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Haiyang granite complex consists of K-feldspar granite and syenite, with a total exposure area of ~600 km2. The
K-feldspar granite is metaluminous (A/CNK = 0.70 to 0.99) and the syenite is slightly peraluminous (A/CNK =
1.01 to 1.10), both of which have typical characteristics of A-type granite with high total alkali contents and
FeOT/(FeOT + MgO) ratios. Zircon U–Pb age are 116.8 ± 1.7 Ma and 115.8 ± 2.2 Ma, for the K-feldspar granite
and the syenite, respectively. This is consistent with field observation that the syenite intruded into the K-
feldspar granite. Varied zircon O isotope (5.65–7.78‰ for K-feldspar granite and 4.68–7.08‰ for syenite) with
peak values that are marginally higher than those of mantle zircon reflects important mantle contributions.
These together with large variation of zircon εHf(t) values of K-feldspar granite (−22.4 to −15.6) and syenite
(−24.6 to −13.5), can best be explained by the involvement of at least two components, e.g., enriched litho-
spheric mantle +/− subducted materials, and upwelling asthenosphere. Apatite has right decline REE pattern.
The apatite from K-feldspar granite has higher Cl contents than those of syenite, implying more influence from
a subduction releasedfluid in K-feldspar granite source. This distinction is supported by the systematically higher
oxygen fugacity of K-feldspar granite as indicated by zircon Ce4+/Ce3+ ratios. In the Yb/Ta–Y/Nb, Ce/Nb–Y/Nb
diagrams, both K-feldspar granite and syenite plot in A1-type, with K-feldspar granite plotting closer to A2. In
the Nb–Y–3Ga and Nb–Y–Ce charts, syenite plots near the boundary between A1 and A2, whereas some K-
feldspar granite samples plot in A2 field, indicating a tendency of transition originally from A2 to A1. In general
A1 granites form in intraplate settings, whereas A2 granite forms in post-collision. It is likely that mantle compo-
nents metasomatized by subduction released fluids are easier to be partially melted, forming K-feldspar granite
(closer to A2 type) with higher oxygen fugacity, which consequently eliminated subduction signatures, and then
followed by A1 type syenite. Similar to the Lower Yangtze River belt, where both A1 and A2 group granites of sim-
ilar ages outcropped in the same region, Haiyang granite complexmay also be plausibly explained by a ridge sub-
duction model, which has been proposed as the mechanism that controlled the decratonization of the North
China Craton.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Shandong Peninsula, as one part of both the North China Craton
(NCC) and the Sulu ultrahigh-pressure belt, has received wide atten-
tions. Many studies on this region have been done to understand the
destruction of the North China Craton, the oldest tectonic unit in
China (Liu et al., 1992), and Mesozoic geodynamic mechanism in
eastern China (Chen, 2010; Gao et al., 2004; Liu et al., 2010; Wu et al.,
2006; Xu, 2001; Xu et al., 2004; Yang et al., 2003; Zhang et al., 2002;
Zhao et al., 2013; Zhu et al., 2012). Given that the continental litho-
spheric mantle beneath the NCC was dramatically thinned during the
86 20 85290130.
Early Cretaceous till Early Tertiary (Xu, 2001; Xu et al., 2004, 2012),
Early Cretaceous intrusion rocks, especially A-type granites, are impor-
tant in revealing the geodynamic mechanism. A-type granites form in
extensional environments (Loiselle and Wones, 1979; Whalen et al.,
1987). Previous studies on Cretaceous A-type granites in the Lower
Yangtze River (LYR) belt in eastern China showed that A1 and A2 type
granites distributing alternately in three belts, which was explained by
the subduction of a ridge between the Pacific and the Izanagi plates in
the Early Cretaceous (Li et al., 2012b; Ling et al., 2009; Sun et al.,
2010). Shandong Peninsula is located more than 500 km to the north
of the LYR belt. Cretaceous A-type granites were also outcropped in
this region. A ridge subduction model has been proposed to explain
the distribution of adakite and the destruction of the NCC (Ling et al.,
2013; Sun et al., 2010).
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In this contribution, we report geochemical compositions, zircon
ages and Hf, O isotopes, and zircon, apatite trace elements of Haiyang
granite complex (Figs. 1, 2), aiming to better understand the genesis
of these granites and the geodynamic settings in the Early Cretaceous.

2. Geological setting

Shandong Peninsula is located at the southeastern margin of the
NCC. It is known as the eastern part of the Dabie–Sulu ultrahigh pres-
sure metamorphic belt that formed by the Triassic collision between
the North China and the Yangtze blocks (Goss et al., 2010; Li et al.,
1993; Sun et al., 2002; Wang et al., 1995; Xu, 2006; Yang et al., 2005;
Zhang, 2012; Zhang et al., 2010; Zheng et al., 2005, 2006). The well-
known translithospheric, sinistral Tan–Lu (Tancheng–Lujiang) fault
separates the Shandong Peninsula into two segments, Luxi segment in
the west and Jiaodong segment in the east (Goss et al., 2010; Li et al.,
1993; Tan et al., 2012; Ying et al., 2006; Zhang et al., 2010). Three
main periods ofMesozoicmagmatismhave been reported in the region,
i.e., Triassic (Indosinian), Jurassic (Early Yanshanian) and Cretaceous
(Late Yanshanian). There is an Early Cretaceous A-type granite belt dis-
tributed NEE ward along the whole Shandong Peninsula (Wang et al.,
1995, 2009), which is closely associated with the slightly older
(~130 Ma) adakite belt (Ling et al., 2013; Zhang et al., 2001)
(Fig. 1). FromTaolin in Jiangsu province, towardsNEE, to Rizhao, Jiaonan,
Qingdao, Laoshan, Haiyang, Rushan and Weihai in Shandong province,
this A-type granite belt is about 500 km long (Wang et al., 1995). K-
feldspar granites followed by alkaline granites were outcropped in the
belt as granite complexes (Wang et al., 1995). In addition, there are
Fig. 1. Simplified geological map of the Shandong Peninsula, showing the distribution of Early
et al., 2010). Shandong Peninsular located at southeastern part of the NCC. It is also the east part
in the west and Jiaodong segment in the east. The rectangle in the map marks the locations of
some Early Cretaceous intrusive and extrusive rocks as well as numerous
Early Cretaceous mafic dykes (Zhang and Sun, 2002) formed at 130–
110 Ma in the Shandong Peninsula (Fan et al., 2001; Ying et al., 2006).

The Haiyang A-type granite complex is located to the north of
Haiyang City (Fig. 2A)with a total outcrop area of ~600 km2. It intruded
into Cretaceous sedimentary rocks, with several small granite moun-
tains known as Zhaohushan, Pingdingshan, Qiguding, Longwangshan
and Yuhuangshan. We collected samples from the south part of
Longwangshan, which is situated between Haiyang–Qingdao fault and
Zhuwu–Dianji fault, containing medium coarse grained K-feldspar
granite, fine grained syenite and somemafic dykes (Fig. 2B). In the sam-
ple location, the syenite and mafic dykes intruded into the K-feldspar
granite, some mafic dyke rocks contain K-feldspar granite xenoliths of
up to 8 cm long. The K-feldspar granite mainly consists of medium
coarse grained K-feldspar and quartz, with some amphibole and biotite
(Fig. 2C). The syenitemainly containsfine grained K-feldspar and quartz
(Fig. 2D).

3. Analytical methods

3.1. Whole-rock major and trace element analyses

The major and trace elements of the bulk rock samples were ana-
lyzed at the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. The bulk rock
major elements were conducted using X-ray fluorescence spectrometry
(Rigaku 100e) with analytical precisions better than 1% (Li et al., 2005)
and the trace element analysis was carried out on fused glass by using
Yanshanian and Late Yanshanian granitoids of the Jiaodong Terrane (modified from Goss
of Sulu UHPmetamorphic belt. Tan–Lu fault separates it into two segments, Luxi segment
samples and the more detailed map presented in Fig. 2.



Fig. 2. A. Geological map of the Haiyang granite complex showing sample location. It is located to the north of Haiyang City and contains K-feldspar granite and syenite with some mafic
dykes. B. Picture of Haiyang pluton, showing the syenite and themafic dykes intruded into theK-feldspar granite. C.Microphotograph of the K-feldspar, containing coarse grain K-feldspar,
quartz, amphibole and biotite. D. Microphotograph of the syenite, containing fine grain feldspar and quartz.
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LA-ICPMS. The analytical method has been described in more detail by
previous authors (Li et al., 2012a, 2012b; Liang et al., 2009; Tu et al.,
2011). The whole rock trace element data were calculated by using
ICPMSDataCal 7.0 (Liu et al., 2010).

3.2. Zircon U–Pb dating and zircon trace element analyses

Zircon grains were first separated through crushing samples to
about 60 mesh, desliming in water, followed by density separation,
magnetic separation and handpicking, then mounting in epoxy and
polished down to near half sections to expose internal structures.
Cathodoluminescent and optical microscopy images were taken in
order to ensure that the least fractured, inclusion-free parts were
analyzed. Zircon U–Pb dating and trace elements were analyzed using
LA-ICPMS following the same technique as whole rock analyses (Li
et al., 2012a, 2012b; Liang et al., 2009; Tu et al., 2011). The calculations
of zircon isotope ratios and zircon trace elements were performed by
ICPMSDataCal 7.0 (Liu et al., 2010). Zircon Ce anomalies were calculated
by using software from theResearch School of Earth Sciences, Australian
National University (Ballard et al., 2002; Liang et al., 2006) and the zir-
con age was calculated using Isoplot (Version 3.23).

3.3. Zircon Lu–Hf isotopes

Zircon Lu–Hf isotope in-situ analysis was carried out at the State Key
Laboratory of Continental Dynamics at Northwest University in Xi'an,

image of Fig.�2


Table 1
Major and trace element results of Haiyang alkaline complex.

Sample K-feldspar granite Syenite

HY-01 HY-02 HY-03 HY-04 HY-05 HY-06 HY-07 HY-08 HY-09 HY-10 HY-11 HY-12 HY-13 HY-14 HY-15 HY-16 HY-17 HY-18 HY-19 HY-20 HY-21 HY-22 HY-23

SiO2 68.5 69.8 69.3 69.4 67.2 68.3 68.4 68.7 64.4 68.6 70.7 72.0 71.2 72.3 72.5 72.4 73.4 73.0 72.1 73.3 73.3 72.1 72.1
TiO2 0.38 0.31 0.36 0.34 0.39 0.35 0.38 0.36 0.37 0.41 0.31 0.18 0.21 0.19 0.18 0.21 0.18 0.19 0.18 0.19 0.18 0.19 0.19
Al2O3 15.2 14.8 14.8 14.9 15.4 15.0 15.1 14.7 16.1 14.8 14.2 13.7 14.1 13.8 13.6 13.9 13.7 13.6 13.7 13.9 13.8 13.8 13.5
Fe2O3 2.86 2.34 2.72 2.54 2.96 2.64 2.82 2.49 2.91 3.01 2.41 1.43 1.60 1.44 1.39 1.47 1.35 1.36 1.45 1.22 1.24 1.42 1.35
MnO 0.04 0.04 0.06 0.04 0.04 0.04 0.04 0.05 0.05 0.04 0.03 0.04 0.04 0.03 0.04 0.02 0.02 0.03 0.05 0.02 0.02 0.04 0.03
MgO 1.02 0.82 0.95 0.88 1.03 0.93 1.06 0.89 0.66 0.97 0.85 0.33 0.45 0.36 0.38 0.19 0.22 0.28 0.37 0.18 0.17 0.32 0.26
CaO 2.15 1.55 1.89 1.83 2.29 2.05 2.00 2.02 5.47 2.03 1.69 1.33 1.39 1.18 1.21 1.23 0.86 1.15 1.30 0.98 1.08 1.34 0.96
Na2O 4.30 4.38 4.35 4.14 4.28 4.18 4.28 4.21 4.94 4.22 3.84 3.59 3.22 3.49 3.40 3.24 3.31 3.47 3.56 3.66 3.54 3.60 3.61
K2O 4.36 4.60 4.16 4.74 4.50 4.62 4.57 4.51 3.00 4.26 4.65 4.97 5.00 4.77 4.91 5.12 5.04 4.88 4.82 4.69 4.79 4.83 4.64
P2O5 0.19 0.14 0.17 0.16 0.19 0.17 0.18 0.16 0.17 0.19 0.14 0.05 0.07 0.06 0.05 0.07 0.05 0.05 0.05 0.05 0.05 0.06 0.06
L.O.I. 0.69 0.84 0.92 0.69 1.34 1.34 0.78 1.54 1.63 1.14 0.79 1.99 2.39 1.96 2.05 1.68 1.48 1.64 2.04 1.43 1.47 1.96 2.99
Total 99.7 99.7 99.7 99.6 99.6 99.7 99.6 99.7 99.7 99.7 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.6 99.7
K2O/Na2O 1.01 1.05 0.96 1.15 1.05 1.11 1.07 1.07 0.61 1.01 1.21 1.38 1.55 1.37 1.45 1.58 1.52 1.41 1.35 1.28 1.35 1.34 1.29
Mg-number 41.5 41.1 41.2 41.0 40.9 41.4 42.9 41.7 31.2 39.2 41.2 31.6 36.2 33.4 35.1 20.3 24.2 29.0 34.0 23.2 21.8 31.1 27.5
Sc 4.01 3.20 3.58 3.05 3.84 4.10 4.16 3.31 3.92 4.14 2.44 2.17 2.03 2.05 2.11 2.09 1.99 2.52 1.97 2.05 2.26 2.17 2.02
Ti 2277 1847 2128 2035 2309 2078 2288 2175 2221 2428 1835 1081 1282 1167 1077 1263 1087 1125 1101 1109 1108 1139 1126
V 43.1 35.2 37.3 36.5 41.2 37.6 40.6 36.0 65.9 44.3 34.8 14.0 15.7 14.7 13.0 16.4 12.5 13.4 14.0 14.0 13.6 13.9 14.3
Cr 7.55 8.41 17.75 6.17 9.86 7.12 8.13 11.49 9.17 8.26 11.60 4.63 7.63 4.03 3.19 22.21 6.19 7.11 4.57 7.87 5.11 8.57 8.77
Mn 343 304 437 329 336 333 313 402 406 294 250 340 276 270 285 170 116 262 369 147 139 324 244
Co 5.25 4.24 4.74 4.29 4.71 4.10 4.34 3.58 3.12 3.86 2.97 2.03 2.10 2.00 2.20 2.31 2.02 2.21 2.38 1.74 1.96 1.96 2.16
Ni 6.49 4.74 11.73 9.15 6.22 8.65 6.19 5.14 5.40 4.35 10.41 3.28 4.07 3.87 2.64 4.92 2.68 4.43 3.46 4.65 2.46 4.38 4.02
Zn 51.2 33.2 47.4 31.2 51.4 46.8 48.4 52.0 39.2 40.3 36.0 39.8 44.2 34.7 40.3 43.3 38.3 40.5 45.7 38.2 42.1 43.0 49.0
Ga 27.2 27.4 26.7 28.6 29.2 27.5 28.1 25.4 29.6 25.7 22.8 21.2 22.3 21.2 20.0 22.8 19.5 19.4 19.9 20.0 19.8 20.0 21.3
Rb 83 90 86 88 85 87 106 100 59 103 100 113 111 89 101 112 105 110 102 101 101 105 94
Sr 461 399 412 477 460 421 453 385 836 401 354 170 204 187 173 191 168 164 170 156 158 166 156
Y 13.4 12.0 11.7 11.1 14.8 11.8 14.0 12.7 16.1 14.9 15.2 8.43 8.53 8.42 8.07 9.16 8.21 9.59 8.31 8.45 8.76 7.78 8.92
Zr 188 136 155 156 183 173 193 190 180 197 156 120 133 122 114 141 116 128 118 120 120 119 119
Nb 12.5 10.3 11.4 10.4 12.2 11.6 13.5 13.1 14.1 13.6 11.2 10.4 10.2 10.6 9.9 10.7 10.8 11.6 10.4 10.6 10.5 9.8 10.9
Ba 1300 1205 1085 1293 1322 1224 1355 1182 1355 1113 852 811 931 842 825 1032 728 713 825 810 804 808 791
La 62.7 45.8 41.3 48.7 45.8 41.6 50.1 48.8 51.2 54.9 37.0 35.0 37.9 37.4 35.7 37.8 31.8 37.2 34.9 36.6 34.9 34.7 36.2
Ce 95.1 74.7 70.9 77.4 79.9 71.9 84.7 82.6 89.0 91.2 66.0 52.4 57.5 56.7 53.9 58.2 50.3 57.0 53.2 55.8 53.7 54.2 54.6
Pr 8.91 7.34 7.49 7.65 8.09 7.30 8.34 8.31 9.12 9.16 6.94 5.00 5.17 5.11 4.97 5.32 4.79 5.08 4.90 5.21 4.77 4.83 4.94
Nd 31.9 26.7 25.4 26.1 30.3 26.4 29.9 28.8 33.5 32.6 25.8 16.7 18.3 18.1 17.6 19.0 17.1 17.6 17.2 17.7 17.4 16.9 17.6
Sm 4.63 3.67 3.88 3.85 4.26 3.71 4.47 4.12 5.14 4.67 4.35 2.45 2.47 2.83 2.24 2.85 2.29 2.74 2.60 2.57 2.41 2.26 2.41
Eu 0.87 0.80 0.71 0.83 0.90 0.86 0.85 0.81 0.97 0.88 0.79 0.45 0.51 0.51 0.44 0.43 0.42 0.43 0.49 0.48 0.45 0.42 0.50
Gd 3.46 3.40 3.17 3.43 3.53 3.27 3.40 2.96 3.46 3.64 3.35 2.10 2.08 1.87 1.73 2.06 2.08 1.99 2.09 1.87 2.20 1.83 2.07
Tb 0.39 0.30 0.31 0.36 0.42 0.32 0.42 0.40 0.45 0.41 0.47 0.21 0.26 0.24 0.24 0.27 0.23 0.24 0.24 0.23 0.27 0.22 0.25
Dy 2.28 2.21 1.93 1.93 2.47 2.07 2.46 2.31 2.81 2.73 2.56 1.58 1.47 1.71 1.54 1.56 1.50 1.59 1.45 1.39 1.24 1.29 1.63
Ho 0.45 0.35 0.37 0.32 0.49 0.35 0.48 0.40 0.53 0.49 0.46 0.30 0.33 0.27 0.23 0.32 0.26 0.27 0.27 0.27 0.28 0.26 0.25
Er 1.37 1.12 1.03 0.95 1.33 1.18 1.38 1.24 1.57 1.45 1.53 0.85 0.80 0.84 0.85 1.09 0.82 0.99 0.83 0.84 0.92 0.72 0.91
Tm 0.21 0.16 0.13 0.25 0.21 0.17 0.20 0.18 0.22 0.21 0.22 0.13 0.13 0.14 0.11 0.15 0.12 0.13 0.14 0.15 0.14 0.13 0.14
Yb 1.45 1.32 1.21 1.17 1.32 1.37 1.50 1.31 1.66 1.68 1.44 1.05 1.27 0.87 1.05 1.06 0.91 1.39 1.26 1.11 1.23 0.96 1.00
Lu 0.23 0.19 0.27 0.14 0.27 0.16 0.25 0.20 0.23 0.26 0.24 0.19 0.15 0.17 0.16 0.22 0.15 0.20 0.14 0.14 0.15 0.12 0.19
Hf 5.26 3.81 4.42 4.18 4.96 4.72 5.27 4.81 4.86 5.16 3.98 4.53 4.15 3.86 3.73 4.47 3.79 4.09 3.83 3.69 3.64 3.88 3.90
Ta 0.84 0.77 0.82 0.75 0.94 0.86 1.06 0.96 1.04 0.99 0.99 0.95 0.88 0.91 0.92 0.88 1.00 1.06 0.94 0.93 0.93 0.83 0.98
Pb 14.7 15.5 17.5 14.2 13.4 13.7 14.6 18.0 12.8 13.2 14.4 17.4 13.0 11.8 15.5 18.3 22.5 18.3 27.9 22.9 12.6 22.7 21.5
Th 17.8 15.7 19.9 15.1 19.4 15.4 21.7 19.8 16.4 24.0 16.1 12.1 10.8 11.9 11.5 11.8 12.9 13.7 11.6 12.4 12.1 11.3 12.6
U 2.40 2.04 2.84 1.84 4.07 3.01 3.64 3.82 2.14 4.16 2.51 2.25 2.94 2.81 2.17 2.38 1.95 2.75 3.17 1.99 1.87 1.97 3.18

Wt.% for major element and ppm for trace element.
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using a Geolas-193 laser ablationmicroprobe coupledwith a Nu plasma
high-resolution (HR)Multi-Collector (MC)-ICPMS. The analytical proce-
dures followed the description from Yuan et al. (2008). The conditions
were laser energy density of 15–20 J/cm2 and a repetition rate of
10 Hz with a spot size of 44 μm in diameter and ablation time of 40 s.
As Woodhead et al. (2004) advocated, the isobaric interference-free
176Yb on 176Hf was corrected by measuring the interference-free 172Yb
and 173Yb, calculating mean βYb value from 172Yb and 173Yb, and
using the recommended 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002).
The isobaric interference of 176Lu on 176Hf was corrected by measuring
the intensity of the interference-free 175Lu isotope, and using a recom-
mended 176Lu/177Hf ratio of 0.02669 (De Biévre and Taylor, 1993) to cal-
culate 176Lu/177Hf ratios. Zircon 91,500 was used as the reference
standard, with a recommended 176Hf/177Hf ratio of 0.282306 ± 10
(Woodhead et al., 2004). All the Lu–Hf isotope analysis results are re-
ported with 2σ errors.

We adopted a decay constant for 176Lu of 1.867 × 10−11 year−1

(Soderlund et al., 2004). Initial 176Hf/177Hf ratios εHf(t) were calculat-
edwith reference to the chondritic reservoir (CHUR) (BlichertToft et al.,
1997) at the time of zircon growth in the magma. The single stage Hf
model age (TDM1) is calculated relative to the depleted mantle with
Fig. 3.Harker diagrams for K-feldspar granite and Haiyang syenite samples. The hollow triangle
Fig. 4.
present-day 176Hf/177Hf = 0.28325 and 176Lu/177Hf = 0.0384 (Griffin
et al., 2000). Two-stage Hfmodel age (TDM2) is calculatedwith the aver-
age continental crust 176Lu/177Hf ratio of 0.015 (Griffin et al., 2002).

3.4. Zircon O isotope

Zircon O isotope analyses were performed on a Sensitive High Reso-
lution IonMicroProbemultiple collector instrument (SHRIMP IIeMC) at
the Beijing SHRIMP center. During the analysis, Cs+ primary ion beam
was focused to a diameter of 25 μm on the target surface with primary
current of ~2 nA, generating approximately 250 pA of O− secondary
ions which were then accelerated by−10 kV with a normal-incidence
electron gun for charge compensation (Trotter et al., 2008). The electron
beam is adjusted to provide the highest intensity secondary ion current.
Simultaneous 16O and 18O measurement was achieved by use of two
Faraday cups equippedwith 1010 and 1011Ω resistor amplifiers, respec-
tively. Data were corrected for instrumental mass fractionation using
the zircon standard Temora (Ickert et al., 2008) mounted in the sample
mount. Standards were measured every 3 sample analyses. Oxygen iso-
tope ratios are reported in standard permil notation relative to Vienna
Standard Mean Ocean Water (VSMOW) with 2σ errors.
stands for K-feldspar granite and the quadrate stands for syenite. Symbols are the same as

image of Fig.�3


Fig. 5. A/NK versus A/CNK diagram for Haiyang alkaline complex samples. K-feldspar
granite shows metaluminous nature and syenite shows a slightly peraluminous nature.
A/NK = Al/(Na + K) (molar ratio). A/CNK = Al/(Ca + Na + K) (molar ratio). Symbols
are the same as Fig. 4.
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3.5. Apatite major and trace element analyses

Fluorine and Cl compositions of apatite from the Haiyang massif
rocks were determined by a JXA-8100 electron microprobe at the
State Key Laboratory of Mineral Deposits Research, Nanjing University.
The analyzing conditions were 15 keV and 10 nA current, with a
10 μm diameter electron beam. Norbergite was used as standard for F,
and Ba5(PO4)3Cl for Cl, apatite for Ca and P standards. Counting times
were 20 s for Si, Al, Mg, Fe, Mn, Ca, Sr, and P and reduce to 10 s for F
and Cl to avoid volatile loss. Fluorine was determined using Kα line ob-
tained with a LDE1 crystal and chlorine was determined using Kα line
obtained with a PET crystal. Detail method was described previously
(Li et al., 2012a).

The apatite trace element analyses were also carried out using LA-
ICPMS at the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. The conditions
were 80 mJ laser energy and a repetition rate of 6 Hz with a spot size of
41 μm in diameter and 40 s ablation time. NIST 612 was used as stan-
dard, NIST 610 was used as monitoring standard, and 43Ca was used as
internal standard (Li et al., 2012a, 2012b; Liang et al., 2009; Tu et al.,
2011). The calculations of the apatite trace elements were performed
by ICPMSDataCal 7.0 (Liu et al., 2008).
Fig. 4. A. TiO2 vs SiO2 diagram for Haiyang alkaline complex (Green and Pearson, 1986)
showing all samples formed less than 900 °C; B. P2O5 vs SiO2 diagram for Haiyang plutons
(Harrison and Watson, 1984) showing K-feldspar granites formed higher than 800 °C,
while syenite less than 800 °C.
4. Results

4.1. Whole-rock major and trace elements

Twenty three samples from the Haiyang granite complex were ana-
lyzed for major and trace element compositions, including eleven K-
feldspar granite samples and twelve syenite samples. The major and
trace element data are summarized in Table 1. In Harker diagrams,
TiO2, Al2O3, Fe2O3, MgO, CaO, and P2O5 contents and Sr, Ba and Zr con-
centrations of Haiyang K-feldspar granite and syenite are negatively
Fig. 6. A. Chondrite-normalized REE diagram. Chondritic values were from Sun and
McDonough (1989); B. Primitive mantle-normalized trace element diagram. Primitive
mantle values were from Sun and McDonough (1989). The shadow area stands for data
of the LYR belt.
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Fig. 7. Zircon U–Pb concordia diagrams of Haiyang K-feldspar granite (HY-01) and syenite
(HY-18). The averagemean age of K-feldspar granite ismarginally the same as but slightly
older than the syenite.
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correlated with SiO2, whereas K2O increases with SiO2 (Fig. 3). The for-
mation temperature of these samples are slightly less than 900 °C as in-
dicated by whole rock Ti thermometer (Fig. 4A). Whole rock P
thermometer, however, shows that the formation temperature of K-
feldspar granite is systematically higher than that of the syenite,
which is less than 800 °C (Fig. 4B).

4.1.1. K-feldspar granite
K-feldspar granite samples have high SiO2 (64.4–70.7 wt.%), Na2O

(3.84–4.94 wt.%), and K2O (3.0–4.74 wt.%) contents and low TiO2

(0.31–0.41 wt.%), Al2O3 (14.2–16.1 wt.%), Fe2O3 (2.34–3.01 wt.%),
MgO (0.66–1.06 wt.%), CaO (1.55–5.47 wt.%) and P2O5 (0.14–
0.19 wt.%) contents. The SiO2 contents, FeOT/(FeOT + MgO) ratios
(0.71–0.80) and K2O/Na2O ratios (0.61–1.21) are lower than those of
the Haiyang syenite (0.76–0.87, 1.28–1.58). They are metaluminous
with A/CNK ratios from 0.7 to 0.99 (Fig. 5) and alkaline-calcic rocks.
The total alkali (K2O + Na2O) ranges from 7.94 to 8.98 wt.% and the
Na2O/K2O ratios are a little higher than that of the syenite (0.87–0.99).

The Haiyang K-feldspar granite is characterized by high concen-
trations of large iron lithophile elements (LILE) such as Na, K, Rb,
and Ba, and high field strength elements (HFSE) such as Zr, Hf, Th
and U (Table 1). According to the chondrite-normalized REE dia-
gram, they are enriched in light rare earth elements (LREEs) and deplet-
ed in heavy rare earth elements (HREEs) ((La/Yb)CN = 18.4 to 31.1)
with slightly negative Eu-anomalies (Fig. 6A). The REE concentrations
are lower than those of the LYR belt, especially the HREEs lower than
the upper continental crust. In spider diagram, they are similar to the
upper continental crust (UCC). But they have higher Rb, Ba, Th, U, and
La concentrations than theUCCwith strongly positive Pb anomaly, indi-
cating an enriched source. Slight Ba and Eu anomalies indicating limited
plagioclase crystallization.

4.1.2. Syenite
The Haiyang syenite has high SiO2 (71.2–73.4 wt.%), Na2O (3.22–

3.66 wt.%), and K2O (4.64–5.12 wt.%) contents and low TiO2 (0.18–
0.21 wt.%), Al2O3 (13.5–14.1 wt.%), Fe2O3 (1.22–1.60 wt.%), MgO
(0.96–1.39 wt.%), CaO (0.86–1.39 wt.%) and P2O5 (0.05–0.07 wt.%) con-
tents. They are slightly peraluminous (Fig. 5) with A/CNK ratios ranging
from 1.01 to 1.10, and are alkaline-calcic rocks with high K2O + Na2O
(8.22–8.56 wt.%) and low Na2O/K2O ratios (0.63–0.78).

The syenite samples are also enriched in Na, K, Rb, Ba, Sr, La, Th, and
U and depleted in Nb and Ta. The total REE concentrations are lower
than the K-feldspar granite (Fig. 6A), with (La/Yb)CN ratios ranging
from 19.2 to 30.7. In a primitive mantle-normalized trace element dia-
gram, the Haiyang syenite shows a similar pattern to the K-feldspar
granite, but with more depleted HREE with stronger negative Sr and
Eu anomalies (Fig. 6B).

4.2. Geochronology

Zircons from samples HY-01 (K-feldspar granite) and HY-18
(syenite) have been dated using LA-ICPMS. They are mostly prismatic,
transparent, pale yellow in color, and ranging from 100 to 200 μm in
sizewith a clear zonal growth structure revealed in their CL images, typ-
ical for igneous zircons. Inherited cores are rare, which are surrounded
by prismatic and transparent rims (Fig. 7). The zircon U–Pb isotopic
data and trace elements data are summarized in Tables 2 and 3, and il-
lustrated in the concordia diagram and zircon chondrited-normalized
REE diagram (Fig. 8).

4.2.1. K-feldspar granite zircon
Twenty analyses for zircon from the sample HY-01 were undertak-

en. The U and Th concentrations of zircon grains range from 256 to
872 ppm and from 186 to 2261 ppm, respectively (Table 3). The Th/U
ratios range from 0.66 to 2.64, compatible with a magmatic origin
(Belousova et al., 2002; Hoskin and Black, 2000; Sun et al., 2002). The
twenty zircon grains have ages ranging from 110 Ma to 122 Ma and
yield a weighted mean 206Pb/238U age of 116.8 ± 1.7 Ma (Fig. 7;
Table 2), which represents the crystallization age of the K-feldspar gran-
ite. Zircon Ce(IV)/Ce(III) ratios range from 33 to 825, indicating highly
varied but relatively high oxygen fugacities. According to Ti concen-
trations in zircons, the temperature of zircon ranges from 620 to
760 °C (Table 2). This temperature is lower than whole rock P ther-
mometer (800–900 °C) (Fig. 4) and slightly lower than zircon Ti
temperature of A2-type granites in LYR Belt, ranging from 650 to
800 °C (Li et al., 2012b). This may imply that these Haiyang K-feld-
spar granite zircons crystallized late during magma evolution, likely
due to high alkaline contents.

4.2.2. Syenite zircon
Sixteen analyses from sample HY-18 were undertaken. The U con-

centration ranges from 69 to 1143 ppm and the Th concentration from
85 to 3524 ppm (Table 3), with Th/U ratios ranging from 0.62 to 3.24,
compatible magmatic origin (Belousova et al., 2002; Hoskin and Black,
2000; Sun et al., 2002). Thirteen zircon grains have ages ranging from
112.0 Ma to 119.2 Ma and yielding a weighted mean 206Pb/238U age of
115.8 ± 2 Ma, which is taken as the crystallization age of the syenite
(Fig. 7). This age is marginally younger than that of the K-feldspar
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Table 2
LA-ICPMS zircon U–Pb isotope composition and age of the Early Cretaceous Haiyang A-type granite complex.

Sample 207Pb/235U 207Pb/235U 206Pb/238U 206Pb/238U 206Pb/238U 206Pb/238U Pb Th U Th/U Ce4+/Ce3+ T

Ratio 2sigma Ratio 2sigma Age (Ma) 2sigma ppm ppm ppm °C

HY-01-01 0.1254 0.0107 0.0179 0.0005 114.3 2.9 9.05 385 388 0.99 445 680
HY-01-02 0.1183 0.0087 0.0179 0.0005 114.5 3.3 11.38 474 513 0.92 479 680
HY-01-03 0.1142 0.0088 0.0179 0.0006 114.4 3.9 8.04 430 325 1.32 275 723
HY-01-04 0.1235 0.0090 0.0185 0.0005 118.2 2.9 19.00 829 806 1.03 440 691
HY-01-05 0.1325 0.0117 0.0180 0.0005 114.8 3.1 9.45 374 407 0.92 272 648
HY-01-06 0.1241 0.0117 0.0192 0.0005 122.3 3.3 5.92 186 261 0.71 825 681
HY-01-07 0.1129 0.0077 0.0172 0.0004 110.0 2.4 16.63 1409 534 2.64 33 722
HY-01-08 0.1209 0.0091 0.0183 0.0004 116.7 2.6 9.81 388 416 0.93 460 624
HY-01-09 0.1272 0.0097 0.0187 0.0005 119.3 3.1 10.33 561 395 1.42 384 673
HY-01-10 0.1147 0.0079 0.0184 0.0004 117.3 2.5 27.99 2261 872 2.59 110 734
HY-01-11 0.1169 0.0091 0.0191 0.0005 121.7 3.3 18.54 1413 572 2.47 58 694
HY-01-12 0.1309 0.0120 0.0192 0.0006 122.8 3.7 10.79 424 438 0.97 708 657
HY-01-13 0.1247 0.0113 0.0174 0.0005 111.5 3.4 6.96 278 328 0.85 489 640
HY-01-14 0.1311 0.0146 0.0187 0.0006 119.2 4.1 7.43 345 291 1.18 246 713
HY-01-15 0.1141 0.0102 0.0180 0.0005 114.9 3.2 10.19 496 426 1.16 383 656
HY-01-16 0.1158 0.0116 0.0179 0.0006 114.6 3.5 7.48 504 271 1.86 202 729
HY-01-17 0.1243 0.0129 0.0185 0.0005 118.4 3.3 7.66 578 256 2.25 87 754
HY-01-18 0.1257 0.0114 0.0187 0.0006 119.6 3.5 6.46 195 296 0.66 599 629
HY-01-19 0.1268 0.0108 0.0192 0.0005 122.4 3.4 12.22 804 425 1.89 209 693
HY-01-20 0.1199 0.0113 0.0183 0.0005 116.7 3.3 9.21 375 403 0.93 381 685
HY-18-01 0.1199 0.0100 0.0177 0.0005 113.2 3.3 19.34 1224 715 1.71 57 701
HY-18-02 0.1246 0.0266 0.0180 0.0012 115.2 7.4 1.69 85 69 1.24 24 635
HY-18-03 0.1196 0.0204 0.0178 0.0008 113.8 5.4 4.88 396 154 2.57 1 794
HY-18-04 0.1202 0.0097 0.0183 0.0006 117.2 3.8 12.46 1166 360 3.24 43 769
HY-18-05 0.1213 0.0153 0.0175 0.0007 112.0 4.5 4.15 129 209 0.62 97 621
HY-18-06 0.1215 0.0139 0.0178 0.0008 113.5 5.2 3.65 184 146 1.26 98 694
HY-18-07 0.1254 0.0281 0.0185 0.0011 118.2 7.2 2.83 177 95 1.86 68 745
HY-18-08 0.1193 0.0202 0.0181 0.0009 115.7 5.7 3.88 146 153 0.95 52 769
HY-18-09 0.1146 0.0299 0.0181 0.0008 115.4 5.2 3.76 181 135 1.35 49 738
HY-18-10 0.1182 0.0067 0.0180 0.0003 114.8 2.2 43.34 3524 1443 2.44 120 783
HY-18-11 0.1247 0.0075 0.0187 0.0004 119.2 2.3 28.20 1876 970 1.93 56 748
HY-18-12 0.1177 0.0175 0.0181 0.0009 115.7 5.5 4.79 229 177 1.30 30 737
HY-18-13 0.1209 0.0288 0.0182 0.0010 116.3 6.2 1.73 87 75 1.17 43 728

Table 3
Zircon trace element data for Haiyang A-type granite complex.

Sample La (ppm) Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu Hf

HY-01-01 0.21 87.8 0.16 2.11 3.98 1.01 21.8 8.30 106 43.9 218 50.0 494 101 11231
HY-01-02 1.00 73.0 0.25 2.32 3.58 0.78 20.3 7.69 102 43.7 223 52.5 526 106 11,561
HY-01-03 0.16 128 0.20 3.62 6.36 1.73 33.1 11.4 144 56.4 261 58.1 548 109 8720
HY-01-04 0.04 100 0.16 2.29 4.47 1.24 24.6 8.59 106 41.8 212 51.3 528 108 10,837
HY-01-05 10.2 81.2 2.66 10.8 4.75 0.82 20.4 7.30 95.7 38.6 194 45.9 462 92.8 11,577
HY-01-06 0.01 37.4 0.04 0.49 1.53 0.36 10.1 3.70 51.2 22.2 119 29.7 308 65.3 11,991
HY-01-07 0.14 229 1.12 17.4 28.5 10.7 112 31.0 323 108 445 89.7 791 149 8748
HY-01-08 0.00 57.0 0.06 1.31 3.22 0.48 18.6 7.03 96.4 41.0 213 51.1 510 105 12,402
HY-01-09 0.00 79.4 0.12 1.74 3.33 1.10 20.3 6.61 82.6 32.9 151 34.4 336 67.7 11,084
HY-01-10 0.07 314 0.61 9.74 18.8 4.70 87.5 25.5 284 101 432 89.2 811 154 7940
HY-01-11 0.18 334 1.09 16.6 28.5 7.74 117 34.0 363 124 513 103 917 174 7990
HY-01-12 0.00 59.9 0.05 1.14 2.23 0.42 15.0 5.57 76.2 31.4 160 37.6 374 75.5 11,845
HY-01-13 0.03 49.1 0.03 1.27 2.25 0.39 12.6 4.75 60.6 25.8 129 31.5 314 62.7 11,905
HY-01-14 0.00 59.5 0.13 1.22 3.53 1.01 18.4 5.95 73.2 29.0 138 32.3 316 63.7 10,503
HY-01-15 0.05 65.6 0.10 1.65 3.04 0.65 16.1 5.72 71.9 30.6 147 34.8 337 67.0 11,713
HY-01-16 0.35 186 0.45 6.48 10.2 4.01 52.3 17.6 210 82.1 371 78.5 729 142 7689
HY-01-17 0.07 190 0.67 9.72 16.0 5.89 74.2 21.4 243 90.2 395 81.5 741 144 7255
HY-01-18 0.02 33.5 0.02 0.49 1.73 0.32 10.4 3.69 52.7 22.8 121 29.8 320 66.6 11,538
HY-01-19 0.25 135 0.27 3.71 6.97 2.25 35.8 11.7 136 51.7 235 51.5 478 93.9 10230
HY-01-20 1.28 60.3 0.38 2.90 3.44 0.73 19.2 6.92 89.9 38.1 191 45.0 459 93.3 11,608
HY-18-01 0.53 203 1.16 14.6 21.4 5.35 92.3 28.8 333 128 587 129 1233 240 9940
HY-18-02 0.07 29.3 0.14 4.03 6.24 1.93 25.4 7.97 93.6 34.7 158 33.7 312 61.8 9363
HY-18-03 0.71 155 5.56 79.1 85.5 40.2 236 59.4 536 166 645 125 1103 204 7827
HY-18-04 3.83 201 1.35 13.0 17.9 7.76 79.0 22.8 244 85.0 362 74.3 687 130 7693
HY-18-05 0.00 20.6 0.04 0.73 2.57 0.76 15.1 5.43 68.0 27.8 131 29.3 293 60.5 12,111
HY-18-06 5.10 72.1 1.43 7.57 5.72 1.51 24.7 8.30 102 41.1 191 43.0 410 83.2 9054
HY-18-07 0.08 80.2 0.21 4.15 6.66 3.11 33.6 10.5 117 43.7 193 39.9 363 71.9 7718
HY-18-08 0.02 46.0 0.31 4.47 7.32 3.16 36.3 12.7 152 60.1 279 61.3 585 117 7855
HY-18-09 3.93 63.4 0.84 6.65 8.10 2.34 35.1 11.3 132 51.9 235 50.7 480 96.6 8949
HY-18-10 0.01 510 0.72 11.6 24.7 8.02 121 37.6 422 156 692 147 1381 267 9082
HY-18-11 0.11 304 1.04 15.0 27.7 7.78 120 36.8 419 156 695 148 1387 263 9358
HY-18-12 0.13 69.1 0.47 6.58 10.6 3.54 39.9 11.9 135 50.7 221 48.6 453 92.1 8663
HY-18-13 0.02 29.8 0.18 3.14 5.08 1.92 22.3 7.03 84.6 33.7 157 35.0 339 71.0 7999
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Fig. 8. Zircon chondrite-normalized REE diagram. Chondritic values were from Sun and
McDonough (1989). There is strongly Eu positive anomaly indicating formed at relatively
high oxygen fugacity environment.

Fig. 9. A. Zircon δ18O frequency diagram for Haiyang alkaline complex; B. zircon εHf(t) vs
zircon δ18O diagram for Haiyang alkaline complex. The shaded field depicts the zircon
Hf–O isotope compositions of zircons from the S-type granites from Li et al. (2009). Zircon
δ18O data of mantle is from Valley et al. (1998). The red and the yellow field represent the
zircon Hf–O isotope compositions the Haiyang syenite and the K-feldspar granite.
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granite, which is consistent with field observations, i.e. the syenite in-
truded into the K-feldspar granite. Two zircon grains have 206Pb/238U
ages of 125.8 Ma and 127.9 Ma (Ce4+/Ce3+ = 111.3, 28.3), and one
old zircon grainwith 206Pb/238U age of 552.7Ma. These are inherited zir-
cons, representing previous magmatic events. Zircon Ce4+/Ce3+ ratios
range from 24.1 to 120.5, indicating the granites formed at low oxygen
fugacity (Ballard et al., 2002; Liang et al., 2006) than the K-feldspar
granite. The Ti concentrations in zircon thermometer yield tempera-
tures ranging from 620 to 780 °C (Table 2). This temperature is lower
than that of whole rock P thermometer (800 °C) (Fig. 4).

4.3. Zircon Hf isotope and O isotope

Zircons dated for U–Pb ages were also analyzed for Lu–Hf isotopes,
and the results are given in Table 4. Initial 176Hf/177Hf ratios, denoted
as εHf(t) values, and Hf model ages were also calculated based on crys-
tallization ages from the U–Pb dating (Table 4). Zircon grains from the
Haiyang K-feldspar granite (HY-01) have large variation of 176Hf/177Hf
ratios from 0.282068 to 0.282262 and εHf(t) values mainly from
−22.6 to −15.6 (Fig. 9). Correspondingly, their two-stage Hf model
Table 4
Lu–Hf isotope data for zircon from the Haiyang A-ty the pe granite complex.

Sample T(Ma) Lu Hf Lu/Hf 176Hf/177Hf 2S 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf(i) εHf(T) TDM1 TDM2

HY-01-01 114.3 109 8720 0.012518 0.282108 0.000020 0.042064 0.001700 0.282105 −21.1 1641 2204
HY-01-02 114.5 92.8 11577 0.008012 0.282103 0.000018 0.030317 0.001236 0.282100 −21.2 1628 2212
HY-01-03 114.4 108 10837 0.009995 0.282136 0.000018 0.020843 0.000870 0.282134 −20.1 1567 2148
HY-01-04 118.2 75.5 11845 0.006371 0.282262 0.000024 0.032864 0.001349 0.282259 −15.6 1410 1903
HY-01-05 114.8 149 8748 0.016994 0.282153 0.000019 0.022877 0.000958 0.282151 −19.4 1546 2114
HY-01-07 110.0 101 11231 0.008971 0.282160 0.000019 0.019993 0.000841 0.282158 −19.3 1532 2102
HY-01-08 116.7 154 7940 0.019399 0.282225 0.000019 0.022617 0.000931 0.282223 −16.8 1445 1973
HY-01-09 119.3 67.0 11713 0.005723 0.282068 0.000018 0.025475 0.001026 0.282066 −22.4 1667 2277
HY-01-10 117.3 174 7990 0.021786 0.282120 0.000019 0.025510 0.001026 0.282118 −20.6 1595 2178
HY-01-11 121.7 144 7255 0.019849 0.282139 0.000021 0.023074 0.000964 0.282137 −19.8 1566 2138
HY-01-12 122.8 93.3 11608 0.008035 0.282205 0.000021 0.017295 0.000738 0.282203 −17.4 1466 2010
HY-01-14 119.2 63.7 10503 0.006063 0.282214 0.000024 0.047670 0.001928 0.282209 −17.3 1501 1998
HY-01-15 114.9 105 12402 0.008504 0.282095 0.000025 0.032905 0.001339 0.282092 −21.5 1643 2228
HY-01-16 114.6 65.3 11991 0.005443 0.282200 0.000023 0.034662 0.001390 0.282197 −17.8 1498 2025
HY-18-02 115.2 61.8 9363 0.006599 0.282200 0.000018 0.025382 0.001037 0.282198 −17.8 1484 2023
HY-18-03 113.8 204 7827 0.026034 0.282150 0.000021 0.049389 0.001952 0.282146 −19.6 1592 2123
HY-18-04 117.2 130.5 7693 0.016961 0.282315 0.000020 0.070768 0.002820 0.282309 −13.8 1389 1805
HY-18-05 112.0 60.5 12111 0.004995 0.282009 0.000014 0.014026 0.000619 0.282007 −24.6 1732 2394
HY-18-06 113.5 83.2 9054 0.009188 0.282137 0.000020 0.025315 0.001056 0.282135 −20.0 1573 2146
HY-18-07 118.2 71.9 7718 0.009320 0.282253 0.000021 0.063976 0.002588 0.282248 −16.0 1470 1924
HY-18-08 115.7 117 7855 0.014859 0.282322 0.000019 0.041118 0.001696 0.282318 −13.5 1338 1789
HY-18-11 119.2 263 9358 0.028089 0.282226 0.000019 0.051928 0.002128 0.282222 −16.9 1491 1975
HY-18-12 115.7 92.1 8663 0.010635 0.282224 0.000017 0.037552 0.001497 0.282221 −17.0 1469 1978
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Table 5
Major and trace element results of apatite of Haiyang A-type granite complex sample.

Element HY18-01 HY18-02 HY18-03 HY18-04 HY01-01 HY01-04 HY01-06 HY01-10 HY01-11

CaO 55.3 55.1 54.9 54.5 54.9 54.7 54.2 54.0 54.4
P2O5 42.7 42.9 43.2 42.9 42.6 42.5 41.8 42.4 41.6
SiO2 0.20 0.15 0.18 0.13 0.30 0.54 0.52 0.54 0.47
FeO 0.07 0.07 0.14 0.16 0.02 0.04 – 0.06 0.05
MnO 0.15 0.13 0.08 0.16 0.11 0.07 0.19 0.23 0.19
MgO 0.03 0.04 0.03 – 0.02 0.02 0.04 0.07 0.01
SrO 0.01 0.01 – 0.01 – – 0.02 0.00 0.02
F 1.83 1.61 1.67 1.79 1.92 2.00 1.87 1.77 1.95
Cl 0.29 0.40 0.31 0.22 0.61 0.66 0.63 0.73 0.63
Total 99.8 99.6 99.7 99.0 99.6 99.5 98.4 98.9 98.4
F/Cl 6.30 4.04 5.43 8.00 3.15 3.03 2.95 2.40 3.12
Rb 0.24 0.09 0.16 0.72 0.06 0.31 0.00 0.09 0.40
Sr 304 662 455 772 167 207 186 153 206
Y 445 447 504 389 408 644 731 798 497
Zr 6.70 4.69 1.03 5.88 0.37 2.96 1.36 1.17 0.74
Nb 0.06 0.03 0.05 0.04 0.01 0.10 0.00 0.00 0.00
Ba 10.3 19.4 16.3 11.6 22.4 25.1 30.2 30.7 17.0
La 860 1438 1501 834 2954 2744 3485 3273 1884
Ce 2048 3098 3331 1931 4887 5287 6238 6743 3585
Pr 242 349 397 231 382 539 594 712 382
Nd 1026 1427 1670 980 1253 2064 2108 2656 1493
Sm 170 210 246 159 152 304 302 373 218
Eu 16.7 27.6 26.6 24.3 11.6 20.2 21.7 28.1 9.86
Gd 131 154 175 111 99.4 194 202 242 148
Tb 15.6 18.0 20.8 13.3 11.0 21.8 23.5 27.2 17.3
Dy 87.5 100 112 77.3 62.8 120 127 145 91.7
Ho 16.3 17.4 19.4 12.6 12.3 22.1 24.7 27.8 17.1
Er 38.7 40.7 46.5 33.6 35.7 58.7 65.4 70.7 43.7
Tm 4.67 4.95 5.44 4.17 4.86 7.60 8.82 8.98 5.23
Yb 27.4 26.7 27.4 24.2 33.1 40.7 51.1 49.5 31.1
Lu 3.48 3.43 3.52 3.01 5.60 5.79 7.14 6.36 4.01
Hf 0.03 0.03 0.01 0.08 0.03 0.11 0.03 0.04 0.01
Ta 0.04 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01
U 1.67 1.47 1.63 0.96 72.6 10.7 13.0 12.5 8.00
Th 8.38 7.49 8.73 3.94 61.7 78.1 93.3 85.3 31.7
Pb 4.53 3.89 4.23 3.89 2.66 3.83 3.02 3.85 2.02
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ages range from 1900 to 2280 Ma, indicating addition of components
from crustal or enriched mantle materials to the source. Zircon grains
from the Haiyang syenite (HY-18) also have largely varied 176Hf/177Hf
ratios of 0.282009 to 0.282322. The εHf(t) values range from −24.6 to
−13.5 (Fig. 9), and correspondingly, their two-stage Hf model ages
mainly range from 1790 to 2390 Ma.

Forty zircons from the K-feldspar granite (HY-01) and the syenite
(HY-18) each have been analyzed for O isotope. The syenite zircon O
isotope has larger range (4.68–9.31‰) than those of the K-feldspar
granite zircons (6.65–7.78‰) and the zircon O isotope peak value of
Fig. 10. Apatite chondrite-normalized REE diagram for Haiyang K-feldspar granite
(HY-01) and syenite (HY-18). Chondritic values were from Sun and McDonough
(1989). All REEs have a strong decline to right. Apatites of K-feldspar granite are
more enriched in REEs with stronger negative Eu anomaly than those of syenite.
the K-feldspar granite in the frequency diagram is higher than those of
the syenite, but their peak values aremarginally higher thanmantle zir-
con O isotope values (5.3 ± 0.3‰) (Valley et al., 1998) (Fig. 9).

4.4. Apatite

Thirteen apatite grains from the K-feldspar granite (HY-01) and the
syenite sample (HY-18) each have been analyzed. These apatites are
enriched in fluorine contents, 1.77–2.34 wt.% for HY-01 and 1.61–2.50
Fig. 11. Apatite Ce/Pb vs Th/U diagram, showing higher Ce/Pb ratios of Haiyang K-feldspar
granite than syenite, which can be plausibly explained bymore influence from subduction
released fluids.
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wt.% for sample HY-18 (Table 5). The apatites from the K-feldspar gran-
ite have higher chlorine contents (0.51–0.73 wt.%) than those from the
syenite (0.23–0.36 wt.%). All of the apatites in these samples are
enriched in LREE with a strong downward sloping pattern toward the
HREE (Fig. 10). Apatites from K-feldspar granite (HY-01) are more
enriched in LREE (La/YbN = 39.4 to 64.0) than those from syenite
(HY-18) (La/YbN = 22.5 to 47.6). The apatite Ce/Pb ratios of K-
feldspar granite (1565–3116) aremarkedly higher than those of syenite
(28–1025) with comparable Th/U ratios (Fig. 11).
5. Discussion

5.1. Chemical characteristics of A-type granites

A-type granites, standing for alkaline, anorogenic and anhydrous, are
characterized by enrichments of K2O+Na2O and incompatible elements
(e.g. REEs (except Eu), Zr, Y, Nb, Ce) and high FeOT/(FeOT + MgO). Alu-
minous granites, with depleted HFSE, were plotted into VAG area in the
Nb–Y and Rb–(Nb + Y) diagrams of Pearce (Bonin, 2007; Pearce et al.,
1984; Whalen et al., 1987). The studied granites plot in A-type granite
area in the A-type granite discrimination diagram (Fig. 12) (Frost and
Frost, 2011; Frost et al., 2001). They all have high Ga/Al ratios (10,000
∗ Ga/Al ratio from 2.69 to 3.63). The K-feldspar granite has relatively
lower FeOT/(FeOT + MgO) ratios and the syenite is ferroan granite
Fig. 12. A. FeOT/(FeOT + MgO) vs SiO2 diagram, showing all samples are A-type granites.
The K-feldspar granite has relatively lower FeOT/(FeOT + MgO) ratio and the syenite is
ferroan granite inclined to magnesian; B. K2O + Na2O–CaO vs SiO2 discrimination dia-
gram, showing both K-feldspar granite and syenite plotted into A-type granite area and
belonging to alkalic–calcic rock series. Symbols as Fig. 11.
Modified after Frost and Frost (2011) and Frost et al. (2001).
inclined to magnesian (Fig. 12A). Both K-feldspar granite and syenite
are alkalic–calcic rocks and clearly belong to the A-type granite family
(Fig. 12B).

A-type granite has been further divided into A1 and A2 chemical sub-
groups (Eby, 1992). A1-type granites have chemical characteristics sim-
ilar to those observed for oceanic-island basalts (OIB) and are thus
mantle derived with intraplate settings. In contrast, A2-type granites
are similar to rocks of continental crust or island arc origins formed at
convergent plate margins (Eby, 1992). Therefore, the arc signature of
A2-type granites may have been originally introduced through subduc-
tion released fluids (Li et al., 2012b).

The Haiyang syenite samples plot in the A1 subgroup and overlap
with the OIB field, compatible with an intraplate setting (Fig. 13). Al-
though the Haiyang K-feldspar granite plots into the A1-type granite
field in Fig. 13, but it is different from the syenite and plots closer to
A2-type granite field, showing a tendency towards A2-type. In Fig. 14,
K-feldspar granite plots partially in A2-type granite, whereas syenite
samples plot near the demarcation line.

A2-type granites have chemical composition similar to island arc ba-
salt, which are likely influenced by the melting of metasomatized litho-
sphere mantle (Li et al., 2012b), with high oxygen fugacity (fO2) (Sun
et al., 2007). Although plot marginally between A1 and A2, the Haiyang
K-feldspar granite has fO2 even higher than A2-type granite in the LYR
belt, as indicated by zircon Ce4+/Ce3+ in Fig. 15. The high fO2 of A-
type granites from the LYR belt has been attributed to partial melting
of metasomatized lithosphere mantle (Li et al., 2012b). Analogously,
Fig. 13. A. Yb/Ta versus Y/Nb and B. Y/Nb versus Ce/Nb diagrams for the Haiyang A-type
complex (Eby, 1992). OIB = oceanic island basalt; IAB = island arc basalt. Fields with
dashed lines represent A1- and A2-type granites of Eby (1990). The K-feldspar granites
were plotted close to A2-type granite and the syenite was plotted into A1-type granite.
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Fig. 14. Representative triangular plots for distinguishing between A1- and A2-type granitoids. On both diagrams, dashed line corresponds to Y/Nb ratios of 1.2 (Eby, 1992). K-feldspar
granite and syenite were plotted near the line of demarcation with K-feldspar granite partial to A2-type granite and syenite partial to A1-type granite.
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the source of the Haiyang K-feldspar granite may also have been influ-
enced by metasomatic lithosphere mantle.
5.2. Origin of the Haiyang A-type granite complex

According to their trace element characteristics, the Haiyang K-
feldspar granite and syenite are enriched in LREEs and LILEs, i.e. Rb, Sr,
Ba, La and especially Pb, pointing to LILEs and LREEs enriched sources.
Their trace element pattern in theprimitivemantle-normalized trace el-
ement diagram is similar to the middle continental crust, and is more
enriched in LILEs than lower continental crust, indicating influences
from subduction released fluids and/or continental materials. The
LREE enrichment of the Haiyang K-feldspar granite is more obvious
than the Haiyang syenite or the A-type granites in the LYR belt
(Fig. 6). In a Ce/Pb versus Nb/U diagram, the K-feldspar granites have
systematically higher Ce/Pb ratios (4.05–6.95) than the syenite (1.90–
4.81) with comparable Nb/U ratios (3.00–5.67) (Fig. 16). Both Ce/Pb
and Nb/U rations are considerably lower than those of the mantle and
MORB (Hofmann, 1997; Sun et al., 2008, 2012), but are similar to
those of the continental crust (Rudnick and Gao, 2003). The Ce/Pb ratios
of syenite are even lower than average continental crust (Rudnick and
Gao, 2003). Given that Pb and U are more mobile than Ce and Nb, re-
spectively, during plate subduction (McCulloch and Gamble, 1991;
Pearce and Peate, 1995; Sun et al., 2008), the lower Ce/Pb ratios of sye-
nite seemingly indicate a greater influence from subduction released
Fig. 15. The oxygen fugacities of A1- and A2-type granites in the Haiyang and the LYR belt
indicated by zircon Ce4+/Ce3+. HY-01 and HY-18 represent Haiyang K-feldspar granite
(A2-type granite) and syenite (A1-type granite); HMJ-2 and XSJ-9 represent Huangmeijian
A1-type granite and Xiangshuijian A2-type granite in the LYR belt (Li et al., 2012b).
Haiyang A2-type granite has obviously higher fO2 than A2-type granite of the LYR belt,
and so does the Haiyang A1-type granite.
fluids than K-feldspar granite (Fig. 16). This is in contrast to the lower
oxygen fugacity of the syenite, implying fractionations of the different
elements and oxygen fugacity above the subducting slab.

Because zircon is a very stable mineral, its trace element and isotope
compositions may reflect information of the source magmas. The large
variation of zircon εHf(t) values of the syenite, ranging from −24.6 to
−13.5, indicates enriched sources, e.g., sediments (Woodhead et al.,
2011), continental crust and/or enriched mantle components (Li et al.,
2009), with/without contributions from depleted mantle, e.g., depleted
portion of the lithospheric mantle (less likely) or the asthenosphere
(preferred). The systematically lower zircon εHf(t) values of the K-
feldspar granite than those of the syenite indicate more enriched
components.

Similar to the zircon Hf isotopes, zircon O isotopes also vary dramat-
ically, indicating at least two components. The O isotope of Haiyang
complex zircons is slightly but systematically higher than those of the
mantle, but far lower than sediments, indicating their source involved
mantle source and slab melt, with minor sediment source (Bindeman,
2008; Li et al., 2009; Valley et al., 1998). The oxygen isotopes of K-
feldspar granites have a frequency distribution peak higher than the sy-
enite, closer to the mantle value, representing less metasomatism
(Bindeman, 2008; Liu et al., 2014; Valley et al., 1998) (Fig. 9B). This is
consistent with their closer affinities to A1 granite.

Apatites from the Haiyang granite complex are also enriched in
LREE, and plotted into mantle source region in the REE discrimina-
tion diagram (Fig. 17) (Zhu et al., 2004), indicating mantle compo-
nents. The high F content and moderate Cl content of the apatite
reflect the characteristics of host rocks, because in a granitic
Fig. 16. Ce/Pb vs Nb/U ratio diagram, showing the K-feldspar granite having higher Ce/Pb
ratio than syenite but with comparable Nb/U ratios. Symbols as Fig. 5.
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Fig. 17. ∑La ~ Nd–∑Sm ~ Ho–∑Er ~ Lu triangle diagram of the apatites, showing that
Haiyang K-feldspar granite (HY-01) and syenite (HY-18) have major mantle contribu-
tions, with a little crustal addition. M stands for mantle origin; M–C stands for mixing of
mantle and crust origin; and C stands for crustal origin. Fig. 18. Cl vs F diagram of the apatites, showing Haiyang K-feldspar granite (HY-01) and

syenite (HY-18) having high F content and K-feldspar granite having higher Cl content
than the syenite. Symbols as Fig. 17.
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magma, the Cl concentration of the apatite is a simple linear function
with the concentration of Cl in fluid, whereas the majority of fluorine
in magmas goes into the crystallizing apatite (Webster et al., 2009).
So the magmatic source of the Haiyang granite complex has a high F
andmoderately high Cl content. Fluorine is mainly retained in phengite
and apatite during plate subduction, which is stable at shallow depths.
For example, phengite is stable between depths of 70 and 300 km
(Sorensen et al., 1997), depending on temperatures. But it can be
decomposed during asthenosphere upwelling, e.g., caused by ridge sub-
duction or slab rollback (Li et al., 2012a). In contrast to F, most of the Cl
is hosted by amphibole. The higher Cl contents in the K-feldspar granite
relative to the syenite indicatemore contributions from the decomposi-
tion of chlorinemineral, such as amphibole. Amphibole is apt to decom-
position and release Cl into thefluids (Volfinger et al., 1985; Zhang et al.,
2012). Melting of the source which has been metasomated by Cl-
enriched fluid may result in high Cl content magma. Therefore, higher
Cl content in Haiyang K-feldspar granite than syenite may reflect that
the K-feldspar granite is derived from a sourcewithmore contributions
from subduction released fluids (Fig. 18). This is again consistent with
most other geochemical characteristics discussed above.

5.3. Petrogenesis of the Haiyang A-type granite complex

The Haiyang A-type granite complex plots mainly in the A1 sub-
group. Detailed geochemical characteristics, however, show a tendency
of transition originally from A2 to A1 subgroups. This can be plausibly
interpreted by partial melting of a slightly metasomatized mantle do-
main.Mantle componentsmetasomatized by subduction released fluids
are easier to be partially melted, therefore K-feldspar granite (A2 type)
with higher oxygen fugacitymay be formed slightly earlier, which elim-
inated subducted signatures, and then A1 type syenite was formed.

Previous study on A-type granites in the LYR belt shows that A1 and
A2 subgroup granites have nearly the same age and are closely associat-
ed with each other (Li et al., 2012b). These two types of A-type granite
in the LYR belt were interpreted as induced by ridge subduction (Li
et al., 2012b). The Haiyang K-feldspar granites have nearly the same
geochemical characteristics as the A2-type granite in the LYR belt, with
high fO2 and addition of subduction material. Also an adakite belt of
slightly older ages has been reported in the Xuhuai and Shandong re-
gion next to the A-type granite belt (Ling et al., 2013), i.e., the rock asso-
ciation of Shandong Peninsula is similar with the LYR belt. Thus, the
petrogenesis of Haiyang A-type granite complex can best be explained
by a ridge subduction model. Given that the age of the Haiyang A-type
granite complex is close to the peak of the destruction of the North
China Craton, our results support previous proposed model that the
ridge subduction along the Shandong Peninsula is also the important
mechanism inducing the decratonization of the NCC (Ling et al., 2013).
6. Conclusion

Geochemical data indicate that theHaiyangK-feldspar granite and sy-
enite are typical A-type granites and are characterized by high Fe ∗ (FeOT/
(FeOT+ MgO)) and 10,000 ∗ Ga/Al ratios, total alkali and enrichments of
LILE. Zircon U–Pb ages of the Haiyang K-feldspar granite and syenite are
116.8 ± 1.7 Ma and 115.8 ± 2.2 Ma, respectively. Large variation of the
εHf(t) values of the K-feldspar granite (−22.4 to−15.6) and the syenite
(−24.6 to−13.5), together with varied O isotopes, indicates highly var-
ied sources. Peak values of zircon O isotope marginally higher than man-
tle source zircon reflect mantle contributions to the Haiyang A-type
granite. The enrichment of LREE in apatites showsmore influence of sub-
duction fluids on K-feldspar granite, which is supported by higher Cl con-
tent in its apatite.

The Haiyang complex contains rocks identifiable with both A1 and
A2 chemical subgroups. The K-feldspar granite plots near the boundary
between the A1 and A2-type granites and crystallized under higher oxy-
gen fugacity conditions as indicated by zircon Ce4+/Ce3+ ratios, and the
syenite lies more within the field of A1-type granite and crystallized
under a lower oxygen fugacity. This petrogenetic history of the massif
can plausibly be interpreted with a ridge subduction model, which
also served as the trigger mechanism for the decratonization of the
North China Craton.
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