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Abstract Sensitive high resolution ion microprobe
(SHRIMP) zircon U-Pb ages, geochemical and Sr-Nd-
Pb isotopic data are reported for the gabbroic complex
from Yinan (Shandong Province) with the aims of
characterizing the nature of the Mesozoic mantle be-
neath the North China Craton. The Yinan gabbros
contain alkali feldspar and biotite, and are characterized
by moderate Mg#, high SiO,, low FeO and TiO, con-
tents and a strong enrichment of light rare earth ele-
ments [(La/YDb),=11-50], but no Eu anomaly. They
have low Nb/La (0.07-0.29), radiogenic *’Sr/**Sr (0.710)
and unradiogenic eng(?) (—15 to —13). These ‘“‘crustal
fingerprints” cannot be attributed to crustal contami-
nation, given the lack of correlation between isotopic
ratios and differentiation indices and the unreasonably
high proportion of crustal contaminant (>20%) re-
quired in modeling. Instead, compositional similarities
to contemporaneous basalts from nearby regions imply
that the Yinan gabbros were not significantly affected
by crystal cumulation. Isotopic data available for the
Mesozoic mafic magmas reveal two distinct mantle do-
mains beneath Shandong. While the EM1-like domain
(with low *’Sr/*®Sr) is confined to western Shandong, the
mantle beneath eastern Shandong is dominated by
EM2-type (with high ®’Sr/*Sr) affinities. This aerial
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distinction suggests that the EM2-like signature of the
Yinan gabbros may have been inherited from westerly-
subducted Yangtze crust during the Triassic North
China-South China collision. Emplacement of the Yinan
gabbros (127 Ma) is likely affiliated with the widespread
and protracted extension during the late Mesozoic in
this region.

Keywords Geochemistry - Zircon U-Pb age -
Gabbros - Mantle - North China Craton

Introduction

The geology of the North China Craton (NCC) has
received much attention not only because it is one of the
oldest continental nuclei in the world (up to 3.8 Ga;
Jahn et al. 1987; Liu et al. 1992), but also owing to the
presence of a variety of mafic magmas of different ages.
Geochemical characterization of these mantle-derived
magmas, particularly the Paleozoic diamondiferous
kimberlites and Cenozoic basalts and their entrained
xenoliths, has been used to investigate mantle evolution
in this region (e.g., Fan and Menzies 1992; Menzies et al.
1993; Griffin et al. 1998; Menzies and Xu 1998; Fan et al.
2000; Xu 2001; Zhang et al. 2002). The general scenario
that has emerged from these studies is that the thick, old,
cold and refractory lithospheric keel (preserved at least
until the Palaeozoic) has been replaced by a thin, young,
hot and fertile mantle. Better understanding of this
process is of great importance, not only for deep
dynamics and regional geology investigations (Menzies
and Xu 1998), but also for exploration of mineral re-
sources (e.g., Yang et al. 2003). It has been proposed
that the lithospheric destruction must have taken place
during the late Mesozoic, probably owing to the loss of
physical integrity of the craton as a result of the Triassic
collision between the North China and Yangtze blocks
(Xu 2001; Gao et al. 2002; Zhang et al. 2002). Never-
theless, the timing and nature of this event still remain
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poorly explained, largely owing to the lack of knowledge
about the Mesozoic lithosphere that links the Palaeozoic
and Cenozoic lithospheres.

Mesozoic plutonism is widely distributed in the NCC.
Plutonic rocks are generally fresher than the volcanic
phases, and range from gabbro diorite to granodiorite.
These intrusions have been targeted for chronological,
geochemical and isotopic analyses. In this paper, we
present sensitive high resolution ion microprobe
(SHRIMP) zircon U-Pb ages, petrology, major, trace
element and Sr—Nd-Pb isotopic data on a suite of gab-
broic samples from Yinan, Shandong Province. We are
particularly concerned with the petrogenesis of this
intrusion and the nature of the mantle members involved
in magma generation. The mantle signature in these
Mesozoic rocks, together with those available in the
literature will be used to define the spatial distribution of
mantle domains beneath the NCC.

Geological background

As the core of the NCC, Shandong Province has been
targeted for extensive studies on mantle evolution in the

Fig. 1 a Simplified geological

past decade. In particular, the juxtaposition of xenolith-
bearing Ordovician diamondiferous kimberlites and
Cenozoic alkali basalts in this province (Fig. 1a) pro-
vides key information concerning the temporal change
of the lithosphere. It is based on the comparison of
Paleozoic and Cenozoic lithospheric mantles that the
contention of destruction of the lithospheric keel has
been reached among the scientific community (Menzies
et al. 1993; Griffin et al. 1998; Xu 2001). In addition to
the Paleozoic kimberlites and Cenozoic basalts, Meso-
zoic plutonism and mafic volcanism are also present in
this region. Geochemical characterization of these rocks
should shed light on the nature of the Mesozoic mantle
that is pivotal to the understanding of mantle evolution
beneath the NCC (Zhang et al. 2002).

A prominent geologic feature in the NCC is the NEE-
trending Tan-Lu fault zone (TLFZ) which runs over
4,000 km from the southern margin of the NCC to the
Russian Far East (Fig. 1a). It has been interpreted as a
major transcurrent intracontinental fault zone of over
700 km sinistral displacement, with most of the offset
thought to have taken place in the Cretaceous (Xu
1993). This sinistral movement probably displaced the
east part of the Qinling-Dabie ultra-high-pressure
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(UHP) metamorphic belt to the present position (i.e., the
Su-Lu UHP metamorphic belt) (Li 1994). The TLFZ
separates Shandong Province into two geologically dif-
ferent parts (Fig. 1b). The western part is called Luxi,
and the eastern Jiaodong. Mesozoic igneous rocks in this
province consist of dominant plutons and subordinate
volcanic rocks. The petrology of the intrusive rocks in
the Luxi area has been studied by Xu et al. (1993) and
Tan and Lin (1994). Field relationships (Tan and Lin,
1994) and available K-Ar radiometric data (Xu et al.
1993) suggest that magmas were emplaced during the
late Mesozoic (100-140 Ma). Contrasting isotopic
compositions have been noted for Mesozoic mafic rocks
from the two regions separated by the Tanlu fault. The
lavas from Jiaodong show an EM2-like isotopic signa-
ture (Fan et al. 2001; Yang et al. 2004), whereas the
EMI1-like signature is essentially associated with those
from Luxi (Guo et al. 2001; 2003). However, the
Fangcheng basalts (Zhang et al. 2002), located west of
the TLFZ, are also characterized by an EM-2 type sig-
nature. This suggests that the TLFZ may not correspond
to a lithospheric boundary.

Mesozoic intrusions in the Yinan region are located
west of and proximal to the TLFZ (Fig. 1b). They
consist of a number of small intrusive rocks, with a total
outcrop surface of ~30 km?. The Yinan intrusive com-
plexes were emplaced into Cambrian-Ordovician strata,
but the overlying sediments suggest a Cretaceous
emplacement age. The rocks range widely in composi-
tion, and include gabbros, diorites, granodiorites and
granites. Rocks of mafic composition are the focus of
this study.

Petrography

The gabbroic samples were collected from a quarry near
the Shangyu village, Yinan County (35°26’46”N;
118°19°18”E). They are generally fresh without visible
alteration and are medium- to coarse-grained rocks,
composed mainly of plagioclase, alkali feldspar, clino-
pyroxene (Cpx), olivine (Ol) and biotite with minor
orthopyroxene (Opx). Accessory phases include Fe-Ti
oxides, apatite, zircon and sphene. Plagioclase and Cpx
appear to have co-precipitated and the latter contains
plagioclase inclusions (Fig. 2a). Unlike typical cumulate
gabbros, the Yinan gabbros contain up to 18% alkali
feldspar. Cpx is the most abundant mafic mineral,
making up to 40% of the whole rock. It commonly
shows simple normal zoning, but some large grains show
complex zoning patterns (Fig. 2b). Ol occurs subordi-
nately within the interstitial alkali feldspars or as
inclusions in Cpx. Opx forms discontinuous rims around
these Ols (Fig. 2c). In some instances, Opx and magne-
tite formed as symplectite in the periphery of Ol.
Hornblende, which is common in gabbroic com-
plexes, is not observed in the Yinan case. Instead, large
flakes of foxy-red biotite are present and make up 4—
26% by volume of the Yinan gabbros. In most cases,
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biotite occurs interstitially to other mafic crystals
(Fig. 2d). Sometimes biotite occurs as inclusions in Cpx.

Materials and methods

Analytical techniques Analyses of mineral phases were
carried out at the Institute of Earth Sciences, Academia
Sinica (Taiwan) with a JEOL Superprobe. The operating
conditions were as follows: 15 kV accelerating voltage,
10 nA beam current and 1 pm beam diameter. A pro-
gram based on the ZAF correction procedure was used
for data reduction. Bulk abundances of major elements
were determined using inductively coupled plasma—
atomic emission spectrometry (ICP-AES) at the Gu-
angzhou Institute of Geochemistry, Chinese Academy of
Sciences (GIGCAS). Analytical uncertainties for the
majority of major elements were estimated to be <1%.
Bulk-rock trace element data [rare earth elements
(REE), Sr, Y, Ba, U, Rb, Th, Pb, Zr, Hf, Nb, Ta] were
obtained by inductively coupled plasma—mass spectro-
metry (ICP-MS) at GIGCAS. Analytical procedures and
precision have been described elsewhere (Xu, 2002).
For Sr—Nd isotopic analyses, sample powders
(~100 mg) were dissolved in distilled HF-HNOj in Sa-
villex screwtop Teflon beakers at 150 °C overnight. Sr
and REE were separated on columns made of Sr and
REE resins of the Eichrom Company using 0.1% HNO;
as elutant. Separation of Nd from the REE fractions was
carried out on HDEHP columns with a 0.18 N HCI
elutant. The isotopic analyses were performed using a
Micromass Isoprobe multi-collector-ICP-MS (MC-IC-
PMS) at GIGCAS. Measured Sr and Nd isotopic ratios
were normalized using a %°Sr/**Sr value of 0.1194 and a
146N d/"**Nd value of 0.7219, respectively. Analyses of
standards during the period of analysis are as follows:
NBS987 gave ¥’Sr/*°Sr=0.710243 + 14 (20); Shin Etou
gave '"*Nd/'"*Nd=0.512124+ 11 (20), equivalent to a
value of 0.511860 for the La Jolla international standard
(Tanaka et al. 2000). For Pb isotopic analyses, ~200 mg
powder was dissolved in concentrated HF for 3 days. Pb
was separated and purified by conventional cation-ex-
change techniques (200400 mesh AG1X8 resin) with
diluted HBr as eluant. Pb isotopes were determined using
a VG-354 mass spectrometer at the Institute of Geology,
Chinese Academy of Sciences (Beijing). Analyses of
standard NBS981 during the period of analysis yielded

204pp2%Pb =0.0897 + 15, *O'Pb/°Pb=0.91445 + 80, and

208pp /206ph =2.16170 + 200.

Zircons were separated from the sample YN-31 using
conventional heavy liquid and magnetic techniques and
purified by handpicking under a binocular microscope.
The internal structure of zircons was examined using
the cathodoluminescence (CL) image technique prior to
U-Pb isotopic analyses. The U-Pb analyses were per-
formed using a SHRIMP II at the Institute of Geology,
Chinese Academy of Geological Sciences, Beijing.
Detailed analytical procedures are similar to those



Fig. 2a-d Photomicrographs showing the petrographic features of
the Yinan gabbros. a Poikilitic clinopyroxene (Cpx) with plagio-
clase (P/) and apatite (4Ap) inclusions (YN-27). b Zoned Cpx
outlining the core of this zoned mineral. Dashed line (A-B) marks
the traverse analyses by electron microprobe. ¢ Olivine (O/) rimmed
by orthopyroxene (Opx) (YN-31). d Large flakes of biotite (Ph)
with magnetite (M1) inclusions occur interstitially with alkali
feldspars (Fd), or adjacent to the rims of mafic minerals (YN-27)

described by Williams et al. (1998). The standard TEM
zircons (age 417 Ma) of RSES were used to determine
interelement fractionation, and U, Th and Pb concen-
trations were determined based on the standard Sri
Lankan gem zircon SL13, which has a U concentration
of 238 ppm corresponding to an age of 572 Ma. Data
processing was carried out using the SQUID 1.03 and

Table 1 SHRIMP zircon U-Pb dating of the sample YN-31.f5)s Percentage of non-radiogenic Pb

Spot U Th Th/U 206Pb /‘206 204Pb/206Pb 207Pb/206Pb 207Pb/235U 206Pb/238U 206Pb/238U
(ppm)  (ppm) (ppm) (%) +lo +lo +lo +lo Age (Ma)=* 1o
1 155 187 1.25 2.70 3.58 0.0019+8 0.0330+ 135 0.0890 £ 365 0.0195+7 125+4
2 132 178 1.40 2.30 5.38 0.0029+9 0.0193+7 123 +4
3 442 799 1.87 7.72 0.40 0.0002+ 1 0.0496 £21 0.1386+72 0.0203+6 129+4
4 183 273 1.55 3.13 1.23 0.0007 +4 0.0463 + 56 0.1260 & 164 0.0197+6 126 £4
5 173 242 1.44 3.00 1.75 0.0009 +£2 0.0417 £46 0.1140+125 0.0198 6 127+4
6 437 959 2.27 7.74 0.99 0.0005+2 0.0418 £28 0.1176 83 0.0204+6 130+4
7 283 421 1.54 4.92 1.81 0.0010+3 0.0374+45 0.1030+ 134 0.0199+6 127+4
8 624 1,528 2.53 10.7 0.71 0.0004 +£2 0.0441+26 0.1204 =81 0.0198+6 127+4
9 189 273 1.49 3.36 1.81 0.0010+4 0.0327+62 0.0920+ 175 0.0203+6 130+4
10 220 335 1.57 3.80 1.72 0.0009 +2 0.0394 + 39 0.1070+ 107 0.0198 +6 126 +4
11 157 216 1.42 2.75 0.07 0.0000+ 5 0.0520+73 0.1460+219 0.0204+7 130+4
12 257 358 1.44 4.55 0.04 0.0000+ 1 0.0495+26 0.1404 + 86 0.0206 + 6 131+4
13 171 243 1.47 2.95 1.91 0.0010+3 0.0360 £ 54 0.0980+ 157 0.0197+6 126 +4
14 517 1,027 2.05 8.80 0.84 0.0005+2 0.0410+£27 0.1111+80 0.0197+6 126 +4




Fig. 3 U-Pb zircon concordia
diagram for the gabbroic
sample YN-31 from Yinan.
Inset shows the cathodolumine-
scence image of representative
zircons. Scale bar=100 pm.
Most of the analyses are
concordant, yielding a weighted

mean 2°Pb/?*¥U age of
127+2 Ma
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Isoplot/Ex 2.49 programs of Ludwig (2001a, 2001b),
and the ***Pb-based method of common Pb correction
was applied. The ages quoted in the text are 2°°Pb/>**U
ages, which are the weighted means at the 95% confi-
dence level.

Results

U-Pb zircon chronology

The results of SHRIMP U-Pb zircon analyses for the
sample YN-31 are listed in Table 1 and illustrated in a
concordia plot (Fig. 3). Zircons are large and commonly
fragmented owing to rock crushing during zircon
extraction. Nevertheless, the well-developed tetragonal
dipyramids in these crystals indicate the original euhe-
dral shape of these crystals. The oscillatory zoning (see
inset of Fig. 3) further suggests an igneous origin. These
zircon grains have a relatively wide range in U (132—
624 ppm) and Th (178-1,528 ppm) concentrations.
Th/U ratios of these zircons are rather constant (~1.5)
except three grains with Th/U ratios greater than 2.
Analyses of 14 zircons (Table 1) yielded concordant or
near concordant ages. A weighted mean 2°°Pb/?**U age
of 127+2 Ma was obtained based on all analyses
(Fig. 3). This age is interpreted as the timing of
emplacement of the Yinan gabbros.

Mineral chemistry

Ols are unzoned with forsterite content ranging from
57-66 mol% (Table 2). Opxs forming discontinuous
rims around Ol have the slightly higher Mg# of 0.63—
0.74. Extremely low Al,O3 and Cr,Oj5; contents in Opx
(Table 2) probably reflect the compositional inheritage
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2pp/***J age = 127.3 + 2.0 Ma
(n=14)

0.1 0.2

ZO?P b/235U

of Ol. Cpxs are mostly augite in composition showing a
normal chemical zoning with Mg# varying from 0.87 in
the core to 0.70 in the rim. However, some Cpx grains
show complex zoning patterns (Fig. 4a), probably re-
lated to magma recharge and fractionation in the mag-
ma chamber.

Plagioclase grains are not compositionally homoge-
neous (Table 3). They are characterized by low anorthite
content (An,; s4) compared to typical gabbros from
around world. Alkali feldspars are also present with Or
content up to 75 mol%.

Biotite is phlogopite-rich (Table 4). As noted from
Fig. 4b, the decrease in Mg# is accompanied by
increasing TiO,. Biotites occurring as rims around Opx
generally have higher Mg# and lower TiO, content than
interstitial ones (Table 4).

Major and minor elements

Whole rock analyses are listed in Table 5 and graphi-
cally illustrated in Fig. 5 and Fig. 6. Mesozoic basalts
from Fangcheng and Cenozoic basalts from Shandong
Province are shown for comparison. Most of the Yinan
gabbros have high alkali contents and belong to the
medium-K and high-K calc-alkaline series (Fig. 5); the
Mg# range is 0.58-0.66. This reflects either their mod-
erately fractionated characters or a relatively Fe-rich
source. In Fig. 6, the Yinan gabbros and the Fangcheng
basalts define coherent variation trends. SiO,, Al,Oz and
Na,O are negatively correlated with MgO, whereas
TiO,, Ca0, FeO, Cr and Ni positively correlate with
MgO. Compared to the Cenozoic lavas, the Mesozoic
mafic intrusions and lavas display higher SiO,, Al,Os;,
and lower FeO, TiO, and Ni contents at comparable
MgO (Fig. 6).
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Table 3 Representative electron microprobe analyses of feldspars in the Yinan gabbros. An Anorthite, 4b albite, Or orthoclase

YN-31 YN-23 YN-30 YN-24 YN-27
Plag Plag Plag K-feld Plag K-feld Plag Plag Plag Plag K-feld K-feld Plag Plag Plag K-feld K-feld
(Wt%) (Wt%) (wt%) (wt%) (wWt%) (wt%) (wt%) (wt%) (wWt%) (wWt%) (wt%) (wt%) (wWt%) (wt%) (wt%) (wt%) (wt%)
SiO, 5497 59.29 63.94 64.53 61.72 63.85 61.74 5527 57.74 61.06 64.32 63.77 56.46 59.84 61.55 65.01 65.44
TiO, 0.02 0.01 0.08 0.08 002 0.13 0.00 0.06 0.06 0.07 o0.11 0.12 003 007 0.02 0.12 0.11
AlLO; 28.27 2549 2236 19.58 24.10 20.12 24.19 28.70 26.57 2524 20.64 19.53 27.60 2578 24.07 19.71 18.63
Cr,05 0.00 0.01 0.02 0.00 000 000 0.04 0.03 000 0.06 004 0.03 001 0.03 0.00 001 0.00
FeO 0.17 037 045 026 033 0.17 038 026 029 025 0.11 0.17 0.19 022 0.17 024 0.14
MnO 0.00 0.00 0.00 0.00 003 0.05 003 0.0l 000 00l 000 0.05 003 0.00 0.00 000 0.0l
MgO 0.00 0.00 0.03 0.00 000 0.00 006 0.00 003 0.00 000 0.00 005 0.02 0.02 000 0.00
NiO 0.00 0.00 0.07 0.04 0.10 000 0.00 0.00 0.03 0.00 001 0.00 000 0.00 0.02 0.00 0.00
CaO 11.66 7.31 394 093 6.11 1.56 6.11 10.73 885 7.02 197 057 10.82 8.02 6.64 139 0.58
Na,O 433 682 7.75 411 740 258 7.65 531 6.00 693 409 217 485 564 721 311 200
KO 044 022 047 899 035 927 029 029 034 033 827 1199 036 054 033 998 12.62
P,0Os 0.06 0.01 0.05 0.01 003 002 000 0.06 001 0.0 001 0.00 000 0.09 0.0l 005 0.00
Total 99.93 99.53 99.16 98.53 100.18 97.75 100.48 100.70 99.93 100.97 99.57 98.38 100.40 100.24 100.05 99.62 99.52
An 058 037 021 005 031 009 030 052 044 035 0.10 003 054 043 033 0.07 0.03
Ab 039 0.62 076 039 067 027 0.68 046 054 0.63 038 021 044 054 0.65 030 0.19
Or 0.03 001 0.03 056 002 064 002 0.02 002 002 051 076 002 0.03 0.02 063 0.78
Table 4 Representative elctron microprobe analyses of biotites in the Yinan gabbros
YN-31 YN-23 YN-30 YN-24 YN-27
Rim around Opx Interstitial Core Rim
(Wt%) (Wt%) (wt%) (Wt%) (wt%) (Wt%) (wt%) (Wt%) (wt%) (Wt%) (wt%) (Wt%)
SiO, 38.81 38.75 37.60 38.34 37.02 36.82 40.16 40.16 38.05 38.22 37.84 38.05
TiO, 1.79 3.66 5.78 5.45 6.38 5.81 4.15 4.28 6.68 6.51 6.38 6.30
Al,O3 14.54 14.02 13.64 13.76 12.94 13.33 12.52 12.27 12.82 13.00 13.45 13.88
Cr,04 0.01 0.04 0.05 0.01 0.06 0.05 0.01 0.00 0.03 0.00 0.04 0.00
FeO 12.15 13.51 14.63 14.43 15.30 15.50 13.20 13.10 14.70 13.76 15.08 14.01
MnO 0.10 0.05 0.00 0.05 0.13 0.08 0.10 0.00 0.06 0.06 0.00 0.07
MgO 18.68 16.68 14.72 14.66 14.19 14.67 16.69 16.48 14.39 14.63 13.81 14.96
NiO 0.16 0.09 0.05 0.01 0.01 0.05 0.11 0.00 0.02 0.05 0.00 0.00
CaO 0.01 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.00
Na,O 0.07 0.17 0.33 0.41 0.25 0.19 0.10 0.11 0.25 0.16 0.09 0.23
K,0 9.39 9.41 9.06 9.14 9.42 9.48 8.84 9.25 8.81 9.22 9.34 9.03
P,0s 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05
Total 95.72 96.37 95.87 96.27 95.67 95.97 95.92 95.65 95.80 95.60 96.05 96.59
Mg# 73.3 68.7 64.2 64.4 62.3 62.8 69.3 69.1 63.6 65.5 62.0 65.5

of oceanic island basalts (OIB) (Dostal et al. 1988, 1991;
Zhi et al. 1990; Liu et al. 1994).

Sr-Nd-Pb isotopes

Initial Sr-Nd-Pb isotopic ratios were calculated for
the emplacement age of 127 Ma. The Yinan gabbros
have highly radiogenic ®’Sr/**Sr(7) ranging from 0.7105
to 0.7112 and unradiogenic “3Nd/!44Nd with initial
end(?) values ranging from —15.4 to —12.6 (Table 6).
These isotopic compositions are similar to those re-
ported for the Fangcheng Mesozoic basalts, but contrast
with those of the Cenozoic basalts, which have low
87Sr/36Sr (mostly <0.7050) and radiogenic '**Nd/"**Nd
(ena=0-7) (Fig. 8a).

The Yinan gabbros also have distinctive Pb isotopic
compositions with  2°°Pb/**Pb, 2°7Pb/***Pb and
208pp /204Pp ratios in the range 17.45-17.26, 15.48-15.55
and 37.45-38.02, respectively (Table 6). Like the Ceno-
zoic basalts, all the samples plot above the North

Hemisphere Reference Line (Hart 1984). Compared to
the Cenozoic basalts, the Yinan samples are character-
ized by higher **’Pb/***Pb ratios at given 2°°Pb/***Pb
(Fig. 9a, b).

Discussion
Petrogenesis

Melts or cumulate? 1t is important to assess whether
the Yinan gabbros are cumulates or solidified melts or
mixtures of the two. The following observations suggest
that most of studied gabbros were not very significantly
affected by crystal cumulation:

1. The Yinan gabbros define compositional trends that
are coherent with the Mesozoic erupted magmas
(Fig. 6).
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Table 5 Major and trace element compositions of the Yinan gabbros

YN-23 YN-24 YN-25 YN-26 YN-27 YN-28 YN-29 YN-30 YN-31

(Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%) (Wt%)
SiO, 52.25 53.39 50.84 50.24 50.93 53.11 55.17 57.30 51.76
TiO, 1.19 1.11 1.04 0.98 0.87 1.15 0.92 0.84 1.00
Al O4 16.11 15.70 15.69 14.40 14.31 15.59 15.13 15.44 14.36
TFe,05 8.51 8.10 9.21 9.46 9.12 8.34 7.54 6.44 8.61
MnO 0.13 0.13 0.14 0.15 0.15 0.13 0.12 0.10 0.14
MgO 6.00 5.92 6.90 8.81 8.92 5.84 6.52 5.01 7.52
CaO 8.65 8.02 10.16 10.64 10.46 8.44 8.44 6.62 9.47
Na,O 3.60 3.47 3.36 2.83 291 3.57 3.79 3.89 3.33
K,0 3.33 3.16 2.06 1.74 1.50 3.35 2.09 3.54 2.97
P,Os 0.72 0.71 0.86 0.77 0.65 0.72 0.54 0.44 0.74
LOI 0.33 0.46 0.84 0.90 0.71 0.38 0.43 0.78 0.58
Total 100.83 100.16 101.09 100.93 100.55 100.62 100.69 100.40 100.48
Mg# 0.59 0.59 0.60 0.65 0.66 0.58 0.63 0.61 0.64
Ti 4,068 7,586 6,088 5,692 5,077 6,887 5,375 4,890 6,146
\'% 133 185 216 172 162 167 143 115 163
Cr 245 152 183 328 364 141 212 139 290
Co 19.7 29.3 31.9 37.1 36.9 27.0 27.3 21.2 31.8
Ni 67.1 69.8 78.5 127.2 1354 59.9 101.0 74.8 116.0
Ga 22.7 24.0 20.9 18.7 18.6 22.3 21.0 21.3 21.0
Rb 104.8 66.8 37.9 38.2 29.5 67.3 32.7 65.9 62.9
Sr 870 1,500 1,749 1,364 1,491 1,405 1,422 1,198 1,461
Y 14.7 28.5 22.0 22.2 19.2 26.2 18.2 16.7 26.0
Zr 109 263 191 108 79 296 155 181 303
Nb 6.3 11.0 8.2 6.9 5.9 13.6 7.2 8.3 13.9
Ba 984 2,014 1,512 1,700 1,506 1,891 1,527 1,638 1,282
La 22.0 156.9 108.8 84.5 78.3 145.3 74.9 77.1 131.3
Ce 44.2 296.7 209.5 167.9 154.9 275.9 145.8 147.2 251.0
Pr 5.37 33.85 24.74 21.41 18.82 31.70 17.48 16.87 28.94
Nd 21.88 125.56 93.78 82.28 72.90 116.02 67.14 63.81 108.40
Sm 4.11 17.42 13.72 12.35 10.93 15.93 9.90 9.06 15.86
Eu 1.11 3.97 3.74 3.15 2.96 3.71 2.66 2.30 3.74
Gd 3.46 9.16 7.39 7.33 6.64 8.31 6.00 5.29 8.66
Tb 0.50 1.25 1.01 1.00 0.89 1.18 0.80 0.72 1.13
Dy 2.83 6.10 4.73 4.86 4.27 5.70 3.99 3.53 5.44
Ho 0.56 1.04 0.80 0.84 0.72 0.98 0.69 0.63 0.95
Er 1.51 2.79 2.08 2.17 1.89 2.60 1.77 1.66 2.52
Tm 0.23 0.37 0.26 0.29 0.24 0.33 0.25 0.23 0.33
Yb 1.41 2.26 1.59 1.71 1.38 2.06 1.50 1.32 2.01
Lu 0.23 0.34 0.24 0.25 0.21 0.31 0.22 0.22 0.29
Hf 3.01 6.69 481 3.08 2.33 7.39 4.05 4.71 7.50
Ta 0.84 0.78 0.44 0.45 0.33 0.76 0.42 0.77 0.91
Pb 8.78 15.72 11.04 8.36 9.50 17.43 14.95 20.29 15.44
Th 3.12 16.02 8.18 7.30 4.00 14.71 4.29 7.98 17.64
18] 0.99 2.10 1.07 1.13 0.61 1.98 0.74 1.42 2.64
La/Yb 15.6 69.4 68.3 49.4 56.7 70.4 50.0 58.6 65.2
Nb/La 0.29 0.07 0.08 0.08 0.07 0.09 0.10 0.11 0.11
2. Neither layered structure in the outcrop nor textural commonly composed of Ol-rich gabbros and trocto-

evidence for crystal cumulation in thin sections have
been observed.

Forsterite contents (Fos7¢) in Ols of the Yinan
gabbros are lower than those typical of layered
gabbroic intrusions (Fogy_75), but similar to those in
the roof zone potassic gabbronorites from Black
Hill, South Australia (Turner, 1996). Furthermore,
compared with typical cumulative gabbros, which
are An-rich (> Ang, Beard, 1986), plagioclases in
the Yinan samples are relatively poor in anorthite
(Any_se).

The lack of Eu anomalies contrasts with the pro-
nounced positive Eu anomaly in other Mesozoic
cumulative gabbros in Shandong Province, which are

lites (e.g., the Jinan gabbros, Guo et al. 2001).

5. The presence of large amounts of biotite in the Yinan
samples suggests that these biotites are magmatic
rather than of near-solidus origin.

The Yinan gabbros are not primary mantle melts
judged from their moderate MgO (mostly <9%), Mg#
(0.58-0.66) and Ni contents (67-135 ppm). They are far
from the expected composition of melts in equilibrium
with mantle peridotites (Frey et al. 1978; Cox 1980).
Although these compositional features may alterna-
tively be related to a Fe-rich source (see next sections),
the Yinan gabbros must have experienced extensive
crystal fractionation from parental magmas, either in
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magma chambers or during the emplacement. The
compositional trends of the Yinan gabbros are consis-
tent with fractionation of Ol and Cpx from parental
magmas. Because Sr is compatible in plagioclase, the
fact that Sr content remains constant as MgO decreases
(not shown) and the lack of negative Eu anomalies
argue against a significant fractionation of plagioclase.
Opx generally occurs as a rim surrounding Ol crystals
(Fig. 2¢). This and Opx-magnetite symplectite at the
periphery of Ol indicate the instability of OIl. The
replacement of Ol by Opx may be induced by increasing
activity of silica as a result of early crystallization of Ol
(Turner 1996). The late appearance of biotite is con-
sistent with low crystallization temperature and with
the buildup of the H,O content in the residual magma
owing to crystallization of anhydrous phases. The
evolution of magmas was further complicated by melt
recharge in the magma chamber, as suggested by
compositional zoning in Cpx and reversals in Mg#
(Fig. 4a).

The preferential stability of biotite and the high
concentration of incompatible elements such as K, Ba,
Rb and REE make the Yinan gabbros very similar to the
potassic gabbronorites from Black Hill pluton, South
Australia (Turner 1996). The latter occupies the roof
zone of an intrusion and is underlain by peridotites, Ol-
rich gabbros and troctolites (Turner, 1996). A similar
model can be suggested for the genesis of the Yinan
gabbros. The level of exposure of the Yinan gabbros is
likely near the top of the original intrusion. This roof
zone may be underlain by layered Ol-rich cumulates,
although the latter do not outcrop in the Yinan area. Ol-
rich gabbros and troctolites do occur in the Jinan and
Zouping gabbroic complexes, which probably corre-
spond to a relatively deep level of exposure.
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Involvement of crustal components in magma gene-
sis  Enrichment of LILE and depletion of HFSE of the
Yinan gabbros are characteristic of volcanic rocks in
subduction zones or typical continental crust. However,
subduction is not considered plausible in Shandong
Province, because at the time of emplacement, western
Shandong was too far from the subduction zone of the
Paleo-Pacific plate. In addition, movement of the Pacific
plate during the Early Cretaceous was characterized by
northward strike-slip motion and subduction of the
Pacific plate under the Asian continent did not occur
until circa 100 Ma (Engebretson et al. 1985). Moreover,
as seen from Fig. 8, the isotopic range of oceanic sedi-
ments is not sufficient to explain the observed isotopic
composition in the Yinan gabbros. The very “enriched”
isotopic signature (high ®’Sr/*Sr and 2°’Pb/***Pb and
very low eng) of the Yinan gabbros is also difficult to
reconcile with the depleted-to-only-moderately-enriched
isotopic signatures of arc-related magmas. These dis-
tinctive initial isotopic features of the Yinan samples
thus provide evidence for the involvement of a compo-
nent that may have had a long residence time in a
continental crust with relatively lower Sm/Nd and
higher Rb/Sr ratios. It remains to assess whether this
crustal signature was introduced by contamination
during magma ascent or reflects a feature of the mantle
source.

Crustal contamination The magmas parental to the
Yinan gabbros were well above the solidus of most
crustal rocks they passed through and intruded and
thus were susceptible to the effects of contamination.
Figure 8b shows the calculated mixing curve of the
enriched mantle-derived basalts and an upper crust. In
order to change the Nd isotopic composition of mantle-
derived liquid from an eng(?) of —5 to the observed iso-
topic composition (—15), an assimilation of 25-35% of
upper crustal materials is required. Involvement of such a
high percentage of crustal material cannot be reconciled
with the mafic composition of the Yinan gabbros. One
may argue that this bulk-mixing model is too simplistic.
The more complex processes involving coupled assimi-
lation, fractionation and crystallization (AFC, DePaolo
1981) should produce typical compositional trends, such
as concomitant increase in SiO, and ¥’Sr/*°Sr ratios, and
negative correlation between SiO, and eng. However, the
Sr—Nd isotopic ratios of the Yinan gabbros remain vir-
tually unchanged, irrespective of the variation in SiO,
and MgO (Fig. 10a-d). For instance, the sample with the
lowest SiO, and highest MgO contents has an isotopic
composition similar to that with the highest SiO, and
lowest MgO contents. Similar behavior is noted for Pb
isotopes except for the most evolved sample (YN-30),
which has a slightly lower *°°Pb/***Pb (Fig. 10e, f). Given
the high sensitivity of Pb isotopes to crustal contamina-
tion, this suggests that crustal contamination, if present,
is limited to only the evolved samples.

The homogeneous isotopic composition, however,
could be related to melting, assimilation, storage and
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homogenization (MASH) (Hildreth and Moorbath
1988) and/or AFC process in a refilled, tapped magma
chamber (Aitcheson and Forrest 1994). It is conceivable
that magmas experienced assimilation in a deeper
chamber at mid or lower crustal depth, and then frac-
tionated during its ascent to the surface. In the conti-
nental setting, a zone of MASH is most likely developed
in the lowermost crust and crust-mantle transition,
where basaltic magmas become neutrally buoyant and
induce local melting, assimilate and mix extensively
(Hildreth and Moorbath 1988). In this case, homogeni-
zation occurred before crystal fractionation and there-
fore no correlation between isotopic ratios and
differentiation index would be expected (e.g., Hildreth

MgO (wt%)

and Moorbath 1988). A relatively deep level at which the
fractionation took place is supported by the fact that the
main fractionating phases were Cpx and Ol, but not
plagioclase in the Yinan case. Magmas formed in this
way should have higher SiO, and lower MgO than the
original, mantle-derived magma, as a result of mixing of
mantle and crust-derived fractions. This contrasts with
the magmas generated from the metasomatized mantle.
Infiltration of crust-derived fluids/melts can significantly
modify isotopic and trace element composition of the
mantle source but have only minor effects on major
element contents. The least evolved samples from Yinan
have ~9% MgO and > 350 ppm Cr, which are compa-
rable to the “primitive” Cenozoic basalts (Fig. 6g). The
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Fig. 7 Rare earth elements (REE) and trace element abundances in
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basalts from nearby Fangcheng, which show similar
isotopic compositions to the Yinan gabbros, have MgO
contents as high as 11.8% (Zhang et al. 2002). These
relatively “primitive” compositions are in conflict with
the MASH processes, which commonly generate melts
ranging from evolved basalts to dacites (Hildreth and
Moorbath 1988). Furthermore, if the Yinan gabbros
were formed through MASH at the crust-mantle
boundary, their isotopic compositions would be inher-
ited from the lower crust, which is characterized by low
87Sr/%8Sr (<0.705), eng and unradiogenic Pb isotopic
ratios (Huang et al. 2004; Xu et al. 2004). High ’Sr/3¢Sr
(~0.710) and radiogenic Pb isotope for the Yinan gab-
bros therefore suggest that crustal contamination was
not responsible for the crustal signature of the Yinan
gabbros. Other evidence against crustal contamination
includes (1) the Nb/La ratio (0.07-0.29) in the Yinan
samples which is significantly lower than estimates for
typical crustal components (~0.4-0.5; Rudnick and
Fountain, 1995; Gao et al. 1998), and (2) the lack of
crustal inheritance in the zircon systematics.

A hydrous and hybrid mantle source 1t is possible that
the “crustal signature” of the Yinan gabbros is that
of the source. In the conventional Sr—Nd isotopic dia-

Table 6 Sr-Nd-Pb isotopic composition of the Yinan gabbros
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-12.6
2.64

-14.5
1.42
7.98

-14.6
0.74
4.29

-15.2

-14.3
0.61
4.00
9.50

-14.4
1.13
7.30
8.36

-14.5
1.07
8.18

-15.0
2.10

-15.4
0.99
3.12
8.78

ENd(t)

1.98

U (ppm)

17.64
15.44
1.383

14.71

16.02
15.72
1.388

Tg(ppno
Eb (pom)
206pp,
207Pb
208pp,
206p},
207Pb

17.648
15.562
38.115
17.404

1.400

17.347
15.479
37.614
17.249

20.29

14.95
1.395
17.442
15.523
37.722
17.372

17.43
1.385
17.542
15.548
38.122
17.381

1.396

17.415
15.524
37.715
17.324

1.385

17.540
15.554
38.127
17.347

11.04
1.390
17.535
15.539
37.890
17.398

17.616
15.537
37.916
17.426

1.384

17.557
15.550
38.161

(%)
04Pb
204Pb
204Pb

/
/
/
/
/

15.528 15.533 15.545 15.519 15.540 15.520 15.475 15.550
37.502 37.589 37.772 37.544 37.780 37.606 37.454 37.652

17.396
15.542
38.016

(t)

204piy(¢)
208Pb/204Pb(t)

204Pb
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Fig. 8 a Initial eng versus 5'Sr/%Sr of the Yinan gabbros. Isotope
data of the Cenozoic alkaline basalts (Peng et al. 1986; Basu et al.
1991; Song et al. 1990; Liu et al. 1995) and Mesozoic magmas from
western Shandong (Guo et al. 2001, 2003) and from Fangcheng
(Zhang et al. 2002) are given for comparison. The field for the
Dabie mafic and ultramafic intrusions is after Li et al. (1998) and
Jahn et al. (1999). Marine sediment data are after Ben Othman
et al. (1989) and McLennan et al. (1990). b Diagram showing
mixing models for source (solid line) and melt contamination
(dotted line). Tick marks show the effect of addition of upper crustal
components. The mixing parameters are as follows:

Lithospheric mantle Melt Upper crust
87Sr/86Sr 0.7055 0.7055 0.718
Sr, ppm 20 150 350
€Nd -5 -5 -25
Nd, ppm 1 15 26

Data for the kimberlite-borne xenoliths are after Zheng and Lu
(1999); composition of continental upper crust is after Taylor and
McLennan (1985)

gram, the Yinan gabbros are located in the extended
trend of the mantle array, having slightly higher
%7Sr/*®Sr and eng(r) than the mafic-ultramafic rocks
from the northern Dabie ultra high pressure (UHP) belt
(Fig. 8a). Jahn et al. (1999) interpreted the isotopic
composition of the Dabie rocks as a result of mixing

between a depleted mantle and a lower crust. This
model, however, does not apply to the Yinan case,
because there is no evidence for such a depleted mantle
protolith beneath the NCC during the Mesozoic. The
Pb-Sr and Pb—Nd isotopic correlations for the Yinan
gabbros (Fig. 9c, d) require an old enriched mantle
protolith. On the other hand, Sr—Nd—Pb isotopic char-
acteristics suggest that the lower crust may not be a
plausible mixing component. The lower crust beneath
the NCC is generally characterized by relatively low
878r/%Sr, °"Pb/?**Pb and *°°Pb/***Pb and lower con-
centrations of incompatible elements (Zhou et al. 2002;
Huang et al. 2004). Therefore, lower crustal contami-
nant cannot account for the high LILE/LREE ratios
and high ¥’Sr/*Sr and 2°’Pb/***Pb ratios of the Yinan
gabbros (Fi§. 9). The latter reflects a time-integrated
high 2*3U/?°**Pb ratio, which is a characteristic of upper
crustal materials.

Therefore, upper crustal materials may have been
involved in the source of the Yinan gabbros. To test this
alternative, we performed a modeling calculation for
source mixing in terms of Sr-Nd isotopic composition.
Little is known about the old mantle protolith, but it
should inherit some features of the Paleozoic mantle,
which has been sampled by Ordovician kimberlites in
Mengyin (Zheng and Lu, 1999). The kimberlite-borne
peridotites [eng(?) =-5] are thus used as a mantle pro-
tolith during the model calculation. The result shows
that addition of a few percent of an upper crustal
component in an enriched mantle suffices to explain the
observed isotopic composition (Fig. 8b). Melting of
such a mixed mantle source would yield a melt in which
major elements are dominated by the mantle compo-
nents, while the trace element and isotopic composition
are governed by the crustal components.

The nature of the mantle source can further be in-
ferred by comparing the Yinan gabbros with experi-
mental melts (Falloon et al. 1988). Relatively low FeO
and TiO, contents in the Yinan gabbros (Fig. 6c, e) are
indicative of a refractory source. Occurrence of signifi-
cant amount of biotite and the high K,O content (>3%)
of the most “primitive” rocks suggests a hydrous,
potassic phase in the source region. Phlogopite and
K-rich amphibole may be the likely candidates. The
presence of water may trigger the melting of refractory
peridotites. As demonstrated by experiments and theo-
retical considerations, addition of only 0.3% H,O to
peridotites lowers its solidus by several hundred degrees
(Olafsson and Eggler 1983; Gallagher and Hawkesworth
1992). Moreover, the presence of H,O expands the Ol
primary phase volume such that Opx melts incongru-
ently to produce SiO,-rich melts (e.g., Kushiro 1972). As
a consequence, melting of hydrated peridotites will
produce melts with higher SiO, and lower FeO and CaO
than melts produced under anhydrous conditions.

It is worth noting that the Mesozoic magmas have
relatively lower Ni and higher Cr contents than Ceno-
zoic basalts at comparable MgO (Fig. 6g, h). Because Ni
is compatible in Ol and Cr is compatible in Cpx and
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spinel, the compositional characteristics of the Mesozoic source. Such a hybrid, Cpx-rich source can explain the
magmas imply a pyroxenite vein-plus-peridotite type comparable CaO contents in Mesozoic and Cenozoic
mantle (Foley 1992), rather than a pure peridotitic rocks (Fig. 6d).
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Mesozoic mantle domains beneath
Shandong Province

If crustal contamination is ruled out, the geochemical
composition of the Mesozoic mafic rocks can be used to
examine the spatial heterogeneity of the mantle litho-
sphere beneath Shandong Province. Correlation be-
tween geographic positions and the isotopic
compositions of mafic rocks is noted in this region.
Specifically, the lavas and mafic intrusions in the areas
(e.g., Jinan, Zouping, Tongshi), which are located west
of, but relatively distant from the Tanlu Fault (cf.
Fig. 11), show dominant EM1-like isotopic characteris-
tics (Iow eng but moderately low ¥’Sr/%Sr of <0.705),
whereas those from the proximity of the fault (e.g., Yi-
nan, Fangcheng) and from areas east of the fault (e.g.,
Jiaodong, Jimo) are all characterized by an EM2-like
signature (low exg and high ®’Sr/*Sr >0.709) (Fan et al.
2001; Zhang et al. 2002; Yang et al. 2004; this study). We
propose that two distinct mantle domains were probably
present beneath Shandong Province during the Meso-
zoic. The “lithospheric boundary” between the Meso-
zoic mantle domains most likely runs NE to SW,
roughly parallel to the Tanlu Fault, corresponding to a
longitude of 117-118°E (Fig. 11). This implies that the
Tanlu Fault is not a lithospheric boundary as previously
thought by Guo et al. (2003), although more data are
needed to confirm this argument.

Guo et al. (2001; 2003) and Fan et al. (2001) inter-
preted that the mafic magmas with EM1 signature were
likely derived from an aged, enriched mantle, which
probably was inherited from the Archean lithospheric
keel. Carbonatitic melt has been considered responsible
for this EM1-type mantle enrichment (e.g., Guo et al.
2003). In contrast, as discussed above, the formation of
the EM2-like signature may have been associated with
recycling of crustal components into the mantle source.
The NE-SW trending provinciality of Mesozoic mantle
domains suggests that such an EM2-like signature may
be an inherited feature of the subducted continental

crust during the Triassic North China-South China
collision (e.g., Jahn et al. 1999; Li et al. 1998; Zhang
et al. 2002). In this model, the mantle section above the
subducting slab acquired the EM2 signature through
interaction with fluids derived from the subducted con-
tinental slab, which lead to the fractionation of HFSE
from LILE. In contrast, the section beyond the sub-
duction-affected area remained intact.

The collision between the North China and South
China blocks is usually assumed to be related to
northward subduction because of the E-W orientation
of the Qinling—Dabie UHP belt (e.g., Yin and Nie 1993).
The Su-Lu UHP belt resulted from disruption of the
Dabie belt as a consequence of the Cretaceous strike-slip
movement along the TLFZ (Xu 1993). This tectonic
configuration would imply E-W oriented mantle do-
mains in the NCC with an EM2 type close to and an
EMI1 type distal to the Dabie UHP belt. The spatial
configuration of mantle domains in western Shandong
(Fig. 11) is somewhat surprising because the Mesozoic
sinistral displacement of the Su-Lu UHP belt along the
Tanlu fault (Xu, 1993; Li 1994) cannot transform the
composition of the mantle beneath western Shandong
from EM1 to EM2. Instead, it requires a westerly ori-
ented subduction of the Yangtze plate along the Su-Lu
belt. This is supported by seismic tomographic data that
show a westerly dipping slab from the Sulu UHP belt to
the interior of the NCC (Xu et al. 2001). It is possible
that the collision between North China and South China
may have started from the northeast in the late Early
Permian time (the Sulu belt) and ended in the southeast
in Late Triassic time (the Dabie belt) by clockwise
rotation (Zhang 1997). The roughly perpendicular ori-
entation of the Dabie and Sulu UHP belts may have
resulted from the irregular geometry of the passive
northeastern margin of the South China block prior to
collision (Yin and Nie 1993; Zhang 1997).

The intrusion of the Yinan gabbroic complex took
place at ~127 Ma, significantly postdating the Triassic
collision between North China and South China.

Fig. 11 Diagram showing two
spatially decoupled mantle
domains beneath Shandong
Province. Samples from western
Shandong have significantly
lower 87Sr/%6Sr than those from
eastern Shandong. Dashed line
denotes the possible boundary
that separates these two mantle
domains. Data sources: Jinan
gabbros and Zouping intrusion
(Guo et al. 2001; 2003); Yinan
and Tongshi (This study; Xu
et al. 2004); Fangcheng basalts
(Zhang et al. 2002); Jimo
basalts (Fan et al. 2001);
Jiaodong mafic dykes (Yang

et al. 2004)
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Available structural data suggest a change in the
deformational pattern from EW-oriented to NE-ori-
ented at circa 120-130 Ma (Yang et al. 2003). It is thus
likely that the intrusion of the gabbros was associated
with an extensional regime (Guo et al. 2001, 2003; Xu,
2001; Zhang et al. 2002). Therefore, the generation of
the Yinan gabbros may have proceeded in two steps.
The initially enriched mantle beneath eastern Shandong
may have been metasomatized by fluids derived from
subducted continental crust during the North China-
South China collision. This was followed by a post-
orogenic extension, which triggered the melting of
enriched components residing in the lithospheric mantle,
giving rise to the formation of the Yinan gabbroic
complex.

Conclusions

1. Mineralogical and textural data suggest that the
Yinan gabbros were not significantly affected by
cumulus processes. Low forsterite contents in Ol, and
the presence of alkali feldspar and biotite make the
Yinan gabbros very similar to the potassic gabbron-
orites from Black Hill, South Australia (Turner
1996). The Yinan gabbros likely represent the roof
zone of an intrusion where residual melts subsequent
to crystal segregation solidified. The close spatial and
temporal association of the volcanic and plutonic
igneous suites and their similar compositions lead to
the conclusion that they are expressions of the same
magmatic activity.

2. Integrated major, trace element and isotopic data
suggest that the Yinan gabbros were derived from
a hydrous vein-bearing, isotopically enriched litho-
spheric mantle. Magma generation in the CLM is
consistent with the widespread and protracted
extension during the late Mesozoic. The U-Pb zircon
age of this mafic intrusion, together with available
data for the Mesozoic magmatism, suggests that
~130 Ma marked an important period of thermo-
tectonic destruction of the lithospheric keel beneath
the NCC.

3. Isotopic data available for the Mesozoic mafic mag-
mas in Shandong Province suggest that two distinct
mantle domains, namely EM1- and EM2-like, were
present in western and eastern Shandong, respec-
tively. The “‘lithospheric boundary” between them is
located west of, but roughly parallel to the Tanlu
Fault. The development of such a lithospheric
configuration was probably related to westerly
continental subduction during the Triassic North
China-South China collision. Supported by seismic
tomographic data, this model implies that the
collision between North China and South China may
have initiated from the northeast in the late Early
Permian time and ended in the southeast in late
Triassic time by clockwise rotation.
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