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Abstract Rare earth element (REE) contents, and Sr and Nd isotopic compositions were measured for three suites of mantle
xenoliths from the Kuandian, Hannuoba and Huinan volcanoes in the north of the Sino-Korean Platform. From the correlations
of Yb contents with Al/Si and Ca/Si ratios, the peridotites are considered to be the residues of partial melting of the primitive
mantle. The chondrite-normalized REE compositions are diverse, varying from strongly LREE-depleted to LREE-enriched,
with various types of REE patterns. Metasomatic alteration by small-volume silicate meits, of mantle peridotites previously
variably depleted due to fractional melting in the spinel peridotite field, can account for the diversity of REE patterns. The St/
Ba versus La/Ba correlation indicates that the metasomatic agent was enriched in Ba over Sr and La, suggestive of its volatile-
rich signature and an origin by fluid-triggered melting in an ancient subduction zone. The Sr and Nd isotopic compositions of
these xenoliths, even from a single locality, vary widely, covering those of Cenozoic basalts in eastern China. The depleted end
of the Sr-Nd isotope correlation is characterized by clearly higher "“*Nd/"**Nd and a broader range of *’Sr/*Sr compared to
MORB. The low-'*Nd/'**Nd and high-*’Sr/*Sr data distribution at the other end of data array suggests the existence of two
enriched mantle components, like EM1 and EM2. The correlations between “*Nd/**Nd and “’Sm/N*Nd ratios in these xenoliths
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suggest at least two mantle metasomatic events, i.e. events at 0.6—1.0 Ga and 280-400 Ma ago.
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1 Introduction

The geochemical evidence obtained from the studies of
the Cenozoic basalts in eastern China has provided the basis
for the establishment of the geochemical heterogeneity and
identified two isotopically distinct enriched mantle
components, the EM1 and EM2 within the subcontinental
mantle (e.g. Tu et al., 1989; Song et al., 1990; Basu et al.,
1991; Tatsumoto and Nakamura, 1991; Liu et al., 1994).
The geochemistry of the mantle xenoliths from several
basaltic volcanoes in eastern China has also revealed the
existence of these two mantle enriched components in the
lithospheric mantle (Song and Frey, 1989; Tatsumoto et
al., 1992). Moreover, Tatsumoto et al., (1992) pointed out
that the EM1 signals are shown mainly by the host basalts
and the EM2 signals by the mantle xenoliths. Hence they
argued that the EM2 domain is located in the lithosphere
just above the EM1 domain of the basalt source at the
lower level of the lithospheric mantle. Recent studies of
mantle xenoliths from eastern China focus not only on the
geochemical heterogeneities, but also on the mantle
processes responsible for the variations in geochemical
composition of the mantle (e.g. Ho et al., 2000; Zheng,

1998; Zhang et al., 2000; Zheng et al., 2001; Xu et al.,
2003). Although these studies have identified the existence
of the distinct mantle components, the mantle processes
responsible for their formation are still not well understood.

Trace element geochemistry of mantle xenoliths has
often been found decoupled from isotope geochemistry,
which is strongly suggestive of a complex chemical
evolution history of the mantle. Therefore, trace element
studies, especially, of the REEs, when combined with
isotopic studies, have been proven powerful not only in
identifying different mantle components, but also in
investigating the mantle processes that created the
geochemical heterogeneity in the mantle. In this paper we
present both trace element data mainly of rare-earth
elements (REEs) and Sr and Nd isotope data for nineteen
mantle xenoliths from three basaltic volcanoes in North
China. The main objective of this study is to investigate the
processes involved in the evolution of the lithospheric
mantle beneath eastern China.

2 Samples

Two major Precambrian domains are recognized in
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eastern China, the Sino-Korean and Yangtze Cratons, which
are surrounded by younger orogenic belts (Fig. 1). Nuclei of
Archaean age are firmly established for the Sino-Korean
Craton only. They are composed mainly of high-grade
granulitic terrains and greenstone belts (Yang et al., 1986).
Conventionally, these crustal nuclei are considered to be the
consolidated and aggregated parts of the Archaean salic
crust, and the main formation stage of the Sino-Korean
Platform is inferred to have started 2.5 Ga ago and to have
ended before 1.85 Ga (Yang et al., 1986; Zhang et al., 1986).
The mantle-derived xenoliths investigated in this study were
collected from three Cenozoic basaltic volcanoes, Hannuoba
in Hebei Province, Kuandian in Liaoning Province and
Huinan in liling Province, all located in the north of the
Sino-Korean platform (Fig. 1). From these three volcanoes
were sampled large volumes and many types of mantle
xenoliths, mainly lherzolites, harzburgites, dunites and
pyroxenites. Hydrous xenoliths containing amphibole,
phlogopite and mica are also present in small quantities in
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Fig. 1. Map showing the distribution of Cenozoic basalts in north

China and the sample locations.

these volcanoes. Detailed studies on the geological settings,
petrology and mineralogy of the host basalts and xenoliths of
these three volcanic fields have been reported by several
authors (e.g. Cong and Zhang, 1983; Lu et al., 1983; Luo,
1984).

The studied samples range in size from 20 to 30 cm
across. The modal mineral compositions of these xenoliths
are summarized in Table 1. They were estimated mainly
from mineral grain counting after crushing the whole rocks
into 0.4 mm size. This procedure was chosen over point-
counting of thin sections because the mineral sizes are too
large to obtain reliable results by point counting, and it is
relatively easy to distinguish the minerals by color in the
xenoliths. According to their mineralogical compositions,
most of the xenoliths studied here are lherzolites.

Lherzolite and harzburgite xenoliths consist of a mosaic
of subhedral to anhedral olivine, orthopyroxene and green
clinopyroxene, with minor spinel; grains are generally 1 to 5
mm in size. One lherzolite sample (C-A) contains about 3%

amphibole; amphibole and clinopyroxene minerals were

separated from this sample for isotope analysis.

Deformation textures, such as undulose extinction and

weak foliation in olivine or pyroxene, are visible in both

host lherzolite and clinopyroxene-rich veins. Two

Iherzolite xenoliths (H-1 and X11) veined by pyroxenite

were selected to study the geochemical relationship

between the pyroxenite vein and the host lherzolite. The

clinopyroxenite veins in lherzolites are generally 15 to 40

mm wide and contain olivine and minor spinel. The

composite xenolith H-1 contains two veins (H-la and H-

Ib), which are both about 3 cm thick and 10 cm apart from

each other. The wall-rock sample H-1 was cut from the

portion 2 to 6 cm apart from the border of the vein a (H-

la). The wall-rock sample X-1l was the section 2 to 5 cm

apart from the vein-host contact.

The pyroxenite xenoliths studied here can be further
divided into garnet pyroxenite and spinel or olivine
pyroxenite. The clinopyroxene and orthopyroxene show
a polygonal mosaic of grains, suggestive of textural
equilibrium. Some large pyroxene grains show
undulatory extinction, while other grains show lamellar
structures. One pyroxenite contains garnet, and seems to
be altered by melts or fluids, because dark brown
material was found between minerals under the
microscope. Although fluid inclusion trails are present in
lherzolite minerals, such inclusions are bigger and more
abundant in pyroxenite and clinopyroxene-rich veins.

3 Experimental Procedures

The major element compositions of the xenoliths were
determined by X-ray fluorescence method. Whole rocks
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and minerals were analyzed for both trace element and
isotopic compositions. For whole-rock analyses, the central
fresh part of the xenoliths was used in order to avoid possible
contamination by host magmas. The minerals, most of which
were clinopyroxenes, were separated by hand-picking from
the whole rocks after being crushed into pieces of ~0.4 mm
diameter. Prior to chemical decomposition, the minerals
were ultrasonically washed with distilled water, then with
2M HC1, followed by dilute HF (5%) and finally by distilled
water.

The trace element abundances were measured by the
single spike isotope dilution method on a JEOL JMS-05RB
mass spectrometer in the Department of Chemistry, The
University of Tokyo. Chemical blanks are negligibly small
for the analyzed trace elements. The absolute uncertainties
involved in the isotope dilution analyses were 0.5%—2% for
all of the analyzed elements. Sr and Nd isotopic
compositions were determined on a VG354 mass
spectrometer equipped with five Faraday collectors. The
isotope ratios were normalized to ®'Sr/%Sr=0.1194 for Sr and
to "*Nd/"“Nd= 0.7219 for Nd. The average "“*Nd/'**Nd for
the La Jolla Nd standard was 0.511846+0.000016 (n=10)
and YSr/*Sr for the NBS987 Sr standard was
0.71024520.000022 (n=12) during the measurement period
of these samples.

ratios) do not suggest that they are primitive. The
pyroxenite xenoliths and veins are distinguished from the
peridotites by their low Mg/Si ratios. The Al/Si and Ca/Si
ratios for them are variable, which shows control by the
mineral assemblage of clinopyroxene, garnet and
orthopyroxene.

The trace element abundances are listed in Table 3, and
the chondrite-normalized REE patterns shown in Fig. 2.
Since clinopyroxene is the main REE and Sr bearing
mineral (Stosch and Lugmair, 1986; Stosch et al., 1986;
Song and Frey, 1989), the clinopyroxene separates, rather
than the whole rocks, were measured for most samples. For
two samples, the trace element abundances of both
clinopyroxene separates and bulk rocks were analyzed.
The REE patterns of the clinopyroxene separate and bulk
rock of sample A-21 have almost the same shape, suggesting
the dominance of clinopyroxene as REE-containing mineral
phase (Fig. 2a). In contrast, clinopyroxene separated from
garnet pyroxenite (J112C3) has a clearly different REE
pattern from the whole rock. The clinopyroxene has a
convex-upward REE pattern, while the REE pattern of the
bulk rock is flat from Sm to Lu with an upward pattern from
Sm to La. This discrepancy between the clinopyroxene and
the bulk rock indicates the importance of garnet as the
HREE-containing phase as well as the existence of LREE-
enriched phases.

4 Results Table 1 Mineral modes (volume %) of mantle xenoliths from northern China
4.1 Maj or and trace elements Sample Olivine Opx Cpx Spinel Garnet Amph Rock type
Table 2 lists the major element Kuandian
compositions of the samples. The C-A 58 21 17 ! 3 Lherzotite
peridotite samples have MgO J18CT 55 26 186 0.4 Lherzolite
. 120C18 60 22 17 1 Lherzolite
contents ranging from 34% to .
43.8%. but their M b J36C3 64 181 17 0.9 Lherzolite
7 ut their Ve nu;n CIS are 150C3 72 15 12 1 Lherzolite
relatively constant (Mg'=87-92). 5112C3 10 34 439 0.4 7.1 Websterote
The A1,0; and CaO contents vary Hutinan
from 0.89% to 3.92% and from A5 65 2 123 0.7 Lherzolite
0.5% to 3.55%, respectively. The A-18 60 26 13 1 Lherzolite
distributions of Mg/Si, and Ca/Si A0 70 22 7.2 0.8 Harzburgite
vs. AlSi of these samples, A2l 29 29 41 1 Websterite
together with those of the spinel A2 65 24 101 0.9 Lherzolite
and garnet peridotites from eastern A2 66 #5 8.3 t Lherzolite
China follow a  general A2 57 23 191 0.9 Lherzolite
T . . Hannuoba
geochemical fractionation trend,
. H-1 56 27 16 1 Lherzolite
with the more refractory samples o
basalt d leted) lotting closer to H-la (vein ainH-1) 6.5 43 485 2 Websterite
( . S? ep p & H-lb (veinbin H-1) 235 20 56 0.5 Webstente
olivine-rich end member. Two Ho 61 37 \ Websterite
samples (H-1 and J118C7) have H-3 68 24 7 ] Harzburgite
the Mg/Si ratios lower than the H-4 50 28 20 2 Lherzolite
estimated  primitive  mantle, X-1 55 26 182 0.8 Lherzolite
although their AI/Si ratios (and X-lla(veininX-11) 20 25 54 1 Websterite
X-14 55 30 14 1 Lherzolite

also their Sr and Nd isotopic
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Fig. 2. Chondrite (Leedey)-normalized REE abundances of the mantle xenoliths.
The hatchures area in diagram b is the distribution of clinopyroxene separates from abyssal peridotites studied by Johnson et al. (1990), and in diagram d is that

of host harzburgite at < 15 cm from the vein-host contact (Bodinier et al., 1990).

Analyses of both minerals and bulk rocks show diverse
REE compositions. The REE patterns of the clinopyroxene
separates and the bulk rocks both vary from LREE-
enriched to LREE-depleted types (Fig. 2b & 2c). Moreover,
the absolute HREE contents are also highly variable. As
compared to the clinopyroxene separates from abyssal
peridotites, the clinopyroxenes studied here are more
LREE-enriched and generally have higher HREE contents.
Concave LREE, or spoon-shaped REE patterns were found
in two therzolite samples. One harzburgite and an olivine
sample have U-shaped REE patterns, with depletions of the

middle REEs. Among the bulk rocks, the harzburgites have
the lowest heavy REE contents.

The clinopyroxenes from pyroxenite xenoliths or veins
show two types of REE patterns, LREE-depleted and
convex-upward REE patterns (Fig. 2a & 2d). The former
was found in samples A-21 and X-11; the latter was found
in samples J112C3, H-1a and H-1b. The convex-upward
REE patterns are very similar to those of clinopyroxene
megacrysts formed at depth in equilibrium with basaltic
magmas from Kuandian and Hannuoba (Liu et al., 1992a).
The clinopyroxene separates and the bulk rock of the
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pyroxenite xenolith A-21, and the bulk-rock pyroxenite vein
and the host lherzolite of sample X-11 have identical LREE-
depleted patterns. In summary, the pyroxenite xenoliths or
veins that contain higher olivine and orthopyroxene have
LREE-depleted patterns, while those with dominant
clinopyroxene have the convex-upward REE patterns.

Although the pyroxenes separated respectively from the
pyroxenite veins (H-1a and H-1b) have similar convex-
upward REE patterns, the pyroxenes from the vein H-la
have relatively higher HREE and La and Ce contents. The
clinopyroxenes from the host lherzolite (H-1) have a similar
convex-upward REE patterns from La to Dy to the vein
pyroxenite, but show an increase from Dy to Lu.

4.2 Sr and Nd isotopic compositions

The Sr and Nd isotope ratios measured for these
xenoliths vary from 0.702437 to 0.705749 and 0.512619 to
0.513321 (Table 3 and Fig. 3), respectively. The highest
Nd isotope ratio found by Song and Frey (1989) in the
Hannuoba peridotite xenoliths is 0.5135. The Nd isotope
ratio of "*Nd/'**Nd=0.5113 found by Tatsumoto et al.
(1992) in the Hannuoba phlogopite pyroxenite, and a ratio
of "“Nd/'**Nd=0.511865 in this work in a pyroxenite
sample, which are not plotted in Fig. 4, form the other
extreme of the data array. The large variation in isotopic
composition of the mantie xenoliths strongly demonstrates

the geochemical heterogeneity of the mantle sampled as
these xenoliths. The array end with high Sr and low Nd
isotope ratios tends to stretch out respectively towards
EMI1 and/or EM2. Comparatively, the host basalts of these
mantle xenoliths have very constant Sr and Nd isotopic
compositions.

The isotopic analyses of individual mineral separates
and host bulk rocks, and the pyroxenite veins and their wall
rocks demonstrate the isotopic disequilibria. Whole rock
sample J112C3 has higher ¥'Sr/*Sr and lower '*Nd/**Nd
ratios than the separated minerals. Two composite
xenoliths (H-1and X - 11) have been analyzed for Sr and
Nd isotopic ratios for both host lherzolite and pyroxenite
veins; in both cases, the veins are higher in radiogenic Nd
but lower in radiogenic Sr isotopes than the hosts. In
addition, the two veins in H-1 lherzolite arc also different in
both Sr and Nd isotopic compositions. However, the
opposite case has been also found by several authors (Song
and Frey, 1989; Tatsumoto et al, 1992). All Nd isotope
data from comparative studies on pyroxenite veins and
wall rocks for composite xenoliths from Hannuoba are
plotted in Fig. 4, which show that the
clinopyroxenes of veins and host lherzolites have different
Nd isotopic compositions, but the bulk samples of veins and
hosts do not show any significant difference.

clearly

Table 2 Major element compositions of mantle xenoliths from northern China

Sample Si0, TiO; Aly0; Fex03 FeO MnO MgO Ca0 Na,0 K»0 P0s Mg
Kuandian
C-A 490 0.1 285 2.17 660 0.14 3781 3.10 048 003 001 87
1118C7 4127 0.15 305 139 728 0.14 3639 346 062 0m o 84
120018 4650 012 350 om 671 015 3814 343 09 o0 001 %09
136C3 4462 012 300 18 70 0.14 3809 3.10 071 008 (11073 887
1503 8379 0.10 261 200 706 014 4200 251 031 004 o0 894
1123 5146 040 831 237 479 0.14 2032 1133 075 08 o 89
Huinan
AlS 4601 0m 150 019 633 014 4096 250 030 003 001 918
A-18 4692 015 265 192 635 013 3820 355 045 o4 001 894
A20 4418 08 089 175 719 013 4379 089 033 0 001 899
A2l 4855 0% 715 229 426 012 2631 890 069 004 001 881
A5 4513 02 243 063 718 on 4142 109 026 0.10 006 %05
A 4450 03 175 1@ 691 013 29 050 020 0.10 006 907
A 4602 on 255 220 660 0.14 3806 333 0356 o 0ot 887
Hannuoba
H-la 5282 028 4% 442 313 010 2446 1249 061 002 001 )
H-1b 4959 021 366 052 318 010 2380 1666 09 0B 001 3
H-2 5172 044 329 578 741 019 2424 458 048 o 001 T4
H-3 45.10 003 15 220 640 0.13 4097 197 066 0w 000 897
H-4 4893 014 e 27 417 013 339 370 071 0 000 200
X-1 4466 on 315 233 788 015 3720 275 042 om 0w 860
X-1la 4893 028 869 256 3% 0.12 2491 898 066 o 0w 878
X-14 4330 0.10 266 883* 013 4090 197 021 001 o 01

Note: * denotes total iron (data obtained by wet chemistry).
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Fig. 3. Sr and Nd isotopic compositions of the mantle xenoliths.
Part of the data for the mantle xenoliths of Hannuoba and Kuandian are from Song and Frey (1989) and Tatsumotoet al. (1992). The data defining the host
basalt areas are from L et al  (1992b) and Song et al. (1990).
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5 Discussion

5.1 Melting processes

Depletion of basaltic components and radiogenic Sr,
and enrichment of radiogenic Nd isotopes in the
peridotites as compared with the bulk earth are
suggestive of origins of the peridotites as residues of
partial melting of primitive mantle, although a number of
peridotite xenoliths show the LREE enrichment. Based
on a world wide survey, McDonough and Frey (1989)
found that CaO and Al,O; contents decrease with
decreasing HREE abundances in peridotite xenoliths.
This is because the HREEs have similar partitioning
behavior with the basaltic components, such as Ca and
Al, and mantle metasomatism does not significantly
disturb the distributions of the HREEs relative to the
LREEs. Hence such correlations should be the result
mainly of mantle melting.
Unlike the light REEs, which are often decoupled from
the major elements, the heavy REE abundances in these
xenoliths are correlated with the Al/Si, Ca/Si and Mg/Si
ratios (Fig. 5). The Yb abundances are positively
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correlated with the Al/Si and Ca/Si, and negatively with the
Mg/Si. The Yb abundances in clinopyroxenes, however,
are not correlated with the major element ratios of their host
peridotites, presumably because the Yb distribution in
clinopyroxene is not completely controlled by the major
element composition of their host peridotites, or that the
HREE:s in peridotite are not dominantly accommodated in
clinopyroxene.

The estimated primitive mantle also falls within the
distribution trends of the mantle xenoliths in the figure,
which is suggestive of formation of these mantle xenoliths
by different degrees of magma extraction from the
primitive mantle. Therefore, the variations in major
element ratios and the Yb abundances can be used to
estimate the degrees of magma extraction of the mantle
according to mass balance. However, it is difficult to
quantify the degree of partial melting of the mantle
because of the difficuities to choose the chemical
compositions of the extracted magma and primitive
mantle. It can be summarized that the variations of
basaltic components and HREEs in the peridotite
xenoliths do suggest that the mantle bad undergone
various degrees of partial melting.

5.2 Melt/fluid metasomatism
5.2.1 Origin of the diverse REE patterns

The REE patterns observed for the clinopyroxene
separates and whole-rock peridotites are diverse: many
REE patterns of whole-rock peridotites and their
clinopyroxene separates are LREE-enriched, among
which some are U-shaped and some show “spoon-
shaped” LREE patterns. One lherzolite from the
Kuandian area contains amphibole, and clinopyroxene
and amphibole separates from this xenolith show
considerably LREE-enriched patterns (Fig. 2b). These
types of REE patterns must have been derived from
enrichment processes affecting large ion lithosphile
elements due to magma/fluid metasomatism.

A chromatographic-type melt migration process acting
on a LREE-depleted mantle composition is most likely
responsible for the origin of the variable LREE-
enrichment, especially the U-shaped REE patterns (e.g.
Navon and Stolper, 1987; Bodinier et al., 1990; Kelemen
et al., 1990; Hauri and Hart, 1994). In this model, the
degrees of LREE-enrichment, or variations in shape of
REE patterns depend on the time for the melt to pass
through the mantle column or on the distance from the
input point of the melt. However, judging from the
covariations between the Yb abundances and the major
element contents, it may be that these peridotites were
formed as the residues of magma extraction of different
degrees. Therefore, the REE compositions of these

peridotites are better interpreted as the products both of
partial melting of variable percentages and mixing with
different amounts of a small-volume melt strongly enriched
in incompatible elements. This model has been employed
by many authors (e.g. Frey and Green, 1974; Song and
Frey, 1989) to account for the enrichment of incompatibie
elements in depleted mantle rocks.

The harzburgite H-3 has a U-shaped REE pattern, a
relatively high MgO content, and low A1,0; CaO and
HREE contents, while the spinel lherzolite H-4 has the
lowest MgO and highest CaO and A1,0; contents among
these peridotite xenoliths. This striking contrast in the
chemical composition for these two peridotites shows that
they experienced remarkably different degrees of melt
extraction. A model calculation carried out to constrain the
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Fig. 5. Major element versus Yb plot for the mantle xenoliths from
north China.

The major element data of the primitive mantle are from McDonough (1990), and the
YD content of the primitive mantle from Hofmann (1988).
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origins of the REE patterns of these two peridotites shows
that the U-shaped REE pattern of the harzburgite H-3 and
the spoon-shaped REE pattern of the spinel lherzolite H-4
are well modeled through mixing 1% mass of melt with the
depleted mantle residues formed by 15% and 6% fractional
melting respectively of the primitive mantle (Liu et al.,
1996). The REE compositions of the peridotites depend on
the melting degree and mineralogy of the initial source and
residues. A simple LREE-enriched pattern without U-shape
and spoon-shape could be produced by mixing a relatively
large amount of melt with residual mantle.

5.2.2 REE geochemistry of vein-host interaction

The REE patterns of clinopyroxenes from two veins in
the Therzolite H-1 are generally similar, but have differences
in HREE contents (Fig. 2d). This indicates that the magmas
in equilibrium with these two veins probably had different
REE compositions, though these two veins formed just 10
cm apart. The clinopyroxene separates from the host xenolith
have a REE pattern similar to those of the two veins, but
with a progressive increase from Dy to Lu. This is similar
to the observations of Bodinieret al. (1990) for the host
harzburgite at < 15 cm from the contact of a 65cm
harzburgite perpendicular
pyroxenite vein from the Lherz massif. These patterns have
been interpreted by the authors (Bodinier et al., 1990) as
being due to the diffusion-controlled metasomatism by a
silicate melt. The REE patterns of the bulk-rock vein and
host for the composite xenolith X-11 are not
distinguishable. These observations indicate that the

section to an amphibole

pyroxenite veins and host lherzolites at <10 cm from the
vein-host border can approach to chemical equilibrium.

As discussed above, the pyroxenite xenoliths and veins
have two types of REE patterns, and hence the melts from
which they were crystallized might be different. Assuming
that thesc pyroxenite xenoliths and veins were once
equilibrated with their parent magmas, the REE
compositions of their parent magmas can be calculated
based on mineral/melt bulk partition coefficients. The
calculated REE patterns indicate that their parent magmas
were not their host alkalic basalts and also not the tholeiitic
basalts in the Hannuoba volcano (Liu et al. 1996). The
calculated REE compositions are characterized by
significantly high HREE contents, as compared with the
erupted basalt magmas, and might have originated from
large-degree partial melting of spinel-stable peridotite
mantle. Moreover, the magmas equilibrated with the
pyroxenites with convex-upward REE patterns show high
LREE-enrichment as compared with those equilibrated
with the pyroxenites which have LREE-depleted patterns.

5.2.3 Metasomatic agent(s)

Two main types of metasomatizing agents are generally
invoked in most interpretations of the metasomatized
mantle peridotites; silicate melt and H,O- or CO,-rich, or
H,0O-Na(l fluid (e.g. Frey and Green, 1974; Gurney and
Harte, 1980; Stosch and Seek, 1980; Menzies and Murthy,
1980; Boettcher and O'Neil, 1980; McDonough and
McCulloch, 1987; O'Reillyand Griffin, 1987, Brenan,
1993; Coltorti et al, 1999). On the basis of the
geochemical  characteristics of the SE China
clinopyroxenes, Xu et al. (2003) suggested that the mantle
beneath SE China has undergone metasomatism either by
sequential events with different compositions (one silicate
and one carbonatitic) or by a single event with a complex
silicate fluid rich in both H;O and CO, components.
Aspects of the chemical interactions of both types of the
metasomatizing agents with the mantle country rocks
through which they traverse can be described by a
chromatographic column model (Navon and Stolper,
1987). The peridotites with modified chemistry veined by
pyroxenites provide at least some direct evidence that
metasomatism was dominated by magmatic processes.
Basaltic melts migrating through mantle matrix will make
their country rocks enrichment in basaltic components and
HREEs and depletion in Mg and Ni, and infiltration of the
melts from conduits into the host refractory peridotites can
result in both cryptic and modal metasomatism (Bodinier et
al., 1990). Therefore, in the case of the mantle xenoliths
studied here, the silicate melt(s) from which the
pyroxenites were precipitated most likely metasomatized
the mantle. However, volatile-rich fluid must have played a
key role in the metasomatic processes, because the
chemistry of metasomatism is better interpreted in terms of
crystal/fluid partitioning, as discussed in the following.

Sr/Ba and La/Ba ratios in the peridotites and pyroxenites
vary over three orders of magnitude (Fig. 6). The
clinopyroxene separates from peridotites, pyroxenite
xenoliths and veins generally have high Sr/Ba and La/Ba
ratios relative to the whole rocks, because of the different
cpx/melt and bulk-rock/melt partition coefficients for these
elements. Nevertheless, the data for both clinopyroxene
separates and whole rocks show a similar distribution trend.
One may suspect the data array to be the result of different
degrees of magma extraction since the Sr/Ba and I.a/Ba
could be significantly fractionated during melting
processes. However, both ratios do not show systematic
change with variation of elemental abundances in these
xenoliths, and this argues against a partial melting process.
Consequently, the data distribution in the figure is better
interpreted in terms of mixing between two components
due to mantle metasomatism. The end of the data array with
high Sr/Ba and La/Ba ratios reflects the depleted mantle,
and the model depleted mantle plots close to this end. The



1118

Mantle Processes in Mantle Xenoliths from Volcanoes in Eastern China

Liu et al.

other end has element ratios even lower than those of the
Cenozoic basalts in eastern China, so the possibility that
basaltic magmas played the part of the metasomatic agent
can be ruled out. Mixing with a component with much lower
St/Ba and La/Ba ratios is needed to create the observed
mixing trend.

From the correlation shown in Fig. 6 and the LREE-
enriched REE patterns shown in Fig. 2, the metasomatism
agent should have had a signature of high LREE/HREE,
and low La/Ba and Sr/Ba ratios. Such low element ratios
have been often found in phlogopite-bearing xenoliths, e.g.
the phlogopite peridotites from Kimberley of South Africa
and the phlogopite clinopyroxenite nodules from the
Roccamonfina Volcano of Italy. The formation of these
phlogopite xenoliths, regardless of their shallow (crust)
level (Giannetti and Luhr, 1990) or deep (mantle) level
origin (Hawkesworth et al., 1990), must have been related
to a volatile-rich fluid. Such an alkali-chloride-rich aqueous
fluid not only has high fluid/mineral and fluid/melt
partition coefficients but also shows a strong fractionation
of some trace elements, and is considered to play an
important role in forming calc-alkaline arc magmas by
melting of the mantle wedge above the subducted slab and
transporting trace elements in the subduction zone (e.g.
Tatsumi et al., 1986; McCulloch and Gamble, 1991; Davies
and Stevenson, 1992; Ayers et al., 1995; Keppler, 1996).
The fluid calculated to be in equilibrium with the mantle
peridotite has ratios low enough to account for
the lowest ratios in the xenoliths, as shown in

effect of mantle processes on the isotopic composition of the
mantle.

The data on Hannuoba xenoliths, combined with those
previously published by several authors, permit a detailed
analysis of the timing of the mantte processes. The majority
of the data tend to fall on or close to a straight line, the slope
of which corresponds to an age of 335 Ma. One phlogopite
pyroxenite studied by Tatsumoto et al. (1992) and one
pyroxenite studied in this work have remarkably low
“ISm/"Nd and '"“Nd/'**Nd ratios, indicating old ages for
melting events. One of these two xenoliths has a model age
of about 2.7 Ga, but the other has a model Tcyyg age older
than the earth. Combined with the primitive and depleted
mantle, these two pyroxenite and several peridotite xenoliths
fall along a straight line with 2.7 Ga reference age. The data
distributions of xenoliths from the Huinan and Kuandian
areas in the figure may be best depicted by two reference
isochrons. These isochrons yield reference ages
respectively of about 0.6-1.0 Ga and 280—400 Ma. The
ages of “isochrons” shown in the figure are suspectable,
because original isotopic signatures of the mantle are
subject to modification by later geochemical processes.
However, the positive relationships between Sm/Nd and
Nd isotope ratios suggest that at least two or more mantle
events took place a relatively long time ago and are
responsible for the isotopic composition of the mantle. Since
the isotopic compositions are decoupled from the major and

Fig. 6. The candidate for the metasomatic 1000 -4 © WR peridotite

agent that could produce the extremely low St/ ® Cpx in peridotite

Ba and La/Ba ratios in the enriched mantle may 4 WR pyroxenite and vein A °

be the fluids generated in an ancient subduction 100 { | 4 Cpx in pyroxenite ° o

zone due to the dehydration of subducted slab, Depleted mantle A ¢o

or a volatile-rich silicate melt formed by fluid- 10 4 Primitive mantle o

triggered melting in the mantle wedge above § ,

the subducted slab, or formed by low-degree & g;lgfggil:: Basalts of China

melting in the lower portion of the mantle. In ' xenolith

any case, the involvement of fluid extremely Fluid equilibrated with
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geochemical signatures of the enriched mantle. 001 i deplete:i mantle La/Ba:=0.00084 |

5.3 Timing of mantle processes 0001 ool o1 ! 0 100
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The information recorded in the model ages
of these xenoliths suggests multiple events in
the evolution history of the mantle. In Fig. 7,
we have plotted the data for samples from the
three volcanoes into Sm-Nd isochron diagram.
Positive correlations between "’Sm/'**Nd and
"SNd/"*Nd are observed for these three suites of
mantle xenoliths, which suggest a long-term

et al. (1994);

Fig. 6. Sr/Ba versus La/Ba variation of the mantle xenoliths from north China.
Data sources: depleted and primitive mantle from Hofmann (1988); basalts of China from Liu

phlogopite pyroxenite xenoliths from Giannetti and Luhr (1990). The fluids

equilibrated with the pnmutive and depleted mantle were calculated as fluid/rock partition
coefficients (D™¥°%), which were obtained from the equation DT DMIpyodmt The flyig/
melt partition coefficients (D™M'¢/™! ) were from Keppler (1996), and the rock/melt partition
coefficients (D™} were calculated from the mineral/melt partition coefficients based on the
assumed mineral compositions for the depleted and primitive mantle. The mineral/melt

partition coefficients compiled by Bedard (1994) for these elements were used in the calculation of
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trace element compositions, the inferred relatively young
events from the “’Sm/'*Nd versus "*Nd/*Nd correlations
suggest metasomatism rather than melting processes for
these mantle rocks.

Recently, there is increasing interest in studying the
relationships among mantle events recorded by mantle
xenoliths and the associated crustal orogeny and tectonics
(e.g. Hawkesworth etal., 1990; Beard and Glazner, 1995).
We can not say much about the true significance of the
inferred ages for mantle processes, but we think they may
be tested by the record of the mantle events kept in the
crustal materials, since the overlying crust should have had

response to the mantle processes. The first stage in the
formation of the continental nuclei of the Sino-Korean
Craton is conventionally considered to end with the
Fupingian Orogeny at about 2.5-2.6 Ga ago (Yang et al.,
1986; Zhang et al., 1986). The mantle events of 0.6—-1.0 Ga
are possibly correlated with main tectonic and magmatic
episodes (Jinningian and Sibaoan episodes) of the
Jinningian. Xu et al. (2003) estimated an age of about 733
Ma based on the Sm/Nd versus *Nd/"**Nd correlations of
the Nushan clinopyroxene SE China, and considered it as a
minimum age for the major element depletion event in the
mantle. The mantle processes that took place 200400 Ma
ago might be accompanied by the convergence
of the Yangtse and Sino-Korean Craton to
create Palasia. Although the age estimates for
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the mantle events have large uncertainty, these
episodes recorded in the Sm-Nd isotope system
for the mantle samples could be related to the
main events recorded in the basement rocks of
the Sino-Korean Craton and its adjacent
orogenic belts. However, studies are still needed
to understand the true meanings of the estimated
ages.
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6 Conclusions

The major part of the lithospheric mantle
beneath the Chinese continent is chemically
and isotopically very heterogeneous, showing
complex incompatible element-enriched and
depleted features. The diversity of REE
geochemistry for the mantle xenoliths can be
ascribed to mantle metasomatism
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superimposed on fractional melting of variable
percentages. The mantle metasomatic agent
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was enriched in Ba over Sr and La, and may
have been a volatile-rich silicate melt possibly
derived from the fluid-induced melting in an
ancient subduction zone.

The highly variable isotopic compositions
and their decoupling from trace element
compositions strongly indicate a complex
evolution history of the mantle. The mantle
may have been first depleted from the CHUR
source at an early age, and the most depleted
mantle peridotite may have resulted from
multiple depletion events. The correlations
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Fig. 7. Sm/Nd versus Nd isotope ratio diagrams for these three suites of mantle

xenoliths from north China.

between Sm/Nd and Nd isotopic ratios in these
05 mantle xenoliths suggest at least two main
mantle events most likely responsible for the
enrichment of large ion lithosphile elements in
the mantle.
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