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Geochronology, geochemistry, and whole-rock Sr—Nd-Pb isotopes were studied on a suite of Mesozoic adamellites from
eastern China to characterize their ages and petrogenesis. Sensitive high-resolution ion microprobe U-Pb zircon analyses
were done, yielding consistent ages of 123.2 + 1.8 to 122.1 &+ 2.1 Ma for the samples. These rocks belong to the alkaline
magma series in terms of K,O + Na,O contents (8.45-9.58 wt.%) and to the shoshonitic series based on their high K,O
contents (5.23-5.79 wt.%). The adamellites are further characterized by high light rare earth element contents [(La/Yb)y =
14.96-45.99]; negative Eu anomalies (§Eu = 0.46-0.75); positive anomalies in Rb, Th, Pb, and U; and negative anomalies
in Sr, Ba, and high field-strength elements (i.e. Nb, Ta, P, and Ti). In addition, all of the adamellites in this study display
relatively low radiogenic Sr [(¥7Sr/%Sr); = 0.7081-0.7089] and negative exq(?) values from —16.70 to —17.80. These results
suggest that the adamellites were derived from low-degree partial melting of an enriched lithospheric mantle below the North
China Craton (NCC). The parent magmas likely experienced fractional crystallization of potassium feldspar, plagioclase
and Fe-Ti oxides (e.g. rutile, ilmenite, and titanite), apatite, and zircon during the ascent of alkaline rocks without crustal
contamination.

Keywords: alkaline intrusions; enriched lithospheric mantle; crustal foundering; granite; petrogenesis; eastern Shandong

Province

1. Introduction

Eastern Shandong Province is located in the Sulu high pres-
sure (HP) to ultrahigh pressure (UHP) metamorphic belt,
which is widely accepted as the eastern part of Qinling—
Dabie collisional orogenic belt between the North China
and Yangtze blocks (Huang 1978; Yin and Ni 1993; Xu
and Zhu 1994; Wang et al. 1995; Cong 1996; Li et al.
2002; Zheng et al. 2002). It is generally deemed that
alkaline rocks are emplaced in a non-orogenic, intraplate,
or rift-related tectonic background (Yan ef al. 2002), and
mostly come from the upper mantle (Ren 2003). However,
alkaline rocks may emplace in post-orogenic stages in a
short interval of time, such as in the Permian—Triassic
Western Mediterranean province (Bonin et al. 1987),
Himalayan belt (Miller ef al. 1999; Williams et al. 2004),
Sulu Belt (Yang er al. 2005a,b), and other cases (Guo
et al. 2005). The Jiazishan alkaline association in east-
ern Shandong Province has been reported upon (Chen
et al. 2003; Yang et al. 2005a, 2005b). However, the
origin of these rocks remains controversial (Yang et al.
2005a; Xie et al. 2006). Consequently, our study on the

alkaline intrusions may furnish further constraints on this
debate and probe the petrogenetic processes occurring dur-
ing a later evolutionary stage. In this article, we provide
petrographic, geochronological, geochemical, and Sr—Nd—
Pb isotopic data on the alkaline intrusions from eastern
Shandong Province. Their petrogenesis and tectonic impli-
cation are discussed from these data. This study will help
us further reveal the properties of Mesozoic lithospheric
mantle beneath the North China Craton (NCC), under-
stand the regional tectonic evolution of the lithosphere, and
limit the initial age and the mechanism of the lithosphere
thinning.

2. Geological background and petrography

The NCC, Yangtze Craton, and Tan-Lu Fault are three
representative tectonic units of eastern China. As a long-
lived fault, the Tan-Lu Fault extends through Shandong
Province and separates the Shandong region into parts. The
Sulu terrain was offset to the north by sinistral movement
on Tan-Lu Fault of about 500 km (Xu and Zhu 1994),
where UHP metamorphic rocks, such as meta-granitoids
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(Hirajima et al. 1990), politic schists (Zhang et al. 1995),
ultramafics (Yang ef al. 1993), marbles (Kato ef al. 1997),
and amphibolite facies granitic gneisses (Enami and Zang
1993); and voluminous syn-collisional and post-collisional
magmatic rocks, such as adakites (Guo et al. 2006; Liu
et al. 2008), gabbro (Meng et al. 2005; Liu et al. 2010),
granitoids and diorite (Hong et al. 2003; Huang et al.
2005), mafic dikes (Yang et al. 2005b; Liu ef al. 2012), and
alkaline complexes (Guo et al. 2005; Yang et al. 2005a)
are widespread. These UHP metamorphic rocks occur as
sporadic lenticular bodies in the regional granitic gneisses.
Abundant U-Pb zircon ages and the Sm—Nd isochron
have documented that the continental collision and UHP
metamorphism took place in the Early-Middle Triassic
(240-220 Ma) (Chavagnac and Jahn 1996; Hacker et al.
1998; Zheng et al. 2002; Liu et al. 2004). Mesozoic mag-
matic rocks mainly formed between 225 and 114 Ma (Zhao
et al. 1997; Zhou and Lu 2000; Fan et al. 2001; Zhou
et al. 2003, 2013; Huang et al. 2005; Meng et al. 2005;
Yang et al. 2005a; Guo et al. 2006; Liu et al. 2008, 2010,
2012). High-K calc-alkaline granitic rocks are widely dis-
tributed in the Sulu orogenic belt, and most of them formed
in the Late Jurassic (160—150 Ma) and Early Cretaceous
(130-125 Ma) (Wang et al. 1998; Zhang et al. 2003).

Based on the 1:50,000 regional geological map of
Shandong Province, sampling locations of Mesozoic alkali-
rich intrusive rocks were chosen in the central section
of the Sulu terrain from Dadian to Junan (Figure 1A).
The alkali-rich intrusive rocks are mainly adamellites.
The Dadian adamellitic intrusion outcrops over approxi-
mately 560 km?. It mainly intruded into Archaean to lower
Proterozoic gneisses and is associated with Yanshanian
granites (Figure 1B). The rocks are commonly light grey
and medium- to coarse-grained with granular and por-
phyritic textures and blocky structure. They are domi-
nated by diopside (8-10%), quartz (10-15%), andesine
(30-35%), K-feldspar (40—45%), subordinate (2%) biotite
and amphibole, and accessory minerals including zircon,
apatite, titanite, and magnetite (DD1 and DD2). The Junan
adamellite outcrops over approximately 130 km? and is
similar to Dadian adamellite in terms of stratum, colour,
texture, structure, and composition (JN).

3. Analytical methods
3.1. Zircon SHRIMP U-Pb dating

Zircon U-Pb isotopic analyses were performed at the
Chinese Academy of Geological Sciences (Beijing) using
a sensitive high-resolution ion microprobe (SHRIMP-
IT). Sample preparation and basic operations have been
described in detail by Compston et al. (1992) and Song
et al. (2002). The 2°°Pb/?8U ages are believed to be
the most dependable, since the zircons are concordant
and the low count rates on 2°7Pb lead to large statisti-
cal uncertainties, making the 2°7Pb/2%°Pb and 27Pb/?3U

40° N

30° N Yangtze Craton

(A)

TLFZ: Tan-Lu fault
zone

| I
110°E 120°E 130°E

®)

] Fautt Archeaeon—lower Proterozonic
@ Quaternary 2+ Yanshanian alkaline complex

Upper Cretaceous Yanshanian granite
Lower Cretaceous |I|Sampl'|ng locality N

(1] 5 10 km
T —

Figure 1. (A) Simplified tectonic map of the NCC.
(B) Geological map of the study areas and the distributions
of the adamellites throughout eastern Shandong Province, eastern
China.

ratios less sensitive measures of age for younger zircons
(Compston et al. 1992). The zircons were detached from
four quartz monzonites. Representative zircon grains were
handpicked under a binocular microscope, mounted in
an epoxy resin disc, and then polished and coated with
gold film. Zircons were documented with transmitted and
reflected light micrographs as well as cathodoluminescence
(CL) pictures to show their external and internal struc-
tures. The U-Pb isotope data were collected in sets of
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five scans throughout the masses, and a reference zircon
TEM (417 Ma) (Black et al. 2003) was analysed after
every four samples. The uncertainties in ages are at the 1o
level, and the weighted mean ages are quoted at 95% or 20
confidence.

3.2. Major and trace elemental analyses

Major elements were tested with a PANalytical Axios-
advance (Axios PW4400) X-ray fluorescence spec-
trometer (XRF) at the State Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS). Fused glass discs were
used and the analytical precision as determined on the
Chinese National standard GSR-1 and GSR-3 was better
than 5%. Loss on ignition (LOI) was gained by 1 g powder
heated up to 1100°C for 1 h.

Trace elements were analysed with a POEMS ICP-MS
at the National Research Center of Geoanalysis, Chinese
Academy of Geosciences. The powdered samples (50 mg)
were dissolved in high-pressure Teflon bombs using a
HF 4+ HNOj3; mixture for 48 h at approximately 190°C

(Qi et al. 2000). Rh was used as an internal standard
to monitor signal drift during counting. The international
standard, GBPG-1, was used for analytical quality control.
The analytical precision was generally better than 5% for
all elements. Analyses of international standards OU-6 and
GBPG-1 are in agreement with recommended values.

3.3. Sr-Nd-Pb isotopic analyses

Whole-rock Sr—Nd-Pb isotopic data were obtained using
a Finnigan MAT-262 thermal ionization mass spectrom-
eter (TIMS) at the Isotopic Geochemistry Laboratory of
the Yichang Institute of Geology and Mineral Resources.
For Rb—Sr and Sm—Nd isotope analyses, sample pow-
ders were spiked with mixed isotope tracers, dissolved
in Teflon capsules with HF + HNO;3 acids, and sepa-
rated using the conventional cation-exchange technique.
Procedural blanks were <200 pg for Sm and Nd, and
<500 pg for Rb and Sr. The mass fractionation corrections
for Sr and Nd isotopic ratios were based on 30Sr/38Sr =
0.1194 and '“ONd/!*Nd = 0.7219, respectively. Analyses
of standards during the period of analysis are as follows:
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Figure 2. SHRIMP zircon U-Pb Concordia diagrams for the adamellites from eastern Shandong Province: (A) DD and (B) JN.
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NBS987 gave 7Sr/80Sr = 0.710246 + 16(20); La Jolla
gave 13Nd/!*Nd = 0.511863 =+ 8 (20). Pb was separated
and purified using the conventional cation-exchange tech-
nique (AG1 x 8200—400 resin) with diluted HBr as eluent.
Analyses of NBS981 during the period of analysis yielded
204pp /206pp = (0.0896 + 15, 207Pb/29Pb = 0.91446 =+ 80,
and 208Pb/2%Pb = 2.16171 =+ 200.

4. Results
4.1. Zircon U-Pb geochronology

Sufficient and euhedral zircon grains were selected from
the adamellites (DD1, DD2, and JN) for the analysis. The
grains are colourless, transparent, and mostly elongate-
prismatic, showing prismatic form with magmatic oscil-
latory zoning under CL excitation. Selected zircon CL
pictures are given in Figure 2. The U-Pb zircon dates for
these samples are presented in Table 1. The zircon sam-
ples have variable abundances of U (133-346 ppm), Th
(178-733 ppm), and Th/U(1.29-2.12), further showing a
mamatic origin for these zircons. SHRIMP U—Pb dating
of 11 and 10 zircon grains with oscillatory structures were
concordant and yielded weighted mean 2°°Pb/?*3Pb ages
of 122.1 £ 2.1 and 123.2 £ 1.8 million years (95% con-
fidence interval, Figures 2A and 2B). These ages were
interpreted as the crystallization ages of samples DDI,
DD2, and JN.

4.2. Major and trace elemental geochemical
characteristics

The major element concentrations for the studied adamel-
lites are listed in Table 2. The adamellites show a range
in SiO; values from 61.09 to 64.25 wt.% and are rel-
atively high in total alkali contents (K;O + Na,O =
8.93-10.08 wt.%), with K,O = 5.23-5.79 wt.% and Na,O
= 3.65-4.41 wt.%. All samples plot in the alkaline fields
on the total alkali-silica (TAS) diagram (Figure 3A).
Moreover, the rocks also straddle the alkaline series in
the SiO; versus AR graph (Figure 3B) of Wright (1969).
In the plot of NayO versus K;O (Figure 4A), the adamel-
lites belong to the shoshonitic series. Figure 4B shows
the composition of the rocks in terms of their molar
ratios of Al,O3/(CaO + K0 + Nay0) and Al,03 /(K0
+ Nay0); they are all metaluminous. All rocks of the
adamellites display regular trends of decreasing CaO,
MgO, Fe>03, P,0s5,TiO;, Al,O3, Sr, and Ba with increas-
ing SiO;, whereas weak correlations are observed in the
plots of SiO; versus K,O, NayO, Zr, and Rb (Figures 5
and 6). In the 10,000 * Ga/Al versus K;O + NapO
and Zr discrimination diagrams (Figure 7) of Whalen
et al. (1987), the samples are all classified as A-type
granite.

The trace element compositions of the samples are pre-
sented in Table 3. Total rare earth element (REE) ranges
from 296 to 765 ppm. The chondrite-normalized REE

Table 1. SHRIMP U-Pb isotopic data for zircon within the adamellites from eastern Shandong Province.

Spot U (ppm) Th(ppm) Pb(ppm) Th/U 20°Pb/238U (Ma) 207Pb/2%°Pb 1 (%) 207Pb/23U 1 (%) 2°Pb /28U =1 (%)

DD
1.1 170 212 2.82 1.29 118.5 0.0490 32 0.1260 32 0.0186 3
2.1 163 215 2.75 1.36 119.3 0.0320 43 0.0820 43 0.0187 3
3.1 148 202 2.47 1.42 121.7 0.0540 20 0.1420 20 0.0191 3
4.1 154 218 2.62 1.46 122.9 0.0500 30 0.1330 30 0.0193 3
5.1 145 248 245 1.78 118.8 0.0330 40 0.0840 40 0.0186 3
6.1 138 178 2.37 1.33 125.5 0.0640 22 0.1720 22 0.0197 3
7.1 226 292 3.79 1.34 119.3 0.0400 44 0.1040 44 0.0187 3
8.1 175 233 3.00 1.36 121.4 0.0340 55 0.0880 55 0.0190 3
9.1 133 178 2.34 1.38 125.4 0.0450 36 0.1220 36 0.0196 3
10.1 161 203 2.86 1.30 127.6 0.0440 33 0.1220 33 0.0200 3
11.1 193 280 3.34 1.50 124.7 0.0470 24 0.1270 24 0.0195 3
IN
1.1 231 299 3.89 1.33 122.4 0.0460 25 0.1220 25 0.0192 2
2.1 144 257 2.47 1.85 126.1 0.0718 10 0.1960 10 0.0198 3
3.1 202 298 343 1.53 124.2 0.0540 20 0.1440 20 0.0195 3
4.1 346 733 5.77 2.19 123.2 0.0695 6 0.1850 6 0.0193 2
5.1 199 347 3.42 1.80 124.0 0.0432 20 0.1160 20 0.0194 2
6.1 322 650 533 2.08 119.3 0.0368 23 0.0950 23 0.0187 2
7.1 254 397 432 1.61 126.1 0.0640 5 0.1744 5 0.0198 2
8.1 145 199 2.49 1.41 124.0 0.0500 23 0.1340 23 0.0194 3
9.1 239 350 3.92 1.52 120.5 0.0680 15 0.1580 15 0.0189 2
10.1 265 505 4.47 1.97 123.1 0.0547 10 0.1450 11 0.0193 2
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Figure 3. Classification of the adamellites from eastern
Shandong Province on the basis of the total alkali-silica dia-
gram (A); all of the major element data have been recalculated
to 100% on a loss on ignition-free basis (after Middlemost 1994;
Le Maitre 2002). SiO, versus AR (AR = (Al,O5; + CaO + K,0
+ Na,0)/(Al,05 + Ca0-K,0-Na,0)) showing the adamellites
to be alkaline (after Wright 1969) (B).

patterns of the rocks show light rare earth element (LREE)
enrichment and heavy rare earth element (HREE) deple-
tion, with steep slopes (Lay/Yby = 15.0-46.0), small
or moderate negative Eu anomalies (§Eu = 0.46-0.75),
and small positive Ce anomalies (§Ce = 1.00-1.09)
(Figure 8A). In addition, the adamellites are characterized
by enrichment in large ion lithophile elements (LILEs, i.e.
Rb, Th, Pb, and U) and depletion in Sr, Ba, and high
field-strength elements (HFSEs, i.e. Nb, Ta, P, and Ti)
(Figure 8B).
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Figure 4. (A) K,0 versus Na,O diagram showing the alkaline
association to be shoshonitic (after Middlemost 1972). (B) molar
Al 0;/(Na,0+K,0) versus molar Al,O;/(CaO + Na,O + K,0)
plot, all samples fall in the metaluminous field.

4.3. Nd, S, and Pb isotopes

Nine whole-rock Nd, Sr, and Pb isotopic data have been
obtained from representative adamellite samples (Table 4).
The rock samples show very uniform initial 87Sr/3¢Sr
values from 0.7081 to 0.7089 (37Sr/36Sr); and relatively
small variation in strongly negative initial eng(#) values
from —16.70 to —17.80. The data are displayed in a figure
(Figure 9) of eng(f) versus (37Sr/%Sr); ratios and are
compared on that diagram with published compositional
fields for late Mesozoic magmatic rocks from Shandong
Province (Zhao et al. 1997; Fan et al. 2001), granites, mafic
dikes, lamprophyres, syenites, and adakites (Yang 2000;
Guo et al. 2004; Yang et al. 2005a, 2005b; Guo et al. 2006;
Liu et al. 2008, 2010, 2012). Also shown are compositional
trends from available data for components of the lower
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Figure 5. Whole-rock SiO, versus selected variation major element oxides diagrams for the adamellites from eastern Shandong Province.

and upper crust in the Jiaodong Peninsula from Shandong
Province (Jahn et al. 1999). All of these rocks plot near the
field of Early Cretaceous mafic volcanic rocks and syen-
ites but far from those of lower and upper crust, Early
Cretaceous granites, and mafic dikes (Figure 9). The model
age (Tpm, depleted mantle age, Sm—Nd) of the adamellite
samples is mainly in the range of 2.17—1.77 thousand mil-
lion years. Previous geochemical studies of deeply derived
xenoliths and mantle-derived magma from the NCC clearly
demonstrated that the lithospheric mantle is enriched from
the Palaeozoic to Mesozoic (Wang et al. 1996; Zhou

et al. 2001). Consequently, the Nd isotopic model ages
are considered to record the enrichment time of the NCC

lithosphere mantle.
The adamellite Pb isotopic ratios are distinguished

by 20°Pb/204Pb = 16.938-17.149, 207Pb/204pp =
15.315-15.521, and 2%Pb/?04Pb = 37.727-38.111. These
data are identical to those of basic igneous rocks and the
Jiazishan alkaline complex from the central NCC (Zhang
et al. 2004; Xie et al. 2006) and differ from those of the
Yangtze lithospheric mantle (Yan et al. 2003), having a
clear EM 1 tendency (Figure 10).
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Figure 6. Whole-rock SiO, versus Rb, Ni, Ba, Sr, Cr, and Zr diagrams for the adamellites from eastern Shandong Province.

5. Petrogenetic discussion
5.1. Source regions

The negative initial eng(f) values range from —16.70
to —17.80 (Table 4) for the adamellite samples and
demonstrated that these rocks derived from the par-
tial melting of an enriched lithospheric mantle rather
than asthenospheric mantle, such as mid-ocean ridge
basalt (MORB). An enriched lithospheric mantle is
also confirmed by the Nd isotopic model ages (7pwm,
1.77-1.87 thousand million years, only one of 2.17 thou-
sand million years). Previous studies in the region have
revealed that the Yanshannian magmatic rocks in the
Dabie—Sulu orogenic belt were similarly derived from
an enriched lithosphere mantle. Nd isotopic model ages
(Tpm) ranging from 1.4 to 2.0 thousand million years
were acquired from these areas, which are consistent with
those of the studied adamellites from eastern Shandong
Province (Fan et al. 2001; Guo et al. 2001; Zhou
et al. 2001). In addition, the studied adamellites pos-
sess high (37Sr/30Sr); (0.7081-0.7089) and low eng
(¢) values (—16.70 to —17.80) (Table 3), implying that
these rocks originated from a lithospheric mantle rather

than an asthenospheric mantle source, with a depleted
Sr—-Nd isotopic composition like that of MORB. A
lithospheric mantle of NCC is further supported by the fig-
ure (Figure 9) of eng(?) versus (37 Sr/%0Sr); ratios of these
rocks. In Figure 9, the adamellites have Sr—Nd isotopic
features overlapping with the contemporaneous Rushan
gabbros and associated mafic dikes (Meng ef al. 2005) in
Shandong Province, demonstrating their derivation from
basaltic magma similar to the parental magmas of the mafic
dikes. The adamellites share Pb isotopic characteristics
(Table 3) different from those of the Yangtze Craton litho-
spheric mantle (Yan et al. 2003; Figure 10), which rules
out involvement of Yangtze Craton lithosphere. In sum-
mary, the parental magma of the adamellites in the present
study is derived from the melting of NCC lithospheric
mantle.

5.2.  Fractional crystallization

The low Mg” (34.06-45.83), Cr (27.8-93.2 ppm), and
Ni (13.1-25.7 ppm) of the adamellites is consistent
with significant fractionation. For the studied adamellites,
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sus 10,000 * (Ga/Al) diagrams of Whalen et al. (1987) showing
affinity of A-type granites.

Al;O3 and CaO show a negative correlation with SiO;
(Figures 5A and 5C), which is probably related to the frac-
tionation of plagioclase. The negative correlation between
MgO and SiO; indicates the fractionation and/or accumu-
lation of clinopyroxene. Plagioclase and potassium feldspar
fractional crystallization are supported by the relatively
negative Ba, Sr, and Eu observed in the studied adamellites
(Figure 8B). In addition, the presence of negative P and
Ti anomalies in the analysed samples (Figure 8B) supports
the fractionation of apatite and Ti-bearing oxides, such as
rutile, ilmenite, and titanite.

5.3.  Crustal contamination

Geochemical characteristics suggest that crustal contami-
nation may have affected the petrogenesis of the eastern
Shandong Province adamellites. These characteristics
include the significant enrichment in Ba and LREE, and
depletion in HFSE (Nb, Ta, and Ti). Crustal materials of

1000
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La Pr Sm Gd Dy Er Yb
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10000¢
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1000 }

100 ¢
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Figure 8. Whole-rock (A) chondrite-normalized rare earth ele-
ment patterns and (B) primitive mantle-normalized spider dia-
grams of the adamellites from eastern Shandong Province.
Chondrite and primitive mantle abundances are from Sun and
McDonough (1989).

NCC were involved in magma ascent by crustal contami-
nation or in the source region duo to metasomatism. Jahn
et al. (1999) suggested that the eng(7) for the ancient lower
crust is very low (—44 to —32), which is considerably lower
than that for the adamellite samples (—17.80 to —16.70).
Assimilation, crystal fractionation (AFC) and magma mix-
ing would result in positive correlation between Nd and
end(?) values. However, the lack of correlation between the
end(?) values and Nd concentrations for the adamellites
(Figure 11) indicate that magmatic evolution of the NCC
adamellites in eastern Shandong Province was not signif-
icantly affected by crustal contamination and fractional
crystallization as a major process during the late evolu-
tionary stages. Therefore, the geochemical and isotopic
signatures were mainly inherited from an enriched mantle
source.
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5.4. Petrogenetic model

At present, there are three petrogenetic models for alkaline
felsic rocks. First, the alkaline felsic magma may be prod-
ucts of fractionation of mantle-derived magma with or
without crustal contamination (Zhong et al. 2007 and
references therein). Second, the alkaline felsic magma
may have originated by partial melting of lower-crustal

rocks under fluxing of volatiles ( Lubala et al. 1994).

Sr—Nd-Pb isotopic composition of the representative adamellites from eastern Shandong Province.

Table 4.

Tom (Ma) S7Rb/%6Sr 87Sr/%6Sr 20 (F7Sr/%6Sr); 206ph/204py  207pp/204pp,  208pp, /204py,

Jsm/Nd

end(t)

TG /1MNG ING/MMNG 20 (“3Nd/M4Nd);

Nd (ppm) Rb (ppm) Sr (ppm)

Age (Ma) Sm (ppm)

Sample

37.882
37.933
37.727
38.111

15.445
15.470
15.416
15.521
15.435
15.315
15.424
15.515
15.511

37.846
37.744
37.701
38.061
38.043

9
12

0.70914

0.573
0.520

0.486

0.70915

0.70901

14
13
10
12

11

0.70944
0.70914

0.323
0.326
0.317

0.70940
0.70931

0.541

0.70973

0.548
0.723

12

0.70955

0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51

9
8
11
10
12
8
9
8
11

638
647
639
695
694
696
685
702
682

0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51
0.51

0.087

813
851
864
1023
1008
1025

0.091

0.088

0.093

0.090
0.093

0.088

776
666
659

0.096
0.111

78.96
74.21

11.38
11.12
10.73
10.10

122.1
122.1
122.1
122.1
122.1
122.1
1232
1232
123.2

DD1-4

DDI1-5

73.54
65.40
71.98
71.60
66.74
54.50

DD1-7

DD2-4

10.66
11.07

DD2-5

DD2-8

9.72

-1

-6

JN-8

8.67
15.32

83.80
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Figure 11. Whole-rock eng(f) versus Nd for the adamellites
from eastern Shandong Province.

Third, the alkaline felsic magma may result from mixing
of basic and silicic melts and their differentiates (Sheppard
1995; Litvinovsky et al. 2002).

Several extensive studies on the Mesozoic alkaline
complex in Shandong Province have been conducted. For
example, Gao et al. (2008) previously studied the gran-
itoids, which could be derived from dehydration melting
of the lower crust due to underplating of mantle-derived
basaltic magma. However, it is unlikely that the exten-
sive melting of the lower crust can occur when basaltic
melts underplate the lower crust (Defant er al. 2002).
Based on our data and their explanation, the probability of
crustal assimilation has already been ruled out. Therefore,
the involvement of crustal components in the source is
suggested. Therefore, we prefer fractionation of mantle-
derived magma without crustal contamination as the most
probable model for the origin of the adamellites.

A scenario for the origin of the adamellites in east-
ern Shandong Province or the Sulu Belt is presented.
At 205—185 Ma, intra-continental compression between the
NCC and Yangtze Block possibly thickened the crust and
induced eclogitization of the thickened lower crust. Given
the higher density of eclogite than that of lithospheric man-
tle peridotite of 0.2-0.4 g cm™> (Jull and Kelemen 2001;
Anderson 2006; Levander et al. 2006), eclogite can be recy-
cled into the mantle (Kay and Kay 1991; Jull and Kelemen
2001; Gao et al. 2004). During 185-165 Ma, lithospheric
delamination, mainly foundering of eclogite from the lower
thickened crust, occurred beneath the Dabie—Sulu orogenic
belt (Li ef al. 2002), triggering asthenospheric upwelling,
sudden uplift of the Sulu Belt, and orogenic collapse as well
as lithospheric extension and thinning. On the other hand,
these rocks have lower melting temperatures than mantle
peridotite (Rapp et al. 1999; Kogiso et al. 2003; Sobolev
et al. 2005, 2007) and, as foundered silica-saturated eclog-
ite heats up, eclogite will produce silicic melts (tonalite

to trondhjemite) that may hybridize variably with over-
lying mantle peridotite. Between 130 and 110 Ma (Li
et al. 2002), decompressional melting of the metasoma-
tized lithospheric mantle produced primary magma in the
form of basaltic melts. Subsequently, magma ascent and
fractionation occurred resulting in the emplacement of the
adamellites across the NCC.

6. Conclusions

Based on our new geochronological, geochemical, and Sr—
Nd-Pb isotopic data, we draw the following conclusions
concerning the origins of the adamellites.

(1) The U-Pb zircon age data indicate that the studied
adamellites crystallized at 120.3 £ 2.1 to 123.2 &+
1.8 Ma. The adamellites show shoshonitic whole-
rock affinities based on their K»O and Na,O con-
tents. The rocks have high LREEs [(La/Yb)y =
15.0—46.0], show negative Eu anomalies (§Eu =
0.46-0.75), positive Rb, Th, Pb, and U anomalies,
and are depleted in Sr, Ba, and HFSEs (i.e. Nb, Ta,
P, and Ti). The studied rocks all show relatively low
radiogenic Sr [(}7Sr/30Sr), = 0.7081-0.7089], neg-
ative initial eng(¢) values from —16.7 to —17.8, and
Pb isotopic ratios (*°°Pb/2%*Pb = 16.882—17.149,
207pp /204pp = 15.315-15.521, 298pb/204pp =
37.544-38.111), suggesting origination from low-
degree partial melting of an enriched mantle below
the NCC.

(2) The parent magma probably originated via
fractional crystallization of potassium feldspar,
plagioclase and Fe—Ti oxides (e.g. rutile, ilmenite,
and titanite), apatite, and zircon during the ascent
of alkaline rocks without crustal contamination.
Zircon saturation temperatures (7z;) of the adamel-
lites are 830-903°C, approximately representing
the crystallization temperature of the alkaline
magma. Intense lithospheric thinning beneath
the Sulu Belt of eastern China that occurred at
~120 Ma was caused by foundering of the lower
lithosphere (mantle and lower crust).
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