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Determination of the emplacement ages and initial isotopic composition of kimberlite by conventional isotopic
methods using bulk rock samples is unreliable as these rocks usually contain diverse clasts of crustal- and mantle-
derived materials and can be subject to post-intrusion sub-aerial alteration. In this study, 8 samples from 5
kimberlites in southern Africa and twelve samples from 7 kimberlites from Somerset Island, Canada have been
selected for in situ perovskite U–Pb isotopic age determination and Nd isotopic analysis by laser ablation using thin
sections and mineral separates. These fresh perovskites occur as primary groundmass minerals with grain-sizes of
10–100 μm. They were formed during the early stage of magmatic crystallization, and record data for the least
contaminated or contamination-free kimberlitic magma. U–Pb isotopic data indicate that the majority of the
southern Africa kimberlites investigated were emplaced during the Cretaceous with ages of 88±3 to 97±6Ma,
although one sample yielded an Early Paleozoic age of 515±6Ma. Twelve samples from Somerset Island yielded
ages ranging from93±4Ma to108±5Maand are contemporaneouswith other Cretaceouskimberlitemagmatism
in central Canada (103–94 Ma). Although whole-rock compositions of the kimberlites from southern Africa have a
large range of εNd(t) values (−0.5 to +5.1), the analysed perovskites show a more limited range of +1.2 to +3.1.
Perovskites from Somerset Island have εNd(t) values of−0.2 to +1.4. These values are lower than that of depleted
asthenosphericmantle, suggesting that kimberlitesmightbederived fromthe lowermantle. This study shows that in
situU–PbandNd isotopicanalysis ofperovskiteby laser ablation isboth rapidandeconomic, andserves asapowerful
tool for the determination of the emplacement age and potential source of kimberlite magmas.
+86 10 62010846.
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1. Introduction

Kimberlite is a unique ultrabasic rock derived from deep mantle,
and is the major source of diamonds (Mitchell, 1986, 1995). The
emplacement age and isotopic composition, combined with that of
the entrained crustal and mantle xenoliths, is important for decipher-
ing the composition and structure of the lithosphere at the time of
eruption (Mitchell, 1986; Carlson et al., 2000). Precise determination
of the emplacement age and isotopic composition is not simple, as
kimberlites contain abundant crustal- and mantle-derived xenoliths
and can undergo extensive alteration during sub-aerial weathering
(Mitchell, 1986). Several isotopic methods have been used for
kimberlite age determination (Allsopp et al., 1989). Although some
reasonable data were obtained by Kramers and Smith (1983), whole-
rock geochronology is now rarely used because of the presence of
xenolithic material. The commonly used methods are mica (phlogo-
pite) K–Ar, Ar–Ar and Rb–Sr age determinations (Smith et al., 1985).
The common alteration, low closure temperature, and potential
excess Ar render the K–Ar and Ar–Ar methods unreliable. With
respect to the Rb–Sr isochron method, apart from the low closure
temperature and effects of alteration, it is debatable whether or not all
of the analysed phlogopites are cogenetic, as many crystals are
undoubtedly xenocrysts. U–Pb and Th–Pb methods have been applied
to zircon and baddeleyite (Davis et al., 1976). However, as shown by
numerous studies (Kinny et al., 1989; Kinny andMeyer, 1994; Konzett
et al., 1998; Belousova et al., 2001), zircons present in kimberlite are
principally crustal- and/or mantle-derived xenocrysts. Both in situ
and bulk analyses demonstrate that the U–Pb isotopic ages are
typically older than the actual emplacement times of kimberlites
(Kinny et al., 1989), suggesting that this method is not relevant to the
determination of kimberlite emplacement ages (Allsopp et al., 1989).

On the basis of Sr–Nd isotopic data, trace and major element
geochemistry, emplacement ages and mineral characteristics, kim-
berlites have been divided into Groups I (low initial Sr and high initial
Nd isotope ratios) and II (high initial Sr and low initial Nd isotope
ratios) (Smith, 1983), with an isotopically transitional type proposed
by Nowell et al. (2004) and Becker et al. (2007). These groups were
defined using data obtained by whole-rock analysis. However, as
noted above, the combined effects of contamination and post-
emplacement alteration implies that whole-rock analyses are not
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representative of the isotopic composition of primary kimberlitic
magma (Mitchell, 1986; Heaman, 1989).

Perovskite (CaTiO3) is a common primary magmatic mineral in
kimberlite, andhas attractedmuch attentionwith regard to age and initial
isotopic composition determination. Perovskite occurs in the groundmass
of kimberlite and crystallizes at an early stage, together with magnesian
chromite, and prior to the crystallization of monticellite, phlogopite,
serpentine and calcite (Mitchell, 1972, 1986). It should therefore record
theprimarygeochemical and isotopic signaturewith respect to the timing
of emplacement and origin of the kimberlitic magma, prior to any
contamination and weathering. Importantly, perovskite has high con-
centrations of Sr, U, Th, Zr, Hf and LREE (Jones andWyllie, 1984;Mitchell,
1986; Mitchell and Reed, 1988; Heaman, 1989; Chakhmouradian and
Mitchell, 2001a,b), making it an important mineral for U–Pb geochronol-
ogy and Sr, Nd andHf 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; Eccles et al., 2008;
Zurevinski et al., 2008). Inparticular, thehighSr content, coupledwith low
Rb (b2 ppm), and hence extremely low 87Rb/86Sr ratios (generally less
than 0.001), also make perovskite an excellent candidate for Sr isotopic
composition determination by laser ablation analysis (Paton et al., 2007a,
b; Yang et al., 2008). The 87Sr/86Sr ratio obtained by this method can be
considered as the initial Sr isotopic compositionof themagma fromwhich
the perovskite crystallized, as the correction for in situ Rb decay is
negligible. Recently, Nd isotopic compositional measurements by laser
ablation have been successfully applied to perovskites from the Mengyin
kimberlites of China (Yang et al., 2009).

Thus, perovskite is an important mineral for determining the age of
emplacement and isotopic composition of the sources of kimberlitic
magma. Although perovskite has the potential to be widely used for
these purposes, its typical small size, usually 15–30 μm, makes the
separation of pure mineral concentrates difficult. Moreover, recent
studies have indicated that someperovskites exhibit both compositional
zoning andalteration (Chakhmouradian andMitchell, 2001a; Yanget al.,
2009), making bulk analyses of multiple grains of doubtful value. In this
paper, we report in situ U–Pb and Nd isotopic analyses of perovskite, in
both thin sections and mineral separates, for kimberlites from southern
Africa and Somerset Island, Canada. These data are used to demonstrate
that precise crystallization ages and initial Nd isotopic compositions can
be obtained from perovskite and can be of use in constraining the
isotopic character of the mantle source of kimberlite magmas.

2. Geological setting and sample description

2.1. Southern African kimberlites

In southern Africa (Fig. 1a), kimberlites are principally intruded
into the Kaapvaal craton (referred to as on-craton kimberlite) with
minor occurrences in the Namaqua–Natal mobile belt (referred to as
off-craton kimberlite). Kimberlites in this region have been divided
into Groups I and II on the basis of their different Sr–Nd isotopic
compositions (Smith, 1983), and their mineralogical character
(Skinner, 1989). Mitchell (1995) has emphasized that the isotopic,
geochemical and mineralogical distinctions of the groups are so
different that they must represent different magma types derived
from different sources. Hence, “Group I kimberlites” are best referred
to simply as “kimberlite”, whereas “Group II kimberlites”, which are in
fact not kimberlites but the distinct expression of lithospheric potassic
magmatism in the Kaapvaal craton, should be termed “orangeites”
(Mitchell, 1995) or “Kaapvaal metasomatized lithospheric mantle-
derived magmas” (Mitchell, 2006).

Geochronological investigation of southern African kimberlites has
been extensive and applied using a variety of methods (Allsopp et al.,
1989, and references therein). The available data indicate these
kimberlites were emplaced in several stages: 1600 Ma (Kuruman);
1200 Ma (Premier); 500 Ma (Zimbabwean); and 100–54 Ma (South
Africa) (Allsopp et al., 1989; Shee et al., 1989; Jelsma et al., 2004);
with the youngest the dominant period of emplacement.

The eight fresh southern African samples investigated are from five
intrusions, and are without visible crustal fragments. Samples from
the Kimberley area include: Wesselton Mine root zone hypabyssal
rocks from kimberlite phases W3 andW2 collected at the 680 m level
of the mine (W3-680, W2-680a, W2-680b and W2-680c); and an
opaque-oxide rich zone (BF-18B) in the Benfontein Sill. The
Ondermatjie (OND1-1) sample is a perovskite-rich hypabyssal dike
rock from the Pofadder-Rietfontein area of South Africa. Samples from
Thaba Putsoa (TP7) and Kao (Kao-K1, phase K1 or Gritty kimberlite of
Clement (1973)) are hypabyssal and globular segregationary hyp-
abyssal transitional kimberlites, respectively, from Lesotho.

The perovskites in these samples are typically euhedral with grain-
sizes of 20–60 μmalthough some larger grainsof up to100 μmin size can
be recognized (Fig. 2a, b, c and d). Perovskites in the Benfontein sample
are larger than those in the Wesselton rocks, and exhibit well-defined
compositional zoning (Fig. 2e and f). This sample also contains abundant
baddeleyite as either inclusions within perovskite or individual grains
(Fig. 2f, g and h). The Ondermatjie kimberlite consists of micropheno-
crysts of forsteritic olivine set in a fine-grained groundmass principally
composed of resorbed perovskite (Fig. 2i and j), subhedral qandilite
ulvospinel-magnetite, serpophitic serpentine and calcite. Being free of
contamination by crustal rocks, it has been regarded as the Fe-rich end
member of the spectrum of compositions proposed for primitive
kimberlite magmas (Mitchell, 2004). The Kao K1 and Thaba Putsoa
kimberlites contain fewer perovskite grains than those from South
Africa, although some large grains up to 100 μm in size are present
(Fig. 2k and l).

2.2. Somerset Island kimberlites

Somerset Island is considered to be part of the Churchill structural
province of the Laurentian Shield (Fig. 1b), and is one of the
Cretaceous kimberlite fields of North America (Mitchell, 1975;
Heaman et al., 2004). Exploration indicates that at least 36 kimberlites
occur in this area (Fig. 1b). Previous petrological studies indicated that
most of the Somerset Island kimberlites belong to hypabyssal root
zones (Mitchell and Meyer, 1980). The kimberlites contain diverse
country rock and mantle-derived xenoliths and xenocrysts (Mitchell,
1977; Schmidberger and Francis, 1999, 2001; Schmidberger et al.,
2001, 2002, 2003; Irvine et al., 2003). Although it was noted that the
kimberlites in the area were emplaced during the Cretaceous with
ages of 103–94 Ma (Heaman et al., 2004), precise age data are lacking.
Thus, only a phlogopite Rb–Sr isochron from the Tunraq kimberlite
with an age of 100 Ma has been reported (Smith et al., 1988).

Twelve samples from Somerset Island were selected for in situ
analyses. Samples BND2-2 and C8 were investigated using thin sections
whereas others were analysed using separated mineral fractions.
Samples JP1-102, 103 and 104 are from the Nikos kimberlite, which
exhibits a microporphyritic texture with phenocrysts of olivine,
phlogopite, and spinel set in a very fine-grained carbonate-rich matrix.
Perovskites occur in the groundmass associated with calcite, serpentine,
and apatite, and have grain-sizes of 40–70 μm. Some perovskite grains
exhibit thinmantles of ilmenite. Samples C8, PC-3 and PC-4 are from the
Peuyuk kimberlite; this differs from the other kimberlites in the area in
containing abundant crustal fragments and amoeboid lapilli (Mitchell
and Fritz, 1973). Recently, Peuyuk C has been interpreted to be a
pyroclastic kimberlite (Mitchell et al., 2009). Perovskites from these
samples are small (30–60 μm)although larger grains can be rarely found
(C8, Fig. 2n). Replacement by rutile is also common (Fig. 2n).The Tunraq
(BND2-2 and Tunraq) kimberlite (Mitchell, 1979) is a mica-rich
hypabyssal rock containing macrocrysts and phenocrysts of olivine
and phlogopite, set in a very fine-grained carbonate-rich matrix
consisting of spinel, calcite, serpentine, perovskite, and apatite. Calcite
occurs as aggregates of tabular euhedral crystals or as sub-parallel laths,



Fig. 1. Simplified distributionmaps of kimberlites in southern Africa (a) (After Valley et al., 1998) and Somerset Island, Canada (b) (AfterMitchell andMeyer, 1980; Schmidberger et al., 2001).
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which are deflected around large olivine crystals, indicating their
primary magmatic nature. Serpentine occurs as primary spherical
microcrystalline segregations and as a retrograde alteration product of
olivine. Perovskite occurs as discrete, zonation-free crystals or as grains
mantled by Fe–Ti oxides with an average size of 10–50 μm (Fig. 2o). The
other 4 samples (EL-6, Ham, Ama and BSD5-1) are from the Elwin, Ham,
Amayersuk and Batty kimberlites, respectively. The perovskites in these
samples are fresh and typically range in grain-size from 40–60 μm,
although larger grains up to 100 μm in size are rarely found.

3. Analytical methods

Freshkimberlite sampleswithout visible crustal andmantle fragments
were chosen for thin sections, and those containing large perovskite



Fig. 2. False-color back-scattered electron (BSE) images of perovskites from southern African and Somerset Island kimberlites. (a) round perovskites (PV) with a grain-size of ∼30 μm
(Wesselton W3-680); (b) perovskite rim around orthopyroxene (Wesselton W2-680a); (c); irregular habit of perovskite (Wesselton W2-680b), with apatite; (d) anhedral
perovskite (Wesselton W2-680c); (e) euhedral perovskite (Benfontein BF-18B); (f) euhedral and zoned perovskite and baddeleyite (Bad) inclusion (Benfontein BF-18B); (g)
baddeleyite inclusions within the outer margin of perovskite (Benfontein BF-18B); (h) euhedral perovskite and baddeleyite; (i) euhedral perovskite with ilmenite inclusion
(Ondermatje OND1-1); (j) ilmenite inclusions within perovskite (Ondermatje OND1-1); (k) euhedral perovskite (Thaba Putsoa TP7); (l) perovskite and ilmenite inclusion (Kao-K1);
(m) perovskite rim around olivine (Ol); (n) rutile (Rut) rim around perovskite (Peuyuk C8) and (o) anhedral perovskite (Tunraq; BND2-2).
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crystals were selected for in situ laser ablation. All analyses were
undertaken at the Institute of Geology and Geophysics, Chinese Academy
of Sciences, Beijing.
False-color back-scattered electron (BSE) images of perovskites
were obtained using a JEOL-JAX8100 microprobe with 15 kV acceler-
ating potential and 12 nA beam current. Major element compositions
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were obtained using this same instrument with counting times of
20 s. Total iron contents are expressed as Fe2O3.

Perovskite U–Pb and trace element compositions (including REE)
were obtained using laser ablation inductively-coupled plasma mass
spectrometry (LA-ICP-MS); detailed analytical procedures are de-
scribed in Xie et al. (2008), thus only an outline is given here.

An ArF excimer laser ablation system (Geolas PLUS)was used for laser
ablation analysis. This laser ablation system includes: (a) Lamda Physik
Excimer laser COMPex 102 operated at 193 nmwith a pulse width of ca.
15 nano-second; (b) Digitally-based software package from Digilaz™; (c)
A laser optical systemwith a laser beam homogenizing system. The laser
homogenizer consists of two13×13 lensarrays,whichcandrill aperfectly
cylindrical and flat-bottomed pit on the surface of the sample. The laser
spot size canbeadjusted towithin4–160 μm.The laser repetition ratewas
operated at 2–10 Hz depending on the signal intensity with a power
density of ∼20 J/cm2. The ablation depth is estimated to be ∼30–40 μm.
With a 40 μm spot size and 4 Hz repetition rate, the volume of ablated
material is estimated tobe∼200,000 μm3.Heliumgaswasflushed into the
sample cell to minimize aerosol deposition around the ablation pit and
argon gas was then used to improve transport efficiency.

The U–Pb analyseswere conducted using an Agilent 7500a ICP-MS.
During laser ablation, the sensitivity of 238U of NIST SRM 610 is
14,000 cps/ppm using a spot size of 40 μm with laser repetition of
10 Hz and laser energy density of 25 J/cm2. The mass stability is better
than 0.05 amu/24 h. Before routine analysis, the P/A factor of the
detector of the ICP-MS is corrected. It is also necessary to optimize
instrumental parameters using a tuning solution in order to make the
production of oxide (CeO+/Ce+) and doubly charged (Ce++/Ce+) less
than 0.5% and 3%, and sensitivity better than 20 Mcps/ppm for 89Y.
The background of 204Pb and 202Hg was less than 100 cps because of
the high purity of the argon and helium that were used. 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
204Pb, 206Pb, 207Pb and 208Pb and 10 ms for 232Th and 238U. Every 5
sample analyses were followed by one standard zircon 91500 and one
NIST SRM 610 measurement. Each spot analysis consisted approxi-
mately of 30 s background acquisition and 40 s sample data
acquisition.

In our analyses, 207Pb/206Pb, 206Pb/238U, 207U/235U (235U=238U/
137.88) and 208Pb/232Th ratios were corrected by using zircon 91500
as external standard. The fractionation correction and results were
calculated using GLITTER 4.0 (GEMOC, Macquarie University). All the
measured isotope ratios of zircon 91500 during the process of sample
analysis were regressed and corrected using reference values. The
relative standard deviations of reference values for zircon 91500 were
set at 2%. However, unlike other commonly ablated minerals, such as
zircon, baddeleyite and monazite, perovskites typically contain very
high common Pb contents, in many cases amounting to N80% of the
total Pb. This results in compositions being offset from Concordia in
the U–Pb diagram. For this reason, a correction for common Pb is
necessary to obtain precise ages for perovskites. Generally, four
correction methods (i.e., 204Pb, 206Pb, 207Pb and 208Pb) can be
employed for perovskite U–Pb age determination (Williams, 1998).
For relatively youngminerals, the ages are usually calculated from the
206Pb/238U ratios, and hence, the 206Pb correction method is less used
for the Phanerozoic minerals. Typically, a 204Pb correction is applied in
U–Pb geochronology using TIMS and SIMS analytical techniques
(Heaman et al., 2003, 2004). For ICP-MS analyses by laser ablation, the
204Pb contents cannot be precisely determined due to interference
from a 204Hg contaminant in the carrier gases, with the exception of
analyses conducted using magnetic-field ICP-MS (Frei et al., 2008). In
addition, the high Th contents make a 208Pb correction inappropriate
for perovskites (see details in Williams, 1998). Therefore, the 207Pb
correction is the most widely used method for perovskite common Pb
corrections (Cox and Wilton, 2006). The precision of the ages
determined using the 207Pb correction method are much better than
lower intercept ages, thus providing more reliable data for the
emplacement age of kimberlite (Cox and Wilton, 2006). For this
reason, the 207Pb correction method is used in this study.

Alternatively, it is possible to obtain reasonable ages from perovskite
using the Tera-Wasserburg (or normal) U–Pb diagram (e.g., Smith et al.,
1989, 1994; Cox and Wilton, 2006; Batumike et al., 2008), in which data
are considered to lie on a discordia line with the lower and upper
intercepts defining the radiogenic and common Pb compositions
(Williams, 1998). Alternatively, an isochron age can be obtained from a
Pb–Pb diagram (Heaman, 1989; Smith et al., 1989; Corfu and Dahlgren,
2008). It is obvious that thediscordiaplot or chord to concordia represents
mixing of two end-members. However, if all the analysed mineral grains
contain almost the same proportions of radiogenic and common Pb, the
analyses cluster together, and hence either no intercept age will be
obtained, or an age with large error will be calculated (Frei et al., 2008),
unless a regression to the common Pb composition is applied.

Therefore, in this study, the Tera-Wasserburg diagram was
applied, in which the upper intercept to Concordia gives the common
Pb composition and the lower intercept gives the crystallization age of
mineral. In addition the 207Pb method was applied for common Pb
corrections using the common Pb composition obtained from the
Tera-Wasserburg plot with 206Pb/238U weighted ages subsequently
calculated using ISOPLOT 3.0 (Ludwig, 2003). Errors on individual
analyses are based on counting statistics and are at the 1σ level,
although errors on pooled ages are quoted at the 2σ or 95% confidence
level. Trace element concentrations were calculated using GLITTER 4.0
and calibrated using 40Ca as an internal standard, with NIST610
serving as an external reference material.

During laser analysis, potential problems are related tomatrix effects.
Due to the lack of an internationally-recognized perovskite reference
standard, most laboratories use zircon standards for the external
corrections (Cox and Wilton, 2006; Batumike et al., 2008), although an
in-house perovskite standard can also be utilized (Frei et al., 2008). Of
importance is that experiments have demonstrated that perovskite has
the same fractionation characteristics as that of zircon during laser
ablation (Cox and Wilton, 2006; Batumike et al., 2008); a conclusion
verified by laser analyses of othermaterials (Horn et al., 2000; Cox et al.,
2003; Horstwood et al., 2003; Košler et al., 2005; Storey et al., 2006; Vry
andBaker, 2006; Chipley et al., 2007;Gregory et al., 2007). Therefore, it is
concluded that matrix effects are not important for laser analyses of
perovskite, and in particular using a 193 nm laser, which should induce
little elemental fractionation as suggested by Guillong et al. (2003).
During our analyses, no obvious differences in U/Pb fractionation are
observed between zircon and perovskite (Fig. 3). Therefore, our
perovskites ages are considered to be accurate with respect to the ages
of kimberlite emplacement.

The in situ Nd isotopic analyses were undertaken using a Neptune
MC-ICP-MS. A detailed description of the instrument and laser ablation
system is presented in Wu et al. (2006); hence 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 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 a Faraday detector and an SEM detector.
Theexternalprecision of themeasurements is further improvedbyusing
a rotating amplifier concept, in which all Faraday cups are sequentially
connected to all amplifiers, canceling out any gain calibration errors.

Nd isotopic measurements by solution and laser ablation using our
Neptunemachine have been described by Yang et al. (2007) and Yang
et al. (2008), respectively. Using the exponential law for mass bias
correction and assuming 146Nd/144Nd=0.7219, the average 143Nd/
144Nd ratios of the La Jolla Nd standard solution analysed over two
years is 0.511849±0.000014 (2SD, n=68), which is identical, within
error, to the recommended values of 0.511856– 0.511858 by MC-ICP-
MS (Vance and Thirlwall, 2002). Before laser analyses, the La Jolla Nd



Fig. 3. Times vs count number of analysis of 91500 zircon (a) and perovskite W2-680a.
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standard Nd solution was used to calibrate the machine and to
evaluate the reproducibility and accuracy of the data.

Apart from the solution analyses, much attention was given to the
potential isobaric interferences of 142Ce on 142Nd, 144Sm on 144Nd and
130Ba16O on 146Nd. Our experiments and those of others show that the
influence of 142Ce on 142Nd and 130Ba16O on 146Nd are limited (Foster
and Vance, 2006; Yang et al., 2007, 2008; McFarlane and McCulloch,
2007). In contrast, the isobaric interference of 144Sm on 144Nd cannot
be neglected. In solution analyses, it is assumed that Sm has an
identical mass bias to that of Nd, and thus the interference of 144Sm on
144Nd can be reasonably eliminated as only a small amount of Sm is
present in the Nd fraction after chemical separation. However, it has
been found that Sm and Nd have different and variable mass biases
(βSm and βNd) (McFarlane and McCulloch, 2007; Yang et al., 2008),
implying that the above-mentioned method is not feasible for laser
ablation analysis. Therefore, the precise and accurate determination of
the mass bias of Sm (βSm) is the key to obtaining reliable Nd isotopic
data by laser analysis. Foster and Vance (2006) and Foster and Carter
(2007) advocated an iterative approach for the Sm correction, in
which the 146Nd/144Nd ratio is forced to converge to a stable value
after several iterations for various Sm/Nd ratios prior to normalizing
the 143Nd/144Nd ratio using the exponential law.

Recently, McFarlane and McCulloch (2007) proposed that the βSm

value can be independently obtained from the measured versus true
value of 147Sm/149Sm ratio. Then, the mass bias corrected 144Sm/149Sm
ratio is used to correct the isobaric interference of 144Sm on 144Nd.
Finally, mass bias corrections of interference-corrected 143Nd/144Nd and
145Nd/144Nd are independently applied using the canonical normaliza-
tion of 146Nd/144Nd=0.7219 (McFarlane and McCulloch, 2007).

In this study, the method of McFarlane and McCulloch (2007) is
followed for our perovskite analyses. The recently revised ratios of
147Sm/149Sm (1.08680) and 144Sm/149Sm (0.22332) were applied to our
data (Dubois et al., 1992; Isnard et al., 2005). After correction, the
feasibility of our method was evaluated by comparing the 145Nd/144Nd
ratio with the canonical value of 0.348415 as determined by TIMS
(Wasserburg et al., 1981). During analyses, 147Sm/144Nd and 143Nd/
144Nd ratios were calculated from the entire laser ablation process.

In order to evaluatemeasurements under different laser parameters,
an apatite (1.5 cm×1 cm×0.5 cm) from Afghanistanwas analysedwith
spot sizes of 60, 90 and 120 µm and repetition pulse rates of 6, 8 and
10 Hz. The data indicated that consistent Nd isotopic data can be
obtained under various spot sizes and repetition pulses (Yang et al.,
2008). Theaverage 143Nd/144Ndratio of the above90measurementswas
0.511342±31 (2SD), which agrees well with that of 0.511334±10
(2SD, n=8) obtained by purified solution MC-ICP-MS analyses. In
addition, the average 145Nd/144Nd ratio of 90 measurements was
0.348424±19 (2SD), identical to the recommended value.

As a further check for matrix effects, NIST 610 and perovskites from
the Mengyin kimberlite of China were analysed. For the standard glass
NIST 610, which has Sm and Nd concentrations of 441–460 and 429–
442 ppm (Rocholl et al., 2000), with a Sm/Nd ratio of ∼1.04 and 143Nd/
144Nd ratios of 0.511908–0.511927 (Woodhead and Hergt, 2001; Foster
and Vance, 2006), our fifteen analyses yielded an average 143Nd/144Nd
ratio of 0.511910±77 (2SD) or 0.511914±18 (2σ) (Yang et al., 2008),
identical to the values obtained by solution methods. For the Mengyin
perovskites, the laser obtained average 143Nd/144Nd ratio from 15
analyses is 0.512229±40 (2SD) or 0.512229±11 (2σ), and thus similar
to the ratio obtained by solution analyses (i.e. 0.512225–0.512235, Yang
et al., 2008). These experiments indicate thatmatrix effects arenegligible
during laser Nd isotopic analyses. Moreover, the experiments suggested
that reliable 143Nd/144Nd ratios can be obtained even for material in
which the Sm/Nd is close to unity. In contrast, the Sm/Nd ratios of most
natural geological materials are approximately 0.2–0.3. Although our
experiments indicated that reliable Nd isotope data can be obtained
using a spot size of 20 μm if the targeted mineral has Nd concentration
of ∼1000 ppm (Yang et al., 2008), a spot size of 40–60 μmwith 4–10 Hz
of pulse rate was used in this study.

4. Analytical results

4.1. Major and trace element composition of perovskite

The major and trace element data for the perovskites investigated
are listed in Table 1 and rare earth element (REE) distribution patterns
are shown in Fig. 4. These perovskites have similar compositions to
those occurring in other kimberlites (Chakhmouradian and Mitchell,
2001a,b), in consisting mainly of TiO2 (53.3–57.0 wt.%) and CaO
(33.5–40.0 wt.%) with minor Fe2O3 (0.9–1.9 wt.%) and Na2O (0.3–
1.0 wt.%). With respect to trace elements, the perovskites are
characterized by high concentrations of Sr (1097–2411 ppm), Nb
(1837–8041 ppm), Ta (196–1186 ppm), Zr (476–3723 ppm), Hf (21–
158 ppm), and minor Rb (0.5–52 ppm, typically b10 ppm). The REE
distribution patterns show extreme light REE (LREE) enrichment with
La abundances of about 10,000–25,000 times higher than those of
chondrites and with (La/Yb)N ratios of 265–1131 (Fig. 4). The
perovskites from southern Africa show larger REE variations
((La)N=6361–26,236) than those from the Somerset Island
((La)N=14,596–23,896) (Fig. 4).

4.2. Perovskite U–Pb isotopic ages

As shown by laser ICP-MS data (Table 1), perovskites have high U
and Th contents that are favourable for U–Pb isotopic age determi-
nation. However, the high Pb contents require that a correction for
common lead is necessary. For these perovskites, the 207Pb correction
method is applied, and the calculated 206Pb/238U weighted average
age is provided (Table A1).



Table 1
Chemical compositions of the perovskites from S. Africa and Somerset Island.

W3-680 W2-680a W2-680b NO#-WX BF-18b OND1-2 TP7 Kao-1b JP1-102 JP1-103 JP1-104 C8 PC-03 PC-04 BND2-2 Tunraq EL-6 Ham Amayersuk BSD5-1

Major elements (wt.%)
Number 11 5 6 9 9 5 8 10 13 12 10 6 11 9 5 11 7 9 11 11
SiO2 0.04 0.04 0.03 0.08 0.03 0.03 0.00 0.01 0.08 0.05 0.07 0.06 0.05 0.07 0.03 0.05 0.03 0.11 0.01 0.03
TiO2 54.91 53.67 53.91 54.93 53.26 56.34 57.00 56.83 55.34 55.59 54.33 53.30 54.23 54.48 54.78 55.49 54.09 54.25 53.86 54.48
Cr2O3 0.01 0.05 0.03 0.06 0.00 0.00 0.07 0.06 0.12 0.06 0.06 0.03 0.01 0.01 0.10 0.04 0.21 0.02 0.25 0.00
Al2O3 0.36 0.30 0.31 0.26 0.41 0.21 0.19 0.20 0.19 0.23 0.21 0.37 0.31 0.31 0.23 0.22 0.52 0.35 0.38 0.42
FeO 1.25 1.29 1.32 1.17 1.67 1.06 0.96 1.16 1.14 1.03 0.94 1.49 1.23 1.26 1.07 0.96 1.86 1.50 1.44 1.26
NiO 0.00 0.07 0.04 0.03 0.03 0.01 0.00 0.00 0.01 0.00 0.01 0.03 0.01 0.01 0.06 0.01 0.01 0.02 0.01 0.01
MnO 0.00 0.05 0.04 0.01 0.00 0.06 0.08 0.01 0.02 0.03 0.02 0.02 0.00 0.01 0.05 0.01 0.01 0.01 0.01 0.01
MgO 0.12 0.09 0.06 0.09 0.28 0.04 0.04 0.03 0.08 0.07 0.06 0.08 0.06 0.06 0.07 0.07 0.25 0.07 0.04 0.07
CaO 35.66 33.49 34.20 35.35 35.35 37.74 38.26 38.64 38.58 39.99 38.67 35.65 38.06 38.32 35.49 39.05 39.08 38.86 38.85 38.89
Na2O 0.68 1.01 0.93 0.77 0.50 0.33 0.40 0.30 0.52 0.36 0.39 0.50 0.52 0.51 0.61 0.50 0.33 0.43 0.34 0.40
K2O 0.04 0.06 0.05 0.02 0.02 0.04 0.01 0.00 0.02 0.01 0.02 0.04 0.01 0.02 0.04 0.02 0.02 0.02 0.01 0.01
Total 93.09 90.10 90.92 92.77 91.53 95.84 97.02 97.24 96.10 97.42 94.78 91.57 94.50 95.04 92.53 96.43 96.41 95.63 95.19 95.59

Trace elements (ppm)
Number 20 15 20 20 20 20 20 20 24 24 24 15 24 23 20 24 24 24 24 24
Rb 52.1 30.7 22.4 23.3 0.75 5.19 2.84 1.87 6.4 1.3 0.50 2.22 0.67 0.77 0.99 0.50 1.23 8.76 2.13 0.48
Sr 1837 1672 1548 1673 1692 1132 1097 1727 1663 1716 1635 1967 2232 2147 1787 1896 2156 2120 2411 2075
Ba 417 584 410 221 37.8 22.9 13.8 25.4 297 76 50 208 156 78.9 400 161 61.0 142 82.3 53
Nb 4843 5999 6019 4577 8041 1837 2565 2750 6828 5418 5036 5097 7223 6393 4467 5336 5876 7091 6958 6874
Ta 685 638 609 427 883 196 298 391 1186 793 711 685 1029 1133 417 688 847 881 968 938
Zr 1981 2775 3723 2528 2618 704 496 476 841 972 831 595 840 492 805 660 756 1155 980 1336
Hf 89.5 129.3 158 101 126 27.3 20.5 23.0 37 38 35.9 27.3 33.5 23.4 29.7 28.0 31.1 50.5 42.5 56.8
Pb 25.2 22.9 23.0 17.4 27.2 12.6 35.5 7.71 32 31 25.8 54.2 34.9 34.5 50.7 27.7 24.8 26.2 25.7 24.9
Th 3097 2672 2708 1345 2864 252 566 760 3670 2162 1958 3147 3812 4717 1418 2210 2391 2675 3056 3029
U 161 253 205 161 165 45.7 90.6 57.1 223 158 141 97.5 123 124 143 171 87.8 92.5 86.5 128
La 7150 7084 6754 5732 8264 2004 2619 3437 5170 4841 4591 6977 7042 6970 5209 5662 6138 6734 7527 7292
Ce 18,764 19,455 16,860 13,443 22,421 4583 5740 7997 13,242 11,548 10,909 15,610 16,083 16,754 11,191 12,499 14148 15,546 17,603 17,320
Pr 2227 2315 2002 1586 2721 548 652 983 1804 1565 1467 1683 2096 2184 1225 1645 1854 2005 2237 2189
Nd 8978 8979 8158 6472 10,869 2295 2613 3750 6639 5875 5454 6352 7574 7813 4636 5999 6682 7165 8050 8111
Sm 1179 1165 1067 884 1333 372 386 481 805 711 663 695 822 844 579 726 729 809 866 933
Eu 268 266 233 204 278 97.9 96.6 108 165 157 147 149 170 171 135 158 154 172 179 191
Gd 602 622 510 446 614 233 214 278 352 331 317 301 342 339 290 338 306 347 358 397
Tb 50.2 50.5 47.6 42.1 48.9 24.4 21.8 21.2 32 31 29.1 25.8 29.5 28.8 27.0 30.6 25.5 30.1 30.5 34.1
Dy 179 177 181 159 168 98.5 89.3 84.4 122 120 115 94.3 110 105 103 119 95 111 112 128
Ho 20.4 20.9 20.9 18.7 18.4 12.9 11.4 9.84 15 15 14.3 10.8 13.0 12.6 12.6 14.3 11.1 13.0 12.9 15.1
Er 30.3 30.7 33.5 29.8 27.1 21.2 19.7 16.2 23 24 22.4 17.5 20.4 19.4 20.5 23.1 17.5 19.7 20.1 23.7
Tm 2.34 2.46 2.66 2.29 2.00 1.77 1.67 1.29 1.96 2.11 1.94 1.38 1.64 1.56 1.71 1.94 1.37 1.68 1.57 1.91
Yb 9.73 10.4 11.3 10.1 8.24 7.57 7.60 5.53 8.18 8.57 8.50 6.17 6.72 6.68 7.75 7.81 5.61 6.66 6.45 7.98
Lu 0.75 0.82 0.94 0.82 0.66 0.64 0.67 0.47 0.76 0.81 0.78 0.52 0.60 0.60 0.70 0.79 0.51 0.56 0.58 0.77
Y 313 304 332 305 266 223 201 175 234 251 241 177 218 206 216 244 186 215 215 251
La/Yb 735 682 597 570 1003 265 345 622 632 565 540 1131 1048 1044 672 725 1094 1010 1168 914
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Fig. 4. Chondrite normalized REE distribution patterns of perovskites in kimberlites
from southern Africa (a) and Somerset Island (b). The lower shaded area represents
average compositions of kimberlites worldwide (Mitchell, 1986), and the upper one
worldwide perovskites in kimberlites and related rocks (Mitchell and Reed, 1988;
Melluso et al., 2008; Yang et al., 2009). The chondrite normalization values are 1.2 times
less than those proposed by Masuda et al. (1973).
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For the four kimberlite samples fromWesselton, the perovskites are
mostly euhedral with grain-sizes ranging from 10 to 70 μm (Fig. 2a–d).
Most of these perovskites have 207Pb/206Pb ratios of∼0.4 although some
variations occur. The 206Pb/238U weighted average ages are 90±2 Ma
(W3-680, Fig. 5a), 89±3 Ma (W2-680a, Fig. 5b), 90±2Ma (W2-680b,
Fig. 5c) and 90±3Ma (W2-680c, Fig. 5d), i.e. they are identical within
experimental errors. As expected perovskites from the Benfontein sill
yielded a similar 206Pb/238Uweighted average age of 88±3Ma (Fig. 5e).
Ondermatjie perovskite, gives an age of 515±6 Ma (Fig. 5f), identical to
that of the Venetia kimberlite (519±6Ma; Phillips et al. (1999)). For
kimberlites from Lesotho, perovskites from Thaba Putsoa and Kao-K1
yield 206Pb/238U weighted average ages of 89±2 Ma (Fig. 5g) and 97±
6Ma (Fig. 5h), respectively, identical to those from the Wesselton and
Benfontein kimberlites.

With regard to kimberlites from Somerset Island, most perovskites
have relatively higher 207Pb/206Pb ratios (0.4–0.7) than those from
southern Africa (Fig. 6). Euhedral perovskites from three samples of
the Nikos kimberlite give 206Pb/238U weighted average ages of 102±3
(JP1-102, Fig. 6a), 102±4 (JP1-103, Fig. 6b), and 100±4 (JP1-104,
Fig. 6c), respectively; identical within analytical error. Three samples
from the Peuyuk kimberlite yielded 206Pb/238U ages of 108±5 Ma
(C-8, Fig. 6d), 97±5 Ma (PC-3, Fig. 6e), and 107±6 Ma (PC-4, Fig. 6f);
i.e. consistent within error. Perovskites from the Tunraq kimberlite are
euhedral with sizes ranging from 50 to 80 μm. Two samples from this
kimberlite give 206Pb/238U weighted average ages of 93±4 (BND2-2,
Fig. 6g) and 100±5 (Tunraq, Fig. 6h) and are thus identicalwithin error.
Samples from Elwin Bay, Ham, Amayersuk and Batty have 206Pb/238U
weighted average ages of 103±12 Ma (EL-6, Fig. 6i), 102±13Ma
(Ham, Fig. 6j), 98±8 Ma (Ama, Fig. 6k) and 98±4 Ma (BSD5-1, Fig. 6l),
respectively.

In order to check the veracity of our above laser ablation data,
five perovskite samples from Somerset Island kimberlites were
selected for SIMS analysis using a CAMECA 1280 installed at the
Institute of Geology and Geophysics. Detailed descriptions of the
instrument and analytical technique can be found in Li et al. (2009,
2010). Data for the analyzed perovskites are presented in Fig. 7 and
Appendix Table A2. The calculated lower intercept ages are 110±
20 (JP1-102; laser age 102±6), 85±27 (PC-03; laser age 97±10),
112±16 (Tunraq; laser age 101±9), 95±22 (EL-6; laser age 98±
11), and 105±18 (Ham; laser age 102±20) Ma, respectively. If a
207Pb correction is applied using the common Pb composition
determined from the upper intercept, the 206Pb/238U weighted
average ages are 110±14 (JP1-102; laser age 102±3), 85±13 (PC-
03; laser age 97±5), 111±10 (Tunraq; laser age 100±5), 95±11
(EL-6; laser age 98±6), and 104±10 (Ham; laser age 102±13)
Ma, respectively. It is noted that, for sample PC-3, the lower
intercept and 206Pb/238U weighted ages are 104±29 and 104±
18 Ma, respectively, if an outlier analysis is excluded (Fig. 7b). The
ages obtained by SIMS analyses are identical to those by laser
ablation technique within the analytical errors, although the former
is evidently not as precise as the latter due to the fewer numbers of
analyses.

4.3. Nd isotopic composition

The perovskites investigated have high REE concentrations with
Sm and Nd ranging from 372 to 1333 and 2295 to 10,869 ppm,
respectively (Table 1). Perovskites from Benfontein have the highest
Sm and Nd contents (1333 and 10,869 ppm); whereas Ondermatjie
perovskite has the lowest Sm and Nd contents (372 and 2295 ppm).
Wesselton perovskites have Sm and Nd concentrations of 884–1179
and 6472–8979 ppm, respectively. Thaba Putsoa (TP7) and Kao (K1)
perovskites have the lowest Sm and Nd concentrations, 386–481 and
2613–3750 ppm, respectively, of all the studied samples. In common
with perovskite from Lesotho, the Somerset Island perovskites have
low Sm and Nd concentrations of 579–933 and 4636–8111 ppm,
respectively.

147Sm/144Nd and 143Nd/144Nd ratios of perovskites are shown in
Table A3 and Figs. 8 and 9, and summarized in Table 2. Overall, the
perovskites from Somerset Island have slightly lower 147Sm/144Nd
ratios (0.0692–0.0802) than those (0.0779–0.0912) from southern
Africa (Table 2). The average 147Sm/144Nd ratios of the four samples
from Wesselton are: 0.0854 (W3-680); 0.0831 (W2-680a); 0.0827
(W2-680b); and 0.0876 (W2-680c). Benfontein and Ondermatjie
have the lowest and highest 147Sm/144Nd ratios of 0.0779 and 0.0993,
respectively, of all samples from South Africa. The Thaba Putsoa and
Kao perovskites have 147Sm/144Nd ratios of 0.0912 and 0.0834,
respectively. Apart from Ondermatjie OND1-1, which is significantly
older than others, the measured 143Nd/144Nd ratios range from
0.512552 to 0.512724. In terms of εNd(t) values (Table 2), six samples
from South Africa show a narrow range of +1.2 to +2.3, whereas two
samples from Lesotho give +2.2 (TP7) and+3.1 (Kao-1b). Relatively,
the Somerset Island perovskites have slightly lower εNd(t) values
of +1.0 to +1.4 with one exception of −0.2.



Fig. 5. U–Pb isotopic ages of perovskites obtained by laser ablation methods for kimberlites in southern Africa.
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5. Discussion

5.1. Perovskite U–Pb age determination

As noted in the introduction and as shown in Fig. 10a, perovskites
have high U concentrations (∼30–300 ppm) compared to xenocrystal
zircons in kimberlite (mostly b70 ppm), making this mineral an
excellent candidate for U–Pb geochronology (Davis et al., 1976;
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; Zurevinski et al., 2008; Yang et al., 2009).

Following the methods of Dodson (1973) and Zhao and Zheng
(2007), the calculated Pb closure temperatures of perovskite at
different cooling rates are shown in Fig. 10b. Perovskite with a grain-
size of 30–50 μm has a Pb closure temperatures of ∼875–900 °C,
i.e. ∼100 °C lower than those of zircon of the same size. Kimberlites
occur as small volume intrusions which crystallize rapidly and from
the data given in Fig. 10b, we conclude the U–Pb age of perovskite can
be used to constrain precisely the emplacement time of kimberlite.
However, perovskite differs significantly from other minerals
used for U–Pb geochronology in its high common lead content which
must be considered in the calculation of U–Pb ages. Regardless of
which corrections are employed, it is necessary to know the
composition of the common lead. Commonly, the two-stage growth
curve model of Stacey and Kramers (1975) (simplified as SK model
here) is applied (Kinny et al., 1997; Heaman et al., 2003, 2004;
Zurevinski et al., 2008; Yang et al., 2009). Occasionally, common Pb
compositions may not lie on the SK growth curve (Cox and Wilton,
2006), and in these cases, common lead composition must be
determined from the upper intercept of the Tera-Wasserburg
diagram. However, if all the analyses have little variation of Pb
isotopic composition, and especially in the case of young perovskites
which have not accumulatedmuch radiogenic Pb, there are nomeans
of determining the precise compositions of the common lead. In
these cases, the SKmodel is the onlymethod of determining the U–Pb
age of perovskite although it can also be argued that kimberlitic
magmas have different composition of common Pb to those
predicted by the SK model.



Fig. 6. U–Pb ages of perovskites obtained by laser ablation methods for kimberlites at Somerset Island, Canada.
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We summarize all our ages calculated by different approaches and
correction methods in Table 3. With respect to the ages calculated
using 207Pb corrections with common Pb compositions determined by
the Tera-Wasserburg and SK model, respectively, the ages fall well
within a ±10% uncertainty envelope, with the majority of the ages in
agreement at the ±5% level (Fig. 11). The above observations suggest
that the SK model can be reasonably used for perovskite U–Pb age
calculation. This argument is also supported by consistency of 206Pb/
238U and 208Pb/232Th ages when 204Pb corrections were applied using
the SK model. Therefore, we conclude there are no grounds for
discarding the SK model for the perovskite U–Pb geochronology.

5.2. Emplacement ages of the studied kimberlites

For southern Africa, the ages of emplacement of most kimberlites
have previously been obtained by phlogopite K (Ar)–Ar, Rb–Sr, and
zircon U–Pb isotopic techniques (Allsopp et al., 1989; Zartman and
Richardson, 2005), and also by perovskite U–Pb methods (Kramers
and Smith, 1983; Smith et al., 1988, 1994; Batumike et al., 2008). Only
the Cretaceous kimberlites are precisely dated by U–Pb isotopic
analyses of perovskites. The 1600 Ma (Kuruman) and 1200 Ma
(Premier) ages were determined by whole-rock Rb–Sr and Pb isotopic
methods (Shee et al., 1989; Kramers and Smith, 1983), and the 100–
54 Ma age of Jwaneng was obtained by phlogopite Rb–Sr and zircon
U–Pb methods (Allsopp et al., 1989; Kinny et al., 1989). In the pioneer
studies of perovskite age determination, Kramers and Smith (1983)
and Smith et al. (1989) obtained numerous U–Pb ages for kimberlites
in southern Africa.

Although the age precision of these previous estimates was not
satisfactory, due to limited analytical fractions, the ages for kimber-
lites at Wesselton, Dutoitspan, Bultfontein, De Beers, Monastery and
Goedgevonden are Cretaceous (60–117 Ma). Kimberlites from Beit



Fig. 7. U–Pb ages of perovskites obtained by CAMECA 1280 SIMS.
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Bridge and Colossus in Zimbabwe yield a broad age variation from 310
to 740 Ma with large errors. Subsequently, Smith et al. (1994)
provided four U–Pb isotopic ages from 100 to 140 Ma for perovskites
from kimberlites in the Prieska region of South Africa. Recently,
Batumike et al. (2008) investigated five kimberlites in South Africa,
including Wesselton, Benfontein, DeBeers and Monastery, and



Fig. 8. Nd isotopic compositions of perovskites from kimberlites in southern Africa.
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obtained ages from 86.0±2.7 to 88.6±5.9 Ma. In addition, Eocene
and Quaternary ages were also found for kimberlites in Tanzania and
the Democratic Republic of Congo (Batumike et al., 2008).

In this study, the age of 515±6 Ma for the Ondermatje kimberlite
confirms the existence of Pan-African kimberlitic emplacement, and is
identical with that of the Venetia kimberlite (519±6 Ma, Phillips et al.
(1999)). The other southern African samples show a limited range of
U–Pb ages (88±3–97±6 Ma), comparable to data obtained previ-
ously (Smith et al., 1989; Batumike et al., 2008). For the Wesselton
kimberlites, four samples of perovskites in this study yield ages of
88.5±3.0 to 90.4±2.2 Ma, consistent with that reported by Batumike
et al. (2008). For the Benfontein sill, our perovskite U–Pb age is 88±
3 Ma, identical to the age of 86.0±2.7 Ma (if a 207Pb correction is
applied this age would be 90±2 Ma) of Batumike et al. (2008). These
consistencies also indicate that our methods are valid since the same
correction methods are applied in both studies. In Lesotho, the
kimberlites have not been extensively investigated and Kramers and
Smith (1983) have reported a whole-rock Pb isotopic age of 89±
14 Ma for Kao pipe. Kimberlites investigated in this study give more
precise age from 89±2 to 97±6 Ma.

The ages of kimberlites from Somerset Island, Canada, were not
well constrained before this study. Kramers and Smith (1983)
reported an age of 105–110 Ma for the Georgia melnoite, and a
much younger age of ∼40 Ma for the Elwin Bay kimberlite. The latter
was considered to result from later Pb loss and/or U gain, and is clearly
discrepant relative to our data. In our study, three samples from the
Nikos kimberlites have ages of 100±4 to 102±4 Ma, and three
samples from Peuyuk have ages of 97±5 to 108±5 Ma. Two samples
from the Tunraq kimberlite give perovskite U–Pb ages of 93±4 and
100±10 Ma. These ages are identical to the Rb–Sr phlogopite age of
100 Ma obtained by Smith et al. (1988) for this kimberlite. Perovskites
from the other four samples yield U–Pb ages of 98±8 to 103±12 Ma.
These data confirm that the Somerset Island Province is a part of the
widespread Cretaceous kimberlite magmatism in central Canada with
age range of 98–113 Ma (Heaman et al., 2004). If all these data are
compiled, the weighted age is 100±3 Ma (n=12), which is the best
estimation for the emplacement time of kimberlitic magmatism in
this area.

5.3. How to obtain meaningful initial isotopic compositions of kimberlite

Isotopic data are vital to understanding the petrogenesis of
kimberlites. A common procedure is to obtain isotopic ratios using
bulk rocks (e.g., Becker and Le Roex, 2006), as it has been suggested
that the high incompatible element contents and rapid ascent through
the crust, imply that the effects of contamination by continental crust
are minimal (Smith, 1983). However, this conclusion is not supported
by leaching experiments, which indicate that a crustal isotopic
component is commonly present (Alibert and Albarede, 1988;
Malarkey et al., 2008). In addition, it has been argued that, by
applying geochemical criteria, whole rocks without any contamina-
tion can be selected for analysis (Le Roex et al., 2003) or that a rock
can be “cleaned” to exclude later alteration before analysis (Becker
and Le Roex, 2006). However, the contaminant is mostly invisible and
cannot be removed. Our previous study of the Mengyin kimberlites
(China) indicated that the whole-rock samples exhibit a large range of
Sr–Nd isotopic variation, although all the analysed samples are
“apparently” free of crustal contaminants, thus making it impossible
to determine the initial isotopic compositions of the primary magma
(Yang et al., 2009).

Clearly, the best method of determining the primary isotopic
signature of kimberlite is to analyze a mineral that directly crystallized
from the initial magma and remained unaffected by subsequent
petrological or weathering processes. Isotopic analyses on multiple
grains of perovskite byHeaman (1989), andMalarkey et al. (2008) using
the TIMS method, have demonstrated that some discrepancies exist
between these and the whole-rock data. Recently, several studies have
successfully obtained high quality Sr and Nd isotopic data from
kimberlitic perovskites using an excimer laser MC-ICP-MS (Paton et al.,
2007a,b; Yang et al., 2009; Woodhead et al., 2009). It is clear that it is
essential to analyze perovskite rather than collect whole-rock data if
accurate isotopic compositions are to be obtained for the kimberlitic
magma.

In terms of technique, thermal ionization mass spectrometry
(TIMS) is traditionally used to obtain reliable isotopic compositions. In
recent years, micro-sampling, including micro-drilling and/or micro-
sawing techniques, have been effectively used for Sr isotopic analyses
(Davidson et al., 2007, and references therein). However, the
traditional TIMS method involves time consuming complicated
chemical separation, and lacks spatial resolution (Davidson et al.,
2007). Secondary ionization mass spectrometry (SIMS) has also been
used to conduct in situ Sr isotopic analyses (Exley and Jones, 1983),
but the precision obtained was much lower than that obtained by
TIMS, although this has recently been improved with the new
generation of ion microprobes (Weber et al., 2005). Since the advent
of inductively-coupled plasma mass spectrometry (ICP-MS), espe-
cially the multi-collector (MC) ICP-MS (Halliday et al., 1998), laser
ablation has become a powerful method for in situ isotopic
measurements, such as for Sr (Davidson et al., 2007; Vroon et al.,
2008), Nd (Foster and Vance, 2006; McFarlane and McCulloch, 2007),
and Hf (Thirlwall andWalder, 1995), as it can provide rapid, texturally
sensitive, high precision isotopic data without the need for chemical
preparation of the samples.

Data obtained in this study show that, kimberlitic perovskites
exhibit large variations in their trace element contents. With respect
to the Lu–Hf system, these perovskites have 0.5–0.9 ppm of Lu and
21–158 ppm of Hf coupled with extremely low 176Lu/177Hf ratios of



Fig. 9. Nd isotopic compositions of perovskites from kimberlites at Somerset Island, Canada.

Table 2
Nd isotopic data summary of the studied perovskites.

Sample Location 147Sm/144Nd 2σm
143Nd/144Nd 2σm TDM (Ma) εNd(t) ε145Nd

Southern Africa
W3-680 Wesselton 0.0854 0.0009 0.512662 19 580 1.80 0.34
W2-680a Wesselton 0.0831 0.0011 0.512634 21 603 1.18 −0.06
W2-680b Wesselton 0.0827 0.0012 0.512661 19 570 1.76 0.66
W3-680c Wesselton 0.0876 0.0005 0.512661 24 592 1.66 1.06
BF-18B Benfontein 0.0779 0.0003 0.512641 14 572 1.42 0.17
OND1-1 Ondermatjie 0.0993 0.0011 0.512427 16 963 2.32 0.32
TP7 Thaba Putsoa 0.0912 0.0014 0.512684 29 581 2.20 0.23
Kao-K1 Kao Gritty 0.0834 0.0010 0.512724 18 499 3.08 −0.57

Somerset Island, Canada
JP1-102 Nikos 0.0774 0.0003 0.512608 14 607 0.95 −0.95
JP1-103 Nikos 0.0794 0.0005 0.512623 12 599 1.34 −0.55
JP1-104 Nikos 0.0802 0.0004 0.512619 13 607 1.12 −0.63
C8 Peuyuk 0.0692 0.0013 0.512609 18 571 1.24 0.17
PC-03 Peuyuk 0.0708 0.0005 0.512608 11 579 1.09 −0.14
PC-04 Peuyuk 0.0693 0.0004 0.512609 8 572 1.17 −0.37
BND2-2 Tunraq 0.0770 0.0007 0.512552 20 667 −0.17 0.20
Tunraq Tunraq 0.0783 0.0008 0.512624 19 593 1.31 −0.92
EL-6 Elwin Bay 0.0716 0.0005 0.512594 11 597 0.95 −0.46
Ham East dike 0.0720 0.0008 0.512614 12 577 1.09 −0.52
Amayersuk Amayersuk 0.0698 0.0004 0.512620 8 562 1.41 −0.37
BSD5-1 Batty 0.0729 0.0008 0.512602 8 594 1.05 −0.29
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Fig. 10. (a) U and Th concentrations of perovskites and zircons from kimberlites. Data source: Perovskite (literature): Heaman (1989), Smith et al. (1994), Heaman and Kjarsgaard
(2000), Heaman et al. (2003, 2004), Kumar et al. (2007); Eccles et al. (2008); Yang et al. (2009); Zurevinski et al. (2008); Kimberlite zircon: Krasnobayev (1980), Kinny et al. (1989),
Belousova et al. (1998), Valley et al. (1998), Griffin et al. (2000), Spetsius et al. (2002), Heaman et al. (2003), Zartman and Richardson (2005); MARID zircon: Konzett et al. (1998).
(b) Calculation of Pb closure temperature of perovskite following the methods of Dodson (1973) and Zhao and Zheng (2007).

218 F.-Y. Wu et al. / Lithos 115 (2010) 205–222
0.0007–0.0046. Although their Hf concentrations are much higher
than other minerals, they are not high enough for precise in situ Hf
isotopic ratio determination by laser ablation. Therefore, the best
method of obtaining precise Hf isotopic compositions remains
isotopic dilution using TIMS and/or MC-ICP-MS.

In terms of the Rb–Sr system, the studied perovskites have Rb and Sr
concentrations of 0.5–52 and 1097–2411 ppm, with 87Rb/86Sr ratios of
0.001–0.082; making it possible to undertake in situ analysis by laser
ablation methods. Recent studies have verified the potential of this
technique (Paton et al., 2007b; Yang et al., 2009). However, as
summarized by Vroon et al. (2008), the isobaric interferences from Kr
Table 3
Perovskite U–Pb age determination by different approaches.

Sample Common lead (207Pb/206Pb) Lower intercept (Ma)
(TW regression)

207Pb correct
(TW regressi

W3-680 0.838±0.025 90.0±3.1 90.0±2.0
W2-680a 0.833±0.079 88.6±6.7 88.5±3.0
W2-680b 0.824±0.038 90.5±3.9 90.4±2.2
W2-680ba 0.872±0.198 96±12 95.4±7.9
W3-680c 0.852±0.047 89.8±5.1 89.8±2.6
BF-18B 0.836±0.038 87.6±5.0 87.6±2.5
OND1-1 0.796±0.142 515±12 514.8±6.3
TP7 0.842±0.013 89.1±2.1 89.1±1.8
Kao-K1 0.867±0.124 97±13 96.7±6.3
JP1-102 0.835±0.042 101.7±5.8 101.8±3.2
JP1-102a 0.984±0.538 110±20 110±14
JP1-103 0.812±0.022 101.7±7.8 101.7±4.3
JP1-104 0.851±0.030 101.1±7.6 100.2±4.2
C8 0.827±0.035 109.1±7.4 108.0±4.5
PC-03 0.824±0.028 97±10 97.3±5.3
PC-03a 0.870±0.276 104±29 104±18
PC-04 0.805±0.053 104±14 104.0±7.0
BND2-2 0.821±0.010 92.6±4.4 93.0±3.5
Tunraq 0.813±0.026 100.8±8.6 99.9±5.4
Tunraqa 0.992±0.309 112±16 111±10
EL-6 0.837±0.061 104±24 103±12
EL-6a 0.787±0.131 95±22 95±11
Ham 0.841±0.051 102±20 102±13
Hama 0.840±0.120 105±18 104±10
Amayersuk 0.812±0.048 99±17 98.0±8.3
BSD5-1 0.813±0.029 97.5±6.5 97.5±3.5

a Data analysed by SIMS, in which, W2-680b is from Li et al. (2010).
and Rb are the major obstacles for obtaining accurate data during Sr
isotopic measurements. In the case of a mineral containing more than
500 ppm Sr, a spatial resolution (spot size) of approximately 100 μm is
required, if a precision of better than 0.0001 is expected. For our studied
perovskites in thin sections with Sr concentration of 1000–2000 ppm, a
minimum grain-size of 50–60 μm is required for a precision of better
than 0.0001. In addition, it has been shown that high accuracy is
impossible to obtain when the precision is low (Vroon et al., 2008).
Therefore, we abandoned in situ Sr isotopic analyses on the thin sections
used in this study, and suggest that mineral separates are required for
high precision data as larger grains can be obtained by this method.
ion (Ma)
on)

207Pb correction (Ma)
(SK model)

204Pb correction (Ma)
(SK model)

Th–Pb age (Ma)
(SK model)

90.3±2.9
89.2±2.1
92.1±2.6
92.3±2.4 90.3±2.9 88.4±1.4
88.8±2.8
88.3±3.0

520.9±3.6
89.0±3.1
93.7±3.1

102.6±3.4
101.2±2.0 99.5±2.0 103.1±2.5
110.0±6.5
98.4±5.6

111.1±5.8
103.0±7.4
99.1±3.6 95.7±5.5 98.4±3.5

113.1±6.3
99.5±8.1

106.2±6.6
100.4±3.2 98.8±3.7 99.8±2.4
105±10

100.3±4.5 99.4±6.5 105.4±4.6
102±12

103.0±4.6 97.3±4.8 104.8±4.7
107.5±8.1
102.8±4.4



Fig. 11. Comparisons of 206Pb/238U weighted ages using 207Pb correction based on
different common Pb compositions, upper intercept in the Tera-Wasserburg diagram
and the Stacey and Kramers (1975) two-stage model.

Fig. 12. Histograms comparing the initial Nd isotopic composition of perovskites with
whole-rock data for the kimberlites from South Africa. Whole-rock data are from
references (Smith, 1983; Heaman, 1989; Nowell et al., 2004; Becker and Le Roex, 2006).
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For the Sm–Nd system, the analysed perovskites have Sm and Nd
concentrations of 372–1333 and 2295–10,869 ppm, respectively.
According to our experiments, only a 20 μm spot size is required for
a precision of 0.00005 for the 143Nd/144Nd ratio, when the analysed
material has a Nd concentration of ∼1000 ppm (Yang et al., 2008).
Therefore, laser ablation of perovskite can provide reliable Nd isotopic
compositions.

In summary, it is impossible in most cases to obtain reliable
information for the initial Sr, Hf and Nd isotopic compositions of
kimberlites from bulk analyses of whole-rock samples. Groundmass
perovskites of euhedral habit without alteration (Fig. 2), can be used
to conduct precise Sr–Nd–Hf isotopic measurement as this mineral
typically has low Rb and Lu, yet high Sr, Sm, Nd and Hf contents.
However, for in situ analyses by laser ablation, the Hf concentrations
of 21–158 ppmmake it impossible to obtain Hf isotopic compositions
with high precision. In situ Sr isotopic analysis is applicable in many
cases, but the small grain-size of many kimberlite perovskites makes
this method ineffective for use with thin sections. According to this
study, in situ Nd isotopic analyses are easier to obtain relative to the Sr
and Hf isotopic data.
5.4. Nd isotopic constraints on the source of kimberlites

All kimberlites studied in this work are archetypal kimberlites
(Mitchell, 1995, 2006). Their genesis remains controversial and
diverse conflicting hypotheses have been advanced with respect to
the character and location of their sources. These include: depleted
mantle within the lithosphere (Heaman, 1989; Becker and Le Roex,
2006); ancient and isolated deeply subducted oceanic basalt beneath
the lithosphere (Nowell et al., 2004); and the convective astheno-
spheric mantle (Mitchell, 1986, 1995). A key aspect of the controversy
is whether kimberlites are derived from the lithosphere or the
asthenosphere. Geochemical studies have established that lithospher-
ic mantle is highly heterogeneous with regard to age and metasoma-
tism of the source material (Pearson, 1999; Pearson et al., 2003;
Carlson et al., 2005; Davies, 2007). Particularly, the metasomatism
results in a large range of Sr–Nd–Hf isotopic compositional variations
(Fraser et al., 1985; Pearson et al., 2003; Mitchell, 2006; Simon et al.,
2007). However, the fact that kimberlites exhibit identical Sr–Nd
geochemical features whether they are emplaced within a craton or
associated accreted mobile belts (Mitchell, 1995), strongly indicates
that kimberlites are derived from sources unrelated to the overlying
lithosphere.

If kimberlites are derived from asthenospheric sources, a further
question to be answered is whether this source is located in the highly
depleted upper mantle or weakly-depleted lower mantle. The initial
Sr ratios from whole-rock kimberlites in southern African range from
0.7032 to 0.7077 (Smith, 1983; Heaman, 1989; Nowell et al., 2004;
Becker and Le Roex, 2006). However, the perovskites from the same
kimberlite samples show a narrow range of 0.704–0.705 (Woodhead
et al., 2009). In terms of Nd isotopes, the calculated εNd(t) values from
whole rocks are −0.5 to +5.1 (Fig. 12, Smith, 1983; Heaman, 1989;
Nowell et al., 2004; Becker and Le Roex, 2006), whereas the
perovskites havemuch narrower range of +1.2 to+3.1. For Somerset
Island, five kimberlite whole-rock samples from Nikos yield εNd(t)
values of +0.88 to+1.34 (Schmidberger et al., 2001), comparable to
our in situ analyses from perovskites (+0.74 to +1.27 with one
exception of −0.17). However, Heaman (1989) reported an εNd(t)
value of +5.6 for the perovskite from Ham kimberlite, much higher
than our value of +1.12 from the same intrusion. Regardless, our εNd
(t) values obtained from perovskites are much lower than +10, the
typical value of the depleted asthenospheric mantle (Salters and
Stracke, 2004). The Sr–Nd isotopic data indicate that the primary
melt of kimberlite is isotopically primitive. On this basis, it is
proposed that kimberlite might be derived from the lower mantle.
This conclusion is also supported by other direct evidence suggesting
that kimberlites might be derived from the lower mantle or mantle
plumes originating from the core–mantle boundary (Ringwood et al.,
1992; Haggerty, 1994, 1999; Bizzarro et al., 2002; Nowell et al.,
2004). In particular diamonds from kimberlites can contain mineral
inclusions indicative of derivation from the deep mantle (Harte and
Harris, 1994; Gasparik, 2000; Kerschhofer et al., 2000; Stachel et al.,
2000a,b; Kaminsky et al., 2001; Tachibana et al., 2006).

6. Conclusions

In situ U–Pb age determination and Nd isotopic analyses of
perovskite from kimberlites in southern Africa and Somerset Island,
Canada lead to the following conclusions:

1) In situ U–Pb age determination of perovskites indicates that the
kimberlites in southern Africa were mostly emplaced during the
Cretaceouswith ages of 88±3 to 97±6 Ma. The presence of an Early
Paleozoic (515±6Ma) kimberlite at Ondermatjie has been identi-
fied. Samples from Somerset Island yield ages of 93 to 108 Ma,
slightly older than those in southern Africa, but contemporaneous
with other Cretaceous kimberlite magmatism in Canada;
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2) Although whole-rock analyses of the kimberlites from southern
Africa have a large range of εNd(t) values of −0.5 to +5.1, the
analysed perovskites from southern Africa show a more limited
range of +1.2 to +3.1, with those from the Somerset Island
giving +0.95 to +1.41, and much lower than the typical value of
depleted asthenospheric mantle, suggesting that kimberlites are
probably derived from the lower mantle;

3) Rapid in situ U–Pb and Nd isotopic analyses of perovskites by laser
ablation can provide important constraints on the emplacement
age and source regions of kimberlites.
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