Geochemical Journal, Vol. 37, pp. 63 to 77, 2003

Geochemistry of late M esozoic mafic magmatism in west Shandong
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The mantle lithosphere beneath the North China Block (NCB) was significantly thinned during the last
400 million years. Comparative studies of early Paleozoic and Cenozoic lithospheric mantle have shown
that the lost lithospheric mantle should be of similar character to an Archean enriched mantle reservoir,
but this hypothesis has been difficult to test due to the absence of basalt-born mantle xenoliths from the
late Paleozoic to Mesozoic. Late Mesozoic (early Cretaceous) mafic intrusive and volcanic rocks occur-
ring in west Shandong Province within the NCB are characterized by large ion lithophile element (LILE),
light rare earth element (LREE) enrichment and high filed strength element (HFSE) depletion (Nb, Zr, Hf
and Ti) aswell as EM1-like Sr-Nd isotopic ratios (initial 8Sr/%6Sr(i) = 0.7040 to 0.7055 and gy4(i) = —18.9
to —9.2), that originated from an aged and enriched lithospheric mantle. The inferred Mesozoic subconti-
nental lithospheric mantle (SCLM) mainly comprised chemically refractory peridotites with disseminated
phlogopite, completely different from that present in Cenozoic time. The Mesozoic SCLM was
geochemically and isotopically different compared with the early Paleozoic kimberlite-born peridotite
xenoliths that contain high modal proportions of phlogopite. These older xenoliths have no or insignifi-
cant HFSE anomalies but EM 2-like isotopic features that might represent the lowermost part of Archean
lithosphere. The widespread occurrence of EM 1-like Sr-Nd isotopic characteristics in basaltic magmas of
west Shandong Province during the late Mesozoic indicates that the most of the Archean lithospheric
mantle was progressively removed through thermal-mechanical erosion by a hot convective mantle, and

further modified by subsequent partial melting processes in response to extensional tectonics.

INTRODUCTION

The nature of the SCLM is of great importance
for understanding Earth’s evolution and basalt
petrogenesis. It is widely accepted that certain
kinds of mantle reservoirs correspond to the re-
gional tectonic environments (e.g., Hart, 1988;
Menzies, 1989; Boyd, 1989). For instance, beneath
cratonic regions such asin the Kapavaal, Siberia,
Wyoming and Slave Cratons (Pearson et al., 1995;
Walker et al., 1989; Carlson and Irving, 1994;
Griffin et al., 1999), the lithospheric mantle is

generally characterized by low Rb/Sr and Sm/Nd
aswell as an EM1-like isotopic signature. On the
other hand, EM2-like mantle reservoir is located
beneath circumcratonic terrains where crustal
material had been recycled into the mantle through
plate subduction (Boyd, 1989), while beneath
tectonically mobile Phanerozoic beltsare MORB-
OIB kind of mantle reservoirs (Menzies, 1989).
However, in some tectonically remobilized regions
such asin the eastern NCB, adecoupling phenom-
enon between exposed crustal rocks and subcrustal
mantle had occurred. This has been regarded as a
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result of lithospheric thinning or replacement by
newly-accreted MORB-like mantle (Fan and
Menzies, 1992; Fan et al., 2000; Menzies et al.,
1993; Zheng et al., 2001; Xu et al., 1995; Griffin
et al., 1998; Xu et al., 2000). To understand how
lithospheric mantle was removed is crucial for
understanding continental mantle accretion and
reworking processes, and basalt generation.

The NCB is known as one of the oldest conti-
nental blocks with recorded crustal age >3.8 Ga
(Liu et al., 1992). The occurrence of Ordovician
kimberlite-hosted diamonds and mantle xenoliths
suggests the survival of an Archean lithsopehric
keel that extended into the diamond stability filed
(180—200 km) prior to the early Paleozoic. In con-
trast, the NCB upper mantlein Cenozoic time has
been mainly composed of chemically fertile
peridotites with MORB-OIB-like Sr-Nd isotopic
compositions at 70-80 km depth, showing simi-
lar characteristics to oceanic basins and
tectonically mobile belts (e.g., Fan et al., 2000;
Menzies et al., 1993; Griffin et al., 1998; Xu et
al., 2000; Zheng et al., 2001; Yuan, 1996). This
means that at least 100 km of lithosphere in NCB
was lost during the last 400 million years. Com-
parative studies between early Paleozoic and
Cenozoic upper mantle indicate that the lost
lithospheric mantle should have geochemical char-
acteristics similar to that of the Archean
lithospheric keel, but this has not been confirmed
in most previous studies.

As an important stage for lithospheric evolu-
tionin NCB, undoubtedly, the nature of Mesozoic
lithospheric mantle is of great importance in dis-
cussing the following questions: (1) What kind of
mantle reservoir was predominantly removed?,
and (2) How did the lithospheric thinning process
proceed? Generally, lithospheric mantle can be
well constrained through geochemical investiga-
tions on mantle xenoliths and mantle-derived
magmatism. Due to the absence of Mesozoic man-
tle xenoliths, Guo et al. (2001) carried out
geochemical investigations on the late Mesozoic
mafic intrusions in west Shandong Province,
which were derived from decompressional melt-
ing of phlogopite-bearing garnet harzburgiteswith

EM1-like Sr and Nd isotopic ratios. Another ques-
tion arising is whether this kind of enriched man-
tle reservoir was predominant beneath the NCB
during Mesozoic time or it was only retained as a
residue after the majority of the Archean keel had
been removed. In order to characterize the lost
lithospheric mantle and to probe by what means
the lithospheric mantle was digested, we present
new geochemical and isotopic data of basaltic
lavas for Zouping in west Shandong Province, and
integrate the published data of roughly contem-
poraneous mafic intrusions from Jinan and
Zouping. One of our aimsisfocused on the source
characteristics of these Mesozoic mafic rocks so
that we can identify the Mesozoic SCLM from that
prevalent in the early Paleozoic and Cenozoic.
Besides this, an attempt to understand the
lithospheric thinning process and its relationship
with the Mesozoic melting event is also involved
in this paper.

GEOLOGICAL BACKGROUND
AND PETROGRAPHY

The general geology of the NCB has been
widely introduced in the previous publications
(e.g., Fanet al., 2000; Guo et al., 2001; Griffin et
al., 1998; Wang et al., 1998; Zheng, 1999). Gen-
erally, the basement consists of Archean to early
Proterozoic high-grade metamorphic rocks. As
revealed by studies of the early Paleozoic
kimberlite-hosted diamonds from Mengyin and
Fuxian, acold and thick Archean lithospheric keel
existed beneath the NCB. During the late
Mesozoic, the NCB was remobilized in response
to extensional tectonics (Ma, 1989), resulting in
the formation of a series of NE-trending fault ba-
sins accompanied by the emplacement of volumi-
nous granitic plutons and mafic magmas as well
aslarge-scale metal metallogeny. Thelithospheric
extension in this area attained its highest level
during the early Tertiary, followed by the opening
of Bohai Bay and extensive eruption of tholeiitic
lavas in the rift basins. The amount of extension
has diminished and only scattered volcanism has
occurred since the Neogene.
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Fig. 1. Distribution of late Mesozoic mafic magmatism in the North China Block (A) and geological map of the
early Cretaceous Zouping basaltic lavas (B). Data sources: Xialiache Basin (Zhou et al., 2001); Jiyang and
Huanghua basins (Fan’'s unpublished data); Jinan and Zouping mafic intrusions (Guo et al., 2001); Yanshan
mafic sills (Shao et al., 2001); Laiwu gabbroic diorite (Chi et al., 1994); the early Paleozoic kimberlites (Zheng,
1999; Chi and Lu, 1996); Zouping basaltic lavas (this study).

The west Shandong Province is located west
of the Tan-Lu Fault withinthe NCB (Fig. 1A). Late
Mesozoic mafic rocks are widely distributed in
the NCB, such as in Yanshanian Orogen (Shao et
al., 2001), Xialiaohe Basin (Zhou et al., 2001),
Jiyang and Huanghua basins (Fan’s unpublished
data), west Shandong Province including Jinan
(Guo et al., 2001), Zouping, Laiwu, and Mengyin
(Chi et al., 1994). At Zouping (Fig. 1B), the late
Mesozoic volcanics are bounded by Qingshan

Formation and whole-rock K-Ar dating result
shows that these vol canic sequence were erupted
at 128~130 Ma (Regional Geological Survey of
Shandong Province, 1991). They comprise mainly
basaltic trachyandesites and minor
trachyandesites. The vol canic sequence crops out
in subhorizontal layers of hundreds of meters
thick, overlying unconformably the late Jurassic
sandstones and shales or are intruded by late
Mesozoic mafic intrusions of 115 Ma (Tan and
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Lin, 1994; Lin et al., 1996). Basaltic samples are
very fresh, commonly exhibiting aphanitic to
weakly porphyritic texture with phenocrysts of
clinopyroxeneand olivineat 1to 2 mmgrain sizes,
whereas plagioclase phenocrysts are rare. The
groundmass is mainly composed of fine-grained
clinopyroxene and plagioclase (<0.2 mm) and a
few opague oxides like ilmenite and magnetite.

ANALYTICAL TECHNIQUES

All samples were crushed to mm-scale chips
after removal of weathered rims and handpicked
under amagnifier. Only fresh chips were selected
and washed by pure water in an ultrasonic bath.
Then these chips were crushed to <20 mesh in a
WC jaw crusher. A split was ground to <160 mesh
grain size in an agate ring mill, and this material
was used for mgjor and trace element analyses.
Major element analysis was carried out by a wet
chemical method at Changsha Institute of
Geotectonics, with analytical errorsless than 2%.
Trace element ICP-M S analysis was performed at
the Institute of Geology and Geophysics (IGG),
Chinese Academy of Sciences (CAS). Reproduc-
ibility is better than 95%, and the analytical error
is generally less than 5% for elements >10 ppm
and less than 8% for those <10 ppm.

Sr and Nd isotopic ratios were measured at
|GG, CAS. The <20 mesh rock chipswere leached
by purified 6N HCI for 24 hours at room tempera-
ture before dissolution. Sr and Nd isotopic ratios
were analyzed by a Mass Spectrum VG354 and
were respectively normalized to Sr/88Sr = 0.1194
and éNd/**Nd = 0.7219. For detailed descrip-
tion of the isotope analytical procedure, refer to
Guo et al. (2001). The analytical results for Nd
isotopic ratio of standard sample JMC is
0.511139 + 10 (n = 6) and Sr isotopic ratios of
NBS-987 is &7Sr/8Sr = 0.710250 + 10 (n = 10),
with whole procedure blanks lower than 5 x 1071°
g for Srand about 5 x 107 g for Nd. The anal yti-
cal errors for the Sr and Nd isotopic ratios are
given by 20 and ®Rb/®Sr and 147Sm/***Nd ratios
were calculated using the Rb, Sr, Sm and Nd abun-
dance measured by the ICP-MS analysis. Theini-

tial Sr-Nd isotoperatiosfor basaltic lavas are cor-
rected using a K-Ar age of 130 Ma.

RESULTS

Magjor, trace element and Sr-Nd isotope data
of late Mesozoic basaltic lavas from Zouping are
listed in Table 1. In order to characterize these
Mesozoic basaltic rocks, we carry out a compara-
tive study between the mafic intrusions reported
by Guo et al. (2001) and basaltic lavas in west
Shandong Province. Some remarkable
geochemical and isotopic features are summarized
below.

1. Both mafic intrusive and volcanic rocks in
west Shandong province exhibit alow Ti charac-
ter with the highest TiO, of 1.14% (Fig. 2). The
Zouping volcanic rocks generally have Mg# val-
ues less than 0.60 (Mg# = Mg/(Mg + >Fe) in
atomic ratio) and are magmatically evolved with
regard to the contemporaneous mafic intrusions.
Compared with mafic intrusions, the vol canic sam-
ples have relatively higher SiO, and lower MgO
contents (spanning a SiO, range from 53.0 to
56.30% with MgO of 3.78~6.16%) but higher in-
compatible element concentrations such as K,
(also Rb), Zr (also Nb, Hf) and Th (also U) (Figs.
2d, hand j). The lower compatible element abun-
dance like Fe and Cr in the basaltic samples may
be aresult of olivine and pyroxene fractionation
during magma evolution.

Asillustrated in Figs. 2a, c, f, and 3, the posi-
tive correlation between FeO* (as FeO + Fe,0,),
CaO, Cr, CaO/Al,0; and MgO indicate that
olivine and clinopyroxene are the major
fractionating phases during magmadifferentiation,
whereas plagioclase fractionation playsalessim-
portant role on the basis of negative correlation
between Al,O5, Sr and MgO (Figs. 2b and g). The
high Ba contents in both volcanic and intrusive
rocks as well as the random variation between
MgO and Ba (Fig. 2i) might suggest the existence
of phlogopite in the melting source.

2. Both mafic intrusions and volcanic samples
show similar chondrite-normalized REE patterns
with LREE enrichment and positive Eu anoma-
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Table 1. Major, trace element contents and Sr-Nd isotope data of the late Mesozoi ¢ basaltic lavasin west Shandong
Province of the NCB

Sample 98ZP-5 98ZP-6 98ZP-7 98ZP-8 98ZP-9 98ZQ-1  98Z2Q-3  97ZQ-5 98Z2Q-8  98ZQ-9 98ZQ-13
SiO, 54.60 54.10 54.38 53.40 54.32 55.90 55.54 56.14 54.70 55.62 53.00
AL O, 16.24 16.01 15.93 14.92 15.38 15.45 16.54 16.69 16.69 15.06 16.89
Fe,0, 2.95 2.87 3.25 6.35 3.99 5.21 3.68 3.33 3.07 4.76 3.92
FeO 5.28 6.00 5.82 2.48 4.60 3.94 4.43 4.46 527 3.22 5.40
CaO 6.87 7.58 6.98 6.18 7.31 6.25 3.82 7.05 6.98 7.31 7.80
MgO 493 5.79 4.81 6.63 5.55 4.71 593 3.78 3.87 5.51 6.15
K,O 1.55 1.06 2.24 2.89 2.65 1.67 1.53 2.54 3.31 1.87 1.56
Na,O 3.55 3.81 3.28 3.78 3.17 4.29 4.66 3.59 3.39 391 3.28
P,0Oq 0.41 0.42 0.38 0.39 0.39 0.43 0.46 0.43 0.41 0.24 0.54
MnO 0.12 0.14 0.16 0.14 0.14 0.13 0.12 0.15 0.15 0.08 0.14
TiO, 0.83 0.89 0.99 0.88 0.82 0.91 0.90 0.85 0.83 0.77 0.98
LOS 1.34 1.38 1.22 1.58 1.26 0.60 1.02 0.82 0.42 0.72 0.50
Total 98.67 100.05 99.44 99.62 99.58 99.49 98.63 99.83 99.09 99.07 100.16
Mg# 0.53 0.55 0.50 0.59 0.55 0.50 0.58 0.48 0.46 0.57 0.55
Cr 235.5 111.2 58.16 501.7 226.6 158.4 124.6 167.0 116.5 108.8 326.9
Rb 44.93 33.18 63.64 82.72 56.12 41.69 109.7 67.01 90.24 37.23 56.18
Sr 801 822 664 932 807 653 872 751 943 566 723
Nb 8.21 10.80 8.93 10.54 9.62 11.48 20.17 12.59 11.46 8.90 10.94
Ba 5010 3088 3011 2769 3470 2097 2944 2660 3073 2261 2925
Zr 185 117 94 139 134 104 201 129 140 87 11
Hf 391 2.60 1.98 3.44 2.98 222 4.72 2.93 3.00 2.05 2.64
Th 2.57 2.72 2.50 2.37 2.54 3.31 11.89 4.55 2.65 2.31 2.57
U 0.75 091 0.50 0.78 0.74 0.87 3.56 1.34 0.85 0.70 0.73
Y 15.34 17.04 14.89 16.8 16.02 17.41 16.53 18.05 19.53 16.88 19.91
La 22.09 24.28 18.08 21.18 21.41 24.66 31.85 24.39 25.46 16.16 23.82
Ce 46.29 52.04 40.34 43.07 45.44 48.74 63.82 51.73 54.26 38.83 53.01
Pr 5.72 6.18 4.62 5.97 5.62 6.18 6.84 6.22 6.67 4.80 6.62
Nd 24.05 26.09 20.58 21.18 22.98 27.53 28.78 26.36 28.79 20.19 26.51
Sm 5.14 4.78 4.84 5.52 5.07 5.78 4.03 5.15 6.82 3.79 5.31
Eu 431 3.23 2.75 2.56 3.21 2.87 3.08 2.80 343 2.00 2.62
Gd 3.97 5.15 3.63 5.30 4.51 5.18 5.49 5.50 6.15 4.45 6.21
Tb 0.58 0.64 0.45 0.60 0.57 0.71 0.62 0.67 0.72 0.57 0.72
Dy 2.61 3.25 2.04 3.49 2.85 2.78 2.79 3.30 3.94 3.21 3.76
Ho 0.56 0.59 0.63 0.69 0.62 0.73 0.58 0.70 0.84 0.58 0.76
Er 1.49 2.29 1.25 1.63 1.67 1.69 1.54 1.65 1.67 1.51 1.86
Tm 0.25 0.29 0.17 0.26 0.24 0.38 0.23 0.27 0.27 0.22 0.25
Yb 1.01 1.76 1.18 1.19 1.29 1.26 1.52 1.48 1.80 1.27 1.54
Lu 0.13 0.23 0.18 0.29 0.21 0.21 0.20 0.22 0.25 0.21 0.23
Eu*/Eu 2.82 1.98 1.92 1.43 2.04 1.68 2.00 1.63 1.59 1.48 1.39

87Rb/* St 0.1607 0.1167 0.2773 0.2568 0.2013 0.1846 0.3641 0.2581 0.2768 0.1905 0.2249
87Sr/AeSr 0.70495  0.70485  0.70515 0.70525  0.70504  0.70513  0.70493  0.70498  0.70524  0.70566  0.70438
20 2 +1 2 ] +1 2 +4 +3 +l 2 )
87SrA%Sr(i)  0.70468  0.70465  0.70468  0.70481 0.70470  0.70482.  0.70431 0.70454  0.70477  0.70534  0.70400
1ISm/4INd  0.1292 0.1108 0.1422 0.1575 0.1334 0.1269 0.0846 0.1180 0.1432 0.1135 0.1211
143INd/'*Nd  0.511750 0.511756 0.511838 0.511946 0.511808 0.511748 0.511739 0.511797 0.511755 0.511866 0.511810
2o 18 +7 10 +19 16 19 +10 *l1 8 9 +15

Eny(t) -16.30 -15.90 -14.78 -12.91 -15.23 -16.31 -15.83 -15.21 -16.42 -13.80 -15.01

Note: Theinitial S and Nd isotope ratios are corrected using the age of 130 Ma. Mg# = Mg/(Mg + JFe) in atomic ratio.

lies (Fig. 4a). In general, the volcanic samples  sions, respectively), possibly suggesting a more
have stronger LREE/HREE ratio and HREE  important role for garnet and/or smaller melting
fractionation than theintrusions (La/Y b, =8.60—  degree in the generation of the primary magmas
14.78 and Gd/Y by = 2.37-3.61 for basalticlavas ~ for Zouping basaltic lavas.

and 3.72-12.23 and 1.97-3.20 for mafic intru-
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Fig. 2. Variation diagramsfor major oxides and trace elements vs. MgO contents for mafic rocksin west Shandong
Province. It is clear that Zouping basaltic lavas have higher contents of “ mantle-incompatible” elements such as
K, Rb, P, Ti and Zr, Nb and lower compatible element abundance such as Fe, Cr than the intrusive samples. Data

of mafic intrusions are from Guo et al. (2001).

A remarkable feature observed in their primi-
tive mantle-normalized spidergrams is that these
rocks are characterized by LILE, LREE enrich-
ment (such as Ba, Sr and K) and significantly
negative HFSE (Nb, Zr, Hf and Ti) anomalies (Fig.
4b), completely distinguishable from most
intraplate volcanic rocks like MORB, OIB, alkali

basalts and kimberlites that usually show no or
insignificant HFSE anomalies (Sun and
McDonough, 1989). In addition, along-term LILE
and LREE enrichment relative to HFSE in the
melting source before magma generation can be
inferred from their high Ba/Nb and La/Nb (Guo
et al., 2001; Zhou et al., 2001; Shao et al., 2001).
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Fig. 3. MgO vs. CaO/Al,O4 plots for late Mesozoic
mafic rocks, showing an important role of olivine and
clinopyroxene fractionation during magmatic evolution.

3. Both intrusive and volcanic rocks in west
Shandong Province have an EM1-like signature
(the initial Sr/88Sr(i) = 0.7040 to 0.70546 and
Engli) =-18.9t0 -9.2) (Table 1 and Fig. 5), simi-
lar to Mesozoic mafic rocks from adjacent areas
within the NCB (Zhou et al., 2001; Shao et al.,
2001; Fan's unpublished data). With regard to the
early Paleozoic kimberlites and mantle xenoliths
(Zheng, 1999; Chi and Lu, 1996), they generally
show relatively lower initial **3Nd/**Nd and 8'Sr/
865y ratios. It is likely that these mafic magmas
originated from partial melting of an enriched
mantle reservoir, in which a LREE enrichment
process had occurred to produce the highly nega-
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mafic rocks. (a) showsthat both the intrusive and vol canic samples have LREE enrichment and positive Eu anoma-
lies, whereas LILE and LREE enrichment and HFSE depl etion are evident for all mafic rocksin (b). REE contents
(in ppm) for chondrite are from Taylor and McLennan (1985) and trace element abundance (in ppm) for primitive

mantle are from Sun and McDonough (1989).
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Fig. 6. Variation trends of La vs. La/Sm (a) and K,O vs. Ce/Yb (b), showing that variation in partial melting may
play more important role than fractional crystallization (FC) in the magmatic evolution of the mafic rocksin west

Shandong Province.

occur during or shortly before the melting event
(Guo et al., 2001).

4. Despite the similar geochemical and Sr-Nd
isotopic features of basaltic lavas and gabbros,
both of them were not comagmatic. Field evidence

tive gy4(i) values some time before the melting
event. On the other hand, the slightly enriched to
weakly depleted Sr isotopic ratios imply that the
melting sources were not dramatically enriched
in Rb, i.e., the LILE enrichment process might
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and geochronological data show that the basaltic
lavas were erupted earlier than the emplacement
age. As shown in Fig. 6, the covariance between
Laand La/Sm as well as K,O and Ce/Y b suggest
that the basaltic lavas were derived from asmaller
melting degree of the mantle source than the lig-
uids forming the mafic intrusions, corresponding
to their stronger LREE/HREE and HREE
fractionation. Most likely, both of mafic intrusive
and volcanic rocks were derived from a similar
source, but were generated through different melt-
ing degree.

DISCUSSIONS

Mantle source for late Mesozoic basaltic magmas
in NCB

A remarkable feature of the late Mesozoic
mafic rocks in west Shandong provinceis that all
of them show LILE, LREE enrichment and sig-
nificant HFSE depletion as well as EM1-like Sr-
Nd isotopic ratios, completely different from
MORB-OIB, island arc basalt (IAB) and continen-
tal flood basalt (CFB). Previous studies of late
Mesozoic mafic igneous rocks reveal ed that most
samples have escaped significant crustal contami-
nation during magmaascent and their geochemical
and isotopic features were mainly inherited from
their mantle sources (Guo et al., 2001; Shao et
al., 2001; Zhou et al., 2001). For Zouping basal-
tic lavas, the fact that they exhibit lower initial Sr
isotopic ratios than the younger mafic intrusions
(despitetheir evolved nature) tendsto indicate that
contribution from crustal contamination in their
origin may be negligible; thus their unusual
geochemical and isotopic characteristics were
mainly determined by partial melting degree and
source characteristics.

The highly negative HFSE anomalies and
Engli) values of the mafic rocks in the NCB re-
quired a long-term LREE enrichment relative to
HFSE before magma generation, which probably
resulted from long-term metasomatism by CO,-
rich fluids/melts as illustrated in a Zr/Sm vs. Hf/
Sm variation diagram (Fig. 7) (Dupuy et al., 1992;
Furman, 1995; Yaxley et al., 1991). Thisis also
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Fig. 7. Zr/Sm versus Hf/Sm variation diagram of the
mafic rocks, showing a positive correlation between
them, which appears to favor involvement of
carbonatitic metasomatismin the source before magma
generation (Dupuy et al., 1992). Data of PM and MORB
refer to Sun and McDonough (1989).

supported by the occurrence of Mesozoic carbon-
ate magmatism in NCB, such as at Laiwu basin,
Datong and other areas (Shao, personal commu-
nication) and the prevalence of CO,-rich fluidin-
clusions in diamonds (Zheng, 1999). For a
metasomatized lithospheric mantle, it is usually
considered that disseminated amphibole and
phlogopite in the lithospheric mantle generally has
HFSE depletion relativeto LREE, whereas veined
phlogopite has no or insignificant HFSE anoma-
lies (Bedini et al., 1997; Foley et al., 1996; |onov
et al., 1997). The Sr and Nd isotopic evolution
depends on the modal proportion of clinopyroxene
(cpx) and phlogopite (phlg) (Schmidt et al., 1999).
For instance, cpx is responsible for the evolution
of radiogenic Nd whereas Sr isotopic ratios de-
pends on the modal proportion of cpx/phlg since
the influence of phlg on the Nd-isotope evolution
is negligible because of its low partition coeffi-
cientsfor Smand Nd (lonov et al., 1997; Schmidt
et al., 1999). Thus meltsderived from veined phlg-
bearing peridotites will occupy distinguishable
trace element and Sr-Nd isotopic features (e.g.,
the degree of HFSE anomalies and initial Sr-Nd
isotopic compositions) from those derived by
melting of peridotites with disseminated
phlogopite.
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Fig. 8. £y(i) vs. initial 8"Sr/%8S (i) plots as an indicator of S and Nd isotopic evolution corresponding to modal
proportion of cpx/phlg (according to Schmidt et al., 1999). The low ratio of phlg/cpx implies that disseminated
rather than vein phlg existed in the melting source for the late Mesozoic NCB mafic magmatism.

Guo et al. (2001) noted that Mesozoic SCLM
beneath NCB revealed by high-MgO mafic intru-
sions from Jinan and Zouping in west Shandong
Province was mainly composed of chemically re-
fractory peridotites with predominance of phlg-
bearing garnet harzburgites. Trace element parti-
tioning coefficients (D-values) for Rb, Sr, Sm and
Nd between olivine, orthopyroxene, garnet, spinel
(major phases in mantle peridotites) and melt are
lower at least by a factor of 200 than those for
phlg and cpx (Kennedy et al., 1993). When the
content of phlg + cpx is above 5% in the
lithospheric mantle, the contribution of these ma-
jor peridotite phases to Sm, Nd, Rb and Sr in the
mantle reservoir can be negligible. The slightly
enriched to weakly depleted initial Srisotopic ra-
tios in these basaltic rocks imply that the modal
proportion of phlg/cpx spanned a range from
0.15:1t00.3:1 (Fig. 8). Thismeansthat phlogopite
had been retained in the SCLM in disseminated
form rather than in vein. Otherwise, the melting
source for Mesozoic mafic rocks should have also
developed extremely enriched Sr isotopic ratios
and insignificant or no HFSE anomalies just like
that for the early Paleozoic kimberlites (Bedini et

al., 1997; Foley et al., 1996; lonov et al., 1997;
Chi and Lu, 1996).

Comparison with Cenozoic and early Paleozoic
lithospheric mantle

The Cenozoic upper mantlein NCB is mainly
composed of chemically fertile peridotites, which
have MORB-OIB-like Sr-Nd isotopic composi-
tions (Zheng, 1999; Fan et al., 2000; Griffin et
al., 1992, 1998; Xu et al., 1995; Xu et al., 2000;
Yuan, 1996), similar to the mantle reservoirs be-
neath oceanic basins and tectonically mobile ar-
eas. The majority of present upper mantle was
considered to have formed through mantle accre-
tion by extraction of mantle-derived magmas and/
or replacement by newly-accreted peridotites in
response to lithospheric thinning process and ba-
saltic generation. It is evident that the Mesozoic
SCLM beneath the NCB is completely different
from that in Cenozoic both in lithological asso-
ciations and isotopic features. Thismeansthat the
ancient and enriched lithospheric mantle had been
almost entirely removed during the late Mesozoic
to Cenozoic thinning.

Wang et al. (1998) and Zheng (1999) reported
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that the early Paleozoic lithospheric mantle com-
prised mainly chemically refractory and
isotopically EM2-like garnet lherzolites,
harzburgites and eclogites with similar lithol ogical
associationsto Archean lithospheric keels such as
in the Kapavaal, Wyoming, Siberia and Slave
Cratons (Menzies, 1989; Pearson et al., 1995;
Walker et al., 1989; Griffin et al., 1999; Carlson
and Irving, 1994). However, these early Paleozoic
kimberlites and mantle xenoliths exhibit different
geochemical and Sr-Nd isotopic features from
those Mesozoic basaltic rocks in that they have
insignificant HFSE depletion aswell asEM 2-like
Sr-Nd isotopic compositions (Zheng, 1999; Chi
and Lu, 1996). The observed geochemical and iso-
topic differences between the melting sources for
early Paleozoic kimberlites and for late Mesozoic
mafic magmatism can be explained as a result of
different amounts of prior fluid/melt and wall-rock
peridotite interaction.

It is usually accepted that veined amphibole
and mica crystallize from melts or fluids in con-
duits whereas disseminated amphibole and mica
form asaresult of reaction of host peridotiteswith
fluids or melts in vicinity of the veins or due to
pervasive fluid/melt percolation. According to
Zheng (1999) and Wang et al. (1998), P-T esti-
mate shows that most of the mantle xenoliths
hosted in kimberlites equilibrated at depths >120
km. This implies that most of these mantle
xenoliths might represent the lowermost part of
the Archean lithospheric keel. Asrevealed by the
early Ordovician diamond-bearing kimberlites, the
lithosphere beneath NCB was cold and thick dur-
ing or before the early Paleozoic (Menzies et al.,
1993; Griffin et al., 1998; Chi and Lu, 1996). In
such environments, low-volume of mantle-derived
meltsare usually carbonatitic to kimberlitic at high
pressures, and are generated through very small
degrees (up to 1%) of melting (Dalton and
Presnall, 1998). This melt upwards for short dis-
tances and crystallizes in phlg veins at pressures
greater than 3.0 GPa as it encounters the colder
overlying lithosphere. Reaction between the melt
components and peridotite wall rocks can produce
inhomogeneous mixtures of phlg veins and

peridotites (Foley, 1992). This is consistent with
the strongly varied Sr isotope data observed in the
early Paleozoic kimberlites and their entrained
mantle xenoliths (Zheng, 1999; Chi and Lu, 1996).
In comparison with the early Paleozoic kimberlites
and their hosting xenoliths, the mantle source of
late M esozoic basaltic rocks was within the col der
lithospheric mantle; diffusive melt/fluid
metasomatism or pervasive fluid/melt percolation
had occurred in the lithosphere to form the dis-
seminated phlg due to the lowering of the amount
of melt/fluid-wall rock interaction (lonov et al.,
1997; Schmidt et al., 1999). Melts derived from
such a disseminated phlg mantle reservoir would
have strong HFSE depletion relativeto LILE and
LREE.

Implications for lithospheric thinning process in
NCB

Discussion of the lithospheric thinning proc-
essinthe NCB hasinvolved primarily: (1) whether
the lithosphere was rapidly attenuated or progres-
sively removed; and (2), what caused the exten-
sive Mesozoic melting event. Gao et al. (1998)
noted that the thick lithosphere beneath NCB had
been rapidly delaminated, followed by emplace-
ment of extensive mafic rocks and voluminous
granitic plutons and associated large-scale metal
metallogeny. However, numerical modeling shows
that a compositionally distinct Archean
lithospheric root consisting of depleted peridotite
can grow and remain stable during a period of
secular cooling, even within a hot convecting
mantle due to its intrinsically lower density and
temperature-dependent rheology (De Smet et al .,
1999). Hence, it isdifficult for chemically refrac-
tory peridotiteswith lower density to be destroyed
or delaminated unless they have been impacted
by an upwelling mantle plume or entrained by
lithospheric thickening related to plate subduction
or collision which triggers gravitational instabil-
ity. According to geophysical observations
(Engebretson et al., 1985; Yuan, 1996), there did
not exist westerly-dipping subduction of the an-
cient Pacific Plate nor an abnormally hot mantle
plume beneath NCB before the early Cretaceous.



74 F. Guo et al.

It is unlikely therefore that lithospheric thicken-
ing in response to plate subduction or impact by a
mantle plume occurred during or shortly before
the extensive melting event. Furthermore, as a
consequence of lower crust and lithospheric man-
tle delamination, OIB-like melts should have ap-
peared since the upwelling asthenosphere directly
underliesthelower crust; upwelling asthenosphere
would experience extensive melting in accordance
with the melting model proposed by McKenzie
and Bickle (1988). The absence of MORB or OIB-
like magmas in the NCB appears to indicate that
this sequence of events did not occur before the
early Cretaceous.

Lateral escape tectonics were well developed
in response to NE-trending and S-trending
indentors respectively by the Indo-Sinian Block
and Siberia Craton during the late Mesozoic
(Menzies et al., 1993; Hacker et al., 2000;
Ratschbacher et al., 2000); these indentors might
have initiated the lithospheric extension as well
as geothermal elevation from a cold and thick
lithosphere into a hot, thin and rift-related one.
During the early Cretaceous, the Tan-Lu wrench
fault system was at its maximum sinistral strike-
sliding motion, which was favorable to the rapid
dispersion of the extrusive materials and forma-
tion of extensional tectonics in the NCB (Xu et
al., 1987, 1993; Ma, 1989). Additionally, thermal
perturbation in response to the late Triassic colli-
sion between the Yangtze and North ChinaBlocks
had occurred during or shortly before the melting
event, which resulted in potassium-rich OIB-like
melt metasomatism and formation of disseminated
phlogopitein mantle peridotites (Guo et al., 2001).
Introduction of melt and/or fluid into the overly-
ing mantle peridotiteswould likely lead to the low-
ering of the solidus, triggering decompression
melting of the enriched lithospheric mantle once
the geotherm grazed the solidus of hydrous
peridotite. This model is consistent with the ob-
servations that the earlier basaltic lavas had un-
dergone asmaller melting degree whilst relatively
higher melting degrees during formation of the
younger mafic intrusions, as lithospheric thinning
proceeded.

Undoubtedly, the widespread exposure of
Mesozoic mafic rocks with EM1-like Sr and Nd
isotopic features within the NCB suggests the ex-
istence of aged and enriched lithospheric mantle
beneath the NCB, mainly inherited from an
Archean lithospheric keel. Based on the
geochemical and isotopic characteristics of the
early Tertiary basaltic lavas in the rifts around
Bohai Bay, many workers have proposed that the
enriched mantle still played an important role in
basaltic genesis and that some volume of Archean
lithospheric mantle might be still resided beneath
the NCB during the Cenozoic time (Xu et al.,
1995; Chen et al., 1992; Song and Frey, 1989).
Further evidence from Cenozoic basalt-born man-
tle xenoliths adjacent to the Taihanshan-
Daxing’ anling gravity zone indicates that the rel-
ict refractory mantle of Archean keel remains be-
neath the eastern NCB, where limited lithospheric
thinning has occurred (Zheng et al., 2001). As a
consequence of the aforementioned facts, the
Archean lithospheric keel beneath NCB appears
to have been progressively removed through ther-
mal-mechanic erosion by ahot convective mantle
and the induced partial melting process under
extensional tectonics.

CONCLUSIONS

Geochemical and Sr-Nd isotopic features of
late M esozoic mafic rocksin west Shandong Prov-
ince indicate their origins by melting of an aged
and enriched lithospheric mantle reservoir com-
posed of refractory peridotites with disseminated
phlogopite and Sr-Nd isotopic EM 1-like features.
Itiscompletely different from that underlying the
NCB in Cenozoic time, and also shows some
geochemical and isotopic differences with veined
phlogopite peridotites prevalent in the early
Pal eozoic that might represent the lowermost part
of the Archean lithosphere asaresult of long-term
and extensive fluid/melt-wall peridotite reaction.

The widespread exposure of late Mesozoic
basaltic rocksin theinterior of NCB also tends to
imply that the Archean lithospheric mantle was
predominant at least before the early Cretaceous,
and acted as the mantle sources for the extensive
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melting event. We thus conclude that the predomi-
nance of the lost lithospheric mantle was charac-
terized by an enriched mantle reservoir, which was
progressively digested through decompressional
melting process and thermo-chemical erosion by
a hot convecting mantle. Taking into considera-
tion the tectonic evol ution of the blocks surround-
ing the NCB, the lithospheric thinning event was
probably induced by lateral escape in response to
NE- and S-trending indentors respectively from
Indo-Sinian Block and Siberia Craton, incorpo-
rated with thermal perturbation related to the late
Triassic collision between the Yangtze Block and
NCB.
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