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Kumberlites from Southern Africa, along with therr low-Cr mega-
crysts, have unusual Hf-Nd wsotopic characteristics. Group I and
Transitional kimberlites define arrays trending oblique to, and well
below, the Nd—Hf isotope ‘mantle array’, defined by oceanic basalls,
i.e. they have negative A€ gy values. Group I kimberlites have A€ gy
values varying from —1.2 to —10.1. Low-Cr megacryst suites, from
individual Group I kimberlites have compositions that overlap those
of their host kimberlites. The trend for all Group I kimberlite
megacrysts (A€ gy values —1.0 to —9.0) shows a striking corre-
spondence to that of the Group I kimberlite field. Group II kimber-
lites and their low-Cr megacrysts plot on or close to the mantle
Nd—Hf array (A&gy values 3.6 to —2.6). The dala indicate a
genetic link between kimberlites and the low-Cr megacryst suite. The
negative A€y characteristics of Group I kimberlites and their
megacrysts require a source component that is ancient (> 1 Ga),
and has evolved with low time-integrated Lu/ Hf relative to Sm/Nd.
Our preferred option ts that this component originates beneath the
lthosphere, from a reservorr of ancient, deeply subducted oceanic
basalt that became incorporated into the convecting mantle source
region_for Group I and Transitional kimberlites.
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INTRODUCTION

Despite the mineralogical sensitivity of the Lu—Hf isotope
system to fractionation (Fig. 1), the vast majority of mantle
and crustal rocks analysed so far lie along a single, well-
correlated array in Hf-Nd isotope space. Lithologies as
diverse as mid-ocean ridge basalts, ocean island basalts,
island arc volcanics and upper crust of various ages lie on,
or close to, this array (see Blichert-Toft, 2001 for a review),
suggesting similar, coupled fractionation of Sm/Nd and
Lu/Hf in most terrestrial magma source reservoirs.
Kimberlites are deeply derived volcanic ocks, for which a
great diversity of different source regions and components
have been advocated, ranging from continental litho-
spheric mantle (CLM), convecting upper mantle, sub-
ducted oceanic crust and the lower mantle or core—
mantle boundary (e.g. Sharp, 1974; Smith, 1983; le
Roux, 1986; Mitchell, 1986; Haggerty, 1994; Kesson et al.,
1994). They are also the only rock type to contain samples
of both upper and lower mantle (Harte, 1999). The possible
ultra-deep origins of kimberlites combined with the wide
variation in Lu/Hf fractionation through this depth inter-
val (Fig. 1) suggest the possibility of finding distinctive Nd—
Hf isotopic compositions in these rocks. In particular, the
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Fig. 1. Schematic cross-section through the Earth’s crust and mantle, showing the major mineral transitions of importance to the Lu—HIf isotope
system. The range of distribution coefficients for Lu, Hf, Sm and Nd is shown for each of the mineral phases in the zones shown. LRE, Light rare

earth elements; HRE, heavy rare earth elments.

characteristic Lu/Hf-Sm/Nd fractionation systematics of
ultra-deep phases such as majorite and perovskite (Fig. 1)
compared with shallower phases could be discernible.

The study of Nowell et al. (1999) established that
kimberlites have distinctive Hf-Nd isotope systematics
that plot off the mantle array. Lamproites also have
anomalous Hf-INd isotope systematics that plot well
below the mantle array (Nowell et al., 19984, 1999),
indicating the presence of a distinctive mantle reservoir
in these rocks. In addition, Janney et al. (2002) have found
similar signatures in mafic alkalic/potassic rocks sur-
rounding the Kaapvaal craton and even into the southern
Atlantic Ocean (Alphard Bank). Here, we analyse a more
extensive kimberlite sample set, to explore further the
implications for kimberlite source regions and deep man-
tle reservoirs. Low-Cr megacrysts from eight kimberlites
have also been analysed, to try to further constrain the
relationships between megacrysts and kimberlites and
to examine in more detail the source contributions to
kimberlite-related magmatism.

The unusual Hf-Nd isotope characteristics of the
kimberlite-megacryst magma source region also provide

constraints relevant to terrestrial geochemistry mass bal-
ance arguments. Mixing between bulk crust and depleted
mantle do not intersect most estimates of Bulk Silicate
Earth (BSE) based on meteorites (e.g. Blichert-Toft &
Albarede, 1997) and this mass balance problem has
been interpreted to indicate the existence of a reservoir
that is not sampled by terrestrial rocks (Blichert-Toft &
Albarede, 1997). Our new data confirm earlier findings
(Nowell et al., 1998b; Pearson & Nowell, 2002) that
kimberlites and their megacrysts have Hf-Nd isotope
systematics that are suitable for the ‘missing reservoir’,
or at least point to the existence of such a reservoir.

SAMPLES
Kimberlites

Kimberlites are a mixture of components that are derived
from every ‘reservoir’ through which they have ascended
en route to the surface. This greatly complicates the
interpretation of their elemental and isotopic signatures.
These problems cannot be eradicated with certainty in

1584

220z ¥snbny Lz uo 1senb Aq 9429/t 1L/£8G L/8/GY/e1onie/ABojosiad/woo dno-olwepeae//:sdiy woly pspeojumoq



NOWELL et al.

any study of kimberlite whole-rock geochemistry, but, to
minimize any such difficulties, our samples were chosen
from previously characterized, fresh, hypabyssal-facies
kimberlites, specifically selected for their minimal
crustal contamination (Smith, 1983; Smith et al., 1985;
McDonald et al., 1995). The samples studied are from
Southern Africa, belonging to the isotopic Groups I and
IT of Smith (1983), or kimberlites and ‘orangeites’ as
classified by Mitchell (1995), along with Transitional
kimberlites (Skinner et al, 1994) that have Sr and Nd
isotope characteristics intermediate to Group I and
Group II kimberlites. For sample descriptions and major
element compositions, the reader is referred to the appen-
dices of Smith et al. (1985), Fraser & Hawkesworth (1992)
and McDonald et al. (1995).

Megacrysts
Kimberlites commonly contain large (1-20cm) single
silicate and oxide phases of a distinctive Cr-poor, Ti-
rich character, commonly referred to as ‘discrete nodules’
(Nixon & Boyd, 1973) or ‘Cr-poor megacrysts’ (Eggler
et al., 1979). In Group I kimberlites, the Cr-poor mega-
cryst assemblage includes Cr-poor pyrope garnet, clino-
pyroxene, orthopyroxene, phlogopite, magnesian
ilmenite, zircon and Fe-rich olivine, whereas, in
Group II kimberlites, only garnet and, occasionally,
clinopyroxene are present (Moore et al., 1992; Bell e/ al.,
1995). The origin of megacrysts and the relationship
between megacrysts and their host kimberlites 1s certainly
not fully resolved. However, petrological and geochem-
ical evidence indicates that the megacrysts in Group I
kimberlites formed from an alkali-basalt-like magma that
was probably the precursor to, or intimately related to,
the host kimberlite. In many cases, this magma crystal-
lized in the lower parts of the lithospheric mantle, prob-
ably close to the lithosphere—asthenosphere boundary
(Harte & Gurney, 1981; Mitchell, 1986; Hops et al,
1992). Past estimates of the REE composition of this
parental magma (La/Yb, ~20) tend to be more
Ocean-Iland Basalt (OIB) like than kimberlitic in char-
acter, suggesting derivation from the sublithospheric
mantle (Harte, 1983; Jones, 1987; Davies et al., 2001)
and this is also supported by the OIB-like Sr—Nd-Pb
isotope data (Smith et al., 1985; Jones, 1987; Spriggs,
1988; Hops et al., 1992; Davies et al., 2001). The REE
data, combined with subtle differences in isotopic com-
position between megacrysts and kimberlites, have been
used to argue against a close genetic relationship (Jones,
1987; Davies et al., 2001). However, as pointed by Davies
et al. (2001), few isotopic studies, including their own,
have actually compared megacryst isotopic compositions
directly with their host kimberlite.

We have analysed the Nd and Hf isotope composition
of both megacrysts and their host kimberlite from the
Premier, Monastery, Jagersfontein, Gansfontein and Frank
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Smith Group I kimberlites. In addition, megacrysts, but
not the host kimberlite from the Thaba Putsoa, Letseng,
Kao, Mothae (all Lesotho), Orapa (Botswana), Kallvallei
and Star (S. Africa) kimberlites plus the Kamfersdam
dump (Kimberley, S. Africa) have been analysed. Zircon
megacrysts from these localities have only been analysed
for Hf isotope composition. The Monastery megacryst
suite i3 one of the most extensively studied and comprises
garnets, phlogopites, clinopyroxenes, clinopyroxenes—
ilmenite intergrowths, ilmenites, zircon—ilmenite inter-
growths and zircons (Gurney et al., 1979).

SAMPLE PREPARATION AND
ANALYTICAL TECHNIQUES

New kimberlite samples prepared for this study were
carefully hand-picked to screen out crustal fragments,
altered grains and obvious megacryst and xenolith-
related grains. Every precaution was taken during picking
and preparation of the megacrysts to avoid inclusions,
grain-boundary alteration and areas with signs of host—
kimberlite interaction. The ilmenite samples analysed
were either part of bi-mineralic intergrowths with zircon,
or large (cm or greater), deformation-free monocrystals.
The outer edges and surfaces of all the megacrysts were
removed before being lightly crushed (<2mm ) for
picking. Garnets and clinopyroxenes were picked under
cthanol and only clear translucent fragments were
selected. As the ilmenites are opaque, only those frag-
ments with good conchoidal fractures were picked. After
the first picking, all the megacrysts were washed in
18.2 MQ water and ultrasonically leached in 6 N HCI
for 30 minutes before being washed with 18.2 M€ water
a second time, crushed to a finer size and re-picked. After
this second picking, the acid leach and wash steps were
repeated before the samples were powdered. Although no
inclusions were observed within any of the megacrysts
during this process, it is possible that very small inclusions
have been overlooked and the possibility exists for some of
the ilmenites with very low Nd contents to have been
influenced by inclusions of more REE-rich minerals.
These effects are minor and do not alter our conclusions.
All kimberlite and megacryst samples, except zircons,
were analysed for trace element and rare earth element
compositions at Durham University using an Elan 6000
ICP-MS. Sample dissolution and ICP-MS analytical
protocols have been presented by Ottley et al. (2003).
Instrument calibration is made using international rock
standards. Internal spikes are used to monitor suppression
and drift. The reproducibility (relative standard deviation)
of the in-house kimberlite standard using these techniques
is 2.4% for Lu/Hf ratios and 1.1% for Sm/Nd ratios.
Mineral separate analyses using longer on-peak dwell
times give data that are a factor of two better than this.
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Sr, Nd and Hf isotopic compositions were determined
at three different laboratories: NERC Isotope Geo-
sciences Laboratory (NIGL; see Nowell e al., 1998¢;
Royse et al., 1998; Nowell & Parrish, 2001 for relevant
analytical protocols), the Department of Terrestrial Mag-
matism (DTM; see Carlson & Nowell, 2001 for analytical
protocols) and, latterly, at the Arthur Holmes Isotope
Geology Laboratory, Durham University (AHIGL; see
Nowell et al., 2003a for analytical protocols). The Hf
separation procedure adopted for samples analysed by
plasma ionization multi-collector mass spectrometry
(PIMMS) required only the first two anion exchange
columns described by Nowell ¢f al. (1998) to remove the
bulk of the sample and titanium, respectively. The Hf-
Nd separation procedure used at Durham has been docu-
mented by Dowall ez al. (2003). Data were collected by a
combination of TIMS and PIMMS over several analyti-
cal sessions. Details relating to standard normalization,
precision and accuracy and constants used are given in
the legends to Tables 1-3.

RESULTS

Although many of the kimberlites in Table 1 have been
previously characterized for Nd and Sr isotopes (Smith,
1983; Skinner et al., 1994), we have re-analysed the
majority of samples to maintain an internally consistent
database and to improve upon precision. All plotted
kimberlite and megacryst data are initial values, calcu-
lated using the kimberlite eruption ages and the relevant
parameters given in Table 1.

Group I kimberlites

On a Nd-Sr isotope diagram (Fig. 2), Cretaceous South-
ern African Group I kimberlites plot as a field within the
mantle array characterized by Sr isotope compositions
close to Bulk Earth (BE) and generally positive €xg; values
(—0.5 to 4.0). This field is distinct from Southern African
Cretaceous Group II kimberlites that have more radio-
genic Sr isotope and less radiogenic Nd isotope composi-
tions (Smith, 1983). In egg—eng space (Fig. 3a), the
Group I kimberlite field ranges from compositions that
have both positive and negative €y values (—6.2 to +7.3)
and generally positive €xg;. Two samples have both nega-
tive €gpy and €xg;. The data do not plot along the oceanic
array but are displaced below it to varying degrees. The
departure of Group I kimberlites from the main oceanic
array can be expressed using the Aggy notation (Table 1)
of Johnson & Beard (1993). We use the revised regression
of the oceanic array of Vervoort et al. (1999). Samples that
plot above the array have positive Agy, and those that
plot below the array have negative Agy,. Without excep-
tion, Southern African Group I kimberlites are charac-
terized by negative Ay values (—1.2 to —10.1; Figs 4a
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and 5). There is no clear systematic variation of A€y with
€ng- This strongly negative A€y isotope signature is
not observed in volcanic rocks from the ocean
basins, with the exception of a slightly less pronounced
negative signature in HIMU OIBs (Figs 4a and 5;
Ballentine et al., 1997). Kimberlites, along with lamproites
(Nowell et al., 19985), record the largest displacements
below the mantle Hf-INd array yet measured in mantle-
derived volcanic rocks.

Group II kimberlites

Group II kimberlites have unradiogenic Nd (exg; —5.5
to —11.9) coupled with radiogenic Sr isotope composi-
tions (0.7078-0.7126), plotting in the ‘enriched’ quadrant
of the Nd—Sr isotope diagram (Fig. 2a; Smith, 1983). Hf
isotope compositions are also unradiogenic (€5 —3.6 to
—23.9), consistent with their trace element-enriched
character. Although Nd isotope compositions of Group
IT kimberlites are distinct from those of Group I, their Hf
1sotope compositions partially overlap (Fig. 3a). Three-
quarters of the Group II kimberlites analysed scatter
around the mantle regression line of Vervoort e al. (1999),
with Agyyvalues between 2.4 and —2.6 (Fig. 5). However,
two Group II kimberlites from Swartruggens plot well
below the mantle regression line (Agg;—8.7 to —12; Fig. 5).

Transitional kimberlites

‘Transitional” kimberlites have Sr-INd isotope composi-
tions (Fig. 2a) that are intermediate between those of
Group I and Group II. These kimberlites have less radio-
genic Nd isotope compositions than Group I kimberlites—
more characteristic of the so-called EMI mantle end-
member. In addition to Southern African variants
(Skinner et al., 1994; Table 1), kimberlites with these
isotopic compositions have also been reported from
Brazil (Bizzi et al., 1994; Carlson et al., 1996), from the
Arkhangelsk Region of Russia (Beard et al., 2000;
Mahotkin et al, 2000) and from the North West
Territories (Dowall et al., 2000). Despite having €pg
values that appear more similar to Group II kimberlites,
Transitional kimberlites appear to lie on an extension of
the Group I kimberlite array in €3-€ng; space (Fig. 3a),
displaced well below the mantle array (Agyy —8.1 to
—14.2; Fig. 4a).

Kimberlite megacrysts

As observed in previous studies (Kramers et al.,
1981; Jones, 1987; Davies et al., 2001), Nd—Sr isotope
systematics of low-Cr megacrysts from Group I kimber-
lites are similar, but not exactly the same as their hosts
(Fig. 2b). Excepting one sample, the range in Nd isotope
compositions is comparable but the megacrysts have Sr
isotope compositions at the least radiogenic end of the
range shown by kimberlites. The low-Cr megacrysts from
Group II kimberlites analysed here (Fig. 2b) and by Smith
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Table 3: Hf isotopic compositions for discrete mono-muineralic zircons from various Group I SA kimberlites

Locality

Monastery
BZ 6 1-B
BZ87-B

BZ 9 N.R.

BZ 10 10—1B
BZ 11 10—2B
BZ 13 3-C
BZ 14 8-C
BZ 15 5-C
BZ 16 N.A.
BZ 17 10—3C

Orapa

PHN 1613 A 1
PHN 1613 A 2
PHN 1613 B 1
PHN 1613 B 2
PHN 1613 C 1
PHN 1613 C 2
PHN 1613 D 1
PHN 1613 D 2
PHN 1613 E 1
PHN 1613 E 2
PHN 1613 F 1
PHN 1613 F 2
PHN 1613 G 1
PHN 1613 G 2
PHN 1613 H 1
PHN 1613 H 2
PHN 1613 1 1
PHN 1613 1 2
PHN 1613 J 1
PHN 1613 J 2
PHN 1613 K 1
PHN 1613 K 2
PHN 1613 L 1
PHN 1613 L 2
PHN 1613 M 1
PHN 1613 M 2
PHN 1613 N 1
PHN 1613 N 2
PHN 1613 O 1
PHN 1613 0 2

Kaalvallie
ZirA-1
ZirA-2
ZirA-3
ZirA-4
ZirB-1
ZirB-2
ZirB-3
ZirB-4
ZirC-1
ZirC-2
ZirD-1
ZirD-2
ZirE-1
ZirE-2

176Lu/177Hf 176Hf/177an SHfI 176Lu/177Hf 176Hf/177an stI 176Lu/177Hf 176Hf/177an stI
NIGL DTM AHIGL
0-0000060 0-282724 (6)" 0-39
0-0000070 0-282735 (6)" 078
0-0000110 0-282728 (6)’ 053
0-0000010 0-282713 (6)" 0
0-0000010 0-282716 (6)’ 0-11
0-0000050 0-282737 (6)" 0-85
0-0000110 0-282723 (6)" 0-36
0-0000100 0-282730 (6)" 0-6
0-0000200 0-282718 (6)’ 0-18
0-0000220 0-282723 (6)" 0-36
0-0000235 0-282766 (8)? 1-92  0-0000407 0-282769 (11) 2:03  0-0000355 0-282776 (12)° 228
0-0000310 0-282745 (10)? 1-18 0-0000429 0-282769 (12)° 203
0-0000162 0-282752 (11)? 1-43  0-0000164 0-282774 (10) 22 0-0000220 0-282758 (10)° 1-64
0-0000169 0-282755 (8)° 1-53 0-0000233 0-282763 (12)° 1-82
0-0000194 0-282745 (14)? 118 0-0000221 0-282747 (13) 1-25  0-0000295 0-282751 (14) 1-39
0-0000163 0-282738 (12)? 0-93 0-0000221 0-282744 (12)° 114
0-0000213 0-282750 (6) 1-35  0-0000237 0-282769 (13) 203  0-0000291 0-282768 (6)° 1-99
0-0000212 0-282778 (8)? 234 0-0000273 0-282769 (4)° 2.03
0-0000065 0-282366 (10>  —12:2 0-0000074 0282372 (11)  —12 0-0000091 0-282371 (5)° —12
0-0000063 0-282361 (7)? —12:4 0-0000095 0-282369 (5)° —1241
0-0000269 0-282724 (10)? 0-43  0-0000400 0-282749 (12) 1-31  0-0000319 0-282756 (5)° 1-57
0-0000360 0-282760 (7)? 1-71 0-0000376 0-282772 (4)° 213
0-0000153 0-282757 (12)? 1-6 0-0000216 0-282780 (13) 243 0-0000205 0-282759 (6)° 1-68
0-0000187 0-282763 (12)? 1-81 0-0000229 0-282765 (5)° 1-89
0-0000183 0-282754 (19)? 15 0-0000160 0-282759 (9) 1-68  0-0000249 0-282758 (6)° 1-64
0-0000182 0-282763 (14)? 1-81 0-0000297 0-282764 (6)° 1-85
0-0000211 0-282755 (11)? 153 0-0000269 0-282767 (11) 1-95  0-0000308 0-282754 (5)° 15
0-0000247 0-282744 (13)? 114 0-0000293 0-282754 (5)° 15
0-0000078 0-282343 (11> —13 0-0000136 0282368 (11)  —12-1 0-0000107 0-282365 (5)° -12:3
0-0000137 0-282359 (10>  —125 0-0000176 0-282367 (6)° —12:2
0-0000073 0282303 (14>  —145 0-0000085 0282322 (10)  —13-8 0-0000098 0-282316 (7)° —14
0-0000110 0-282305 (15>  —14-4 0-0000148 0-282314 (5)° —14-1
0-0000081 0-282314 (14> —14-1 0-0000101 0-282323 (9) -13-8 0-0000068 0-282316 (5)° —14
0-0000062 0-282293 (15)>  —14-8 0-0000103 0-282315 (6)° 14
0-0000086 0282339 (11)>  —13-2 0-0000093 0282363 (11)  —12-3 0-0000055 0-282363 (6)° -12:3
0-0000104 0-282354 (16)>  —127 0-0000158 0-282362 (5)° —12:4
0-0000082 0-282726 (13)? 051 0-0000082 0-282770 (9) 208 0-0000103 0-282757 (5)° 1-6
0-0000051 0-282723 (10)? 0-4 0-0000047 0-282756 (5)° 1.57
0-0000233 0-282762 (14)? 1:78  0-0000209 0-282761 (11) 176 0-0000359 0-282761 (6)° 1:75
0-0000167 0-282732 (11)? 072 0-0000186 0-282757 (5)° 1-6
0-0000037 0-282738 (17)? 0-79 0-0000054 0-282740 (8)* 0-85
0-0000036 0-282717 (17) 0-04 0-0000059 0-282746 (4)* 1-06
0-0000035 0-282718 (18)? 0-08
0-0000033 0-282734 (15) 0-65
0-0000081 0-282748 (22)? 1-14
0-0000077 0-282772 (24)? 1-99
0-0000069 0-282770 (20)? 1-92
0-0000066 0-282728 (21)? 0-43
0-0000057 0-282757 (27) 1-46 0-0000088 0-282782 (4)* 233
0-0000060 0-282772 (25)? 1-99 0-0000087 0-282780 (4)* 226
0-0000102 0-282737 (24) 075
0-0000107 0-282717 (25) 0-04
0-0000158 0-282758 (4)* 1-49
0-0000156 0-282745 (4)* 1-03
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Table 3: continued

Locality 8Lu/HE  78HE/ T HA, . OLu/"HE  V8HE/VHA, . 7OLu/HE  8HE/ T HA, [
NIGL DTM AHIGL

ZirF-1 0-0000180 0-282763 (3)* 1-66

ZirF-2 0-0000169 0-282752 (4)* 1-27

ZirG-1 0-0000128 0-282751 (4)* 1-24

ZirG-2 0-0000132 0-282754 (5)* 1-34

ZirH-1 0-0000175 0-282774 (5)* 2.05

ZirH-2 0-0000166 0-282774 (6)* 2.05

Zirl-1 0-0000156 0-282773 (4)* 2:02

Zirl-2 0-0000154 0-282763 (3)* 1-66

ZirJ-1 0-0000056 0-282748 (4)* 1-14

ZirJ-1 0-0000061 0-282747 (4)* 11

Gansfontein

PMD-99—019ZrP1 0-0000089 0-282701 (6)* —0-2

PMD-99—019ZrP2 0-0000096 0-282710 (4)* 0-12

PMD-99—003ZrP1 0-0000188 0-282727 (7)* 072

PMD-99—003ZrP2 0-0000145 0-282712 (6)* 0-19

PMD-99—074ZrP1 0-0000151 0-282715 (5)* 03

PMD-99—074ZrP2 0-0000095 0-282705 (4)* —0-06

PMD-99—017ZrP1 0-0000077 0-282704 (8)* —0-09

PMD-99—017ZrP2 0-0000103 0-282702 (10)* —0-16

Kampfersdam

FRB 248c 0-0000221 0-282721 (10) 0-22

Mothae pipe

PHN 1931—1 0-0000077 0-282711 (7)° —0-06

PHN 1931—2 0-0000149 0-282718 (7)° 0-19

PHN 1931—3 0-0000073 0-282723 (7)? 0-37

PHN 1931—4 0-0000190 0-282718 (7)° 0-19

Hf isotope compositions were determined by a combination of solution mode PIMMS and laser ablation-mode PIMMS at
three different laboratories, as indicated. Lu and Yb corrections on "®Hf were made using the methodology of Nowell &
Parrish (2001) and Nowell et a/. (2003). All sample data are normalized to the accepted JMC475 standard composition given
in the caption to Table 1. Where appropriate, the method of analysis for individual samples is indicated by the superscript
symbols in the "78Hf/"77Hf,, column.

NIGL data:

'Solution-mode PIMMS analysis (P54). Average '"®Hf/"77Hf ratio and external reproducibility for JMC 475 was 0.282172 +
19 2SD (n = 99).

2Laser ablation mode PIMMS analysis (Axiom). Average "7®Hf/"7”Hf ratio and external reproducibility for both pure and
Yb+Lu-doped JMC 475 was 0.282175 + 20 2SD (n = 19). The average ''°Hf/"’Hf ratio and reproducibility for the
zircon ablation standard 91500 (Weidenbeck et a/., 1995) after re-normalization to a JMC 475 value of 0.28216 was 0.282286 +
73 2SD (n = 15 pits). This is well within error of the TIMS value of Weidenbeck et a/. (1995), 0.282302 + 8 2SD (n = 7),
normalized to a JMC 475 value of 0.28216. Despite the Yb— Lu correction on '’°Hf for 91500 being about 10 times smaller than
that for the Yb—Lu doped JMC 475 standards, the reproducibility of '"°Hf/"”’Hf for 91500 (259 ppm) is greater than three
times worse than for the JMC 475 solution standards (71 p.p.m.), which suggests that 91500 is somewhat heterogeneous in
terms of Hf isotopic composition.

DTM data:

Laser ablation mode PIMMS analysis (Axiom). Average 76H4£/77Hf ratio and external reproducibility for pure JMC 475
standard only was 0.282141 £ 16 2SD (n = 7).

AHIGL data:

SLaser ablation mode PIMMS analysis (ThermoFinnigan Neptune). Average 76H£/77Hf ratio and external reproducibility for
both pure and Yb+Lu-doped JMC 475 was 0.282158 4+ 4 2SD (n = 17).

“Laser ablation mode PIMMS analysis (ThermoFinnigan Neptune). Average '"®Hf/"””Hf ratio and external reproducibility for
both pure and Yb+Lu-doped JMC 475 was 0.282155 + 7 2SD (n = 12).

For the Orapa zircons, the NIGL and DTM Hf isotope data generally agree to better than 1€ unit (except for PHN1613N,
which is slightly worse at 1.6 € units), with the average difference being 0.56 € units. For the NIGL and AHIGL data sets the
agreement is slightly better with an average difference of only 0.38 € units. Again, however, the difference for PHN1613N,
and also PHN1613F, is slightly greater than 1€ unit. The agreement between the AHIGL and DTM data sets is extremely
good, including samples PHN1613N, and PHN1613F, with an average difference of only 0.15 € units. Indeed, five of the
14 samples reproduce to better than 0.04 ¢ units. On the basis of the close agreement between the AHIGL and DTM data-
sets, we use the more extensive and higher precision AHIGL data set to define the range in Hf isotopic composition for the
Orapa zircon suite.

The agreement between NIGL and AHIGL Hf isotope data for the two Kaalvallie zircons is better than 0.8 € units although
the reproducibility of the AHIGL Neptune data for the two repeat analyses of each zircon is considerably better (<10 ppm).
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Fig. 2. (a) exg; versus °'Sr/%°Sr, for Group I (black circles), Transitional (grey circles) and Group II kimberlites (open circles), based on new data
presented in Table 1. Field for mid-ocean ridge basalts (MORB) and the mantle array are shown schematically. (b) exg; versus 878 /868w for
megacrysts from Group I kimberlites (black squares) and Group II kimberlites (open squares), together with the fields for kimberlites (field for

Group II kimberlites excludes the Swartruggens samples).

et al. (1995) are distinct from Group I megacrysts in that
they have less radiogenic Nd and more radiogenic Sr. In
common with the relationships shown between Group I
megacrysts and their hosts, the Nd isotopic compositions
of Group II megacrysts overlap those of their hosts,
whereas their Sr isotope compositions are less radiogenic.
In contrast to Sr isotope systematics, both Group I and
Group II megacrysts show very similar Nd-Hf isotope
systematics to their host kimberlites (Fig. 3a and b).
With a few exceptions, the megacrysts from Group I

kimberlites plot within the Nd-Hf isotope field of their
hosts. Although the absolute ranges in Nd and Hf isotope
compositions for the megacrysts and kimberlites are
slightly different, the seven megacryst suites from Group I
kimberlites all plot below the mantle array, with negative
Aggyr values ranging from —1 to —9 (Fig. 4b). This range
1s almost exactly analogous to the range for the kimber-
lites (Fig. 5). Hence, Group I kimberlites and the parental
megacryst magma both share the characteristic of having
negative A€y signatures.
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Fig. 3. (a) eyg—€na for Group I, Group II and Transitional kimberlites from Southern Africa (symbols as in Fig. 2a), together with fields for
oceanic basalts. Data source for MORB and OIB can be found in the captions to Fig. 1 and Appendix 1 of Nowell ¢t al. (1998). (b) €gs—€na; for
Cr-poor megacrysts from Group I kimberlites and Group II kimberlites (symbols as in Fig. 2b), together with fields for whole-rock kimberlites
(field for Group II kimberlites excludes the Swartruggens samples). Also shown on the left-hand side are the ranges in €y; for zircon megacrysts
from the Orapa, Kaalvallie, Monastery, Gansfontein and Mothae Group I kimberlites. The mantle array is taken from Vervoort ef al. (1999) and

defined as €y = 1.33 eng + 3.19.

Low-Cr megacrysts from individual kimberlites have a
relatively restricted isotopic range. For instance, despite
the known complexity of elemental variations within the
Monastery megacrysts, possibly resulting from multiple
generations of growth (Gurney et al., 1979, 1998; Moore
et al., 1992), this assemblage has a remarkably limited
variation in Hf isotope composition. The entire range of
ey values (—0.35 to 1.1) for the megacryst suite is only
1.45 epsilon units, with no systematic variation between

phases. This essentially constant €5 contrasts with the
2.4 epsilon units’ variation shown by the two whole-rock
kimberlite samples from Monastery (Table 1) and prob-
ably attests to the more complex interactions experienced
by the kimberlites en route to the surface. Nd isotope
compositions of the Monastery megacrysts are marginally
more variable than for Hf (exg; from 2.0 to 3.9). Only the
megacrysts from Frank Smith show significant Nd isotope
variability, but this range is due to a single ilmenite that
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Fig. 4. (a) Aeyyg—€ng; for Group I, Group II and Transitional kimberlites from Southern Africa (symbols as in Fig. 2a), together with fields for
oceanic basalts (data sources as in Fig. 3). (b) Agp—€nai for Cr-poor megacrysts from Group I and Group II kimberlites, together with fields for
whole-rock kimberlites (field for Group II kimberlites excludes the Swartruggens samples). Agpyy is defined as €yp = (1.33 €xg + 3.19) such that a
sample with positive A€y lies above and a sample with negative Aggy lies below the mantle array of Vervoort et al. (1999).

has significantly lower €xg;. We do not at present under-
stand the cause of this variation but this individual
ilmenite could be from a distinct generation of mega-
crysts, unrelated to the main suite that has isotopic com-
positions similar to their host kimberlite (see below).

Nd isotope compositions have not yet been determined
for zircons or zircons from bi-mineralic intergrowths
because of the low Nd concentrations. Nevertheless, the
observed Hf isotope equilibrium between zircon and
ilmenite from bi-mineralic intergrowths (Table 2) sug-
gests that the zircon Nd isotope composition should also
be in equilibrium with that of the ilmenites and, hence,

unradiogenic compared with other phases. For most zir-
cons, between two and four spot-analyses were made of
each grain and the replicates are generally within 0.5
epsilon Hf units (Table 3). Mono-mineralic zircons from
Monastery, Kaalvallie, Kampfersdam, Gansfontein and
Mothae have a very restricted range in €yg (—0.2 to
+2.3; Table 3). In contrast, zircons from Orapa show a
large range in €5 (—14.1 to +2.3) that can be divided
into two distinct populations, one with a range of €pg
from —12 to —14 and one with a range from 1.1 to +2.3
(Table 3, AHIGL data). Griffin ¢t al. (2000) also defined
two populations of zircons at Orapa and Jwaneng, based
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Fig. 5. Histogram of Agyy in MORB, OIB, HIMU OIB, Southern
African Group I and II kimberlites and their megacrysts. For Indian
MORB, the data are added onto the Atlantic and Pacific data. For
other combined histograms, the lighter shaded dataset is superimposed
over the darker-shaded dataset, with the region of overlap shown by an
intermediate level of shading. Data sources for MORB and OIB can
be found in the captions to Fig. 1 and Appendix 1 of Nowell et al.
(1998), together with additional data from Ballentine et al. (1997) and
Chauvel & Blichert-Toft (2001). Although the dataset for OIB is not
complete, additional data would not significantly alter the distribution
about Agyr = 0.

on their Hf isotope compositions. Excepting these low €45
zircons, the average Hf isotope composition of the bulk of
the zircon megacrysts from Group I kimberlites is very
tightly clustered and strikingly similar to the average com-
position of Group I megacryst suites as a whole (Fig. 3b).
Two low-Cr garnet megacrysts from the Group II Star
kimberlite are isotopically distinct from the garnet mega-
crysts from the Group I kimberlites (Fig. 3b). The Star

CONSTRAINTS ON KIMBERLITE SOURCE REGIONS

garnets plot very close to an extension of the mantle array
(Fig. 4b; Agyye —1.9 to 3.6) and are within the range of
compositions determined for the Star kimberlite (N. Coe,
unpublished data). Hence, for both Group I and Group II
kimberlites, the low-Cr megacrysts generally have similar
isotopic characteristics to their host kimberlites.

KIMBERLITE ISOTOPIC
VARIATIONS: CRUSTAL
CONTAMINATION OR MANTLE

SIGNATURE?

It is generally believed that the high concentrations of Sr
and Nd in kimberlites render their isotope signatures
relatively immune to the effects of crustal contamination.
Although this is true to a certain extent, the lower levels of
Hf make it essential to carefully select samples for analysis
that show minimal signs of crustal contamination and
have trace element systematics, such as high Gd/Yb,
that confirm this. All samples selected for this study
were the freshest, least visibly contaminated hypabyssal
facies samples available. They have the lowest contam-
ination indices (C.L: (SiOy + Al,O3 + NayO)/(MgO +
KyO)) of samples available from a given mine, high
Gd/Yb, low SiO, and do not have positive Pb anomalies.
The Group I samples have Yb contents <1 ppm. As such,
we interpret the isotope systematics of our sample set as
reflecting their mantle source compositions and/or pro-
cesses operating in the mantle during kimberlite genesis
and ascent.

Exceptions to the low levels of crustal contamination in
our dataset may be the two samples from the
Swartruggens dyke (14/6 and 15/1). The Swartruggens
dykes are mineralogically different from all other Group
IT kimberlites in that they contain diverse Zr-silicates and
quartz in many samples (Mitchell, 1995). Although no
quartz has been reported in the Swartruggens samples
analysed 1in this study [see Smith et al. (1985) for sample
descriptions], these samples have higher C.I. than
kimberlites from elsewhere (1.20 and 1.36) and they
show a positive correlation between C.I. and ®'Sr/*°Sr
that 1s suggestive of alteration or crustal contamination
(Smith et al., 1985). Because of the likelihood of a crustal
influence on the isotopic signatures of these rocks, they
are excluded from any further discussion of the nature of
kimberlite source regions. We note that, for the kimber-
lites with low C.I. (close to unity), there is no correlation
between C.I. and Hf-Nd-Sr isotope composition, indi-
cating that crustal contamination is unlikely to explain
the observed isotope variations.

An additional indication that the isotopic character-
istics of the kimberlites are dominated by their mantle
sources 1s the observed close matching of Nd—Hf isotope
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compositions of the low-Cr megacryst suite with their
host kimberlite and the overall consistency of the kimber-
lite and megacryst fields (Figs 4b and 5). Geothermometry
studies place the crystallization of all kimberlite mega-
cryst suites in the mantle (Nixon & Boyd, 1973). This,
combined with the ability to hand-pick gem-quality
mineral fragments from the megacrysts, excludes the
influence of crustal components from their geochemistry.
Megacrysts from Group I kimberlites have almost exactly
the same range of displacements below the mantle array
as the kimberlites (Fig. 5; Table 4.). This is a very strong
indication that (a) the negative Aggysignature is of mantle
and not crustal origin and (b) the megacryst parental
magmas were derived from a similar source, or combina-
tion of sources, to the kimberlites.

Cr-POOR MEGACRYSTS-
KIMBERLITE RELATIONSHIPS AND
MEGACRYST ISOCHRON
SYSTEMATICS

The precise relationship between the low-Cr megacryst
suite and the host kimberlites is as yet unresolved (e.g.
Nixon & Boyd, 1973; Harte & Gurney, 1981; Jones,
1987; Hops et al., 1992; Smith et al., 1995; Davies et al.,
2001; Moore & Lock, 2001). Some studies have reported
small isotopic differences between the megacrysts and
kimberlites. For instance, Davies et al. (2001) opted for a
‘non-cognate’ origin for megacrysts from Namibian
kimberlites on the basis of differences in Sr-Nd-Pb
isotope systematics. However, that study did not
analyse megacrysts together with the host intrusion.
Furthermore, the Pb isotopic compositions of kimberlites
are very susceptible to crustal contamination and so
it would be surprising if identical compositions were
preserved in megacrysts formed towards the base of the
lithosphere and kimberlites that have traversed and inter-
acted with the crust prior to their crystallization. Differ-
ences between the megacrysts and their host kimberlites
in this study are most apparent in their Sr isotope com-
positions. The less radiogenic Sr of the megacrysts may
be a function of the incorporation of radiogenic Sr by
kimberlites during their ascent through CLM and crust
and/or subsequent alteration processes. We note that the
least radiogenic Group I kimberlite Sr isotope composi-
tions overlap the main megacryst field (Fig. 2b). At most
localities, the Nd and Hf isotope variation between mega-
crysts 1s minor and their initial ratios are within error of
those of the host kimberlite, especially when multiple
analyses of the kimberlite are made. This isotopic simi-
larity between megacrysts and their host kimberlite
(Smith et al., 1995; Fig. 3b) strongly supports some type
of genetic relationship.

VOLUME 45 NUMBER 8 AUGUST 2004

Table 4: Summary statistics for A€y in
Group I kimberlites and their megacrysts

SA Gpl kimberlites SA Gpl kimberlite megacrysts

n=24 n=28
Mean —6.2 —5.4
Standard error 0.48 0.44
Median —6.4 —6.1
Mode — -1.6
Standard deviation 2.37 2.33
Sample variance 5.59 5.43
Kurtosis —0.52 —0.83
Skewness 0.35 0.55
Range 8.9 8
Minimum -10.1 -9
Maximum -1.2 -1
Sum —148 —150.4

If the low-Cr megacryst suite has a genetic relation-
ship to kimberlite, then we may expect its age to be
either similar to the host kimberlite, or equivalent to a
previous kimberlite event. In addition, where the age of
the megacryst suite is similar to the host kimberlite, we
would also expect their initial isotopic ratios to overlap.
As noted above, comparisons of megacryst geochemis-
try with the host magmas require minimally contami-
nated whole-rock samples. A further complication is
that megacrysts may crystallize from multiple batches
of isotopically heterogeneous magma, at distinct time
intervals. A clear indication of this complexity is seen in
the range of €y, values for zircon megacrysts from
Orapa (Table 3; Fig. 3b). If the process of megacryst
formation involves interaction/assimilation with their
surrounding CLM, it is important to examine the entire
crystallizing assemblage, especially the early crystalliz-
ing phases, to properly understand the significance of
these processes and to be able to constrain the parental
magma composition. Early isotopic studies on mega-
crysts focused on the Rb—Sr and Sm-Nd isotope sys-
tems, which precluded examination of late crystallizing
phases, such as ilmenite and zircon, because of very low
daughter element concentrations (Kramers et al., 1981;
Jones, 1987; Hops et al,, 1992). An advantage of the
Lu—Hf isotope system is that all phases contain suffi-
cient Hf for high-precision isotopic analysis. Further-
more, late crystallizing phases such as ilmenite and
zircon have particularly high Hf contents (tens of ppm
to 1.5 wt %, respectively) coupled with very low Lu/Hf
ratios, so that '"°Hf/'"7Hf ratios are essentially time-
invariant and allow estimation of accurate initial ratios.
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Fig. 6. Lu-Hf and Sm-Nd isochrons for megacrysts from the Premier

(a,b), Monastery (c,d) and Frank Smith (e,f) megacryst suites, calculated

using Isoplot (Ludwig, 2003) and a decay constant of 1.865 x 107" /a (Scherer et al., 2001). Errors on '"°Hf/'"7Hf and '**Nd/'**Nd ratios are
9SE and taken from Table 2. The '"*Lu/""Hf and "*"Sm/'**Nd ratios are calculated from ICP-MS elemental data and 2-sigma errors are set at

3%. Closed diamonds are megacryst points, labelled according to phase.

rock data from Table 1.

Lastly, Hf is an immobile element compared with Sr,
especially in non-reactive phases, such as ilmenite and
zircon. Hence, even when silicate phases and the host
kimberlite are badly weathered, valuable isotopic infor-
mation can be obtained.

Garnet, diopside and ilmenite megacrysts from Premier
yield a Lu—Hf isochron age (Fig. 6a) of 1266 £ 51 Ma
(20). This age is within error of the 1202 £ 72 Ma U-Pb
perovskite age of Kramers & Smith (1983), the 1179 £
36 Ma Rb—Sr clinopyroxene megacryst isochron of Smith
(1983) and of the 1187 £ 63Ma (recalculated using

Grey squares or rectangles represent the age-corrected kimberlite whole-

ISOPLOT) Sm-Nd megacryst isochron age of Jones
(1987). The Sm-Nd isochron age for the same three
phases used to determine the Lu—Hf age is considerably
less precise at 1180 = 700 Ma (20; Fig. 6b). This large
uncertainty is due to the diopside megacryst, which was
clearly not in Nd isotope equilibrium with the garnet or
ilmenite at 1180 Ma and may, for example, have been
related to a different parental magma batch. However,
combination of our Sm-Nd isotopic data with those of
Jones (1987) yields a more precise age of 1192 £ 62 Ma
(20), in close agreement with the Lu—Hf isochron age.
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The precise initial '"°Hf/'""HF ratio calculated for the
Premier parental megacryst magma (0.282094 £ 23;
Fig. 6a) is indistinguishable from the initial '"*Hf/'""Hf
ratio of the Premier calcite kimberlite (0.282088 + 10;
Table 1).

The Monastery megacryst suite yields a Lu—Hf iso-
chron age of 91 £ 27 Ma (20; Fig. 6¢) using the three
garnets, the four mono-mineralic ilmenites (excluding
repeats), an ilmenite from a zircon—ilmenite intergrowth,
the diopside and ilmenite from a single intergrowth, a
phlogopite and the average parent/daughter ratio and
isotopic composition for all zircon megacrysts. Provided
that the garnets are included in any isochron, the choice
of zircon or ilmenite megacryst phases has little effect on
the calculated age or the initial '"°Hf/'’"Hf ratio of the
megacryst suite. The imprecision in the age is probably
due to a combination of the very limited variation in
76Hf/7Hf ratio of the phases analysed (only 0.000083
between the most radiogenic garnet and least radiogenic
zircon) and the possibility that the phases crystallized
from differing magma batches with slightly differing iso-
topic compositions. The same Monastery megacryst
phases yield a Sm—Nd isochron age of 93 &+ 25 Ma (20),
whereas the three garnet megacrysts alone yield an age of
89 £ 15Ma (Fig. 6d). All the Lu—Hf and Sm-INd iso-
chron ages are in excellent agreement with both the
90 Ma U-Pb zircon age (Allsop et al., 1989). The initial
YOHE/THE and "**Nd/'"**Nd ratios calculated for the
megacrysts (0.282724 = 8 and 0.512669 £ 63; Fig. 6¢
and d), and hence their parental magma, are also in
excellent agreement with those calculated for the
Monastery kimberlite. For Hf isotopes, the initial Hf iso-
tope composition of the megacryst parent magma or
magmas can be precisely estimated from the ilmenite
alone, because of the very low Lu/Hf of this phase. An
mitial Agyy¢value of —7, calculated for the megacryst suite
1sochron initial ratios, should lie within the range
measured for the Monastery kimberlite. This is the case
(Table 1).

Any combination of megacryst phases from the Frank
Smith kimberlite produces Lu—Hf and Sm—~INd isochron
correlations (Fig. 6e and f) with ages far in excess of the
114 + 1.8Ma age of the host kimberlite (Allsop et al.,
1989). The scatter of these data on isochron diagrams is
manifest in widely varying €xg; and €5 values, indicating
that either this system did not remain closed during its
evolution and/or the megacrysts selected are derived
from multiple batches of magma with different initial
isotopic compositions (e.g. Bell & Mofokeng, 1998). Lar-
ger-magnitude Hf isotope heterogeneity is found in zir-
cons from Orapa (Table 3; Griffin ¢ a/l., 2000) and in the
Jwaneng and Leicester kimberlites (Grifhn e al., 2000).
Griffin et al. attributed the low €4 values (down to —16)
of megacryst zircons to reaction of the parental megacryst
magma, derived from the convecting mantle, with CLM
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during fractional crystallization. We view this possibility
as very unlikely for two reasons. First, contrary to the
predictions of Griffin et al. (2000), the great majority of
CLM plots well above the mantle Nd-Hf array, at radio-
genic €y values (e.g. Simon et al., 2002; Pearson et al.,
2003; Fig. 7). Hence, progressive interaction of a mega-
cryst magma with CLM during crystallization should, in
fact, produce the opposite effect and yield zircons with
increasingly radiogenic Hf. Although some diopsides in
garnet lherzolites can have unradiogenic Hf, these have
been shown to originate from infiltrating melts associated
with kimberlite magmatism (Simon et al., 2003). Sec-
ondly, the Hf content of CLM is very low compared
with a megacryst magma that is zircon-saturated.
Hence, unreasonable amounts of assimilation of litho-
sphere with a very atypical composition would be
required to explain the low €yg.

Although we accept that there is likely to be some
interaction between the megacryst magma and litho-
spheric peridotite during megacryst crystallization
(Hops et al., 1992; Smith et al, 1995; Grifhn e al.,
2000), which may be a source of minor isotopic varia-
tion, we prefer to interpret the isotopic heterogeneity of
megacrysts from a single locality as resulting from two
main causes. Minor heterogeneity (a few epsilon units,
e.g. Frank Smith) could result from multiple batches of
parental magma (e.g. Gurney et al,, 1998), each with
slightly different initial isotopic compositions. Major
heterogeneity, e.g. Orapa, Jwaneng and Leicester zircon
suites, may result from distinct generations of megacryst
crystallization, some of which could significantly pre-
cede sampling by the host kimberlite. This is clearly
the case at Jwaneng, where the zircon megacrysts can
be divided into two distinct age populations (Kinny et al.,
1989), with correspondingly different Hf isotope compo-
sitions. Although there are no U-Pb ages for the Orapa
zircons at present (Table 3), their isotopic compositions
would be consistent with the low €y zircon populations
being related to an earlier phase of kimberlite activity—
cither a Group II kimberlite event at approximately
120Ma or a much earlier Group I-related event at
approximately 1200 Ma. Initial Hf isotope ratios, calcu-
lated at 120 Ma, for the low €y zircon population at
Orapa overlap the low €y end of the Group II kimber-
lites and their megacrysts (Fig. 3b). However, they also
have Tpyv Hf model ages ranging between 1185 and
1277 Ma overlapping the age for the Premier Group I
kimberlite (Fig. 6a and b). We note that the €y values
of the Orapa zircons at ¢. 1200 Ma would be approxi-
mately 5 to 7 epsilon units more radiogenic than the
mitial Hf isotopic composition of the Premier kimberlite
or megacryst suite (Fig. 6a). Both of these options suggest
a genetic link between megacrysts and kimberlite-related
magmatism, and work is in progress to determine U-Pb
ages of the Orapa zircons, to ascertain whether the low
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Fig. 7. eyr—€nq isotope plot for lithospheric mantle peridotite minerals. Kaapvaal peridotite data are all garnets and clinopyroxenes (Simon ¢t al.,
2002). Slave peridotite data are garnets and whole-rocks from Schmidberger et al. (2002). Salt Lake Crater peridotites (Hawaii), Kilbourne Hole
and Abyssal Peridotites are from Salters & Zindler (1995). Siberian and Mongolian peridotite field is for clinopyroxene data from cratonic and off-
craton peridotites (Ionov & Weis, 2002). Data sources for MORB (N-MORB) and OIB as in Fig. 1.

€pr group is related to an earlier phase of Group I or II
kimberlite activity.

Additional support for a link between megacrysts and
kimberlites is the close association between the geochem-
ical characteristics of the Cr-poor megacrysts and their
kimberlite hosts, together with the systematic differences
in trace element geochemistry between megacrysts from
Group I and Group II kimberlites. Low-Cr megacrysts
from Group I kimberlites have the same isotopic
systematics as Group I kimberlites, whereas low-Cr
megacrysts from Group II kimberlites have Group II
kimberlite isotopic characteristics (Figs 2b, 3b and 5; Bell
et al., 1995; Smith et al., 1995).

On the basis of REE data, Harte (1983) suggested that
the parental megacryst magma is more similar to alkali
basalt produced from the OIB source rather than a
kimberlitic liquid. Additional REE data for ilmenites
(Nowell & Pearson, 1998, and unpublished) show that
their equilibrium liquids can range from those character-
istic of OIB magmas to melts significantly more enriched
than Group I kimberlites. For instance, for the Monastery
kimberlite, La,, and (La/Dy), values range from 414 to
485 and 24 to 26, respectively, whereas the calculated
equilibrium melt to the ilmenite megacrysts from this
kimberlite has La, 94-2000 and (La/Dy), 19-85.

Hence, although dependent on the accuracy of partition
coefficients, the ilmenites could have been in equilibrium
with a kimberlitic melt which may have become LREE
enriched and developed high LREE/HREE ratios, as a
result of early fractionation of megacryst garnet from a
more OIB-like parental magma. A genetic link between
kimberlites and their megacrysts is also supported by
recent experimental studies that are able to crystallize
intergrowths of clinopyroxene plus oxides at high pres-
sures on the liquidus that are exact analogues to the
intergrowths found in the low-Cr megacryst suite

(Mitchell, 2003).

ORIGIN AND NATURE OF THE
NEGATIVE Aegr COMPONENT IN
KIMBERLITES AND THEIR
MEGACRYSTS: EVALUATING THE
ROLE OF LITHOSPHERIC MANTLE

Group I kimberlites, Transitional kimberlites and their
low-Cr megacrysts are all characterized by negative A€y
signatures of almost exactly the same range (Figs 4
and 5). This relationship was first reported by
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Nowell et al. (19985, 1999), who proposed that the nega-
tive A€y component was of mantle origin and that 1t
must be ancient in order to deviate significantly from
the mantle array. A similar signature is also seen in
lamproites (Nowell et al., 1998a), although the Hf-Nd
1sotope systematics of lamproites are distinctly different
from kimberlites, despite also being displaced well below
the mantle Nd-Hf array (Nowell e al., 20035). Recently,
Bizzarro et al., (2002) inferred a negative A€y signature
for the 3 Ga Tupertalik carbonatite from Greenland and
concluded that a negative A€y reservoir, or at least one
with unradiogenic €pg, must have been present in the
early Earth. However, interpretation of these data is
complicated by the fact that the initial Hf isotope
composition of the carbonatite is based on a few badde-
leyite and zircon analyses whereas the initial Nd isotope
composition is based on a single age-corrected whole-
rock analysis. The discordant U-Pb systematics of the
baddeleyites and zircons clearly indicates that both they
and their host carbonatite experienced at least one
episode of disturbance following their emplacement at
3 Ga. With an age correction of 3 Ga, even a slight dis-
turbance of the original whole-rock Sm/Nd ratio would
result in a significant inaccuracy in the calculated initial
whole-rock Nd isotope ratio. Furthermore of the five
most concordant baddeleyites and zircons only two have
enriched €y compositions (—3.45 to —4.09) whereas the
remaining three have values close to Bulk Earth (—0.03 to
0.47). It is therefore not clear whether the initial isotope
composition of the carbonatite was any more enriched
than Bulk Earth at 3 Ga or that the enriched €5 com-
positions reflect post-crystallization disturbance. Given
the uncertainty of both the €135 and €xg; isotope composi-
tion of the Tupertalik carbonatite the significance of a
calculated negative Aggpvalue is unclear and in this work
we investigate only the origin of the negative A€y signa-
ture in kimberlites and their megacrysts.

Strikingly negative A€y signatures were first observed
in Southern African kimberlites (Nowell et al., 1999).
Recently, the same isotopic characteristics, with Agyy
values of equal magnitude, have been found in kimber-
lites from the Slave Province (Dowall et al., 2000) and
Siberia (Nowell & Pearson, unpublished). This signature
1s not observed to the same extent in any magmas derived
from the oceanic convecting mantle, although HIMU
OIB have smaller negative Aggye values (Ballentine et al.,
1997; Fig. 4b). Janney et al. (2002) have recently measured
similar, low A€y, isotope compositions in alkaline rocks
from Southern Africa and on the continental shelf
(Alphard Bank).

The generation of strongly negative A€y signatures in
the kimberlites and other magmatic rocks requires a
contribution from a component that has experienced
long-term decoupling of Lu/Hf-Sm/Nd systematics.
Most mantle-melting processes fractionate Lu/Hf and
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Sm/Nd in a very systematic way (Fig. 1), as illustrated
by the coherence between €y and €xq in OIB (Fig. 3;
Blichert-Toft et al., 1997; Vervoort et al., 1999). The
negative A€y, component requires a larger fractionation
of Lu/Hf relative to Sm/Nd than the OIB/MORB
source, In order to evolve below the mantle array, 1.e.
(fLu/Hf > fSm/Nd)gimp source > (fLu/HE > fSm/Nd)opp.
This component also needs to be isolated from the con-
vecting mantle, to allow its distinctive isotopic signature
to evolve and to be preserved (Nowell e al., 19985;
Pearson & Nowell, 2002). The component is present in
the Premier megacryst suite erupted at 1.2 Ga and,
hence, must have been present from early in Earth
history. There are several possibilities for the identity
and location of this component.

A common factor in the numerous models put forward
for the origin of kimberlites is the incorporation of
varying amounts of CLM. This ancient reservoir (e.g.
Pearson, 1999q4) is a logical possible location for the
negative Agyrcomponent observed in kimberlite magmas
because it has remained isolated for billions of years and
the occurrence of kimberlites is intimately associated with
cratonic CLM (Nowell ez al., 1999). Indeed, Griffin e al.
(2000) argued that CLM was the source of the negative
Aggr component initially reported by Nowell et al. (19986,
1999). As such, the possibility that this reservoir is the
main source contributor to the Nd—Hf isotope systematics
of kimberlites should be thoroughly evaluated from both
theoretical and observational perspectives.

Theoretical considerations

The major element composition and modal mineralogy
of cratonic peridotites indicate that they are the residua of
extensive melt extraction (e.g. Boyd, 1989; Pearson et al.,
2003). The relative order of partition coefficients for
Lu-Hf-Sm~-Nd in pyrope (and majoritic) garnet is Ds,,
> DNd; DLu > DHf and DHf > DNd (Flg 1) Hence,
extraction of melt within the garnet stability field will
lead to residual peridotite compositions that evolve
rapidly with time, to radiogenic Hf and Nd isotopic
compositions, above the mantle Nd-Hf isotope array
and, thus, to highly positive Aeyy values (Fig. 8). The
complementary melts should evolve to negative Agyy
values in the lower left quadrant of Fig. 8. Hence, melt
extraction in the presence of garnet and subsequent tem-
poral evolution of residue and melt are an effective way of
generating compositions that are distinct from the mantle
Nd-Hf isotopic array. Clearly, the highly radiogenic Nd
and Hf isotope compositions calculated for evolution of
CLM as simple melt residua are not suitable for generat-
ing the kimberlite isotopic characteristics, because they
evolve to isotopic compositions substantially above the
mantle array, with compositions that are not observed in
any kimberlite we have measured.
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Fig. 8. €y3-€nq plot showing various theoretical models for the evolution of lithospheric mantle with the mantle array and fields for oceanic basalts
(light grey shading), shown for reference. Heavy solid lines extending toward the top right quadrant and Depleted CLM (DCLM) symbol illustrate
the isotopic evolution of a melt residue formed by the removal of 10-20% equilibrium melt from a BSE isotopic source in the presence of 10%
residual pyrope garnet. [Source mode: olivine: 0.6; orthopyroxene: 0.1; clinopyroxene: 0.2; garnet: 0.1. Melt mode: olivine: 0.1; orthopyroxene:
0.3; clinopyroxene: 0.6; garnet: 0.02. D values taken from Blichert-Toft & Albarede (1997)]. The evolution of the complementary melt is shown as
dashed lines extending into the lower left quadrant at negative A€y, values. Horizontal bars with diagonal and vertical lines at €y ~ 0 and €xgq
between —20 and 12 represent the present-day modelled composition of depleted CLM (DCLM), formed at 3 Ga and subsequently metasoma-
tized at 1.5 Ga by addition of between 0.1 and 10% of an average Group I kimberlite melt (Smith ez al., 1985) or alkaline picrite melt (Mahotkin
et al., 2000), respectively. The smaller percentage additions of kimberlite or alkaline picrite are characterized by increasingly radiogenic €xq
compositions, with the most radiogenic €xq values being produced by metasomatism with alkaline picrite. Graded shading shows the region that
would be occupied if the metasomatism occurred at times <1.5 Ga and/or the starting DCLM was characterized by more radiogenic €r£xq
compositions prior to metasomatism. This field generally encompasses those compositions measured for CLM peridotites (Fig. 7). Vectors labelled
1-5 show the isotopic evolution of various metasomite compositions from an initial starting BSE isotopic composition over 1-1.5 Ga. 1. Average
carbonate metasomatized spinel peridotite (Yaxley et al., 1991); 2. AJE281, MARID (Gregoire et al., 2002); 3. AJE18, Phlogopite K-richterite
peridotite (Pearson & Nowell, 2002); 4. MARID (Pearson & Nowell, 2002); 5. 22-79 mica pyroxenite (Pearson & Nowell, 2002). Compositions 14
evolve to both unradiogenic €y and €xq but remain close to the mantle array and, hence, have Aggy values close to zero. The mica pyroxenite
(composition 5) rapidly evolves toward unradiogenic €xq and very radiogenic €y

Characterizing ancient CLM as a simple, single-stage
melt-residue is unrealistic, given that the petrology and
Sr-Nd 1sotope systematics of lithospheric peridotites
indicate significant metasomatic re-enrichment by small-
degree melt fractions (e.g. Pearson, 1999b). Several
models for the isotopic evolution of metasomatized
CLM are therefore presented in Fig. 8. This approach
1s preferable to using the present-day measured parent—
daughter ratios of lherzolites and harzburgites, which
have often been recently decoupled from their isotopic
compositions (Simon ¢f al., 2003) and therefore do not
allow accurate prediction of present-day CLM isotopic
compositions [e.g. compare the predicted Hf isotopic
composition for CLM estimated by Griffin ¢t al. (2000,
Fig. 5) with the field actually measured; Fig. 7].

The diagonally and vertically ruled bars in Fig. 8
represent the loci of CLM isotopic compositions, calcu-
lated at the time of Group I kimberlite eruption at 90 Ma,
for a two-stage evolution model. The first stage is

depletion of CLM at 3 Ga (DCLM; Fig. 8), and stage
two is metasomatism of DCLM at 1.5 Ga by 0.1-10%
addition of either average Group I kimberlite (diagonally
ruled bar; Smith et al., 1985) or alkaline picrite (vertically
ruled bar; Mahotkin et al., 2000), respectively. These
metasomatic melts were assigned Bulk Earth e€xg and
€pr values at the time of mixing with depleted peridotite
and were used because they represent likely metasomatic
agents at basal lithospheric levels (200 km).

Addition of small melt fractions to depleted lithospheric
peridotite and subsequent storage clearly produce very
dramatic changes in isotopic evolution because of the
inherently low Nd and Hf contents of highly depleted
mantle. In a broad sense, it is difficult to distinguish
between metasomatism of DCLM by kimberlite or alkal-
ine picrite melts because they produce very similar results.
If metasomatism occurred over a short time interval, then
the range in modelled €y at any point (at 90 Ma in
Fig. 8) is very limited and relatively independent of the
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percentage addition of either kimberlite or alkaline picrite
melt. Nd isotopic composition is more sensitive to the
mass fraction of added metasomatic melts. Smaller
additions in each case result in the evolution of more
radiogenic Nd isotope compositions, the alkaline picrite
producing slightly more radiogenic €xq than the kimber-
lite. Clearly, the absolute position of the array of mixing
trajectories in Fig. 8 is highly sensitive to the selection of
the depleted mantle mixing end-member, in terms of
both the timing of depletion and metasomatism plus the
melting models used to calculate the initial isotopic com-
position of depleted end-member. For instance, if enrich-
ment of the lithospheric mantle occurred less than 1.5 Ga
after the initial melt-depletion event, then it would be
possible to generate compositions that evolve to the lower
left quadrant, i.e. with negative €yq; and €5 and negative
Agyypvalues, similar to values shown by some kimberlites.
Equally, if enrichment occurred more recently than
1.5 Ga, it would be increasingly difficult to generate any
isotopic compositions suitable as kimberlite source regions.

Despite these caveats, the most notable feature of both
models is that the variably metasomatized CLM forms an
array oblique to the main mantle array, extending from
negative €xq and positive A€y values to positive €xq but
negative Agyrvalues (Fig. 8). These trends bear a remark-
able similarity to the main trend observed for Kaapvaal
peridotites (Fig. 7). The main Kaapvaal peridotite data
set cross-cuts the mantle array in a similar manner and at
similar €xq values to the model predictions (Fig. 8) and
has also been attributed to a kimberlite metasomatism
process (Simon et al, 2003). The range in €yr of the
Kaapvaal data is slightly greater than in the kimberlite
metasomatism model (diagonally ruled bar; Fig. 8) but 1t
should be remembered that, in the model, initial CLM
depletion and subsequent metasomatism occurred at sin-
gle points in time. Reality is likely to be more complex.

In addition to having suitable isotopic compositions, it
is also necessary that kimberlite source regions are
incompatible-clement enriched and this constraint can
be used to further assess the mixing models in Fig. 8.
For example, although 0.1% alkali picrite added to
depleted mantle at 1.5Ga and evolved to 90 Ma can
produce positive €xg; and negative A€y values, this mix-
ture has <0.2ppm Nd and <0.05ppm Hf. These
concentrations are far too low to produce the observed
Nd and Hf concentrations of a kimberlitic liquid using
any melting model. Only when metasomatic melt addi-
tions reach upwards of 10% are elemental concentrations
in the resulting mix sufficient for the production of even
OIB-like melts. At such high added melt fractions, iso-
topic compositions invariably have positive A€y values,
1.e. unlike Southern African Group I kimberlites.

In addition to this simple modelling, we use the mea-
sured Lu/Hf and Sm/Nd of a variety of MARID and
amphibole—peridotite (PKP) xenoliths (Gregoire et al.,
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2002; Pearson & Nowell, 2002) and a mica—
pyroxenite (Pearson & Nowell, 2002) to forward
model the potential isotopic evolution of solidified vein
metasomites and mafic components within the litho-
sphere. We assume Bulk Earth-like initial isotopic com-
positions (Fig. 8) for all lithologies. Because MARIDs
crystallized recently in the CLM (Hamilton et al., 1998;
Konzett et al., 1998), they have not experienced the
complex evolution seen by ancient peridotites. For this
reason, and because they represent the pure metasome, it
is justifiable to use the present-day parent-daughter
ratios to forward model their isotopic evolution. The
MARID and PKP samples used to model the evolution
of vein—metasomatic assemblages have sub-chondritic
Sm/Nd and Lu/Hf ratios and so evolve unradiogenic
Nd and Hf isotope signatures (i.e. negative €yg; and
€yy; vectors 24, Fig. 8). The isotopic evolution vectors
are also sub-parallel to the mantle Hf-INd array and so,
even after 2Ga of isotopic in-growth, the assemblages
remain within error of the mantle array (i.e. A€y values
close to zero). The vectors for MARID assemblages pass
through the field of Group II kimberlites, consistent with
existing models linking MARID:s to crystallized Group II
kimberlites. In contrast to these amphibole-bearing meta-
somatic assemblages, a mica pyroxenite from the Udach-
naya kimberlite (Pearson & Nowell, 2002) has high Lu/
Hf but relatively low Sm/Nd, and rapidly evolves to
unradiogenic €yg and very radiogenic €y compositions,
Le. positive Agyy (vector 5, Fig. 8). Within only a few
hundred Ma, the mica pyroxenite evolves outside of the
mantle array, as defined by OIB magmas.

Finally, the isotopic evolution of a carbonatite-
metasomatized peridotite (Yaxley et al, 1991) is also
modelled, although we recognize that this is only one of a
potentially large spectrum of carbonatite-metasomatized
mantle compositions. The carbonate—peridotite assem-
blage (vector 1, Fig. 8) also evolves toward unradiogenic
Hf and Nd and remains close to the mantle array, even
after 2 Ga.

Although the selection of different mixing scenarios
may seem somewhat arbitrary and relatively limited,
we note that the field for measured CLM (Fig. 7)
matches well with the modelled field (Fig. 8) and none
of the assemblages modelled evolves to the isotopic
characteristics of either Group I kimberlites or their
megacrysts.

Direct observations of lithosphere
composition and its relationship to
kimberlites

HTf isotope analyses have been reported for peridotites
from old oceanic lithosphere (Salters & Zindler, 1995).
More recently, cratonic (Bedini et al, 2002; Ionov &
Weis, 2002; Schmidberger et al,, 2002; Simon et al.,
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2002) and non-cratonic (Blichert-Toft et al., 2000; Tonov
& Weis, 2002) CLM peridotites have been analysed,
together with garnet pyroxenites and peridotites from
the Beni Bousera orogenic massif (Blichert-Toft et al.,
1999; Pearson & Nowell, 2003, 2004). This wide spec-
trum of samples should provide a general picture of the
Hf-Nd 1sotope systematics of lithospheric mantle of var-
ious ages.

The database for cratonic CLM (peridotite xenoliths
from the Kaapvaal craton and Churchill Province) is
dominated by samples that plot close to, or well above,
the mantle Nd-Hf array. €y values are predominantly
between 0 and 4200 at comparatively unradiogenic €xg;
values (—20 to +30; Fig. 7; Schmidberger e al., 2002;
Simon et al., 2002, 2003, and unpublished). Bedini et al.
(2002) reported €p; values for Kaapvaal peridotite gar-
nets of up to 2500. Non-cratonic CLM peridotite xeno-
liths from Siberia and Mongolia (Blichert-Toft et al.,
2000; Ionov & Weis, 2002) also plot close to or above
the mantle Nd—Hf array, with slightly less extreme €p4
values than cratonic peridotites. In addition, peridotite
clinopyroxene separates from the Beni Bousera orogenic
massif (Pearson & Nowell, 2003) plot on or well above the
mantle array with €5 values up to +200 at €xq values of
between 5 and 20. Overall, the striking feature common
to the Kaapvaal, Churchill and Beni Bousera peridotites
is the vertical €gg—€ng; arrays, with extremely positive
Agyyr values of some samples (Fig. 7).

The radiogenic Hf isotope compositions observed for
metasomatized peridotites and for lithospheric perido-
tites in general are in keeping with their origin as
residua. The radiogenic Hf isotope compositions are
not mirrored by the expected radiogenic Nd isotope
compositions, which appear to be more disturbed by
later metasomatic processes. Ionov & Weiss (2002) con-
cluded that the Hf isotope compositions of some mantle
peridotites are much less affected by metasomatism and
better preserve the record of ancient depletion events
than their Sr or Nd isotope compositions. Although the
simple mixing models presented in Fig. 8 are an inade-
quate representation of the true and complex nature of
metasomatism in the mantle, many of the lithospheric
peridotites have compositions that fall within the broad
fields predicted for melt-metasomatized depleted man-
tle. As a reservoir, the peridotitic fraction of the CLM
is thus characterized by dominantly radiogenic €y at
variable €yq, placing it substantially above the mantle
array in most instances and, hence, being unsuitable as
a kimberlite source region. In addition, rocks that
represent pure metasomatic rocks do not have Nd-Hf
1sotope characteristics similar to the Group I and Tran-
sitional kimberlites and, hence, we cannot agree with
the model of Griffin e al. (2000), in which the domi-
nant source for Group I kimberlites is ancient, silicate
melt-metasomatized CLM.

CONSTRAINTS ON KIMBERLITE SOURCE REGIONS

Limited data are also available for the mafic compon-
ents of the CLM, i.e. eclogites and pyroxenites. Pyro-
xenites from orogenic peridotite massifs represent the
effects of melt infiltration into CLM (Blichert-Toft et al.,
1999; Pearson & Nowell, 2004). Some samples have
unradiogenic Nd and Hf, plotting on the mantle Hf-Nd
isotope array. Other samples have very radiogenic Nd
isotope compositions, €yg ~ 35, but less radiogenic
€ur ~ 20, such that they plot in the far right quadrant
of the diagram, well below the array (Pearson & Nowell,
2004). Cratonic eclogite xenoliths are even more vari-
able, with samples plotting from well below, to well
above, the array (Jacob et al., 2002), and Nowell et al.
(2003¢) have reported €y values in South African and
Siberian alkremites of between 0 and +24960, with mod-
erately unradiogenic €yg; values of between 0 and —10.
Some eclogite compositions have very low Aggvalues, so
that they could be considered as possible sources of the
low Agyye signature in kimberlites. One problem with this
model is that cratonic eclogites are so isotopically hetero-
geneous that if they contributed significant Hf to a kim-
berlite parental melt, we would expect to observe
extremely variable Hf and Nd isotope compositions, scat-
tered both above and below the mantle array. In contrast,
the kimberlites and their coexisting megacrysts form a
systematic, tightly clustered field in Nd-Hf isotope space
(Fig. 3b), inconsistent with the incorporation of a highly
variable source component such as cratonic eclogite.
Furthermore, significant fractions of eclogite should also
contribute large amounts of radiogenic Os to the system
and this is also inconsistent with the observed OIB-like
Os isotope systematics of kimberlites (Pearson et al., 1995,
1996). Even kimberlites that contain abundant eclogite
xenoliths (e.g. Roberts Victor) do not show isotopic evi-
dence of having incorporated this lithology into the par-
ental kimberlite magma. Group II kimberlites, which are
commonly held to contain the largest lithospheric inputs
in any petrogenetic model (Smith, 1983; le Roux, 1986),
have Nd-HTf isotope compositions that plot on or above
the mantle array.

An additional line of evidence that suggests that ancient
cratonic CLM is not the source of the negative Agyy
signature in kimberlites comes from the study of alkalic
volcanics, erupted around the periphery of the Kaapvaal
craton (Janney et al., 2002). Melilitites from the Western
Cape Province have Os—Pb signatures that indicate a
lithospheric source. These rocks have moderate A€y
values (—4 to —5). With increasing distance away from
the craton, where lithosphere becomes progressively thin-
ner, alkali basalts from the Alphard Bank area, located
off-shore, have Agyy values as low as —8.3. This appears
to reflect the increasing contribution from sub-
lithospheric, deeply derived sources (Janney et al., 2002).
A similar argument can be made for South African
kimberlites, where the lowest A€y values are found in
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Transitional kimberlites, erupted through thinner CLM
at the margin of the Kaapvaal craton.

The link between the low-Cr megacryst suite and
kimberlites implied above offers a final constraint on the
potential involvement of CLM in the genesis of kimber-
lite-related magmas. Megacrysts from 90 Ma South
African Group I kimberlites, excepting the very low €y
Orapa samples, show remarkable Hf isotopic homogen-
eity (average €x; = 0.85 £ 1.4; 1 SD). This homogeneity
suggests a very widespread (central Botswana-IN.
Lesotho—Karoo region) megacryst formation event at
this time, with the parental melts originating from a
laterally widespread and remarkably homogeneous
source. Such isotopically homogeneous melts are very
unlikely to have originated from, or substantially inter-
acted with, an ancient and isotopically complex source
such as CLM.

ORIGIN AND NATURE OF THE
NEGATIVE Aeyg; COMPONENT IN
KIMBERLITES AND THEIR
MEGACRYSTS: SUBLITHOSPHERIC
CONTRIBUTIONS

If the parental kimberlite and megacryst magmas are
derived from sublithospheric mantle sources, i.e. the con-
vecting mantle or some deep boundary layer within it,
they must contain an isotopic component that is not as
clearly recorded in other magmas originating from these
reservoirs, e.g. OIB. Although the Southern African
kimberlites are only Mesozoic in age, their unradiogenic
Hf at relatively radiogenic Nd isotope compositions sug-
gests derivation from a distinctive source that has been
isolated from the convecting mantle for considerable
periods of time (>1 Gyr). Below, we explore processes
that might produce such an isotopically distinctive
source.

Fractionation involving perovskite-
structured MgSiO;

Perovskite-structured MgSiOj (hereafter referred to as
Mg-perovskite) is a high-pressure mantle phase that has
distinctive Lu-Hf and Sm-Nd fractionations (Fig. 1),
capable of creating time-integrated negative A€y
signatures (extrapolating the systematics shown in Fig. 1
with time). Either a Mg-perovskite-bearing melt residue
(Blichert-Toft & Albarede, 1997) or a Mg-perovskite
‘cumulate’ from an early terrestrial magma ocean (Salters
& White, 1998) will evolve unradiogenic €y and radio-
genic €yq 1sotope compositions. Published silicate melt—
Mg-perovskite D values for Lu, Hf, Sm and Nd vary
greatly (Kato et al., 1988a, b; Ohtani et al., 1995; Minarik
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et al., 1998), although the relative ordering of D values
derived from any one experiment is always Dg,, > Dnaq,
Dy > Dy, Dyr > Dng (Fig. 1). Hence, it is possible to
model situations involving Mg-perovskite fractionation
that could generate isotopic compositions suitable for
the negative Agyr component in kimberlites and their
megacrysts. However, consideration of whole-Earth
Lu-Hf isotope systematics suggests that major Mg-
perovskite fractionation did not affect the Early Earth
(Blichert-Toft & Albarede, 1997) and this option will
not be considered further.

Subducted oceanic crust

Of magmas derived from convecting mantle, those dis-
playing HIMU characteristics show the most pronounced
negative Agyy and have relatively radiogenic €ng
(Chauvel et al., 1994; Ballentine et al., 1997). HIMU
basalts are widely accepted to contain a significant
fraction of recycled oceanic crust in their source (e.g.
Hofmann, 1997). Lu/Hf and Sm/Nd partitioning
behaviour during formation of oceanic crust produced
by melting in the garnet stability field (Fig. 1), followed by
isotopic evolution for >1Gyr, is capable of generating
unradiogenic Hf at a given Nd isotope composition, 1.e.
negative A€y characteristics such as those observed in
the kimberlite and megacryst source regions (Fig. 9).

It is simple to model the isotopic evolution of subducted
MORB. Here, we use measured Sm/Nd and Lu/Hf
ratios of modern E- and N-MORB, recognizing that
significant uncertainty arises because of the currently
unconstrained parent-daughter isotope fractionations
during subduction. E-MORB has both sub-chondritic
Lu/Hf and Sm/Nd ratios and so evolves unradiogenic
eyr and €ng (Fig. 9). E-MORB also develops negative
Agyyp values. Ancient E-MORB overlaps the field for
Group I kimberlites and extends to the fairly extreme
compositions found in the Transitional kimberlites. N-
MORSB is characterized by sub-chondritic Lu/Hf but
supra-chondritic Sm/Nd ratios and so evolves to unra-
diogenic €y¢ and radiogenic €xq with time. Hence, the
negative Agyy values at radiogenic €xq overlap the field
for Group I kimberlites and their megacrysts (Figs 4
and 5), but the ancient N-MORB field does not extend
to the compositions of the Transitional kimberlites. Con-
sequently, the component generating the negative A€y
values in the parental kimberlite melts could be a spec-
trum of subducted, ancient MORB compositions £ a
sediment component, stored at a deep boundary layer
in the mantle or perhaps trapped in the Transition zone.

Proof that ancient subducted oceanic crustal composi-
tions can evolve to extreme Hf isotopic compositions is
seen in the eclogite xenoliths analysed by Jacob et al.
(2002). The link between kimberlites and ancient
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CONSTRAINTS ON KIMBERLITE SOURCE REGIONS
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Fig. 9. eyy-€nq isotope evolution of subducted E-MORB and N-MORB generated at time ¢ from a DM source. The isotopic composition of the
DM source at time ¢ (open circles) is calculated assuming a present-day average 176Hf‘/ "7Hf-"**Nd/'"*Nd DM composition of 0.283200 and
0.513150, respectively, and formation of the DM reservoir from BSE at 4 Ga, giving '"*Lu/'7"Lu and "*’Sm/"**Nd ratios of 0.039 and 0.2165,
respectively. The isotopic evolution and present-day isotopic compositions of subducted/stored E- and N-MORB generated from a DM source at
time ¢ are represented by solid lines punctuated with filled circles and are calculated assuming present-day average Lu/Hf and Sm/Nd ratios for
E- and N-MORB. Shaded region between E- and N-MORB illustrates possible compositional range between the two extremes and encompasses
those compositions observed in the Group I kimberlites (shading as in Figs 1-3) and their associated megacrysts (diagonally hatched shading).

subducted oceanic crust entering their source regions in
the deep mantle was first proposed by Sharp (1974) and
developed on a geochemical basis by Ringwood (1989).
Similarly, Janney et al. (2002) have interpreted the low
Aggr signatures of melilitites and alkali basalts from
Southern Africa as being derived from recycled ancient
oceanic crust ‘pods’ in the asthenosphere.

If the low Agyy component sampled by Group I and
Transitional kimberlites is stored in a deep Earth bound-
ary layer, such as the Transition Zone or the core-mantle
boundary, it must be entrained during plume-upwelling
that ultimately results in kimberlite magmatism (le Roux,
1986; Hops et al., 1992; Haggerty, 1994; Kesson et al.,
1994). Os 1sotopic compositions of Group I and Group II
kimberlites show a large degree of overlap, with both
groups having a significant population of samples with
the same composition as the OIB source. This has led to
the suggestion that the ultimate source for both groups of
kimberlites is the convecting mantle (Pearson et al., 1995,
1996). In this type of model, the absence of a significant
Aggyr signature in Group II kimberlites would be a result
of extensive hybridization or interaction with lithospheric

mantle (characterized by Ag€yy values of zero to very
positive) during kimberlite ascent. Such a model is con-
sistent with the suggestions of Haggerty (1994) and
Kesson et al. (1994) that the source region for kimberlites
is ultra-deep. A deep, sub-lithospheric source region for
kimberlites has also received support from phase
equilibria studies (Edgar & Charbonneau, 1993; Kesson
et al., 1994; Girnis et al., 1995; Mitchell, 2003).

WIDER IMPLICATIONS

Nowell et al. (19985, 1999) recognized that the distinctive
isotopic signature of kimberlite source regions, i.e. the
radiogenic €xnq, unradiogenic €y component, is relevant
to the broader problem of the Hf-Nd isotope composi-
tion of Bulk Silicate Earth (BSE), as identified by Blichert-
Toft & Albarede (1997). The restricted nature of the
mantle Nd-Hf array raises a geochemical mass balance
problem in the Earth because the estimates for the Hf-
Nd isotope composition of BSE (Blichert-Toft &
Albarede, 1997). The Hf/Nd elemental ratios of the
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Fig. 10. (a) eyr versus €xq for modern oceanic basalts and Archaean crustally derived granites adapted from Fig. 3 of Blichert-Toft & Albarede
(1997). DM: Depleted Mantle, CC: Continental Crust. Also shown are the fields of Group I, Group II and Transitional kimberlites and lamproites
(Table 1; Nowell et al., 2003, and unpublished). (b) Sketch of observed mixing relationship between DM and CC relative to BSE. (c) Modelling of
BSE by mass balance between CC, DM and a third component that lies below the mantle array.

Depleted Mantle and Continental Crust reservoirs are
such that mixing curves in Hf-Nd isotope space between
these two reservoirs do not pass through the Blichert-Toft
& Albarede (1997) estimate of BSE (Iig. 10).

Three possible explanations for this apparent mass
balance problem have been proposed:

(1) The Earth itself is not chondritic.

(2) The BSE parameters for Hf (and possibly Nd)
1sotopes defined from meteorites are not a reasonable
representation of BSE.

(3) There is a substantial ancient ‘hidden reservoir’
within the Earth, apparently unsampled by any
measured terrestrial volcanic rock, which has a Nd—

HIf isotope composition sufficient to compensate for
the imbalance between BSE-DM-CC.

When option 3—the ‘hidden reservoir’—was first pro-
posed (Blichert-Toft & Albarede, 1997), there was min-
imal isotopic evidence from terrestrial magmas for its
existence. Kimberlites and their megacrysts provided
the first identification of mantle-derived magmatic rocks
that had isotopic compositions indicative of such a reser-
voir (Nowell ¢t al., 19984, 1999; Pearson & Nowell, 2002).
Trace element and isotopic mass balance constraints
show that the location of the proposed missing compo-
nent is unlikely to be the lithospheric mantle (Rudnick
et al., 2000; Pearson & Nowell, 2002). This negative Aeyy
component is evident in the megacryst suite from the

1.2 Ga Premier kimberlite, indicating that the reservoir
must be older. Modelling constraints indicate a likely age
of > 2 Ga for this component (Nowell ¢z al., 1999; Fig. 8).
The necessity of a substantial ‘hidden reservoir’ based on
mantle HF-INd isotope constraints is still the subject of
debate (e.g. Allegre, 2002). However, the extremely
radiogenic Hf isotopic compositions measured for the
residual lithospheric mantle (Fig. 7) require that their
complementary melts will evolve to unradiogenic Hf iso-
tope compositions substantially below the array. These
solidified melts will be high in Hf, because Hf in the
residual lithosphere is very low. If the lithosphere consti-
tutes approximately 2% of BSE (Pearson & Nowell, 2002)
and is residual after, on average, 20% melting, then the
very negative Agpy reservoir caused by this process alone
may constitute in the order of 0.4% of the BSE. In this
sense, the highly positive Agyy values of CLM are the
strongest argument for the existence of a negative A€y
‘missing’ component, irrespective of BSE estimates.

CONCLUSIONS

e Group I and Transitional kimberlites, together with
low-Cr megacrysts from Group I kimberlites, have
distinctive Hf-INd isotope systematics that trend below
the mantle array at oblique angles and extend
significantly outside the field for oceanic basalts, i.e.
they have strongly negative Agyy values.
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The matching of kimberlite and megacryst isotopic
compositions from each kimberlite group supports a
model in which the megacrysts are in some way
related to their host kimberlite, or at least share the
same source regions.

Minimally contaminated Group II kimberlites and
their low-Cr megacrysts have less radiogenic Hf
isotope compositions and plot close to the mantle
array, with Agyy values close to zero.

The presence of megacrystal zircons with Hf isotope
compositions substantially less radiogenic than the
host kimberlite may be linked to earlier Group I or
Group II kimberlite events.

The continuum of Hf isotope compositions between
Group I and II kimberlites is consistent with a model
where both groups originate from within the astheno-
sphere and experience different degrees of hybridiza-
tion or interaction with enriched lithospheric
components.

The wide range in Lu/Hf shown by phases compris-
mng the low-Cr megacryst suite allows the Lu-Hf
1sotope system to be used for age determination of the
host kimberlite eruption in some instances. A 1266 £
51 Ma (206) Lu—Hf isochron for the Premier megacryst
suite 1s comparable in precision with previous esti-
mates of the eruption age of this kimberlite using other
techniques. This finding has important implications
for dating highly weathered kimberlites. Care must be
taken to analyse a suite of megacrysts that are likely to
be co-genetic. Furthermore, the analysis of ilmenite
allows precise estimation of the initial Hf isotope ratio
of the host kimberlite.

Development of the unusual, negative A€y systematics
observed in the kimberlite source regions requires time-
integrated low Lu/Hf relative to Sm/Nd to evolve for
billion year timescales, in a reservoir that has been
isolated from the homogenizing effects of mantle
convection.

Hf isotope measurements of lithospheric rocks,
together with modelling of lithospheric metasomatism,
do not favour the continental lithospheric mantle as
the likely location of the negative A€yy source com-
ponent. Modelling indicates that ancient subducted
oceanic crust, residing at a deep Earth boundary layer
(Transition Zone or core—mantle boundary), is capable
of generating Nd—Hf isotope compositions analogous
to those seen in the Group I or Transitional
kimberlites and their low-Cr megacrysts. MORB in
excess of 2 Ga is the likely candidate. Both E- and N-
MORB are required to generate the full spectrum of
compositions. Incorporation of some of this compo-
nent into the melting region of carbonated astheno-
spheric peridotite produces kimberlitic magmas.
Prevailing estimates for the Bulk Silicate Earth Hf
1sotope composition, together with the highly positive

CONSTRAINTS ON KIMBERLITE SOURCE REGIONS

Agyr values observed in CLM, can be interpreted as
requiring the presence of a ‘hidden reservoir’ some-
where in the mantle, to complete the terrestrial mass
balance. The low Ag€y; component sampled by
kimberlites is the clearest manifestation of such a
component observed in mantle rocks.

o Contrary to early observations and beliefs that Nd and
Hf isotope variations in terrestrial magmatic rocks
showed similar coupling, the new kimberlite and
CLM data clearly illustrate that mantle processes can
result in extreme decoupling of the Lu-Hf and Sm-—
Nd systems. It therefore seems unsurprising to us that
the estimates for Bulk Silicate Earth might be
displaced slightly beneath the terrestrial Nd-Hf
isotope array.
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