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Abstract

Although numerous studies have shown that mantle xenoliths are isotopically heterogeneous on a hand specimen scale,
experimental data imply that isotopic equilibrium should be attained within single mineral grains in the upper mantle. Until
recently, this prediction has not been verified because of the difficulty of analyzing individual grains. We report in situ ®’Sr/*°Sr
compositions of clinopyroxenes in garnet peridotite xenoliths from the Nikos kimberlite, Somerset Island (Arctic Canada)
obtained by laser ablation MC-ICP-MS. Results for five different peridotites indicate the existence of large Sr isotope variations
within individual xenolith samples, varying from 0.5 %o to as much as 1.1 %o (3 to 8 parts in 7000). This study is the first to
document isotopic heterogeneity in peridotite xenoliths at the scale of individual grains. Multiple analyses of the same grain,
however, indicate intra-grain Sr isotopic equilibrium.

The Sr isotopic ratios for individual clinopyroxene grains correlate with major element abundances such as SiO, and TiO,,
and trend towards the composition of the host Nikos kimberlite. It thus appears likely that the Sr isotope heterogeneities
recorded by the clinopyroxenes are the result of metasomatic interaction with the host kimberlite magma. The preservation of Sr
isotopic variability in clinopyroxene separates from different peridotite samples and between clinopyroxene grains of individual
xenoliths suggests that metasomatism occurred just prior to or during kimberlite transport. The Sr isotope heterogeneities
documented here for a single peridotite phase suggest that isotopic compositions obtained on mineral separates from peridotite
xenoliths likely represent weighted averages and could be less homogenous than previously assumed.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Radiogenic isotope data from mid-ocean ridge
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tope data for peridotite xenoliths hosted by kimber-
lites and alkali basalts indicate a large variation in
isotope compositions for the subcontinental mantle
(e.g. Menzies and Murthy, 1980; Kramers et al.,
1983; Walker et al., 1989; Hawkesworth et al.,
1990). This heterogeneity appears to be the result of
multiple episodes of metasomatic activity (e.g. melt
or fluid interaction), and has been documented in
many peridotite xenolith suites from cratonic areas
(e.g. Yaxley et al., 1991; Rudnick et al., 1993). U-Pb
ages of metasomatized harzburgite (Kinny and Daw-
son, 1992) and the preservation of oxygen isotope
disequilibrium amongst constituent peridotite miner-
als (Zhang et al., 2000) have been interpreted to
indicate that the timing of mantle metasomatism and
kimberlite emplacement may essentially be contem-
poraneous.

Hofmann and Hart (1978) have argued, on the basis
of limited experimental diffusion data, that the mantle
is heterogeneous on a regional scale, but homogeneous
on the scale of individual grains. Sneering et al. (1984)
subsequently reported that at near solidus temper-
atures, Sr diffusion in peridotite clinopyroxene is
sufficiently rapid to easily maintain isotopic equili-
brium between grains. Van Orman et al. (2001) have
recently proposed that '**Nd/'"**Nd isotopic equili-
brium in clinopyroxene may be achieved in ~ 1 Ma
at near solidus conditions in peridotite (i.e. ~ 1450
°C; 25 kb). However, the same experimental study
also indicates that the time required for isotopic
equilibration may increase to ~ 1000 Ma at lower
temperatures and pressures (i.e. ~ 1150 °C; 15 kb) of
the lithospheric mantle. Confirmation of the implica-
tions of these experimental results can only be accom-
plished by in situ isotopic investigations of mantle
mineral(s) in peridotite.

Over the last decade, the introduction of multi-
collector inductively coupled plasma mass spectrom-
etry (MC-ICP-MS) instruments has provided the
ability to accurately measure a larger variety of stable
and radiogenic isotope systems. This ability is attrib-
utable to the high ion transmission and flexibility of
sample introduction in such instruments, the simulta-
neous detection of ion signals using analogue detec-
tors and flat-top peaks. These features have combined
to generate an instrument capable of performing
isotope measurements with precisions comparable to
those obtained by thermal ionization mass spectrom-

etry (TIMS). Moreover, the coupling of a laser abla-
tion system to MC-ICP-MS instruments has added the
potential of obtaining spatially resolved, high preci-
sion in situ measurements for a variety of radiogenic
isotope systems, including ®’Sr/**Sr (Jackson et al.,
2001 and references therein). Christensen et al. (1995)
first reported the application of laser ablation MC-
ICP-MS to Sr isotope studies, obtaining precise and
accurate measurements on modern marine gastropods
and plagioclase. These analytical data (long ablation
times of 13—17 min) documented isotopic disequili-
brium between two plagioclase grains from Long
Valley basalts that has been interpreted as evidence
of magma mixing. More recent laser ablation studies
(ablation times of 30—60 s) have investigated the
isotope zonation in single plagioclase (e.g. Davidson
et al., 2001), and magmatic carbonate and apatite
(Bizzarro et al., 2003).

Here we present in situ *’Sr/*°Sr analyses obtained
by laser ablation MC-ICP-MS on clinopyroxene grains
in peridotite xenoliths from the Nikos kimberlite,
Somerset Island (Arctic Canada). These results are
compared to those obtained by TIMS and solution
mode MC-ICP-MS, which both represent weighted
average values for a much larger population of clino-
pyroxene grains from the same rocks. The data docu-
ment Sr isotopic variability between clinopyroxene
grains within the same mantle xenolith, and provide
information on the possible interaction with the host
rock during kimberlite magmatism. Previous studies
using bulk mineral separates have documented isotopic
disequilibrium between different mineral phases in
peridotite (McDonough and McCulloch, 1987) and
clinopyroxene phenocrysts in alkaline magmas (Simo-
netti and Bell, 1993). To our knowledge, this is the first
study to document small-scale Sr isotope variations in
individual clinopyroxene grains that have equilibrated
at great depths (>100 km) in the Earth’s mantle.

1.1. Somerset mantle xenoliths

The mantle xenoliths of this study were collected
from the Nikos kimberlite, which was emplaced into
the Archean crystalline basement and Paleozoic cover
sequences of Somerset Island on the northern Cana-
dian craton (73°28'N and 90°58 W; Frisch and Hunt,
1993; Pell, 1993). Magmatism occurred between 90
and 105 Ma ago, as indicated by U-Pb dates for



S.S. Schmidberger et al. / Chemical Geology 199 (2003) 317-329 319

perovskites from Somerset Island kimberlites (Hea-
man, 1989; Smith et al., 1989) and a Rb—Sr whole-
rock isochron obtained for the Nikos kimberlite
(97 £17 Ma, MSWD=1.1; Schmidberger et al.,
2001). The Nikos mantle xenolith suite is dominated
by well-preserved garnet peridotites that contain large
crystals (1-10 mm) of olivine, orthopyroxene, clino-
pyroxene and garnet. Trace amounts (< 1%) of phlo-
gopite are present in a small number of peridotites, but
amphibole is absent. Estimates of the temperature and
pressure of last equilibration (800—1400 °C, 25-60
kb) indicate that the Nikos peridotites were sampled
from depths of 80 to 190 km by their host kimberlite
(Schmidberger and Francis, 1999). The high magne-
sium numbers (mg number=Mg/(Mg+Fe)=0.90—
0.93) and olivine-rich mineralogy (avg. 80 wt.%) of
the peridotites reflect their refractory nature and sug-
gest that these xenoliths are the residues of large
degrees of partial melting (Schmidberger and Francis,
1999; Schmidberger and Francis, 2001). In contrast to
their depleted major element chemistry, however, the
peridotite xenoliths are enriched in highly incompat-
ible trace elements (e.g. large ion lithophile elements,
LILE; light rare earth elements, LREE) relative to
estimates for primitive mantle and chondrites (McDo-
nough and Sun, 1995) as the result of metasomatism
(Schmidberger and Francis, 2001). A detailed descrip-
tion of the mineralogy and major and trace element
compositions of these mantle xenoliths can be found in
Schmidberger and Francis (1999) and Schmidberger
and Francis (2001).

1.2. Clinopyroxene

The emerald green clinopyroxenes of the Nikos
peridotites are chromian diopsides (Schmidberger and
Francis, 1999). The incompatible trace element com-
positions of clinopyroxene correlate with temperature
and depth estimates of last equilibration and suggest
that the peridotites can be divided into low-temper-
ature (<1100 °C; 80—150 km) and high-temperature
xenoliths (>1100 °C; 160—190 km). The clinopyrox-
enes of the low-temperature peridotites are character-
ized by high Sr (100-400 ppm) and LREE (e.g.
Ce=20-50 ppm) abundances compared to the clino-
pyroxenes of the high-temperature peridotites (Sr=
50-100 ppm; Ce=2-8 ppm; Schmidberger and
Francis, 2001). The present study is restricted to

clinopyroxene in the low-temperature peridotites
because their significantly higher Sr contents facili-
tated in situ analysis.

The ¥’St/*°Sr values (0.7038—0.7046) obtained by
TIMS for clinopyroxene separates from the low-tem-
perature peridotites are significantly less radiogenic
than their corresponding whole rock compositions
(*S1/*°Sr(0.1Gay=0.7054-0.7066). The Sr isotopic
signatures of these clinopyroxenes indicate derivation
from a time-integrated depleted mantle (Schmidberger
et al., 2001). '"Nd/'"**Nd(g 1Ga) ratios (0.51256—
0.51268) obtained by TIMS on these clinopyroxene
separates show little variation and are depleted rela-
tive to a chondrite reservoir at the time of kimberlite
magmatism.

2. Analytical methods

Inclusion-free clinopyroxene grains were hand-
picked from the low-temperature peridotites for laser
ablation analyses and then washed in an ultrasonic
bath with acetone, ultrapure water and 2.5 N HCI.
The grains were subsequently embedded into epoxy
mounts (25 mm diameter) and surfaces were polished
to 0.3 um. In most cases, only one analysis per grain
was possible, but two separate analyses were
obtained on grains larger than 0.5 mm (see Table 1;
Fig. 1).

In situ Sr isotope analyses were determined on a
Micromass IsoProbe MC-ICP-MS coupled to a 193
nm (ArF) excimer laser (Compex 102; Lambda
Physik) at GEOTOP, Université du Québec a Mon-
tréal. Table 2 lists the analytical parameters used in
laser ablation experiments. Helium was used to flush-
out the ablation cell instead of Ar since previous
studies have clearly shown that the former increases
instrument sensitivity due to a higher sample transport
efficiency, and reduced deposition at the ablation site
(e.g. Eggins et al., 1998; Horn et al., 2000; Fig. 1). Ar
gas was mixed into the ‘sample-out’ line from the
ablation cell prior to arrival at the plasma via a ‘y-
connection’ to an ARIDUS® microconcentric nebu-
lizer. Sr isotope data were obtained in static, multi-
collection mode using six Faraday collectors. For each
analysis, data acquisition consisted of a 50-s measure-
ment of the gas blank prior to the start of ablation,
similar to the method of Davidson et al. (2001) for an
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Table 1

Sr isotopic data determined by laser ablation and solution mode MC-ICP-MS

Sample Grain No. 87Qr/86Sr 84gr/86Sr 84gr/88sr 88Sr intensity 85Rb intensity Rb/Sr

(volts) (volts)

NK1-2 1-1 0.70395 + 5 0.0562 £ 2 0.00671 + 2 4.08 0.00040 0.00012
1-2 0.70401 + 4 0.0557 2 0.00665 + 2 4.11 0.00080 0.00023
2 0.70379 + 7 0.0565+2 0.00675+ 3 2.26 0.00010 0.00004
3 0.70357 5 0.0569 £2 0.00679 =2 2.86 0.00002 0.000007
4 0.70377+ 6 0.0561 £2 0.00670 £+ 2 2.93 0 0
5-1 0.70395+ 5 0.0561 £2 0.00669 + 2 3.41 0.00030 0.00010
5-2 0.70380 + 5 0.0563 +£2 0.00673 £ 3 3.38 0.00004 0.00002
6-1 0.70398 + 7 0.0564 £2 0.00673 +2 3.24 0.00160 0.00058
6-2 0.70412+ 3 0.0558 £2 0.00667 =2 3.74 0.00210 0.00065
7 0.70380 = 5 0.0563 £2 0.00673 + 3 3.12 0 0
8 0.70390 + 4 0.0563 £2 0.00672 + 3 3.31 0.00050 0.00018
Average 0.70388 0.0562 + 6 0.00671 £10  3.31 0.00050 0.00017
Sol’n mode 0.70394 £ 2 0.05641 +£3 0.006736 + 4 4.21 0.00004

NK1-3 9 0.70416 £ 5 0.0560 + 2 0.00669 + 2 2.83 0.0008 0.00030
10-1 0.70434 £ 5 0.0568 + 2 0.00678 2 2.79 0.0001 0.00004
10-2 0.70431 + 4 0.0574 £ 2 0.00685 + 2 2.79 0.0002 0.00009
11 0.70433 + 4 0.0569 + 2 0.00679 £+ 3 4.11 0.0002 0.00006
12 0.70454 + 4 0.0563 + 2 0.00672 + 2 3.28 0.0014 0.00049
13 0.70440 + 4 0.0563 +2 0.00672 + 2 3.44 0.0008 0.00026
14-1 0.70427 £ 5 0.0570 + 2 0.00681 + 2 3.48 0.0006 0.00020
14-2 0.70444 + 6 0.0569 £+ 2 0.00680 + 3 3.33 0.0011 0.00039
15 0.70433 + 4 0.0564 + 2 0.00674 + 2 3.21 0 0
16 0.70447 + 5 0.0560 + 2 0.00669 + 2 3.16 0 0
17 0.70440 + 6 0.0562 + 2 0.00671 + 3 3.47 0.0002 0.00005
18 0.70457 + 4 0.0569 + 2 0.00679 + 3 2.95 0.0004 0.00010
19 0.70450 = 5 0.0567 + 2 0.00677 + 3 3.24 0.0010 0.00035
Average 0.70439 0.0566 + 8 0.00676 + 10  3.24 0.0005 0.00018
TIMS 0.70415+ 1 0.05653 + 1 0.006750 + 1 3.40 -
Sol’n mode 0.70425 £ 2 0.05720 + 2 0.006830 + 2 5.13 0.0011

NK1-4 20 0.70382+ 6 0.0570 + 2 0.00680 + 2 3.22 0 0
21-1 0.70395+ 4 0.0568 + 1 0.00678 + 2 3.09 0.0003 0.00010
21-2 0.70397 +9 0.0566 + 3 0.00676 + 4 3.04 0.0013 0.00048
22 0.70404 £+ 5 0.0570 £ 2 0.00680 + 2 3.11 0.0006 0.00021
23-1 0.70392 + 5 0.0568 + 1 0.00679 + 2 2.92 0.0002 0.00010
23-2 0.70395+ 7 0.0566 + 2 0.00676 + 2 3.01 0.0006 0.00022
24 0.70402 + 5 0.0561 + 1 0.00670 + 2 2.81 0.0006 0.00026
25 0.70382+ 6 0.0558 £2 0.00667 + 2 2.59 0.0001 0.00006
26 0.70380 + 5 0.0566 + 2 0.00676 + 2 2.93 0.00001 0.000004
27 0.70390 £ 5 0.0564 + 1 0.00673 + 2 2.87 0.0006 0.00023
28 0.70387 + 7 0.0563 +2 0.00672 + 2 2.76 0.0006 0.00026
29 0.70400 £ 5 0.0561 + 2 0.00670 + 2 3.00 0.0001 0.00003
30 0.70372 £ 7 0.0567 £ 2 0.00677 + 2 2.79 0.0002 0.00007
Average 0.70391 0.0565+ 7 0.00675 + 8 2.93 0.0004 0.00015
TIMS 0.70382 + 1 0.05652 + 1 0.006751 +1 3.80 -
Sol’n mode 0.70404 £+ 2 0.05674 + 3 0.006775 + 4 453 0.00009

NK2-3 31 0.70474 £ 5 0.0564 £ 5 0.00674 + 5 2.73 0.00070 0.00030
32 0.70442 + 6 0.0569 + 3 0.00679 + 4 3.78 0.00004 0.00001
33 0.70521 £ 10 0.0564 + 2 0.00673 +2 2.54 0.00190 0.00240
34 0.70489 + 6 0.0559+3 0.00668 + 3 1.58 0.00003 0.00086
35 0.70485+ 5 0.0566 + 2 0.00676 + 3 2.33 0.00080 0.00039
36-1 0.70495 + 7 0.0566 + 3 0.00676 + 3 2.09 0.00070 0.00037
36-2 0.70508 + 7 0.0571 + 1 0.00682 + 2 3.26 0.00380 0.00132
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Table 1 (continued)
Sample Grain No. 87Sr/86Sr 84Gr/80sr 845r/88sr 88gr intensity 85Rb intensity Rb/Sr
(volts) (volts)

NK2-3 37 0.70485 + 4 0.0566 & 2 0.00675 £ 2 3.12 0.00190 0.00070
38 0.70465 + 5 0.0568 + 1 0.00678 + 2 3.40 0.00180 0.00062
Average 0.70485 0.0566 + 6 0.00676 = 1 2.76 0.0013 0.00051
TIMS 0.70458 + 1 0.05652+ 1 0.006748 + 1 2.00 —
Sol’n mode 0.70434 + 1 0.05694 £+ 3 0.006798 + 3 591 0.0001

NK2-10 39-1 0.70436 + 5 0.0560 &+ 2 0.00669 + 3 3.57 0 0
39-2 0.70427 £ 5 0.0561 £ 2 0.00670 = 2 3.52 0.00003 0.00001
40 0.70485 +7 0.0560 + 3 0.00669 + 3 2.47 0.00170 0.00078
41 0.70461 + 4 0.0561 £ 1 0.00670 = 1 3.01 0.00110 0.00042
42 0.70447 + 10 0.0563 + 1 0.00673 + 1 2.57 0.00100 0.00043
43-1 0.70447 + 4 0.0568 + 1 0.00678 + 1 3.00 0.00060 0.00024
43-2 0.70438 + 4 0.0569 + 1 0.00679 + 1 3.00 0.00040 0.00016
44 0.70451 £ 6 0.0566 £+ 1 0.00676 = 2 3.01 0.00140 0.00052
45 0.70432 + 5 0.0564 +3 0.00673 +3 2.78 0 0
46 0.70450 £ 6 0.0568 &+ 2 0.00678 =2 2.85 0.00100 0.00041
Average 0.70449 0.0565 + 6 0.00674 £ 10  3.02 0.0016 0.00030
Sol’n mode 0.70449 + 2 0.05692 + 8 0.006796 + 9 4.50 0.0030

NBS 987 100ppb ~ Sol’n mode n=5  0.71025 %+ 7 0.05659 £29  0.006758 + 34

IsoProbe MC-ICP-MS. This measurement is critical
since it monitors °Kr, which interferes with the %°Sr
signal. Measured isotope ratios were corrected for
instrument fractionation using the exponential law
(Russell et al., 1978) and a *¢Sr/*®Sr value of
0.1194 (see Faure, 1986). The isobaric interference
of *Rb was monitored and corrected for using the
85Rb ion signal (Table 1). Davidson et al. (2001)
investigated the relationship between the Rb/Sr ratio
in feldspars and their measured ®’Sr/*®Sr value

: ; 330 microns:’. ‘
g e

Fig. 1. Microphotograph of two laser ablation pits (330 pm) within a
single clinopyroxene grain for sample NK1-2.

obtained during laser ablation using Rb-doped syn-
thetic glass standards. The results indicated that
for standards with Rb/Sr ratios of ~ 0.0015, the
879r/%0Sr values obtained by laser ablation were
roughly 0.0001 higher than those obtained by TIMS
analysis on the same standards. The Rb/Sr values for
the clinopyroxenes investigated here (with the excep-
tion of one grain), however, are much lower than
0.0015 (Table 1 and Schmidberger et al., 2001) and,
therefore, the ®’Rb interference on the measured
87Sr/%°Sr is considered negligible. In the extreme
case, this interference is approximately the same
magnitude as the 2¢ internal precision (<0.0001)
associated with the %’Sr/*°Sr value for individual
laser ablation analyses. The effectiveness of the
interference correction for Kr applied to the analyses
can be directly evaluated by monitoring the invariant
84Sr/%°Sr and **Sr/**Sr ratios (Table 1), and compar-

Table 2

Analytical parameters used in laser ablation experiments

He flow into ablation cell 0.6 I/min
Laser pulse energy 190 to 200 mJ
Laser pulse duration 25 ns
Repetition rate 15 Hz

Energy density 7 J/em?

Spot size 330 um
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ing these to their accepted reference values (0.0565
and 0.00675; respectively).

Hydrogen acts as reactive gas in collision (and
reaction) cells such as that of the IsoProbe instru-
ment, and is effective in eliminating certain isobaric
interferences (e.g. Mason, 2001). Hydrogen gas was
mixed with Ar at a ratio of 1:20 in the hexapole
housing. In this study, hydrogen proved effective in
eliminating potential isobaric interferences related to
the production of Fe-oxides (atomic masses 86=
**Fe+20 and 88=>°Fe+7?0) in Fe-bearing matri-
ces such as the clinopyroxenes of this study (2.0 to
2.4 wt% FeO; Schmidberger and Francis, 2001).
This is supported by the fact that no correlations
exist between FeO contents in the clinopyroxenes and
their respective Sr isotopic ratios (see also Discussion
and Tables 1 and 3).

Ion beam intensities for most samples varied from
~3to4x10" " A of *®Sr. Subsequent to the start
of laser ablation, two half mass-unit baseline meas-
urements were obtained for each Faraday collector
(within the mass range 82.5 to 88.5), followed by ion
signal measurements of 100-s intervals (50 integra-
tions of 2 s each). Time-resolved analysis for the
ablation runs was not needed because of the simulta-
neous acquisition of the ion signals (multi-collection),
and the relative stability of the ion signals (e.g.
average error ~ 0.6% for **Sr) resulting in high in
run precision (Table 1).

Sr isotopic analysis in solution mode MC-ICP-MS
and TIMS was performed on ~ 0.030 and 0.100 g
(i.e. 50 and 150 grains) of clinopyroxene separate,
respectively, which were dissolved at 140 °C in
Savillex " vials. Sr was separated using conventional
chromatographic techniques, and typical procedural
blanks were <70 pg. TIMS analyses (Schmidberger
et al., 2001) were obtained using a VG Sector54
mass spectrometer operated in the static multicollec-
tion mode. Sr aliquots were loaded using a TaF
solution on single W filaments. Samples for solution
mode analysis on the MC-ICP-MS were aspirated
into the ICP source using an Aridus” microconcen-
tric nebulizer at an uptake rate of approximately 50
pul/min (verified periodically). The parameters for
data acquisition in solution mode are similar to those
used during laser ablation (described above) except
that an integration time of 10 s/cycle was used for a
block of 50 scans.

2.1. In-house standard

The Sr isotopic composition of a sample of mod-
ern-day coral ( ~ 3500 years old; U-Th age, B.
Ghaleb, personal communication) from the south-
western Pacific Ocean was investigated in order to
determine the external reproducibility (2¢) of the laser
ablation work employed in this study. The laser
ablation experiments were conducted over 4 days,
and repeated measurements (n=40; 80-um spot size)
yielded an average ®’Sr/*®Sr value of 0.70910 +
0.00005 (20 standard deviation; extension of the work
published in Bizzarro et al., 2003) with corresponding
average “'Sr/*°Sr and *Sr/**Sr ratios of 0.0563 +
0.0004 and 0.00672 £ 0.00005 (20 standard devia-
tion), respectively (Fig. 2a). TIMS measurements
were obtained on four separate fragments of the coral
to investigate the accuracy of the laser ablation
results. The fragments (0.05 g each) were dissolved,
and processed through conventional cation exchange
chromatography. The Sr isotopic results obtained by
TIMS yield an average *’Sr/**Sr value of 0.709098 +
0.000019 (20 standard deviation; Bizzarro et al.,
2003), which is identical to the average Sr isotopic
composition obtained in the laser ablation analyses.
This provides strong evidence for the accuracy of the
laser ablation results obtained here.

The Sr isotopic composition of a mollusk sample
from a terrace deposit located at Esmeraldas (north-
western Ecuador) yielding a U-Th date of ~ 55000
years was also investigated for comparison. The
stratigraphic age for the surrounding terrace deposit,
however, is ~ 125000 years (B. Ghaleb, personal
communication), a discrepancy that has been attrib-
uted to post-depositional alteration of the mollusk.
Fig. 2b illustrates the measured *’Sr/*°Sr values
obtained for 30 analyses of the mollusk over the
period of this study. The average *’Sr/*°Sr value is
0.70901 £ 0.0001 (20 standard deviation), and the
average “*Sr/*°Sr and ®*Sr/*®Sr ratios obtained are
0.0567 £ 0.0004 (20) and 0.00677 £ 0.00008 (20),
respectively. In contrast to the laser ablation results
obtained from the coral, the external reproducibility
(20, +£0.0001) for the Sr isotopic measurements of
the mollusk is twice as large, and roughly double the
average internal precision for the individual ablation
analyses (Fig. 2b). Thus, the large-scale isotopic
homogeneity of the mollusk was investigated using
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Table 3

Major element compositions for clinopyroxenes determined using electron microprobe analysis

Sample Grain  SiO, TiO, ALO; FeO MnO  MgO CaO Na,0 K,0 Cr,0; NiO  Total Mgt
No.

NK1-2 1 53.99 0.13 2.72 2.27 0.07 16.09 19.62 2.26 0.01 2.31 0.03 99.51 0.927

2 5425  0.11 2.71 227  0.07 16.03 19.53  2.26 0.01 232 0.04 99.61  0.926

3 54.15  0.11 2.71 230 0.08 16.17 19.56  2.25 0.01 229 0.04 99.67  0.926

4 5419  0.12 2.73 228  0.06 16.02 1941 2.28 0.01  2.38 0.04 99.52  0.926

5 54.17 0.12 2.66 2.27 0.07 16.11 19.44 2.29 0.01 2.29 0.03 99.48 0.927

6 5418  0.12 2.66 221 0.07 16.10  19.75 2.22 0.01 225 0.02 99.59  0.928

7 54.04 0.12 2.70 2.25 0.07 16.08 19.61 2.24 0.01 2.27 0.03 99.42 0.927

8 54.06  0.12 2.73 234 0.07 16.18  19.71 223 0.02  2.05 0.04 99.55  0.925

NK1-3 9 5448  0.13 2.98 2.37  0.08 1577 19.09  2.51 0.01  2.17 0.03 99.61  0.922

10 5452 0.13 3.08 237  0.07 1592  19.02 2.56 0.02  2.18 0.03 99.88  0.923

11 54.19 0.14 3.06 2.36 0.08 15.73 19.00 2.54 0.01 2.17 0.03 99.31 0.922

12 5440  0.13 3.23 239  0.07 15.81 18.87  2.55 0.01  2.05 0.03 99.55 0922

13 5419  0.14 3.20 236 0.07 1580 18.83  2.59 0.01 2.09 0.03 99.32 0923

14 54.18  0.14 3.23 236  0.07 15.66 1883  2.60 002 224 0.03 99.36 0922

15 5419  0.11 2.73 234 0.07 1588  19.18  2.37 0.02  2.15 0.03 99.06  0.924

16 54.17  0.14 3.16 239  0.07 1569 1878 2.54 001 2.14 0.03 99.11  0.921

17 5410 0.15 3.34 235 0.07 1559 1871 272 0.02 234 0.04 99.44 0922

18 54.08 0.13 2.96 238  0.08 1587 1893 249 0.01  2.19 0.03 99.15 0922

19 5431  0.14 3.18 234 0.07 15.81 18.82  2.59 0.01 226 0.03 99.57  0.923

NK1-4 20 5451  0.12 2.73 230  0.07 16.10 19.72 229 0.01 223 0.03 100.11  0.926

21 5430 0.12 2.70 232 0.07 1624 1976 223 0.01 2.14 0.03 99.94  0.926

22 54.17  0.14 2.73 230  0.06 16.11 19.68 2.22 0.01  2.13 0.05 99.60  0.926

24 5433 0.13 2.75 232 0.07 16.16 1950  2.26 0.01 223 0.04 99.81  0.926

25 5412 0.12 2.73 228  0.06 16.09 19.69 227 0.01 226 0.03 99.67  0.926

26 5421  0.12 2.73 231 0.06 16.16  19.56  2.30 0.01 233 0.04 99.83  0.926

27 5411 0.11 2.73 232 0.07 1626  19.69 2.24 0.01  2.10 0.02 99.67  0.926

28 5444  0.13 2.75 232 0.07 16.18  19.66  2.26 0.01 2.25 0.03  100.10  0.925

29 5411  0.12 2.73 233 0.07 16.37 1958 2.19 0.01  2.02 0.03 99.56  0.926

30 5420 0.14 2.73 231 0.09 1625 1942 226 0.02 230 0.09 99.81  0.926

NK2-3 31 53.77  0.18 2.56 2.03  0.06 16.15  21.07 179 0.01 1.73 0.02 99.37 0934

32 53.85  0.19 2.60 2.06  0.06 16.11 2099  1.80 0.01 1.77 0.03 99.46  0.933

33 5382 0.16 2.50 2.06 0.06 16.19  21.07 1.78 0.01 1.72 0.03 99.38 0933

34 54.06  0.18 2.57 2.08  0.06 1621 2098 1.76 0.01 1.67 0.03 99.61  0.933

35 53.69 0.21 3.03 2.03 0.06 1582 2056  2.07 0.01 1.90 0.03 99.41  0.933

36 53.63  0.20 3.05 2.04  0.06 1581  20.53  2.03 0.02 1.89 0.03 99.29  0.932

37 53.63 0.21 3.07 1.99  0.06 15.76 ~ 20.55  2.05 0.01 1.86 0.03 99.21 0934

38 53.82  0.21 2.81 2.05 0.06 1598  20.87 193 0.01 1.87 0.03 99.63 0933

NK2-10 39 5424  0.15 2.97 236  0.07 1591 19.12  2.40 0.02 217 0.04 99.45 0923

40 5391 0.16 2.90 237  0.07 1589  19.18 239 0.01 235 0.04 99.27 0923

41 54.05 0.15 2.89 236  0.07 1587 1899 242 0.01 239 0.03 99.23 0923

42 5415  0.15 2.89 236  0.07 1589  19.09 240 0.01 2.36 0.07 99.43  0.923

43 54.25 0.16 2.89 2.35 0.07 15.92 19.30 2.38 0.01 2.26 0.02 99.62 0.923

44 5424  0.15 2.88 236  0.07 1599 1926  2.35 0.01 220 0.03 99.55  0.924

45 54.14  0.15 2.89 235  0.06 1591 19.14  2.44 0.02 236 0.05 99.52 0923

46 5413  0.14 291 235  0.07 1590 19.12 2.38 0.02 235 0.03 99.40  0.923

Procedures for electron microprobe analysis are described in Schmidberger and Francis (1999).

two sample fragments (0.050 and 0.130 g) taken
randomly from the complementary piece of the one
used for the laser ablation experiment. These were
dissolved, then processed through conventional cat-

ion exchange chromatography, and analyzed in sol-
ution mode MC-ICP-MS. The ¥’Sr/*°Sr values for the
two fragments (0.70896 and 0.70912; Fig. 2) indicate
some isotopic heterogeneity (difference of ~ 0.00015),
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Fig. 2. Individual ¥St/*®Sr isotope analyses of the ‘in-house’ (a)
coral and (b) mollusk standards using laser ablation MC-ICP-MS.
The Sr isotopic compositions for the coral standard determined by
TIMS analysis and for two separate fragments of the mollusk
standard determined by solution mode MC-ICP-MS are shown for
comparison. Shaded array outlines the calculated (20) external
reproducibility in both diagrams ( + 0.00005 for the coral; + 0.0001
for the mollusk). Error bars represent internal precisions of
individual laser ablation analyses at the 20 level. (Analysis nos.
31 to 40 for the coral have been added to the results from Bizzarro et
al., 2003).

but essentially bracket the individual laser ablation
analyses. Thus, the Sr isotopic variation observed in
the laser ablation data for the mollusk is not entirely
instrument-induced, but reflects the inherent isotopic
heterogeneity of the sample. The combined laser
ablation Sr isotopic ratios for coral and mollusk
samples show the effectiveness of the methodology
in detecting isotopic heterogeneity at the millimeter
scale within a single sample.

The values obtained for the ®*Sr/*°Sr and **Sr/
88Sr measurements for both the coral and mollusk
samples are within error of their accepted reference
values (0.0565 and 0.00675, respectively), thus val-
idating the technique and proving the effectiveness
of the correction for the gas blank (i.e. *Kr). The
average Sr isotopic ratio obtained for repeated anal-

yses (n=5) of a 100-ppb solution of Sr standard
NBS 987 on the days in which both solution mode
and laser ablation analyses were carried out is listed
in Table 1. These are identical to the accepted Sr
isotopic values for this standard, thus supporting the
validity of the isotope ratios for the clinopyroxene
separates and mollusk fragments obtained in solution
mode.

3. Results

Laser ablation MC-ICP-MS analyses were ob-
tained on 46 grains of clinopyroxene from five low-
temperature Nikos peridotites (total of 56 analyses;
Table 1; Fig. 3). The results indicate a large variation
in the ®’St/*°Sr values within individual samples, with
differences ranging from 0.0003 (0.5 %0, NK1-4) to
0.0008 (1.1%o, NK2-3; Fig. 3). These intra-sample
variations are much larger than the average 2¢ internal
precision of individual laser analyses (Table 1), and
the estimated external reproducibility of 0.00005 for
the method. The fractionation-corrected **Sr/**Sr and
#4Sr/*¥Sr ratios define a restricted range, and the
calculated average values are within error of the
accepted reference values for the isotopic composition
of natural Sr (0.0565 and 0.00675, respectively; Table
1). This provides an important check on the laser
ablation results. Moreover, the laser ablation ®’Sr/*°Sr
values do not correlate with **Rb intensities. These
results suggest that the observed variation in ®’Sr/*°Sr
is an inherent feature of the clinopyroxene grains and
not an analytical artefact.

The difference between the average *’Sr/**Sr value
calculated for individual laser ablation runs and the
corresponding value obtained either by solution mode
MC-ICP-MS or TIMS is < 0.0002 (Table 1), with the
exception of one sample (NK2-3), which will be
discussed later. This result is remarkable given that
solution mode MC-ICP-MS and TIMS Sr isotope
analyses represent a much larger population of clino-
pyroxene grains (~ 50 and 150, respectively). The
range in °’Sr/*°Sr compositions obtained by laser
ablation for each sample, however, extends to both
higher and lower values than those obtained by either
TIMS or solution mode MC-ICP-MS (except for sam-
ple NK2-3; Table 1). These results are consistent with
an interpretation that the *’Sr/*°Sr values obtained by
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Fig. 3. Individual ¥’St/*®Sr isotope analyses of clinopyroxenes for five garnet peridotites from the Nikos kimberlite. Horizontal line across
diagram represents average value for laser ablation analyses. Sol'nM="%"Sr/*Sr value obtained by solution mode MC-ICP-MS;
TIMS =%7Sr/*Sr value obtained by thermal ionization mass spectrometry. Shaded array outlines external reproducibility (0.00005; 20).
Error bars represent internal precisions of individual laser ablation analyses at the 2¢ level.

both solution mode MC-ICP-MS and TIMS represent a
weighted average value of the Sr isotopic composition
for the clinopyroxene separates. The relatively large
difference between the *’Sr/**Sr compositions ob-
tained by solution mode MC-ICP-MS and TIMS for
three samples (Table 1, Fig. 3) may be attributed to the
different number of grains (50 versus 150, respectively)
used in each method, and/or the fact that the two
clinopyroxene separates were obtained from different
portions of the xenolith sample (size ~ 10 cm). The
differences between solution mode MC-ICP-MS ver-
sus TIMS results suggest isotopic heterogeneities on

the scale of a single xenolith (>cm), and support the
existence of Sr isotopic variation obtained by the laser
ablation analyses for individual clinopyroxenes.

At least one grain was ablated twice in each sample
(for a total of 10 pairs) in order to evaluate the degree of
isotopic homogeneity within single grains. For most
grains, the Sr isotopic values obtained for the two
analyses are identical (within error), or just outside
their associated analytical uncertainties by 0.2 %o (i.e.
variation of ~ 0.00015; e.g. grain nos. 5-1 and 5-2;
nos. 6-1 and 6-2 from NK1-2; Table 1). These results
suggest that individual clinopyroxene grains in the
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Nikos peridotites mainly exhibit internal Sr isotopic
equilibrium, despite the differences observed between
grains.

Mineral compositions were obtained by electron
microprobe analysis for clinopyroxene grains ana-
lyzed by laser ablation in order to investigate
possible metasomatic effects on their major element
abundances (Table 3). The SiO, contents in the
clinopyroxenes correlate negatively and TiO, abun-
dances correlate positively with their respective Sr
isotopic ratios, and trend towards the composition of
the Nikos kimberlite (Tables 1 and 3; Fig. 4a and
b). Contrarily, CaO, MgO, FeO and Al,0O; abun-
dances in the clinopyroxenes (not shown) do not
correlate with Sr isotopic values (Tables 1 and 3).
One possible explanation is that these elements
occur at similar concentration levels in both clino-
pyroxene and kimberlite (Schmidberger and Francis,
2001).
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Fig. 4. Plot of ¥Sr/**Sr isotope ratios obtained by laser ablation
MC-ICP-MS versus (a) SiO, and (b) TiO, contents for individual
clinopyroxene grains from Nikos peridotites.

4. Discussion

Experimental data on Sr diffusion in diopside have
shown that isotopic equilibration at the mineral (mm)
scale should occur over time periods of 1 to 100 Ma at
lithospheric temperatures of 900 to 1000°C (Sneer-
inger et al., 1984). This is in agreement with previous
findings based on diffusion data in mantle minerals,
which indicate that isotopic disequilibrium between
mineral phases cannot be maintained at 1000 °C for
more than a few million years (Hofmann and Hart,
1978). The experimental results also indicate that the
presence of a melt will reduce the time required to
achieve isotopic equilibrium (<0.1 Ma). Previous
studies of mantle xenoliths are consistent with these
experimental results, and suggest that isotopic dis-
equilibrium between constituent peridotite minerals
(e.g. clinopyroxene and garnet) can only be preserved
in the shallow lithospheric mantle at temperatures
below 900 °C (Macdougall and Haggerty, 1999).
The deeper lithospheric mantle should thus be at
sufficiently high temperatures to eliminate isotopic
disequilibria rapidly. It has also been demonstrated
that "**Nd/'**Nd isotopic equilibrium may be achieved
in clinopyroxene in ~ 1 Ma at near solidus conditions
of peridotite (i.e. ~ 1450 °C; 25 kb; Van Orman et al.,
2001). The time for isotopic equilibration in the litho-
sphere, however, may increase to ~ 1000 Ma at the
lower eclogite solidus temperatures (i.e. 1150 °C at 15
kb; Van Orman et al., 2001). Despite these experimen-
tal results, isotopic heterogeneity has been docu-
mented in melt inclusions in olivine crystals from
oceanic basalts by in situ analysis, which records
small-scale Pb isotopic disequilibrium between differ-
ent inclusions within single olivine crystals (Saal et al.,
1998; Shimizu et al., 1999).

The laser ablation Sr isotopic ratios of clinopyrox-
ene grains from the Nikos peridotites show a signifi-
cant compositional range within individual xenoliths,
and establish the existence of ®’St/*°Sr heterogeneities
between grains (Table 1; Fig. 3). The 87Sr/%°Sr ratios
do not correlate with ®Rb intensities, which indicates
that the observed variations are not the result of long-
term radiogenic ingrowth. These findings indicate that
small-scale (mm) Sr isotopic heterogeneities exist in
the lithospheric mantle that last equilibrated at temper-
atures of at least 1100 °C and depths of 150 km. This
interpretation is supported by the relatively large
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difference in the ®’Sr/*°Sr compositions obtained by
solution mode MC-ICP-MS and TIMS for clinopyr-
oxene separates from different portions of individual
xenoliths (Fig. 3). Clinopyroxenes from kimberlite-
hosted peridotites commonly exhibit a large variation
in Sr values (determined by TIMS), and the range in
Sr isotopic ratios (*’Sr/**Sr,=0.70357-0.70521;
Table 1) obtained here for the Nikos clinopyroxenes
is similar to that reported for clinopyroxenes in pe-
ridotite xenoliths from single kimberlite pipes (e.g.
Kimberley, Bultfontein, Jagersfontein) from the
South African Kaapvaal craton (e.g. Menzies and
Murthy, 1980; Kramers et al., 1983; Walker et al.,
1989).

The whole rock Nd, Pb and Sr isotope systematics
for the Nikos peridotites (Schmidberger et al., 2001)
suggests that these xenoliths have probably suffered a
small amount (~ 1 wt.%) of kimberlite contamina-
tion during sample transport. The Sr isotopic varia-
bility in clinopyroxene recorded by the laser ablation
data could thus be attributed to interaction with the
host kimberlite magma. The presence of fine-grained
and possibly kimberlite-related inclusions in clinopyr-
oxene characterized by high ®Rb/*°Sr ratios (e.g.
phlogopite), however, cannot account for the observed
Sr isotopic variation within individual samples be-
cause only inclusion-free grains were used for the
ablation experiments. These findings are supported
by high internal precisions for individual laser analy-
ses (Table 1), which would not be obtained if mineral
inclusions (with different isotopic compositions) were
present.

The clinopyroxenes showing the least radiogenic
87Sr/%°Sr values (0.7036, NK1-2, grain no. 3; 0.7037,
NK1-4, grain no. 30; Table 1) could be interpreted to
represent the best estimate of ‘uncontaminated’ de-
pleted subcontinental mantle. In comparison, the
Nikos kimberlite (average of five samples) is charac-
terized by a significantly more radiogenic whole rock
87Sr/%°Sr composition of 0.7052 at the time of
emplacement (i.e. 100 Ma ago; Schmidberger et al.,
2001). The addition of this kimberlite component
would result in an increase of the *’Sr/*®Sr ratios in
the Nikos clinopyroxenes, since the kimberlite is
characterized by much higher Sr contents (1000—
2200 ppm) than the clinopyroxenes (100—400 ppm;
Schmidberger and Francis, 2001). Thus, the highest Sr
isotopic values would be recorded by clinopyroxenes

that had experienced the largest degree of metaso-
matic interaction with the host kimberlite.

The trends between SiO, and TiO, contents for the
clinopyroxenes versus their respective Sr isotope
compositions (Tables 1 and 3; Fig. 4a and b) are
unlikely to reflect depth-dependent partitioning since
the abundances of these two major elements do not
correlate with estimated temperatures or pressures of
last equilibration in the mantle (Schmidberger and
Francis, 1999). There are large differences in the
concentration levels of SiO, and TiO, between clino-
pyroxenes (SiO, ~ 54 wt.%; TiO, ~ 0.14 wt.%) and
kimberlite (SiO, ~ 23 wt.%; TiO, ~ 1.8 wt.%), and
their correlations with Sr isotopic ratios imply that
kimberlite metasomatism has also affected the chem-
ical compositions of the clinopyroxenes. These find-
ings are in good agreement with previously determined
light rare earth element (LREE) abundances for three
of the samples investigated in this study (e.g. Ce: NK1-
4=20 ppm, NKI1-3=30 ppm, NK2-3=50 ppm;
Schmidberger and Francis, 2001), which correlate
positively with their respective ®’St/**Sr ratio (NK1-
4=0.7039, NK1-3=0.7044, NK2-3 =0.7048).

In addition to their overall shift towards the kim-
berlite composition, the samples that are characterized
by higher average ®’Sr/*°Sr >0.7044 (NK1-3, NK2-
10, NK2-3) also exhibit intra-sample compositional
variations that trend toward that of the host magma
(Fig. 4a and b). Of interest, sample NK2-3 plots
closest to the compositional field for the Nikos
kimberlite and exhibits the largest intra-sample varia-
tion in ¥’Sr/*®Sr ratios (1.1 %o; Figs. 3 and 4). These
clinopyroxenes also yield a large difference (outside
the external reproducibility) between the average
87Sr/*°Sr value calculated for individual laser ablation
runs and the corresponding value obtained either by
solution mode MC-ICP-MS or TIMS. In contrast,
clinopyroxenes from samples NK1-2 and NK1-4 are
interpreted to represent the best estimate of ‘uncon-
taminated’ depleted subcontinental mantle since these
are characterized by the lowest average ®’Sr/*°Sr
ratios (0.7039), and show little trend towards the
kimberlite compositional field (Fig. 4a and b).

The rather large degree of intra- and inter-sample
Sr isotopic heterogeneity recorded by the clinopyrox-
enes in the Nikos peridotites appears to reflect meta-
somatic activity associated with kimberlite magmatism
100 Ma ago. The Sr isotopic variations, and their
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correlation with SiO,, TiO, and LREE abundances,
suggest an increasing amount of interaction between
clinopyroxenes and the host kimberlite from samples
NKI1-4 and NK1-2 (low) to NKI1-3 and NK2-10
(intermediate) to NK2-3 (high). The existing exper-
imental data on the diffusion of Sr at mantle temper-
atures and pressures near the peridotite solidus suggest
that metasomatic activity could not precede sample
entrainment by more than ~ 1 Ma. Thus, the preser-
vation of the Sr isotope variability suggests that
metasomatism would have occurred during kimberlite
magmatism, either just prior to or during kimberlite
transport. The preservation of these Sr isotopic hetero-
geneities indicates that closure temperatures for Sr
diffusion in clinopyroxenes were attained rapidly after
emplacement in the continental crust.

5. Conclusions

This study is the first to report in situ *’Sr/*°Sr
analyses of individual clinopyroxene grains from
peridotite xenoliths. The results demonstrate the abil-
ity of a laser ablation MC-ICP-MS system to perform
in situ isotope analyses on mantle phases. The Sr
isotopic results document large variations in clinopyr-
oxene separates from different samples, and between
clinopyroxene grains within individual xenolith sam-
ples, which amount to as much as 1.1 %o (8 parts in
7000). The Sr isotopic ratios obtained for the clino-
pyroxene separates correlate with abundances of SiO,
and TiO,, which is consistent with the introduction of
a kimberlite component in the clinopyroxenes. It thus
appears likely that the large degree of intra-sample
isotopic heterogeneity is the result of metasomatic
activity associated with kimberlite magmatism. The
preservation of Sr isotope variability suggests that
metasomatism probably occurred just prior to or
during kimberlite transport, since Sr diffusion would
eradicate existing isotope heterogeneities at time
scales of ~ 1 Ma at mantle temperatures and pres-
sures.

The findings of this study suggest that isotopic
compositions obtained on bulk mineral separates from
peridotite xenoliths likely represent weighted averages
of heterogeneous populations. This heterogeneity
might in large part reflect interaction with their host
magma and complicates the interpretation of isotopic

differences between samples. The implications of
isotopic studies using mineral separates may thus need
to be reexamined by in situ techniques.
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