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Precise Sr, Nd and Hf isotopic data are important indicators in deciphering the evolution of magmatic rocks
and their source. However, such data are difficult to obtain for kimberlite, since these rocks are commonly
contaminated by both crustal and mantle materials and also show extensive alteration and weathering
following emplacement. In this study, numerous kimberlitic samples from Mengyin in northeast China were
selected for U-Pb dating and Sr-Nd-Hf isotopic analysis of perovskite. In situ U-Pb analyses of fresh
perovskite yield an age of 470+ 4 Ma, which is considered the emplacement age of the Mengyin kimberlite.
However, the altered perovskite shows Pb loss and yields Paleozoic-Mesozoic ages, indicating that perovskite
is not as strongly resistant to isotopic modification as previously thought. In situ Sr-Nd isotopic analyses by
laser ablation of perovskite grains collected from the main Mengyin kimberlite record uniform Sr and Nd
isotopic compositions with an average initial 8”Sr/3°Sr ratio of 0.70371 & 12 and &nq4(t) value of 0.13 +0.22,
which are identical, within uncertainties, to the values obtained by solution analyses. However, they are
significantly different from comparable data obtained from whole rock samples, indicating that initial Sr-Nd
isotopic ratios calculated from whole rock measurements on kimberlites are likely to record mixed isotopic
signatures, due to crustal contamination and/or subsequent alteration. This conclusion is also supported by
the Hf isotopic data for perovskite. Meaningful isotopic ratios for kimberlite can therefore only be obtained
from single minerals such as pervoskite. The Mengyin samples investigated in this study have isotopic
compositions similar to the Group I kimberlite, as defined in Southern Africa, and are interpreted to reflect
derivation from a primitive mantle source. Combined with the fact that the Mengyin kimberlites were
emplaced coevally with regional lithospheric uplift in the Ordovician at ~470 Ma, it is proposed that a mantle
plume triggered kimberlite magmatism in this part of the North China Craton.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction to determine the initial isotopic composition of the kimberlitic

magma. Secondly, kimberlite is highly susceptible to alteration during
both emplacement and by later weathering, due to its high content of
volatiles and mantle minerals. Therefore, the combined effects of
contamination and post-emplacement alteration limit the reliability
of whole-rock isotopic analyses (Mitchell, 1986), and make these

Kimberlite is a unique ultramafic rock derived from either the
lithosphere or sub-lithospheric mantle (Mitchell, 1986, 1995; Woolley
et al, 1996) and can provide invaluable information about the
composition and structure of that lithosphere (Mitchell, 1986).

Based on mineralogical and petrological characteristics and Sr-Nd
isotopic data, kimberlites can be divided into two main types; Group I
(non-micaceous, with low initial Sr and high initial Nd isotope
signatures) and Group II (phlogopite-bearing, with high initial Sr and
low initial Nd isotope signatures) (Smith, 1983); a transitional type
has also been reported (Becker and Le Roex, 2006). However, two
important problems hamper the determination of kimberlite genesis.
Firstly, kimberlite, by definition, contains abundant, variably-sized
crustal and mantle xenoliths (Mitchell, 1986), which makes it difficult
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largely ineffective when trying to determine mantle sources (Heaman,
1989).

Fortunately, perovskite (CaTiO3) can be used to circumvent many
of the problems outlined above since it occurs mainly in the kimberlite
groundmass and crystallized early in the magmatic history, along with
ilmenite, rutile and magnesian chromite, and prior to crystallization
of monticellite, phlogopite, serpentine and calcite (Mitchell, 1972,
1986; Thy et al., 1987). Therefore, perovskite has the potential to
record the primary geochemical and isotopic signature of the magma,
prior to any contamination and/or weathering. Furthermore, although
perovskite is unstable in residual magmatic fluids (H,O and CO;)
and is commonly resorbed and/or mantled by thin rims of rutile, it is
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normally resistant to weathering (Mitchell, 1986). Thus perovskite
tends to remain fresh when other constituents have been intensely
altered. In addition, perovskite has high Sr and low Rb concentrations
(Jones and Wyllie, 1984; Mitchell and Reed, 1988; Heaman, 1989),
which make it suitable for obtaining initial Sr isotope ratios that can
then be applied to decipher the petrogenesis and evolution of the
kimberlite. In particular, the high Sr concentration, with low Rb
(<2 ppm) and hence extremely low 8’Rb/%®Sr ratio (generally less
than 0.001), makes pervoskite an excellent mineral for laser ablation
analysis (Paton et al., 2007a,b). The obtained 87Sr/2°Sr ratio can be
considered as the initial Sr isotopic composition of the magma in
which the perovskite crystallized, since the correction for in situ decay
is negligible. Finally, according to available geochemical data (Mitchell,
1986; Mitchell and Reed, 1988; Heaman, 1989; Chakhmouradian and
Mitchell, 2001), kimberlitic perovskites also contain high U, Th, Zr, Hf
and REE concentrations, making it a potential mineral for U-Pb dating
and Sm-Nd and Lu-Hf isotopic studies (Kramers and Smith, 1983;
Allsopp et al., 1989; Smith et al., 1994; Kinny et al., 1997; Heaman et al.,
2003, 2004; Cox and Wilton, 2006; Batumike et al., 2008).

The Mengyin kimberlites (~470 Ma) are important geological
indicators that help constrain the tectonic evolution of the North
China Craton (NCC) during the Phanerozoic (Fig. 1). The occurrence of
diamond and mantle xenoliths in the main kimberlite (Shengli 1 pipe;
Fig. 1b) indicate that the sub-continental lithospheric mantle (SCLM)
underlying the NCC during the Paleozoic had a thickness of ~200 km
(Chi and Lu, 1996; Griffin et al., 1998). Re-Os isotopic analyses on the
contained mantle xenoliths yield an Archean age for this mantle
lithosphere (Gao et al., 2002; Wu et al., 2003; Zhang et al., 2008).
In contrast, samples of the SCLM underlying the NCC, as sampled by
Cenozoic magmas, are characterized by melt depletion during the
Proterozoic, and relatively recent juvenile additions to the lithosphere
(Gao et al.,, 2002; Wu et al., 2003). These observations, coupled with
geophysical evidence for relatively thin lithosphere at the present
time, have led to the conclusion that the SCLM underlying the eastern
part of the NCC was thinned and modified after the late Paleozoic
(Menzies et al., 1993; Griffin et al., 1998; Wang et al., 1998; Yang et al.,
2008a). However, the source of the Mengyin kimberlites is still
unclear. Based on whole-rock Sr-Nd isotopic compositions, it has been
suggested that they were derived from an enriched mantle (EMII)
source in the SCLM and were transitional between Group I and II
kimberlites of Smith (1983) (Luo et al., 1999; Zheng, 1999). However,
extensive crustal contamination and later alteration make this
questionable.

In this paper, we report a comprehensive series of Sr-Nd-Hf
isotopic analyses of material obtained from the main Mengyin
kimberlite at the former diamond mine (Fig. 1b,c). These include
isotope dilution thermal ionization mass spectrometric (ID-TIMS)
analyses of whole-rocks and perovskites and in situ laser ablation (LA)
analyses of perovskites, performed to test if reliable Sr-Nd-Hf isotopic
data can be obtained from kimberlitic perovskite.

2. Geological setting and sample descriptions

The NCC contains some of the oldest known rocks in the world,
with 3.8 Ga crustal components exposed in the far north-east (Liu
et al., 1992; Wu et al., 2008), although overall it is one of the
youngest Archean cratons (Wu et al., 2005a) with abundant ages of
~2530 Ma. It forms the Chinese part of Sino-Korean Craton, covering
most of North China with an area of approximately 1,500,000 km?
(Fig. 1a). The Early Paleozoic Qilianshan Orogen and the Late
Paleozoic Central Asian Orogenic Belt bound the craton to the west
and the north, respectively, and in the south the Qinling-Dabie-Sulu
ultrahigh-pressure metamorphic belt separates it from the South
China Craton (Fig. 1a). Traditionally, the NCC was considered to be
composed of a uniform early Precambrian (Archean-Paleoproter-
ozoic) crystalline basement, overlain by younger cover (Huang,

1977). However, recent integrated lithological, structural, meta-
morphic and geochronological studies have led to a threefold
tectonic division of the craton into Eastern and Western blocks,
separated by the Paleoproterozoic Trans-North China Orogen (Zhao
et al., 2005 and references therein).

Similar to other Archean blocks around the world, the NCC
contains both greenstone belts and high-grade terrains, which were
metamorphosed at ~2.5 Ga and subsequently cratonized at ~ 1.8 Ga by
collision of the Eastern and Western blocks (Wu et al., 2005a; Zhao
etal., 2005). Since ~ 1.8 Ga, the NCC has remained relatively stable and
was covered by a thick sequence of Mesoproterozoic to Paleozoic
sediments. In the Paleozoic, when the diamondiferous Mengyin and
Fuxian kimberlites were emplaced in Shandong and Liaoning
provinces, respectively (Zhang et al., 1989) (Fig. 1a), the NCC was
characterized by thick carbonate sedimentation during the Cambrian-
Early Ordovician. However, since Early-Middle Ordovician time
(~465-470 Ma), a significant gap in sedimentation occurred until
the Middle Carboniferous, coinciding with kimberlite emplacement.
In the Mesozoic, extensive volcanic activity and granitoid emplace-
ment occurred in the eastern NCC, possibly related to the interaction
of the Eurasian and Pacific plates and resulting from lithospheric
thinning (Wu et al., 2003, 2005b). During the Cenozoic, numerous
alkaline basalts containing enclaves of mantle xenoliths and minor
lower-crustal granulites were erupted throughout the central and
eastern parts of the craton.

For this study, whole-rock samples containing perovskite were
collected solely from the Mengyin kimberlites; unfortunately, per-
ovskite is extremely rare in the diamondiferous kimberlite at Fuxian
(Fig.1a). At Mengyin, about 100 kimberlitic dykes and pipes have been
identified (Fig. 1b, Wan, 1989; Chi and Lu, 1996), although pipe 1
(Shengli 1), located at N35°40’ and E117°47’, is the most important
diamondiferous one in the area and was targeted for this study
(Fig. 1c). This kimberlite contains a variety of crustal fragments,
including limestone, gneiss and amphibolite (Wan, 1989; Dong, 1994;
Chi and Lu, 1996), but some primary material is also present and
shows much less crustal contamination. However, it is known that the
Mengyin kimberlites contain exotic zircons with ages of ~2.5 Ga (Yin
et al,, 2005), indicating some crustal contamination. In addition, the
main Mengyin kimberlite underwent extensive alteration, as indi-
cated by alteration of garnet (Fig. 1d), olivine and pyroxene
megacrysts.

Perovskite is relatively abundant in the kimberlite groundmass,
with concentrations up to 5% (rarely up to 20%, Fig. 2a). Most grains
are dark orange-brown in color with euhedral shapes and grain-sizes
ranging between 30 and 200 pm (Fig. 2b). Many grains are
homogeneous (Fig. 2¢), although several show weak zoning in back-
scattered electron (BSE) images (Fig. 2d) and others are weakly to
strongly altered (Fig. 2g,h,l,n and o). Most perovskite occurs as
individual grains, but it also co-exists with ilmenite, commonly
enclosing spinel (Fig. 2e). In addition, perovskite also occurs as
inclusions in ilmenite (Fig. 2f), indicating it crystallized slightly earlier
than ilmenite, but later than spinel. Some grains are partially replaced
by calcite (Fig. 2g) and titanite (Fig. 2h), although their original shapes
are preserved as pseudomorphs (Fig. 2i-j). In sample MY31, many of
these pseudomorphs are euhedral (Fig. 2k), but some are intensely
altered and anhedral (Fig. 21). In sample MY32, perovskites containing
lower amounts of REE are less altered than those with high REE
concentrations (Fig. 2m-o).

3. Analytical methods

Several kimberlite samples without visible crustal and/or mantle
xenoliths were selected for whole-rock Sr-Nd-Hf isotopic analyses
using the isotope dilution (ID-TIMS) method. Additional kimberlitic
material was processed in order to obtain perovskite separates,
which were also analyzed for Sr-Nd-Hf isotopes using the ID-TIMS
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Fig. 1. (a) Simplified tectonic map of China, showing location of kimberlites, including diamondiferous ones mentioned in this study; (b) distribution of kimberlites at Mengyin in

Shandong Province, North China Craton; (c) Former diamond mine (Shengli 1) at Mengyin; (d) Field photograph of Mengyin kimberlite showing pseudomorphed garnet megacrysts
adjacent to the coin which is 22 mm in diameter.

Fig. 2. Pseudo-color back scattered electron (BSE) images of perovskites from the Mengyin kimberlite. (a) distribution of perovskite (green) with most having a grain-size of ~50 pm
(sample MY19); (b) euhedral perovskite (sample MY15); (¢) homogeneous perovskite (MY26); (d) zoning in perovskite (sample MY17); (e) crystallization sequence shown by early
formation of euhedral and zoned spinel (Sp), enclosed by ilmenite (Ilm), and finally surrounded by perovskite (Pv) (sample MY12); (f) perovskite (Pv) inclusion in ilmenite (IIm)
(sample MY24); (g) slight alteration of perovskite around grain margin with presence of calcite (Cc) (sample MY21); (h) moderate alteration of perovskite with titanite (Titn) and
high REE-enriched patches (sample MY27); (i) similar features as in (h) (sample MY21); (j) perovskite pseudomorph after intense alteration (sample MY21); (k) both euhedral and
altered perovskites in sample MY31; (1) altered perovskite with little fresh residue material remaining, and REE-enriched patches (MY31); (m) weak alteration of perovskite with
calcite (Cc) and REE-enriched patches around grain margin after weak alteration (MY32); (n) moderate alteration of perovskite with calcite (Cc) and olivine (Ol) around margins and
extensive REE-enriched areas throughout the grain which shows after moderate alteration (sample MY32) and (o) intensive alteration of perovskite with high REE-enriched patches
throughout crystal (MY32). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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method. From this fraction, perovskite grains were also selected for
in situ Sr-Nd analyses by laser ablation (LA), being first analyzed
for major elements by electron microprobe and then by laser ablation
inductively-coupled plasma mass spectrometry (LA-ICP-MS) for trace
element compositions and U-Pb isotopes. All analyses were conducted
atthe Institute of Geology and Geophysics, Chinese Academy of Sciences.

3.1. Perovskite analyses for major and trace elements and U-Pb ages

Sample preparation for electron microprobe and subsequent
LA-ICP-MS analyses of perovskite was relatively simple. Perovskite
grains free of visible inclusions and major fractures were handpicked
and embedded in epoxy and then polished to expose the grain centres.
Major element compositions were obtained using a JEOL-JAX8100
electron microprobe with 15 kV accelerating potential and 12 nA beam
current. Counting times were 20 s. Total iron is expressed as FeO. The
analytical uncertainties are within 2% for TiO, and CaO, but ~ 10-20% for
other elements due to their low concentrations.

Mineral trace element compositions (including REE) and U-Pb ages
were conducted using LA-ICP-MS; detailed analytical procedures are
provided in Yuan et al. (2004) and Xie etal. (2008). An ArF excimer laser
ablation system (Geolas CQ) operated at 193 nm with a pulse width of
ca. 15 ns was used for laser ablation analysis. In the first session of this
study, 63, 94 and 127 pm spot sizes were applied, since ablation with
bigger spots provides more material for more precise analysis. However,
after updating the laser system (GeoLas PLUS) in June, 2007, 40 and
60 pum spot sizes were used, depending on the mineral grain-size, with
similar precision. The laser repetition rate was 2-10 Hz depending on
the signal intensity, with fluency of ~20 J/cm? The ablation depth is
estimated to be ~30-40 pm. With a 40 um spot size and 4 Hz repetition
rate, the volume of ablated material is estimated to be ~200,000 pm®.
Helium gas was flushed into the sample cell to minimize aerosol
deposition around the ablation pit and to improve transport efficiency
(Eggins et al., 1998; Jackson et al., 2004).

The trace element and U-Pb analyses were conducted using an
Agilent 7500a ICP-MS. During laser ablation, the sensitivity of *U using
the NIST SRM 610 standard glass was 14,000 cps/ppm (40 pm spot,
10 Hz repetition rate). The mass stability was better than 0.05 amu/24 h.
Before routine analysis, the Pulse/Analogy (P/A) factor of the detector of
the ICP-MS was corrected. It was also necessary to optimize instru-
mental parameters using a tuning solution in order to make the
productivity of oxide (CeO*/Ce™) and doubly charged Ce**/Ce™ less
than 0.5% and 3%, respectively, and sensitivity better than 20x 106 cps/
ppm for %Y. The background of 2°Pb and 2°Hg was less than 100 cps
because of the high purity of the argon and helium gas.

ICP-MS measurements were carried out using time-resolved
analysis and peak hopping at one point per mass. The dwell time for
each isotope was set at 6 ms for Si, Ca, Ti, Rb, Sr, Ba, Nb, Ta, Zr, Hf and
REE, 15 ms for 2°4Pb, 205Pb, 2°”Pb and 2°%Pb and 10 ms for 2*2Th and
2381, Every 5 sample analyses were followed by one standard zircon
91500 and one NIST SRM 610 measurement. Each spot analysis
consisted approximately of a 30 s background acquisition and 40 s
sample data acquisition. 2°7Pb/2°°Pb, 206ph/238U, 207pb/235U
(?35U=238U/137.88) and 2°8Pb/?3Th ratios were corrected by using
zircon 91500 as an external standard. The fractionation correction and
results were calculated using GLITTER 4.0 (GEMOC, Macquarie
University; van Achterbergh et al., 2001). All the measured isotope
ratios of zircon 91500 during sample analysis were regressed and
corrected using recommended values; the standard deviations of
these values were set at 2%. After obtaining the Pb isotopic ratios, the
207ph method was applied for common Pb corrections using the two-
stage model of Stacey and Kramers (1975) (see also Williams, 1998),
and the 2°°Pb/238U weighted ages were calculated using ISOPLOT 3.0
(Ludwig, 2003). Errors on individual analyses are based on counting
statistics and are at the 1o level, but errors on pooled ages are quoted
at 20 or 95% confidence level. Trace element concentrations were

calculated using GLITTER 4.0 and calibrated using “°Ca as an internal
standard and NIST SRM 610 as an external reference material. The
analytical uncertainties are mostly within 10%.

3.2. Sr-Nd-Hf analyses by isotope dilution

Chemical separation was achieved by conventional ion-exchange
techniques. Pure perovskite without any visible impurities was
selected by hand picking. Prior to sample digestion, pervoskite
separates were washed in a sonic bath for 30 min in Millipore water
(MQ) and then in diluted HCl for 10 min. The perovskite was then
rinsed with MQ water before being transferred to vials. Kimberlite
whole-rock powder (ca.100 mg) and pervoskite crystals (ca. 5-10 mg)
were dissolved with a mixed spike (87Rb-84sr, 1*°Sm-1°°Nd and
176Lu-"89Hf) in 2.5 ml concentrated HF, 0.2 ml HNO5 and HCIO, in
steel-jacketed Teflon bombs placed in an oven for a week at 190 °C.
Following dissolution and spike-sample homogenization, each
sample was dried down at high temperature (fuming HCIO,4) on a
hot plate; then the mixture was treated with 6 M HCl, evaporated to
dryness, and taken up in 3 M HCI before chemical separation. The
treatment with 6 M HClI is necessary to completely convert fluorides
into chlorides (Miinker et al., 2001).

The first stage was the separation of Lu and Hf using Eichrom
Ln-spec resin (100-150 pm, 2 ml), modified from the procedure
of Miinker et al. (2001). The major element and L(M)REE fraction
was collected using 3 M HCl for further purification. After collecting
the Lu (4 Yb) fraction using 4 M HCl, the columns were rinsed with
6 M HCI to effectively remove any remaining Lu and Yb before
collection of the Hf fraction. This was followed by separation of Ti
from Hf using an HCl+ H,0, mixture. In addition, the Hf fraction
was eluted with 2 M HF. The second stage employed traditional
cation exchange chromatography for Rb and Sr purification (Richard
et al,, 1976). The L(M)REE fraction eluted with 6 M HCl was further
purified using another Eichrom Ln resin (100-150 um, 2 ml) with 0.25 M
HCI for Nd and 0.40 M HCI for Sm, modified from the technique of
Pin and Zalduegui (1997).

Rb-Sr and Sm-Nd isotopes were analyzed using a Finnigan MAT 262
thermal ionization mass spectrometer (TIMS). Procedural blanks were
less than 100 pg for Rb and Sr, and 50 pg for Sm and Nd. 87Sr/86sr
and Nd/™4Nd ratios were normalized to 26Sr/%8Sr=0.1194 and
146Nd/144Nd =0.7219 using the exponential law. In the course of
this study, the analyses of NBS987 and Ames Nd standard yielded
87Sr/86Sr =0.710244 + 20 (n =20, 2SD) and "*Nd/"Nd = 0.512145 +
15 (n=20, 2SD), respectively. Isotopic analyses of Lu and Hf were
determined using a Neptune multi-collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) and followed the methods
of Vervoort et al. (2004). Typical analytical blanks were less than
50 pg for Hf and 10 pg for Lu. Hafnium isotope ratios were corrected
for instrumental mass bias to '7°Hf/'7’Hf = 0.7325 using the exponen-
tial law. During this study the measured SHf/'"’Hf of JMC-475
was 0.282163 4 14 (n=7,2SD). During the period of data acquisition,
USGS reference materials BCR-1 and BHVO-2 were also processed for
Sr-Nd-Hf isotopes, and gave ratios of 0.705012 4+ 11 and 0.703495 +
11 for 87Sr/®6Sr, 0.512626 + 10 and 0.512987 + 10 for '*Nd/"**Nd and
0282875+ 10 and 0.283095 + 8 for '"®Hf/!'"7Hf, respectively, which
are identical, within error, to the recommended values (Weis et al., 2005,
2006, 2007).

3.3. In situ Sr-Nd isotopic analyses by laser ablation

3.3.1. Instrumentation

The in situ Sr-Nd analyses were carried out using a Neptune MC-
ICP-MS. The detailed descriptions of the instrument and laser ablation
system are presented in Wu et al. (2006), so only a brief outline is
given here. The mass spectrometer is a double-focusing multi-
collector ICP-MS and has the capability of high mass resolution
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measurements in multiple collector mode. The present instrument is
equipped with eight motorized Faraday cups and one fixed central
channel, where the ion beam can be switched between Faraday and
SEM detector. The external precision of the measurements is further
improved by utilizing a rotating amplifier concept, in which all
Faraday cups are sequentially connected to all amplifiers, cancelling
out any gain calibration errors.

3.3.2. In situ Sr isotopic analyses

The Sr isotopic data were acquired in static, multi-collector mode
with low resolution using nine Faraday collectors, and the mass
configuration array from 3Kr to #8Sr, monitoring Kr and Rb, which is
identical to the technique of Ramos et al. (2004). Prior to analysis,
collectors were aligned using a tuning solution which contains Rb, Sr,
Er, and Yb. An aliquot of 200 ppb NBS 987 (NIST SRM 987) was used
regularly for controlling the quality and optimizing the operation
parameters, including the torch position, the Ar flow rate and the ion
lens focus, to get maximum sensitivity. During the past two years, the
average 87Sr/%6Sr and 84Sr/8Sr ratios are 0.710251 + 21 and 0.05649 +
10 (n=68, 2SD), respectively. These values are identical to those
recommended by Thirlwall (1991) and Balcaen et al. (2005) with a
variation of 0.002%.

During laser ablation analysis, various interferences have to be
evaluated. Prior to every analytical session, the Neptune MC-ICP-MS
was always set-up to monitor Kr in the Ar gas after optimization,
especially when a new liquid Ar tank was installed. During analyses,
50 s measurement of the gas blank was carried out prior to ablation in
order to correct Kr, similar to the method employed by Ramos et al.
(2004). The natural Kr ratios of ®3Kr/%*Kr = 0.20175 and 83Kr/%%Kr =
0.66474 are used for overlap correction. The natural ratio of 8Rb/
87Rb=2.5926 was used for isobaric correction of Rb by the expo-
nential law, assuming that rubidium has the same mass discrimina-
tion as strontium (Ehrlich et al., 2001). Our experiments indicate that
the small fraction of Rb in the Sr fraction, with Rb/Sr ratio less than
0.02 (8Rb/#Sr~0.06), can be effectively corrected. No correction was
applied for the interference of Ca argide/dimmer species since it has
been demonstrated that this interference is negligible (e. g., Ehrlich
et al.,, 2001; Fortunato et al., 2004; Ramos et al., 2004; Vroon et al.,
2008). This was also supported by our experiments, where there were
no differences in the 84Sr/%6Sr and 87Sr/%6Sr ratios between the
chemically Sr-purified and unpurified corals (see below). Interfer-
ences from Fe dioxides, and Ga and Zn oxides, are not considered in
this study, due to their low signals during analysis. However,
interference from the doubly-charged rare earth elements (REEs) is
not negligible when perovskite was ablated for Sr and Nd isotopic
measurements, due to the high concentrations of REEs. Based on the
method proposed by Ramos et al. (2004 ), we monitored the presence
of 17Er?*, 71Yb?* and 73Yb? ™ at masses 83.5, 85.5 and 86.5. Then the
contributions of '%8Er?™ and %8Yb?* to 84sr, 7°Er** and 7°Yb2 ™ to
85Rb, 72Yb?* to 85Sr, 7Yb% " to 87Sr (+87Rb), and 7Yb?* to 8sr
were calculated according to the isotopic abundances of Er and Yb
(Chartier et al., 1999; Vervoort et al., 2004). However, no corrections
for 7°Lu™ and "°Hf?>* on ®8Sr were made in this study since their
signal intensities are low. Ramos et al. (2004) demonstrated that the
measured Sr isotopic ratios of NBS987 did not change when JMC475 Hf
solution is added, which is also verified by our experiment with a mixed
solution of NBS987, Merk Nd and JMC475 Hf. Combined with the fact
that Mengyin perovskites have only about 0.5 ppm of Lu, it is concluded
that interferences of "7Lu®>* and ""®Hf?>* on #8Sr are negligible.

Before sample analyses, modern coral (Porites) and an in-house
perovskite standard (MY12) were used to evaluate the reliability of
the laser ablation analyses, the calibration technique and matrix-
matched effect. During data reduction, the effects of interfering
elements were accounted for in the order Kr, Yb®™, Er>* and Rb. One
hundred and twenty analyses of Porites, and forty-one analyses of
perovskite MY12 yield average 87Sr/®Sr values of 0.709179 + 54

(2SD) and 0.703652 4- 80 (2SD), respectively, which is identical to the
values of 0.709176 4 16 (2SD, n=64) and 0.703655 + 16 (2SD, n=2)
obtained by the solution method.

3.3.3. In situ Nd isotopic analyses

The laser ablation Nd isotope technique is similar to that for Sr
described above. Before analysis, a standard Nd solution was used
to calibrate the instrument. Using the exponential law for mass
bias correction and assuming '“°Nd/'*Nd=0.7219, the average
43Nd/'*“Nd ratios for the La Jolla Nd standard solution over a two-year
period is 0.5118494-0.000014 (2SD, n=68), which is identical, within
error, to the recommended range of 0.511856-0.511858 by MC-ICP-MS
(Vance and Thirlwall, 2002).

For laser ablation analyses, the spot size was 40-60 pm with a
4-10 Hz pulse rate. As in all laser ablation methodologies, great
care must be taken to avoid or mitigate the effects of isobaric
interferences. For in situ Nd isotopic analyses, the interferences are
principally caused by Ce (**2Ce on #2Nd) and Sm ('**Sm on '**Nd).
Since Ce and Nd have almost identical geochemical characteristics
to the LREE, the higher the Nd concentration, the higher the Ce
concentration in natural geological materials. Our work indicates
that the influence of Ce on Nd isotopic analysis is insignificant
when the Ce/Nd ratio is 3, which is the normal valve in natural
geological materials (Yang et al., 2007). However, the most crucial
aspect during in situ Nd isotope measurement is how to precisely
determine the isobaric interference of **Sm on #*Nd, especially
determination of the mass bias of Sm (fsy,) (Foster and Vance,
2006; Foster and Carter, 2007; McFarlane and McCulloch, 2007). In
this study, the Bsm, value was obtained directly from the ’Sm/°Sm

Table 1
Chemical compositions of the standard perovskites (Ice River and Tazheran).

Ice river 1SD Tazheran 1SD
Major elements (wt.%)
Si0, 0.00 0.01 0.00 0.00
TiO, 54.86 0.51 55.18 0.25
Al,03 0.25 0.03 0.19 0.02
FeO 1.01 0.11 113 0.06
NiO 0.01 0.02 0.02 0.02
MgO 0.01 0.01 0.02 0.02
Ca0 38.77 0.70 40.51 0.27
MnO 0.01 0.02 0.01 0.01
Na,O 0.53 0.08 0.25 0.03
K20 0.00 0.00 0.00 0.00
Total 95.47 1.99 97.30 0.42
Trace and rare earth elements (ppm)
Rb 0.18 0.03 0.24 0.26
Sr 2376 106 48 3
Ba 4.5 17 3.7 3.0
Nb 7196 397 3780 265
Ta 745 149 215 48
Zr 169 14 2648 222
Hf 4.8 04 160 12
§) 149 26 1470 69
Th 1869 663 912 230
Pb 41 9.3 142 1
La 7220 599 3259 192
Ce 14912 2001 10315 537
Pr 1604 251 1291 71
Nd 6101 952 5072 283
Sm 836 81 781 46
Eu 212 14 111 71
Gd 425 28 424 28
Tb 47 33 61 3.8
Dy 197 14 311 17
Ho 27 24 51 3.1
Er 47 5.0 105 6.0
Tm 43 0.6 12 0.6
Yb 20 3.0 63 32
Lu 18 0.3 6.4 0.4
Y 445 43 692 36
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ratio on the sample itself and then applied in the isobaric interference
correction of 4Sm on 'Nd, following the method proposed by
McFarlane and McCulloch (2007). We also used the '¥/Sm/™°Sm ratio
of 1.08680 (Dubois et al, 1992) and 'Sm/™°Sm ratio of 0.22332
(Isnard et al.,, 2005), as determined by MC-ICP-MS, in data reduction
(Yang et al., 2008b). Furthermore, the stable *°Nd/'*Nd ratio was used
to evaluate the feasibility of our method since it has a constant value of
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average °Nd/'“Nd ratios of 0.348424 +19 (2SD) and 0.348419 4 28
(2SD) are identical to the recommended value of 0.348415. Our
experiments on standard glass NIST SRM 610, which has Sm and Nd
concentrations of 441-460 and 429-442 ppm (Rocholl et al., 2000),
respectively, with a Sm/Nd ratio of ~1.04 and a *3>Nd/'**Nd ratio of
0.511908-0.511927 (Woodhead and Hergt, 2001; Foster and Vance,
2006), indicate that reliable *3Nd/#“Nd ratios can be obtained even
when Sm/Nd is close to unity, although the Sm/Nd ratio of most natural
geological materials is approximately 0.2-0.3. For REE-enriched miner-
als like apatite, titanite, allanite, xenotime, fluorite, monazite and
perovskite, reliable Nd isotope data can be obtained using a spot size
of 20 pm if they have Nd concentrations of ~1000 ppm (Yang et al.,
2008b).

3.4. In situ analyses of perovskite standards

In order to check the reliability of our analytical techniques, pe-
rovskite standards IR and TAZ were selected for analyses. The IR
sample was collected from the Ice River alkaline-ultramafic intrusion
in southeastern British Columbia. The host rock is ijolite consisting of
nepheline, clinopyroxene and perovskite, with accessory apatite,
ilmenite, melanite and titanite. It is used as a U-Pb standard in
numerous laboratories and has a recommended 2°°Pb/?38U age of
356.54+ 1.0 Ma (?°°Pb/?38U ratio of 0.05685 4 17) (Heaman, 2009).
Using laser ablation and applying the 2°’Pb correction, Simonetti et al.
(2008) obtained a weighted 2°°Pb/?38U age of 352.54+3.7 Ma.
According to the data reported by Heaman (2009), this mineral also
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contains high Sr and REE elements, suitable for laser Sr-Nd isotopic
analyses. TAZ perovskite is used as a U-Pb standard at Curtin
University of Technology for SHRIMP analyses. It is from the Tazheran
skarn deposit in the Lake Baikal area of eastern Siberia. Although no
chemical compositional data are available, previous TIMS analyses
indicated that this standard is nearly concordant with a concordia age
of 463 Ma (2°°Pb/238U ratio of 0.074465) (Kinny et al., 1997).

Our analyses indicate that the above two standards show very
different compositions (Table 1). The IR standard is homogeneous in
BSE images with low concentrations of U (149 ppm), Pb (41 ppm), Zr
(169 ppm), Hf (4.8 ppm, Zr/Hf =35) and Nb (7196 ppm), but high Sr
(2376 ppm), Ta (745 ppm, Nb/Ta=10), Th (1869 ppm, Th/U=13).
The chondrite-normalized REE pattern is highly fractionated without
any Eu anomaly ((La/Yb)n = 145-338, Eu* =0.92-1.07, Fig. 3a). In the
spidergram, this standard shows significant depletions of Rb, Sr, Zr, Hf
and Y (Fig. 3b). In contrast, the TAZ standard shows local composi-
tional banding and dense fractures, and has the following values:
U (1470 ppm), Pb (142 ppm), Zr (2648 ppm), Hf (160 ppm, Zr/Hf = 17),
Sr (48 ppm), Ta (215 ppm, Nb/Ta=18) and Th (912 ppm, Th/U=0.6).
In the chondrite-normalized REE diagram, it shows less fractionation
of LREE to HREE, with significant La and Ce depletions and a negative
Eu anomaly ((La/Yb)y=30-42, Eu*=0.51-0.57, Fig. 3a). Similar to
the IR perovskite, this standard is also depleted in Rb, Sr, Zr, Hf and Y,
but enriched in U (Fig. 3b).

Twenty-four and 21 U-Pb analyses were conducted on the IR and
TAZ standards, respectively, and yield weighted 2°°Pb/238U ages of
356 4+ 3 and 462 4 3 Ma, applying the 2°’Pb correction method (Fig. 3¢

Table 2

Chemical composition of perovskites from the Mengyin kimberlites.

Element MY6 MY12 MY15 MY17 MY19 MY20 MY21 MY24 MY26 MY27 MY28 MY30 MY31 MY32
Major elements (%)

Spot number N=7 N=7 N=7 N=8 N=6 N=7 N=8 N=7 N=10 N=7 N=8 N=10 N=10 N=5
Alteration No No No No No Yes Yes No No Yes No No Yes Yes
SiO, 0.09 0.25 0.11 0.57 0.14 237 3.55 1.46 3.40 1.66 173 2.36 1.94 2.98
TiO, 53.29 52.99 53.93 57.24 53.61 57.44 57.74 55.44 50.41 55.86 52.38 50.84 56.77 17.65
Al,03 0.44 0.43 0.42 0.45 0.31 0.51 0.06 0.42 0.72 0.30 0.34 0.38 0.25 0.05
MnO 0.01 0.02 0.01 0.05 0.01 0.04 0.00 0.12 0.00 0.00 0.01 0.07 0.41 0.11
MgO 0.09 0.10 0.08 0.15 0.09 0.11 0.27 0.07 0.56 0.17 0.23 0.42 0.11 0.34
FeO 1.39 1.29 1.31 0.99 1.31 0.85 0.64 1.06 1.49 1.01 143 1.41 1.04 0.58
Ca0 34.69 35.18 35.65 25.07 35.12 22.63 10.80 27.51 33.92 29.05 33.64 33.03 25.60 37.00
NaO 0.56 0.59 0.49 0.35 0.65 0.54 224 0.37 0.62 0.24 0.75 1.23 0.46 0.18
K,0 0.06 0.09 0.07 0.06 0.06 0.13 0.48 0.05 0.12 0.04 0.11 0.30 0.09 0.09
Total 90.62 90.94 92.06 84.93 91.31 84.69 75.89 86.50 91.79 88.42 90.59 90.26 86.78 58.95
Trace and rare earth elements (ppm)

Spot number N=7 N=26 N=7 N=8 N=6 N=17 N=14 N=20 N=19 N=16 N=20 N=20 N=20 N=20
Rb 3.81 0.84 1.24 111 0.60 1.45 0.49 2.00 2.37 1.91 1.48 1.91 0.44 2.72
Sr 2204 2424 2361 1284 2441 585 503 1684 2321 1062 2155 2294 1145 620
Ba 93.8 814 63.6 712 112 146 298 64.3 111 154 82.5 88.4 333 96.6
Pb 160 116 138 60.9 121 81.5 74.8 76.4 76.1 166 106 96.3 68.3 65.1
Th 6309 4185 5452 3316 4608 5667 2421 3384 2919 16595 3740 3569 4830 4789
U 104 104 120 115 122 143 95.6 83.8 116 277 110 116 103 408
Nb 4889 5078 5079 5844 5292 7528 6043 5417 6652 14038 5429 6680 5782 6948
Ta 1026 814 984 779 830 1015 633 730 706 2649 912 757 1031 680
Zr 1224 1600 1496 2353 881 3355 2550 1989 2453 2150 1354 2089 1565 1049
Hf 68.2 68.7 729 88.5 45.1 99.5 73.6 68.1 833 110 70.4 72.2 65.9 25.7
La 9934 9165 9824 9081 9676 11605 8095 7913 8844 32009 10153 8548 11159 42033
Ce 21225 19490 20837 18280 20596 24357 15226 16156 16665 68595 23280 17080 22497 67435
Pr 2273 2002 2192 1877 2142 2484 1527 1693 1707 7216 2441 1786 2326 6240
Nd 8054 7245 7803 6528 7566 8635 5367 5930 6009 25474 8284 6314 7930 20858
Sm 832 731 823 709 792 856 562 596 626 2461 792 639 765 1976
Eu 164 149 165 148 163 181 128 124 138 479 160 135 162 478
Gd 314 343 321 280 306 347 251 238 261 959 292 261 307 883
Tb 26.0 223 272 243 26.2 275 214 19.1 21.8 70.9 222 214 264 66.4
Dy 82.8 73.6 87.5 79.0 854 91.6 76.2 62.9 73.4 220 70.9 70.9 91.7 225
Ho 9.08 7.87 9.73 8.90 9.61 10.2 9.23 6.91 8.28 229 7.80 797 10.6 24.6
Er 133 11.7 14.1 13.0 14.2 14.7 14.6 9.74 119 30.8 10.4 113 16.3 335
Tm 0.97 0.86 1.05 1.00 1.07 114 1.26 0.75 0.93 2.15 0.81 0.87 132 2.07
Yb 3.92 3.70 4.19 4.07 4.55 4.77 5.59 3.05 3.84 8.26 3.25 3.61 5.63 7.25
Lu 0.34 0.30 0.37 0.35 0.40 0.40 0.52 0.26 033 0.69 0.27 0.31 0.50 0.57
Y 139 127 151 140 149 166 183 110 135 352 115 126 205 440
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and d). Both ages are identical, within error, to the recommended
values of 356.54 1.0 and 463 Ma, respectively, which indicates that
our analytical technique is reliable and the matrix effect is insignif-
icant, since the 91500 zircon standard was used as the internal
standard in this study. For Sr isotope determination, 32 analyses
were conducted of the IR standard and yield 8’Rb/8”Sr and 87Sr/%¢sr
ratios of 0.00018 4- 1 and 0.70293 4 2, respectively (Fig. 3e). However,
for the TAZ standard, in situ Sr isotopic analyses could not be deter-
mined, due to its low concentration of Sr (48 ppm). In terms of Nd
isotopes, nineteen analyses for IR perovskite yield '¥/Sm/!'44Nd
and 3Nd/'“Nd ratios of 0.0888+17 and 0.522615+9 (Fig. 3f),
respectively, whereas twenty analyses of TAZ perovskite yield
respective values of 0.0987 43 and 0.522508 + 8 (Fig. 3f).

4. Analytical results
4.1. Chemical composition of Perovskite

In this study, twenty-one kimberlite whole-rock samples without
visible crustal fragments were selected for perovskite separation and
geochemical analyses. Eight samples were devoid of perovskite, but
contained abundant titanite. The remaining 13 samples contained
enough perovskite for further study. In addition, perovskite separated
from the residual heavy mineral fraction, after diamond extraction at
the Mengyin mine, was also selected for analysis (MY6). Petrographic
and pseudocolour imaging indicate that most of the perovskite is
enclosed within ilmenite (Fig. 2e and f), and may contain titanite
inclusions (Fig. 2h). Five of them (MY20, MY21, MY27, MY31 and
MY32) display pockmarked internal structure as shown in Fig. 2g-o.
Major element analyses indicate that these pockmarked perovskites
have lower CaO concentrations than the others, indicating alteration
after crystallization.

The major and trace element data for perovskites are listed in
Table 2 and the REE patterns are shown in Fig. 4. It is noted that the
major elements usually total less than 100% since REEs are abundant
but are not measured by microprobe. From the data, the unaltered
perovskites show similar chemical compositions to other kimberlites
from around the world (Chakhmouradian and Mitchell, 2000, 2001),
but the altered perovskites contain higher SiO, but with less CaO
than the unaltered ones (Table 2). All these perovskites contain high
Sr, Nb, Ta, Zr, Hf and REE, with minor Rb concentrations, but the
altered perovskites contain much less Sr; 503-1145 ppm compared to
1284-2467 ppm for the unaltered ones. However, the altered
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perovskites have relatively higher REE concentrations than the
unaltered ones (see below). As is typical in other areas of the world
(Mitchell and Reed, 1988; Melluso et al.,, 2008), the Mengyin
perovskites show highly fractionated REE, with La/Yb ratios of
1448-5798, which is much higher than those of the host kimberlite
(73-539) (Fig. 4).

4.2. Perovskite U-Pb isotopic ages

Fourteen samples of perovskite have been analyzed for U-Pb age
determination, and the complete data set is given in the supplemen-
tary table. They have high U and Th concentrations (Table 2), making
them suitable for U-Pb isotopic dating. However, the high Pb
concentration means that correction for common lead is necessary.
On the Tera-Wasserburg Concordia diagram (Fig. 5), the nine fresh
perovskites have an intercept age of 461423 Ma. If the 2°Pb
correction method is applied, the 2°°Pb/?3%U weighted mean age is
47044 Ma (Fig. 5a). However, the altered perovskites are normally
higher in REEs and show a large variation of U-Pb isotopes (Fig. 5b),
indicating Pb loss, possibly during the Mesozoic.

4.3. Sr-Nd-Hf isotopes

The whole-rock kimberlitic samples (Tables 3-5) show consider-
able variation in Sr-Nd-Hf isotopic composition. The rocks have
more St (82-1148 ppm) than Rb (1.8-160 ppm) with Rb/Sr ratios of
0.02-0.41 (Fig. 6a), whereas the perovskites tend to contain more Sr
(234-3819) and even less Rb (1.5-22.2 ppm), with Rb/Sr ratios of
0.0005-0.008 (Fig. 6a). However, it was found that the results
obtained by the ID-TIMS method are different from those obtained
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Table 3
Rb-Sr isotopic composition of the Mengyin kimberlites and perovskites.
Sample Analysis Sample (mg) Rb (ppm) Sr (ppm) 87Rb/®5sr RIST/eesT, 20m (37Sr/%5sr);
MY06 Pv (ID) 43 15.7 2876 0.0158 0.703849 13 0.7037
MYO06 Pv (laser) 0.0018 0.703673 31 0.7036
MY12 WR (ID) 102 113 364 0.9021 0.710838 21 0.7048
MY12 Pv (ID) 8.2 2.08 3818 0.0016 0.703667 11 0.7037
MY12(Re) Pv (ID) 73 2.08 3819 0.0016 0.703644 20 0.7036
MY12 Pv (laser) 0.0007 0.703652 15 0.7036
MY13 WR (ID) 130 131 579 0.6536 0.710390 10 0.7060
MY14 WR (ID) 125 93.0 920 0.2924 0.706624 11 0.7047
MY15 WR (ID) 104 88.5 826 0.3098 0.706100 15 0.7040
MY15 (Re) WR (ID) 123 86.0 831 0.2995 0.706044 13 0.7040
MY15 Pv (ID) 6.9 14.6 3263 0.0129 0.703845 15 0.7038
MY15 Pv (laser) 0.0023 0.703737 33 0.7037
MY16 WR (ID) 123 46.1 570 0.2340 0.706628 12 0.7051
MY17 WR (ID) 132 113 593 0.5496 0.707962 11 0.7043
MY17 (Re) WR (ID) 130 110 598 0.5344 0.707909 14 0.7043
MY17 Pv (ID) 52 5.78 2057 0.0081 0.703968 14 0.7039
MY17 Pv (laser) 0.0039 0.703786 73 0.7038
MY18 WR (ID) 96 46.9 537 0.2531 0.706827 14 0.7051
MY19 WR (ID) 125 160 1148 0.4035 0.706919 13 0.7042
MY19 Pv (ID) 4.7 222 2760 0.0232 0.704302 13 0.7041
MY19 Pv (laser) 0.0023 0.703814 42 0.7038
MY20 WR (ID) 123 107 259 1.1967 0.713599 13 0.7056
MY20 Pv (laser) 0.0028 0.703820 150 0.7038
MY21 WR (ID) 97 7.6 182 0.1208 0.705752 14 0.7049
MY22 WR (ID) 121 22.6 147 0.4438 0.708732 12 0.7058
MY23 WR (ID) 113 204 152 0.3876 0.708205 14 0.7056
MY24 WR (ID) 127 38.7 436 0.2572 0.706059 13 0.7043
MY24 Pv (ID) 41 55 1813 0.0087 0.704276 24 0.7042
MY24 Pv (laser) 0.0003 0.703644 88 0.7036
MY25 WR (ID) 118 54.1 595 0.2627 0.706191 15 0.7044
MY26 WR (ID) 132 273 487 0.1622 0.705383 14 0.7043
MY26 Pv (laser) 0.0006 0.703800 49 0.7038
MY27 WR (ID) 98 24.0 539 0.1289 0.705431 30 0.7046
MY27 Pv (laser) 0.0040 0.703691 66 0.7037
MY28 WR (ID) 95 10.9 370 0.0850 0.705834 12 0.7053
MY28 Pv (ID) 3.8 4.7 1826 0.0074 0.703812 12 0.7038
MY28 (Re) Pv (ID) 4.5 4.4 1806 0.0071 0.703829 10 0.7038
MY28 Pv (laser) 0.0003 0.703674 75 0.7037
MY29 WR (ID) 130 171 173 0.2859 0.706999 11 0.7051
MY30 WR (ID) 114 115 369 0.0901 0.705444 13 0.7048
MY30 Pv (laser) 0.0011 0.703714 85 0.7037
MY31 WR (ID) 93 1.8 82 0.0639 0.706251 14 0.7058
MY31 Pv (laser) 0.0007 0.703740 76 0.7037
MY32 WR (ID) 96 224 244 0.2655 0.706651 11 0.7049

WR: whole-rock, Pv: perovskite, ID: isotopic dilution, Re: replicate.

by laser ablation. For ID-TIMS analyses, the Rb and Sr concentrations
are 2.1-22.2 and 672-3819 ppm, respectively; whereas the results by
laser ablation are 0.44-3.81 and 503-2467 ppm, both lower than the
ID-TIMS values. We propose that some later fluid(s) may have enriched
Rb and Sr along the mineral cleavages, thus affecting the whole-mineral
analyses but not being evident in the laser ablation analyses, since
such sites were avoided. Alternatively, some heterogeneity might exist
among the different mineral grains, although this would not be
expected to produce such a systematic variation in the results. The
whole-rock samples yield an “errorchron” with a reference age of
~500 Ma (Fig. 6b), with an initial Sr isotopic ratio of 0.705+ 3. The
perovskites show lower initial Sr ratios than the whole-rocks (Fig. 6b);
0.7036-0.7042 by TIMS and 0.7036-0.7038 by laser ablation (Fig. 7a).
The whole-rock samples have Sm and Nd concentrations of 6.7-10.9
and 52-94 ppm, with Sm/Nd ratios ranging from 0.112-0.131,
whereas the perovskites have Sm and Nd concentrations of 402-595
and 3730-5508 ppm with Sm/Nd ratios ranging from 0.103-0.113
(Fig. 6¢). The ID-TIMS analyses on perovskites give Sm and Nd
concentrations of 132-595 and 1378-5508 ppm, whereas those by
laser ablation are 562-1976 and 5367-20858 ppm; much higher than
the former. The #7Sm/#*Nd and “*Nd/#*Nd ratios of whole-rocks are
0.068-0.078 and 0.512167-0.512267 (Fig. 6d), respectively, with enq(t)
values of —2.0 to + 0.26, whereas the perovskites analysed by ID-TIMS
give Sm/™4Nd, >Nd/'*Nd and eyq(t) values of 0.062-0.069,

0.512209-0.512247 (Fig. 6d), and —0.36 to +0.30, respectively; thus
showing much less variation than the whole-rock samples. The
perovskites analyzed by laser ablation give 4’Sm/!#4Nd, 3Nd/*Nd
and eng(t) values of 0.063-0.069, 0.512219-0.512305 and —0.24 to
+ 1.66, slightly higher than those obtained by ID-TIMS for both whole-
rocks and perovskites (Fig. 6b).

The whole-rock samples contained 0.018-0.064 ppm Lu and 2.92-
5.05 ppm Hf with Lu/Hf ratios of ~0.01 (0.007-0.020, Fig. 6e), whereas
the perovskites contain much more Lu (0.267-0.520 ppm) and Hf
(49.7-147.2 ppm), with Lu/Hf ratios of 0.0023-0.0061 (Fig. 6e). The
perovskites show lower '7°Lu/7Hf and a narrower range of '7°Hf/7’Hf
ratios compared to the whole-rock samples (Fig. 6f). The obtained gy(t)
values range from + 0.52 to — 6.13, showing some variation.

5. Discussion
5.1. Emplacement age of the Mengyin kimberlite

Perovskite normally has high U concentrations, which makes this
mineral an excellent candidate to date kimberlite using the U-Pb
isotopic method (Kramers and Smith, 1983; Smith et al., 1989, 1994;
Kinny et al., 1997; Heaman et al., 2003, 2004; Cox and Wilton, 2006;
Batumike et al., 2008). For the Mengyin kimberlite, it has previously
been established that U-Pb dating of perovskite by the SHRIMP
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Table 4

Sm-Nd isotopic composition of the Mengyin kimberlites and perovskites.

Sample Analysis Sample (mg) Sm (ppm) Nd (ppm) 1475 m/144Nd 43Nd/ 44Nd 20m enalt) Tpm (Ma)
MYO06 Pv (ID) 43 595 5508 0.0653 0.512234 12 0.02 941
MYO06 Pv (laser) 0.0641 0.512219 12 —0.21 949
MY12 WR (ID) 102 8.5 70 0.0730 0.512231 13 —0.52 996
MY12 Pv (ID) 8.2 520 4586 0.0686 0.512225 12 —0.36 971
MY12(Re) Pv (ID) 7.3 530 4765 0.0673 0.512235 14 —0.10 953
MY12 Pv (laser) 0.0664 0.512229 12 —0.16 954
MY13 WR (ID) 130 7.5 57 0.0790 0.512048 9 —4.45 1246
MY13 (Re) WR (ID) 7.0 53 0.0795 0.512044 9 —4.55 1255
MY14 WR (ID) 125 7.7 59 0.0792 0.512225 11 —0.99 1047
MY15 WR (ID) 104 8.4 66 0.0771 0.512167 12 —2.00 1096
MY15 (Re) WR (ID) 123 85 67 0.0768 0.512170 12 —193 1090
MY15 Pv (ID) 6.9 440 3994 0.0666 0.512230 10 —0.15 953
MY15 Pv (laser) 0.0640 0.512226 7 —0.07 941
MY16 WR (ID) 123 8.1 69 0.0711 0.512238 10 —0.26 975
MY17 WR (ID) 132 9.4 78 0.0724 0.512197 12 —115 1028
MY17 (Re) WR (ID) 130 9.3 78 0.0725 0.512203 13 —1.03 1022
MY17 Pv (ID) 52 469 4203 0.0675 0.512242 13 0.04 946
MY17 Pv (laser) 0.0687 0.512215 19 0.37 983
MY18 WR (ID) 96 83 69 0.0729 0.512206 11 —0.98 1021
MY19 WR (ID) 125 7.2 59 0.0740 0.512200 12 —118 1036
MY19 Pv (ID) 4.7 402 3730 0.0651 0.512235 8 0.04 939
MY19 Pv (laser) 0.0649 0.512220 9 —0.24 952
MY20 WR (ID) 123 9.3 79 0.0710 0.512250 14 —0.02 961
MY20 Pv (laser) 0.0670 0.512234 15 —0.09 952
MY21 WR (ID) 97 9.1 78 0.0705 0.512253 13 0.07 955
MY21 Pv (laser) 0.0671 0.512272 22 0.64 913
MY22 WR (ID) 121 G2 75 0.0743 0.512262 14 0.01 971
MY22 Pv (ID) 52 337 3238 0.0629 0.512214 11 —0.24 947
MY23 WR (ID) 113 8.4 65 0.0777 0.512242 12 —0.58 1017
MY24 WR (ID) 127 9.0 76 0.0712 0.512243 13 —0.16 970
MY24 Pv (ID) 41 500 4681 0.0646 0.512247 13 0.30 923
MY24 Pv (laser) 0.0661 0.512269 6 0.65 910
MY25 WR (ID) 118 8.1 72 0.0681 0.512211 10 —0.60 983
MY26 WR (ID) 132 7.7 65 0.0715 0.512243 14 —0.19 972
MY26 Pv (laser) 0.0691 0.512281 10 0.70 916
MY27 WR (ID) 98 79 71 0.0675 0.512251 12 0.21 937
MY27 Pv (laser) 0.0642 0.512236 10 0.11 932
MY28 WR (ID) 95 9.9 86 0.0693 0.512259 14 0.26 941
MY28 Pv (ID) 3.8 553 5390 0.0620 0.512225 12 0.03 930
MY28 (Re) Pv (ID) 4.5 550 5338 0.0623 0.512209 11 —0.30 948
MY28 Pv (laser) 0.0640 0.512224 8 —0.10 943
MY29 WR (ID) 130 6.7 52 0.0769 0.512259 13 —0.20 993
MY30 WR (ID) 114 79 66 0.0718 0.512256 14 0.05 960
MY30 Pv (laser) 0.0697 0.512254 9 0.13 949
MY31 WR (ID) 93 10.9 94 0.0701 0.512246 14 —0.04 959
MY31 Pv (laser) 0.0701 0.512247 12 —0.02 958
MY32 WR (ID) 96 7.6 62 0.0744 0.512267 13 0.11 966
MY32 Pv (laser) 0.0625 0.512290 12 1.27 867

WR: whole-rock, Pv: perovskite, ID: isotopic dilution, Re: replicate.
The notation of eyq(t) and Tpy are defined as:

aa() = (("Nd/"Nd) —("sm/ Nd) x (M — 1))/ ((*Nd/*Nd)

Ty =1/ xIn{1 + [(1“31\1@1/1“4Nal)S - 051315/ KWSm/mNd)S - 02137]}

CHUR

—(]47Sm/]44Nd)

e ¥ (e“ - 1)) — 1) x 10000

where s=sample, and ("*Nd/**Nd)cyur = 0.512638, and ('*’Sm/#*Nd)cyur = 0.1967. The decay constant (A) used in calculations was 0.654 x 10~ " /y for ¥7Sm. t =470 Ma.

technique yielded an age of 456 4 8 Ma, although no analytical details
were reported (cited by Dobbs et al. (1994)). Furthermore, Rb-Sr
isotopic analyses of phlogopite yield an isochron age of 475+ 3 Ma
(Dobbs et al., 1994), and the Ar-Ar age of the same mineral is 465 +
3 Ma (Zhang and Yang, 2007). In this study, nine fresh samples yield U-
Pb ages of 466 4+ 16 (MY6),467 49 (MY12),466 + 15 (MY15),451 £ 11
(MY17), 475 + 9 (MY19), 467 + 15 (MY24), 471 & 14 (MY27), 479 + 19
(MY28) and 47245 (MY30) Ma, respectively (Table 6). If these ages
are calculated together, the obtained weighted age is 47143 Ma
(n=9, MSWD =0.5), which is identical to the weighted mean age of
47044 Ma from 132 individual analyses from the above 9 fresh
samples (Fig. 5a). Considering that our analyses were undertaken on a
suite of samples, the age of 47044 Ma is considered as the best
estimate for the emplacement of the Mengyin kimberlite.

However, amongst our dated samples, 5 out of 14 show large age
variations, and are mostly discordant and younger than ~470 Ma
(Fig. 5b). Detailed imaging indicates that these perovskites are mostly
altered (Fig. 2g-0), suggesting that alteration can reset the U-Pb isotopic
system of perovskites; contrary to what was previously thought, i.e. that
the mineral is highly resistant to weathering and alteration (Heaman,
1989). A similar result was obtained from the Elwin Bay kimberlite on
Somerset Island, Canada, where fresh perovskites record a U-Pb age of
113 +£6 Ma (Wu et al,, 2009), markedly different from the younger ages
of 27-36 Ma obtained by Smith et al. (1989). Subsequently it was
verified by petrography that perovskite is unstable in CO,-rich
environments, such as kimberlite (Mitchell and Chakhmouradian,
1998; Chakhmouradian and Mitchell, 2000). In sample MY31 of
this study, thirteen analyses of the fresh grains yield a U-Pb age of
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Table 5

Lu-Hf isotope composition of the Mengyin kimberlites and perovskites (by isotopic dilution).

Sample Analysis Sample (mg) Lu (ppm) Hf (ppm) ULy PARE SR ART 20 enr(t) Tpm (Ma)
MYO06 Pv 43 0.389 109 0.0005 0.282426 10 —2.05 1152
MY12 WR 102 0.049 3.80 0.0018 0.282424 9 —2.52 1196
MY12 Pv 8.2 0.338 147 0.0003 0.282436 5 —1.64 1133
MY13 WR 130 0.056 3.86 0.0021 0.282168 6 —11.68 1572
MY13 (Re) WR 124 0.049 3.57 0.0019 0.282174 13 —1141 1558
MY14 WR 125 0.037 4.32 0.0012 0.282447 5 —1.52 1144
MY15 WR 104 0.064 3.97 0.0023 0.282294 8 —7.29 1400
MY15 (Re) WR 123 0.064 3.97 0.0023 0.282297 7 —716 1395
MY15 Pv 6.9 0.366 145 0.0004 0.282309 5 —6.13 1308
MY15 (Re) Pv 4.8 0.343 169 0.0003 0.282337 8 —5.11 1267
MY16 WR 123 0.018 3.79 0.0007 0.282473 6 —045 1093
MY17 WR 132 0.050 442 0.0016 0.282401 10 —3.27 1222
MY17 (Re) WR 130 0.051 444 0.0016 0.282396 5 —347 1231
MY17 Pv 52 0.520 142 0.0005 0.282325 38 —5.64 1293
MY18 WR 98 0.062 3.82 0.0023 0.282374 5 —445 1284
MY19 WR 125 0.058 292 0.0028 0.282436 8 —2.40 1210
MY19 Pv 4.7 0.283 57.9 0.0007 0.282419 10 —2.36 1168
MY20 WR 123 0.046 434 0.0015 0.282435 6 —2.05 1171
MY20 Pv 43 0.308 87.5 0.0005 0.282449 14 —1.24 1121
MY21 WR 97 0.046 3.93 0.0016 0.282488 8 —0.22 1099
MY22 WR 121 0.044 3.38 0.0019 0.282480 6 —0.56 1117
MY22 Pv 53 0.302 323 0.0013 0.282437 50 —1.90 1161
MY23 WR 113 0.038 3.25 0.0017 0.282467 9 —0.94 1129
MY23 Pv 3.8 0.302 49.7 0.0009 0.282465 31 —0.79 1109
MY24 WR 127 0.032 3.70 0.0012 0.282485 9 —0.17 1090
MY24 Pv 41 0.267 82.0 0.0005 0.282484 7 0.00 1071
MY25 WR 118 0.050 4.21 0.0017 0.282443 4 —1.81 1164
MY26 WR 132 0.041 4.07 0.0014 0.282446 6 —1.63 1152
MY27 WR 98 0.028 3.98 0.0010 0.282490 9 0.06 1077
MY28 WR 95 0.043 5.05 0.0012 0.282485 6 —0.18 1091
MY28 Pv 3.8 0.271 76.3 0.0005 0.282483 10 —0.03 1073
MY28 (Re) Pv 45 0.284 76.4 0.0005 0.282499 14 0.52 1052
MY29 WR 130 0.028 3.39 0.0012 0.282465 6 —0.87 1117
MY30 WR 114 0.035 3.74 0.0013 0.282469 ) —0.77 1117
MY31 WR 93 0.048 417 0.0017 0.282479 6 —0.54 1113
MY32 WR 96 0.037 413 0.0013 0.282469 8 —0.75 1115

WR: whole-rock, Pv: perovskite, Re: replicate.
The notations of eue(t) and Ty defined as:

e = ((176Hf/177Hf)5 —(mLu/me)s % (e“ _ 1)) / ((176Hf/177Hf)CHUR

_ (176Lu/ 177Hf)

e X (e“ - 1)) — 1) x 10000

Ty =1/Ax (1 + ((175Hf/177Hf)S 7(176Hf/177Hf)DM) / ((176Lu/177Hf)S 7(176Lu/177Hf)DM))

where, ("7Lu/"7’Hf)s and ('7°Hf/77Hf)s are the measured values of samples, (""°Lu/'"”Hf)cyur = 0.0332 and ('76Hf/"77Hf)cyur = 0.282772 (Blichert-Toft and Albarede, 1997);
("8Lu/"7Hf)pp = 0.0384 and ('7°Hf/77Hf)py = 0.28325 (Griffin et al.,, 2000), The decay constant (A) used in calculations was 1.867 x 10~ '!/y for '"°Lu (Soderlund et al., 2004)),

t=470 Ma.

471414 Ma (Table 6), but seven altered grains yield Mesozoic ages.
According to our observations, the perovskites with younger ages show
significant replacement by calcite and titanite (Fig. 2g—0). It is also noted
that most of these grains have much higher REE concentrations (Fig. 5b),
which indicate REE-enrichment of perovskite during alteration. In
addition, it is likely that perovskites with high REE concentrations are
more easily altered. Therefore, it is necessary to make an assessment of
alteration for the perovskite before conducting U-Pb analyses in order to
obtain precise age data.

Importantly, the alteration did not change the Sr-Nd isotopic
compositions of perovskites. As indicated in Table 6, the fresh samples
have 87Sr/86Sr ratios ranging from 0.703644 488 to 0.703814 +42;
whereas the altered samples range from 0.703691 + 66 to 0.70382 + 15.
However, alteration can decrease Sr concentrations, making it
impossible to get high precision using the in situ technique. In
terms of Nd isotopes, the *3Nd/#*Nd ratios of the fresh samples
range from 0.512207 £15 to 0.512281 4+ 10, and those of altered
samples range between 0.512234+15 and 0.5122904 12. The
reason for lack of any detectable Sr-Nd isotopic variation between
fresh and altered perovskites might be that the mineral contains
high Sr and Nd concentrations, which makes it insensitive to the
any later addition.

5.2. Obtaining meaningful initial isotopic compositions for kimberlite

Isotopic data are vital in deciphering the petrogenesis of kimber-
lites. A common procedure is to obtain isotopic ratios from whole-rock
material (e.g., Becker and Le Roex, 2006), since it has been suggested
that the high incompatible element concentrations and rapid
transportation en route mean that the effect of contamination by
crustal material is minimal (Smith, 1983). However, this conclusion is
not supported by leaching experiments, which indicate that there is
commonly a crustal isotopic component present (Alibert and Albarede,
1988). Likewise, although it has been argued that, by applying
geochemical criteria, whole-rocks without any contamination can be
selected (Le Roex et al., 2003) or that a rock can be cleaned to exclude
later alteration (Becker and Le Roex, 2006), the contaminant is mostly
invisible and cannot be removed. Clearly, the best way to obtain the
primary isotopic signature of kimberlite is to analyze perovskite that
directly crystallized from the initial magma and remained unaffected
by subsequent petrogenetic or weathering processes (Heaman, 1989;
Paton et al., 2007a).

As shown in Figs. 6 and 7, whole-rocks from the Mengyin
kimberlite show a large variation in Sr-Nd-Hf isotopic composition,
indicating that it is impossible to get reliable initial isotopic data from
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Fig. 6. Sr-Nd-Hf isotopic characterization of Mengyin whole-rock kimberlite and perovskite grains by isotopic dilution TIMS and laser ablation techniques.

whole-rock analyses, even when the samples show no visible sign of
crustal and/or mantle contamination. However, the perovskites from
these samples have uniform Sr-Nd-Hf isotopic values. Considering
that perovskite formed early during kimberlite crystallization and has
high Sr, Nd and Hf concentrations, it is reasonable to conclude that

analyses of perovskite can provided more reliable initial isotopic
compositions of the kimberlitic magma. However, our perovskite
analyses indicate that the ID-TIMS method records higher 8’Rb/26Sr
and ®7Sr/%5Sr ratios than those obtained by laser ablation, although
the variation is limited (Fig. 6b). In terms of Nd isotopes, 9 analyses by
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the ID-TIMS method yield a weighted &enqg(t) value of —0.05+0.15
(20), whereas a weighted eyq(t) value of 0.13 + 0.22 (20) is obtained
from 14 samples by laser ablation analysis; slightly higher although
they overlap within errors. This difference is interpreted to result
from the passage of enriched fluid along mineral cleavages, since the
ID-TIMS data were obtained from bulk analyses of multi-grains,
whereas the laser ablation data were obtained on carefully selected
minerals without any cleavages or fractures. Although we cleaned the
minerals prior to analysis using low concentrations of HCI, it is
impossible to drive away all fluid from within the mineral structure.
Because of this, laser ablation of perovskite can effectively provide
reliable Sr and Nd isotopic compositions, enabling evaluation of the
mantle source and petrogenesis of the host kimberlite. Although the
Mengyin perovskites have extremely low '7Lu/'7’Hf ratios (com-
monly <0.001), it is impossible, however, to get precise Hf data by
laser ablation, since their Hf concentrations of 45-89 ppm are too low.

5.3. Sr-Nd-Hf isotopic constraints on petrogenesis of the Mengyin
kimberlites

According to whole-rock data (Chi and Lu, 1996; Luo et al., 1999;
Zhang and Yang, 2007; and this study — Table 3), the Mengyin
kimberlite has an initial Sr isotopic ratio between 0.7039 and 0.7065

(Fig. 8a). This value is much higher than those we obtained from
perovskite by using either the laser ablation or solution techniques
(Fig. 8b). Furthermore, our laser ablation analyses of eleven different
samples indicate that the Mengyin kimberlitic perovskites have
uniform 87Sr/%Sr ratios of 0.70371412 (2SD) (Fig. 8b), slightly
lower than the primitive mantle value of ~0.7040 in the Paleozoic.
Considering that these perovskites are believed to have crystallized at an
early magmatic stage, we interpret that 0.7037 is the initial 3”Sr/36Sr
ratio of the Mengyin kimberlitic magma.

The whole-rocks have mean e&yqg(t) values of —2.0 to +0.26
(Figs. 7a and 8c), in contrast to perovskites that have mean &yq(t)
values of —0.36 to + 1.66 (Fig. 7a and b). For laser ablated perovskites,
14 analyses yield an average value of 0.13 +0.22 (Fig. 8d). It is also
noted from Fig. 6d that mixing of two members can be used to explain
the Nd isotopic variations of the whole-rock samples. One end-
member is more radiogenic with *>Nd/'**Nd>0.51226, but with a
lower ¥7Sm/'4Nd value, whereas the other end-member is less
radiogenic with 3Nd/"*Nd<0.51217 and ¥’Sm/'**Nd>0.08. It is
reasonable to conclude that the less radiogenic end-member could
be a recycled Archean crustal component, since this is the only kind
of crustal material exposed in the area, whereas the radiogenic end-
member represents the original kimberlite magma.

The Hf isotopes show similar characteristics to the Nd isotopes,
although both whole-rock and perovskite plot beneath the mantle
array in the eye(t) vs. enq(t) variation diagram (Fig. 7b). This
characteristic has also been documented in kimberlites from South
Africa and West Greenland (Nowell et al., 2004; Gaffney et al., 2007),
from carbonatite and alkaline igneous rocks (Janney et al., 2002;
Bizimis et al., 2003), and HIMU-type basalts (Salters and White, 1998).
Salters and White (1998) first proposed that this phenomenon is
related to recycling of oceanic crust. Alternatively, Griffin et al. (2000)
attributed this to derivation in the SCLM. However, it is now
demonstrated that the SCLM will have positive gye(t) values, and
should locate above the &y¢(t)-ena(t) mantle array (Nowell et al.,
2004). Therefore, it was again proposed that this component is
ancient oceanic crust underplated beneath the lithosphere, but
isolated from the convecting mantle in order to retain its distinctive
Hf isotopic signature (Nowell et al., 2004; Gaffney et al., 2007).

However, it is difficult to understand why most ocean island
basalts (OIB) do not show any such deviation if a special geochem-
ical reservoir exists below the lithosphere. In the Mengyin case,
the whole-rock and perovskite data show different trends in the
enr(t) —ena(t) variation diagram (Fig. 7b). Most whole-rock samples
plot near to the Group I kimberlites, but two samples with more
negative enq(t) and eyg(t) values are close to the field of

Table 6
Summary of U-Pb age and Sr-Nd isotopes of the perovskites from the Mengyin kimberlite.

Sample U-Pb age 87Rb/%5Sr 87Sr/86sr 47Sm/14Nd 3Nd/™Nd  eng

(Ma)? (470)
Fresh samples
MY06 466416 0.0018 0.7036734+31 0.0641 0.512219+12 —0.21
MY12 467409 0.0007 0.703676+11 0.0664 0.512229+12 —0.16
MY15 466+15 0.0023 0.703737 £33 0.0640 0.5122244+-07 —0.07
MY17 451+11 0.0039 0.703786+73 0.0687 0.512207+15 +0.37
MY19 475409 0.0023  0.703814+42 0.0649 0.512217 +£06 —0.24
MY24  467+15 0.0003 0.703644+88 0.0661 0.512269+06 +0.65
MY26 4714+£14 0.0006 0.703800+£49 0.0691 0.512281+10 +0.70
MY28 479+19 0.0003 0.703674+75 0.0640 0.512224+08 —0.10
MY30 472405 0.0011 0.703714+85 0.0697 0.512254+09 +0.13
MY31 471+14 0.0007 0.703740+£76 0.0701 0.512247+12 —0.02
Altered samples
MY20 274+30 0.0028 0.70382+15 0.0670 0.512234+15 —0.09
MY21 286 +25 0.0671 0.512272+22 +0.64
MY27  238+25 0.0040 0.703691 66 0.0642 0.512236+£10 +0.11
MY32 243407 0.0625 0.512290+12 +1.27

2 Only fresh perovskites are included in the U-Pb age calculation.
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(laser analyses).

transitional kimberlite (Fig. 7b). These isotopic variations can also
be explained by mixing of two components, one primitive and
another less radiogenic. The primitive mantle has eng(t) and ey¢(t)
values of zero, but the less radiogenic end-member has eng(t)<—2
and éey¢e(t)<—7. Considering that our samples were collected from
a single kimberlitic pipe, it is reasonable to conclude that the above
isotopic variation was derived from contamination by crustal
material, and is not a feature of the mantle source. It is now known
that crustal materials are mostly located along the terrestrial array
(Vervoort et al., 1999), but a recent discovery indicates that felsic and
sedimentary granulites can significantly deviate from the above array
and display obvious Nd-Hf isotopic decoupling (Schmitz et al., 2004).
As for the perovskites, which should record the primary isotopic
composition of the magma, they show identical enq(t) values, but with
some variations in eyg(t). As shown in Fig. 9, perovskites with higher Hf
concentrations possess more negative &ye(t) values, but without
significant Sr-Nd isotopic variations. This is difficult to explain, but it
might be ascribed to the variable effects of crustal contamination. This
proposal is supported by differences in the La/Yb ratios between whole-
rocks and perovskites, as discussed below. Therefore, if this assumption
is correct, Hf-Nd isotopic decoupling of kimberlites could result from
crustal contamination and invoking a hidden geochemical reservoir
beneath the lithosphere is unnecessary. More work is needed to verify
this conclusion.

Overall, the data show that the Mengyin kimberlites should be
classified as belonging to Group I (Smith, 1983) and that the primary
magma was derived from a weakly depleted or primitive mantle
source, characterized by low initial Sr, and high enq(t) and eyg(t)
values (Fig. 7). This kind of primitive source could be either deep

asthenospheric or lithospheric mantle. However, it is difficult to
believe that ancient lithospheric mantle can avoid late metasomatism
which would make it enriched in Sr-Nd-Hf. Therefore, we propose a
deep mantle source. If this proposal is correct, the remaining question
that needs to be answered is why the kimberlitic magma is highly
enriched in incompatible elements. One possibility is that the degree
of mantle melting was extremely small, which would result in
significant elevation of these elements in the melt. Alternatively, the
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Fig. 9. Hf isotopic variations of perovskites and their host kimberlites. Perovskites with
higher Hf concentration display more negative gy(t) values, indicating contamination
from non-radiogenic (ancient crustal) materials.
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mantle source may have only just been metasomatised prior to
formation of the kimberlitic magma. During emplacement, crustal
contamination has significantly modified the kimberlitic magma, even
during the very early stages when perovskite crystallized. Therefore,
the whole-rock analyses do not represent the composition of the
primary magma.

5.4. Tectonic implications

It was recently proposed that the formation of Paleozoic kimberl-
ites in the North China Craton was effected by subduction of oceanic
lithosphere (Zhang and Yang, 2007), based on the large variation in
initial 87Sr/86Sr isotopic compositions of whole-rock samples. It was
argued that the rapid eruption of kimberlite prevented any crustal
contamination or crystallization during ascent, and that the Sr isotopic
variations should be related to the involvement of oceanic water
during partial melting of the asthenosphere. However, this argument
is not supported by the following lines of evidence. Firstly, the
Paleozoic kimberlites are mostly distributed in the eastern part of the
NCC (Fig. 1), at Mengyin, Fuxian and Tieling; and there is no available
evidence indicating that there was subduction in the area during the
early Paleozoic. Secondly, as shown in Fig. 7a, perovskite is a primary
mineral that crystallized during the early stage of magma evolution,
and shows less chemical variation than the whole-rock samples,
indicating that the primary magma was homogeneous in Sr isotopic
composition. Thirdly, as shown in Fig. 4, the perovskites have much
higher La/Yb ratios than the whole-rocks. One explanation is LREEs
are more compatible than HREEs in perovskite, which results in the
residual magma having higher La/Yb values than perovskite. However,
as shown by recent estimations of partition coefficients (Corgne and
Wood, 2005; Wu et al., 2009), perovskite shows little difference
between the uptake of LREEs and HREEs. Therefore, as suggested by
Mitchell and Reed (1988), crustal contamination after the crystal-
lization of the perovskite can significantly decrease the La/Yb ratios of
kimberlitic magma, since crustal materials have much lower La/Yb
than perovskite. Therefore, the Mengyin kimberlite was not neces-
sarily formed in a subduction setting although its source might
contain some ancient oceanic lithosphere, as constrained by the Hf-Nd
isotopes obtained from other kimberlites around the world.

What then controlled the formation of the Paleozoic kimberlites in
the NCC? Before presenting our point of view, we need to briefly
discuss the controversy concerning the source of kimberlitic magma
in general. Mitchell (1995) proposed that the Group II kimberlites
should be classified as orangeite, a specific type that is different from
Group I kimberlite. As shown at Mengyin and globally, Sr-Nd-Hf
isotopic data indicate that the mantle source is weakly depleted. This
can reflect either a lithospheric (Heaman, 1989; Becker and Le Roex,
2006), or sub-lithosphere (Mitchell and Reed, 1988; Mitchell, 1995;
Nowell et al., 2004; Gaffney et al., 2007) source. However, abundant
evidence from mineral inclusions and experimental calibrations
suggest that kimberlite is derived from the lower mantle (Moore
and Gurney, 1985; Ringwood et al,, 1992; Harte and Harris, 1994;
Gasparik, 2000; Kerschhofer et al., 2000; Tachibana et al., 2006;
Tappert et al., 2009), or at least affected by mantle plumes that
originated from the core-mantle boundary (Haggerty, 1994, 1999).

Based on available data, it is unclear whether the Mengyin
kimberlites are related to plume activity or not. However, the
following lines of evidence support such a causal link. Firstly, the
Mengyin and Fuxian kimberlites and their enclosed diamonds are
reported to contain tungsten carbide (WC and WC;) and natural Fe,
Cu, Ag and Sn (Zhang et al., 1986; Leung, 1990; Dong, 1994; Chi and Lu,
1996). The former indicates a crystallization temperature of ~2800 °C
(Chi and Lu, 1996), and the latter suggest an extremely reduced
environment; both consistent with a deep mantle origin.

Secondly, Paleozoic kimberlites are widely distributed in the NCC.
Besides Mengyin, kimberlites have been identified at Fuxian (Dong,

1994; Chi and Lu, 1996), at Tieling (Zhang, 1993; Chi and Lu, 1996; Wu
et al,, 2003), and several other places (Feng et al., 2000; Yang et al.,
2002, Fig. 1). For the Mengyin kimberlite, our laser ablation analyses
on perovskites give an age of 470 4+ 4 Ma (Fig. 5). At Fuxian in Liaoning
Province (Fig. 1), the lack of perovskite due to later alteration makes
it impossible to precisely determine its emplacement age using the
U-Pb method. However, it was previously reported that phlogopite
from this kimberlite yields a Rb-Sr isochron age of 462 +5 Ma (Dobbs
et al,, 1994). Recently, a phlogopite Rb-Sr isochron age of 463 +7 Ma
and an Ar-Ar age of 464 + 6 Ma were reported (Li et al., 2005; Zhang and
Yang, 2007). We therefore consider that the Mengyin and Fuxian
kimberlites were emplaced coevally at ~470 Ma, which may also be the
emplacement age of other kimberlites in the NCC, although they have
not been precisely dated and further work is needed to verify this,
especially since they do not contain diamonds.

Thirdly, the NCC was covered by a thick carbonate sedimentary
sequence during the Cambrian-Early Ordovician. Since the Middle
Ordovician (0,), however, a gap of ~150 Ma duration is evident in the
sedimentary record until the Middle Carboniferous (C;), when
terrestrial sediments were deposited with parallel unconformity
(disconformity). Stratigraphic correlations from different localities
indicate that uplift was initiated at the Early-Middle Ordovician
boundary or in the early Middle Ordovician, at about 460-470 Ma,
coeval with the emplacement of the Paleozoic kimberlites (Chen
et al., 1997). Recent studies also indicate that the Korean Peninsula
shows similar characteristics to the NCC at this time (Lee and Lee,
2003), marked by a lack of structural deformation and only vertical
uplift over an area of >1,000,000 km?. Although it has been argued
that some kind of orogenic (epeirogenic?) process might be
responsible for the uplift (Chen et al., 1997; Ma, 2002), the region
does not show any sign of structural deformation or metamorphism.
These features are all consistent with our proposal that a mantle
plume was the likely trigger that initiated Early Paleozoic uplift in the
NCC (see Campbell, 2007; Saunders et al., 2007). However, basaltic
eruption is usually observed during plume activity, but is missing in
the NCC during the early Paleozoic. One reason may be that the
plume was not hot enough, although the vast area of uplift appears to
contradict this. Alternately, the lithosphere may have been too thick
to allow the plume head to rise high enough to trigger extensive
melting of the shallow lithosphere, as documented by Griffiths and
Campbell (1991) for the East African Plateau, where uplift was
associated with alkali volcanism but no flood basalt volcanism.
However, as stated by Ernst and Buchan (2003), more work is needed
to verify the association of mantle plume activity with kimberlite
emplacement, although this linkage is favored by many geologists
(Moore and Gurney, 1985; Ringwood et al., 1992; Haggerty, 1994;
Harte and Harris, 1994; Haggerty, 1999; Gasparik, 2000; Kerschhofer
et al., 2000; Ernst and Buchan, 2003; Tachibana et al., 2006; Tappert
et al., 2009).

6. Conclusions

(1) Perovskite in the Mengyin kimberlite has high Sr, Hf and REE
concentrations. Its early crystallization during magmatic
evolution makes it an ideal mineral to obtain the initial Sr, Nd
and Hf isotopic ratio of kimberlitic magma. Conversely, the
whole-rock isotopic data cannot be used to constrain the
mantle source of kimberlite since it is subject to crustal
contamination;

Using the analytical protocol established herein, laser ablation
analyses of Mengyin kimberlitic perovskite yields a narrow
range of 87Sr/%6Sr ratios from 0.70365 to 0.70381, with a
weighted mean value of 0.70371 4 12, identical to that obtained
by the solution method, but much lower than the values
obtained from whole-rock kimberlite samples. Laser ablation
analyses establish that the perovskites have uniform, primitive

(2
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initial Nd isotopic compositions with a weighted average value
of eng(t) of 013+ 0.22;

(3) Based on our U-Pb age and Sr-Nd-Hf isotopic data for
perovskite, the Mengyin kimberlite was derived from a weakly
depleted or primitive mantle source with an emplacement age
of ~470 Ma, which is consistent with previously-documented
evidence for regional uplift of the lithosphere in this area, close
to the Early-Middle Ordovician boundary. The present weight
of evidence supports the view that a mantle plume most likely
triggered kimberlite activity in the NCC at this time.
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