNd (t) values
(�14.4 to �13.7; Table 4; Fig. 7).

Mafic dykes within the Tan–Lu Fault zone have quite constant
MgO concentrations or high Mg# values (67–68; not shown) indi-
cating that the studied rocks experienced negligible fractional crys-
tallization (Fig. 8). In addition, only slightly negative Eu anomalies
suggests little to no plagioclase fractionation occurred prior to
dyke emplacement (Table 3; Fig. 6a and b).

4.3. Genetic model and significance of the mafic dykes

The mafic dykes within the Tan–Lu Fault zone provide evidence
of significant lithospheric extension during the Early Cretaceous as
well as possible evidence for the evolution of the mantle beneath
the study area within the southeastern NCC. As noted above, it is
likely that the mafic magmas that formed the dykes were gener-
ated by melting of an enriched mantle source, although how this
enriched source was formed is unclear.

At present, a significant number of Mesozoic dykes have been
discovered within Shandong Province (including in the area of
the Tan–Lu Fault zone; e.g., 120–128 Ma, Yang et al., 2004; 115–
127 Ma, Guo et al., 2004, 2014; 89–170 Ma, Liu et al., 2004, 2005,
2006, 2008a,b,c, 2009a, 2012, 2013a,b,c,d,e; Ma et al., 2014a,b).
Studies of these dykes indicate that almost all of the Mesozoic
mafic dykes from Shandong Province were derived from enriched
mantle source; however, the extent of this enrichment differs
between western Shandong and eastern Shandong (relative enrich-
ment with respect to Sr–Nd isotopes) and over time (i.e., from Tri-
assic to Cretaceous, the mafic dykes have a progressively higher
initial Sr isotopic ratio, and lower eNd (t)). Moreover, five main
genetic models have been proposed for these dykes: (1) derivation
from a lithospheric mantle that was previously metasomatized by
subduction zone processes (Yang et al., 2004); (2) decompression
melting of an enriched mantle source that was mainly composed
of phlogopite garnet peridotite, together with strong fractional
crystallization (Guo et al., 2004); (3) derivation from the ‘‘cold’’
subduction of the Yangtze Craton (Guo et al., 2014); (4) delamina-
tion of eclogitic lower crust (Liu et al., 2008a,b,c, 2009a, 2012,
2013a,b,c,d,e), and (5) interaction of subducted sediment melts
and the Palaeozoic lithospheric mantle of the NCC (Ma et al.,
2014a). In these models, model 1, 2, and 5 all dealt with the source
of the dykes that were generally hybridized by crustal material or
sedimentary rock. In the source region, three models can be appli-
cable; however, they are not fully supported by the geological
record nor our data. Thus, we should discuss the other two
possibilities.

The studied dykes exhibit arc-like trace element characteristics,
including light rare earth element and large ion lithophile element
enrichment, slightly negative Eu and Nb–Ta–P–Ti anomalies, posi-
tive Th–U anomalies, and EM2-type Sr–Nd isotopic compositions
(Zhang and Sun, 2002; Guo et al., 2013a,b); however, based on
our observations and data outlined above (see Section 4.2), no
crustal contamination during the ascent of magmas is evident. In
general, if delamination of eclogitic lower crust occurred, this
would lead to rapid uplift of the study area (Menzies et al.,
2007). Evidence for this uplift is lacking, however. At the same
time, lithospheric delamination would induce asthenospheric
upwelling, leading to decompression melting and the formation
and eruption of basalt with similar geochemical features to that



Fig. 5. Variations in major element concentrations compared to MgO (in wt.%) for the mafic dykes of the Tan–Lu Fault zone, southeastern NCC, China.
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of MORB or OIB. The absence of such asthenospherically-derived
magma contemporaneous with the studied dykes thus argues
against a delamination of the lithosphere, in the southeastern
NCC. Furthermore, new oxygen isotope data for olivine within
the Fangcheng basalts, NCC, that have similar Sr–Nd isotope data
to the studied dykes (Guo et al., 2013a,b), indicate the involvement
of upper-middle crustal rather than lower crustal components in
the melting source region for the Fangcheng basalts. As such, an
alternative model is needed to account for the formation of the
Tan–Lu Fault zone mafic dykes.

Important questions in the study of the Tan–Lu Fault zone mafic
dykes, are what is the cause of the enriched mantle source to the
mafic magmas, and where do the hybridized materials derive?
These key issues will be discussed next. By contrast with the
exposed Archaean–Proterozoic metamorphic complexes and typi-
cal marine sediment as a possible explanation, Guo et al. (2014)
sought help from ‘‘cold’’ subduction of the Yangtze Craton to
explain the origin of the mafic dykes (115 Ma) from Jiaodong pen-
insula. Their interpretation has provided credible evidence, based
on which, we propose that a sedimentary component derived from
Yangtze Craton, continental crust to be the cause of mantle enrich-
ment beneath the study area. The interaction of sedimentary melt
with overlying mantle lithologies helped to generate fertile mantle
pyroxenite. Partial melting of this modified, and olivine-poor,
pyroxenite can produce Mg-rich magmas with high Cr–Ni and
low Nb–Ta–P–Ti concentrations. In the Guo et al. (2014) study, it
was indeed suggested that fertile pyroxenite, formed through sed-
iment melt–peridotite interaction, to be the source of mafic dykes
emplaced along the Tan–Lu Fault (Guo et al., 2014). In accordance
with geophysical observations (Engebretson et al., 1985), oblique
subduction of the paleo-Pacific Plate toward the NCC occurred dur-
ing the Early Cretaceous. This subduction exerted a driving force to
induce the extensive collapse of the southeastern margin of the
NCC, triggering extensive melting of the metasomatized mantle
responsible for mafic magmatism across the NCC (Wu et al., 2005).

As such, a special model can explain the formation of the mafic
dykes within the Tan–Lu Fault zone. Chemenda et al. (2002) pro-
posed a two-dimensional thermo-mechanical, laboratory model
for continental subduction, and used this to interpret the evolu-
tionary history of the India-Asia collisional system. They suggested
that subducted continental crust or sediments would be detached
from underlying lithosphere mantle if the subduction was suffi-
ciently rapid or if the subducted lithosphere had a thick lower crust
(Zhang and Sun, 2002). This model may be suitable for the Triassic,



Fig. 6. Chondrite-normalized REE (a) and primitive-mantle-normalized multi-
element variation diagrams (b) for the mafic dykes within the Tan–Lu Fault zone
of the southeastern NCC, China. Concentrations are normalized to the chondrite
composition of Sun and McDonough (1989).

Fig. 7. Variations in initial 87Sr/86Sr and eNd (t) values for the mafic dykes from the
Tan–Lu Fault zone of the southeastern NCC, China. This diagram also includes a field
delineating the composition of Mesozoic mafic dykes within the Yangtze Craton, the
NCC, the Sulu Belt, and other areas within Shandong Province (Chen et al., 2001;
Guo et al., 2001, 2003, 2004, 2005a,b; Li et al., 2004; Liu, 2004; Liu et al., 2008a,b,
2009a,b, 2012). The mafic dykes analyzed during this study plot within the enriched
mantle source field.
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Dabie collisional zone because the Yangtze Craton is an old Craton
and should have had a thickened lower crust. Thus, we adopt this
explanation to help reconstruct possible scenarios for the Dabie
collision and for the formation of the Mesozoic lithosphere adja-
cent to the Dabie Orogen.

At �240 Ma, collision between the Yangtze Craton and the NCC
occurred along with northward subduction of the paleo-Tethys
oceanic lithosphere (Zhang and Sun, 2002). The Yangtze litho-
sphere was dragged down into mantle by the denser oceanic lith-
osphere it comprised. Subsequently, the upper/middle Yangtze
crust and sedimentary drape reached a depth of �200 km (Ye
et al., 2000; Zhang and Sun, 2002) and subsequently rapidly moved
upward between the NCC and Yangtze Craton in response to slab
break-off of the subducting oceanic lithosphere (Davies et al.,
1995; O’Brien, 2001). At �220 Ma, Yangtze subduction switched
to a highly compressional mode (Chemenda et al., 2002), which
Table 4
Sr–Nd isotopic compositions of the mafic dykes from the Tan–Lu Fault zone of the southeas
kRb = 1.42 � 10�11 year�1 (Steiger and Jäger, 1977) and kSm = 6.54 � 10�12 year�1 (Lugmair

Sample Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr ±2r Sm (ppm) Nd (pp

CY1 48.4 987 0.142 0.710205 13 8.42 53.8
CY2 62.5 1293 0.140 0.710193 13 13.2 76.8
CY3 52.6 652 0.233 0.710362 16 5.42 31.2
WF2 58.5 1164 0.145 0.710288 13 8.15 54.5
WF3 73.6 727 0.293 0.710381 14 8.76 52.4
WF4 84.3 592 0.412 0.710771 14 7.55 46.5
YS1 74.5 1681 0.128 0.710263 12 12.8 79.3
YS3 96.2 696 0.400 0.710741 13 6.87 42.2
YS4 85.8 1051 0.236 0.710453 16 9.13 53.5
JX1 126.0 868 0.420 0.710776 13 9.45 56.4
JX2 76.7 962 0.231 0.710438 13 9.65 56.5
JX4 138.0 985 0.405 0.710764 14 9.43 55.3
JN1 94.5 864 0.317 0.710613 13 10.5 58.7
JN2 128 976 0.380 0.710725 16 8.97 53.4
JN3 143 978 0.423 0.710793 13 9.87 58.6
LY1 85.7 1054 0.235 0.710452 16 9.64 57.6
LY2 121 981 0.357 0.710674 13 8.31 48.4
LY4 154 1142 0.390 0.710732 13 9.54 56.8
resulted in the detachment of the Yangtze crust and sediments
from the mantle. The crust would be then tectonically underplated
beneath the base of the NCC lithosphere because of its buoyancy
relative to the surrounding mantle. This process would lead to a
thickened continental root and an isostatic uplift of the southeast-
ern NCC. The thickened continental root was then probably eclog-
itized (Leech, 2001) or melted (Skjerlie and Douge, 2002) by
underlying asthenosphere.

Subsequently, silicic melts produced by melting of these crustal
materials migrated through the overriding continental lithosphere
and interacted with mantle peridotite. Extensive interaction would
have completely destroyed the old lithosphere regime, finally gen-
erating the Sr–Nd isotopic enriched (hybridized) Mesozoic litho-
sphere that was the source for the Cretaceous dykes’ intrusion.
As a result, decompression melting of this enriched mantle at
130–120 Ma produced primary basaltic melts that evolved to form
the mafic magmas that were emplaced as swarms of dykes across
the Tan–Lu Fault zone of the southeastern NCC.
tern NCC calculated using Chondrite Uniform Reservoir values and decay constants of
and Harti, 1978).

m) 147Sm/144Nd 143Nd/144Nd ±2r (87Sr/86Sr)i (143Nd/144Nd)i eNd (t)

0.0946 0.511816 8 0.709944 0.511736 �14.4
0.1039 0.511821 8 0.709944 0.511733 �14.4
0.1050 0.511826 12 0.709935 0.511737 �14.3
0.0904 0.511843 10 0.709932 0.511768 �13.8
0.1011 0.511855 9 0.710026 0.511771 �13.7
0.0982 0.511848 9 0.710028 0.511767 �13.8
0.0976 0.511844 10 0.710034 0.511764 �13.9
0.0984 0.511853 10 0.710028 0.511772 �13.7
0.1032 0.511847 8 0.710032 0.511762 �13.9
0.1013 0.511847 10 0.710030 0.511764 �13.9
0.1032 0.511846 9 0.710028 0.511762 �14.0
0.1031 0.511841 9 0.710044 0.511757 �14.1
0.1081 0.511833 12 0.710044 0.511744 �14.3
0.1015 0.511835 10 0.710043 0.511751 �14.1
0.1018 0.511838 10 0.710033 0.511754 �14.1
0.1012 0.511845 10 0.710033 0.511762 �13.9
0.1038 0.511848 9 0.710039 0.511763 �13.9
0.1015 0.511847 9 0.710038 0.511764 �13.9



Fig. 8. Ni (in ppm) (a) and CaO/Al2O3 (b) vs. MgO (in wt.%) diagrams for the mafic
dykes from the Tan–Lu Fault, southeastern NCC.
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5. Conclusions

The new geochronological, geochemical, and Sr–Nd isotopic
data for the mafic dykes within the Tan–Lu Fault zone of the south-
eastern NCC allow the following conclusions to be reached.

1. Zircon U–Pb dating indicates that the mafic dykes within the
Tan–Lu Fault zone of the southeastern NCC were emplaced
129.6 ± 0.7 Ma, 125.2 ± 0.7 Ma, 125.5 ± 0.7 Ma, 124.9 ± 0.9 Ma,
126.4 ± 0.9 Ma, and 126.8 ± 0.7 Ma (i.e., during the Early
Cretaceous).

2. The mafic dykes in the study area are alkaline and shoshonitic
(Fig. 4a and b), have high and variable light rare earth element
concentrations with slight negative Eu anomalies (dEu = 0.70–
0.91), and have positive Ba, U, K, and Pb, and negative Nb, Ta, P,
and Ti anomalies (Fig. 6a and b). These dykes were derived from
partial melting (partial melting degree: 12.0–15.0%) of an
enriched mantle source ((87Sr/86Sr)i values = 0.7099–0.7100,
eNd (t) values = �14.4 to �13.7), and formed from parental mag-
mas that were generated during lithospheric extension-related
partial melting of an enriched region of the lithospheric mantle
beneath the southeastern NCC. These parental magmas fraction-
ated out olivine and Fe–Ti oxides, such as rutile, ilmenite, and
titanite during ascent and before emplacement as mafic dykes
in the study area, but did not significantly fractionate plagioclase.
In addition, there were negligible crustal contamination of these
magmas during emplacement.

3. The mafic dykes in the study area formed in an extensional set-
ting following collision between the NCC and the Yangtze Cra-
ton. The magmas that formed these dykes were sourced from
a hybridized source caused by subduction of Yangtze crustal
sedimentary material beneath NCC, or by subduction of the
paleo-Pacific Plate before the late Mesozoic.
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