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Bulk-rock  geochemical compositions of hypabyssal kimberlites,
emplaced through the Archaean Kaapvaal craton and Proterozoic
Namaqua—Natal belt, are used to estimate close-to-primary magma
compositions of Group I kimberlites (Mg-number = 0-82—0-87;
~22-28 wt % MgO; ~21-30 wt % Si09; ~10-17 wt %
CaO; ~0-2—1-7 wt % K,0) and Group II kimberlites (Mg-
number = 0-86—0-89; ~23-29 wt % MgO; ~28-36 wt %
Si0s; 8—13 wt % CaO; ~1-6-4-6 wt % K,0). Group 1
kimberlites are distinguished from Group I by their lower Ba/Nb
(<12), Th/Nb (<1-1) and La/Nb (<1-1) but higher Ce/Pb
(>22) ratios. The distinct rare earth element patterns of the
two types of kimberlites indicate a more highly metasomatized source
Jor Group II kimberlites, with more residual clinopyroxene and
less residual garnet. The similarity of Sr and Nd isotope ratios
and diagnostic trace element ratios (Ce/Pb, Nb/U, La/Nb,
Ba/Nb, Th/Nb) of Group I kimberlites to ocean island basalts
(OIB), but more refractory Mg-numbers and Ni contents, are
consistent with derwation of Group I kimberlites from subcontinental
lthospheric mantle (SCLM) that has been enriched by OIB-like
melts or fluids. Source enrichment ages and plate reconstructions
support a direct association of these melts or fluids with Mesozoic
upwelling beneath southern Africa of a mantle plume(s), at present
located beneath the southern South Atlantic Ocean. In contrast,
the geochemical characteristics of both on- and off-craton Group 11
kimberlites  show  strong ~ similarily o calc-alkaline magmas,
particularly in their Nb and Ta depletion and Pb enrichment. 1t
is suggested that Group II kimberlites are derived from both
Archaean and Proterozoic lithospheric mantle source regions meta-
somatized by melts or fluids associated with ancient subduction
events, unrelated to mantle plume upwelling. The upwelling of
mantle plumes beneath southern Africa during the Mesozoic, at the
time of Gondwana break-up, may have acted as a heat source for
partial melting of the SCLM and the generation of both Group I and
Group II kimberlite magmas.
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INTRODUCTION

Studies of kimberlite magmatism provide a unique oppor-
tunity to investigate partial melting processes in the deep-
er parts of the Earth’s upper mantle. Their unique
ultramafic, potassic and volatile-rich character, with
enrichment in both compatible and incompatible trace
elements, suggests derivation from mantle source regions
with a complex evolutionary history. Although there have
been numerous studies focused on characterizing the
major element geochemistry (e.g. Clement, 1982; Shee,
1985), trace element geochemistry (e.g. Wedepohl &
Muramatsu, 1975; Smith e al., 19855) or isotope geo-
chemistry (e.g. Smith, 1983; Fraser ef al, 1985-1986;
Nowell et al., 2004), only relatively recently has trace
element geochemistry been used to constrain petrogenetic
processes and the evolution of kimberlite source regions
(e.g. Fraser & Hawkesworth, 1992; Tainton & McKenzie,
1994; Beard et al., 1998; le Roex et al., 2003; Chalapathi
Rao et al., 2004; Coe, 2004; Harris et al., 2004).

Semi-quantitative genetic models argue for derivation
of kimberlite by very low degrees of partial melting of
metasomatically enriched, previously melt-depleted, gar-
net peridotite facies lithospheric mantle (Tainton &
McKenzie, 1994; le Roex et al, 2003; Harris et al.,
2004). Such models are consistent with experimental
studies suggesting carbonated garnet peridotite source
regions (c.g. Dalton & Presnall, 19984; Ulmer &
Sweeney, 2002). More exotic source regions such as gar-
netite (Edgar & Charbonneau, 1993) and clinopyroxene
and mica-rich veins (Foley, 19925) have, however, also
been suggested.
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Two broad varieties of southern African kimberlites are
recognized, and have been classified variously as
‘basaltic’ and ‘micaceous’ (on petrographic grounds;
Wagner, 1914), ‘Group I’ and ‘Group II’ (on isotopic
grounds; Smith, 1983) or ‘kimberlite’ and ‘orangeite’
(Mitchell, 1995). Group I kimberlites are defined as
being slightly less radiogenic in terms of their Sr isotope
and more radiogenic in terms of their Nd isotope com-
positions than present-day Bulk Earth, and in this regard
show similarity to ocean island basalts (OIB). Smith
(1983) associated such kimberlites with a sub-lithospheric
mantle source. Group II kimberlites, which tend to be
more micaceous, have highly radiogenic Sr isotope com-
positions relative to Bulk Earth and have been associated
with direct derivation from the subcontinental litho-
spheric mantle (SCLM; Smith, 1983; Fraser et al.,
1985-1986; Tainton & McKenzie, 1994; Coe, 2004).
The interpretation of the results of Hf isotope studies
are variable; Nowell et al. (2004) have proposed that
both Group I and Group II kimberlites have sub-
lithospheric sources, whereas Griffin ¢/ al. (2000) and
Choukroun et al. (2005) preferred a model with contribu-
tions from both asthenospheric and sub-lithospheric
mantle sources. Similarly, le Roex e/ al. (2003) have
argued for a two-stage model for the generation of
Group I kimberlites, involving both sub-lithospheric
and lithospheric mantle source components.

The origin of both Group I and Group II Mesozoic
kimberlites within southern Africa, from both on-craton
and off-craton settings, is investigated in this study. This
is done by combining major and trace element and
isotope and subsequently developing semi-quantitative
genetic models. These models are aimed at identifying
petrogenetic processes and source region compositions
that can account for the observed similarities and differ-
ences. Possible causes of kimberlite source region enrich-
ment (metasomatism), and the origin of metasomatic
melts or fluids, are also explored.

To achieve these objectives, close-to-primary magma
compositions for the individual kimberlites analysed in
this study are determined, after taking into account the
effects of various secondary processes and fractional crys-
tallization. Semi-quantitative modelling of kimberlite
genesis and source geochemistry 1s used to evaluate man-
tle source region characteristics and evolutionary pro-
cesses, as a basis for the development of an integrated
model describing the petrogenesis of South African
Group I and Group II Mesozoic kimberlites.

GEOLOGICAL SETTING AND
SAMPLING

Kimberlites in southern Africa have been emplaced
either through the Archaean Kaapvaal craton (de Wit
et al., 1992; ‘on-craton kimberlites’) or through the
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surrounding Namaqua—Natal Mesoproterozoic meta-
morphic belt (off-craton kimberlites). Most of the 23
Group I and Group II kimberlites that form the basis of
this study crop out within the shales, mudstones and
sandstones of the Phanerozoic Karoo Supergroup,
and range in age from ~74Ma to ~150Ma
(Davis, 1977; Smith et al., 19854, 1994); the Group II
kimberlites are predominantly older than the Group I
kimberlites.

On-craton kimberlites analysed in this study (Fig. 1;
Table 1) are the Group I kimberlite occurrences at
Koffiefontein, Jagersfontein and Monastery, and the
Bellsbank, Newlands, New Elands and Finsch Group II
kimberlites. Off-craton kimberlites comprise the Abbots-
ford East and Zeekoegat Group I kimberlites from East
Griqualand (Nixon et al., 1983), as well as Group I and
Group II kimberlites located within the vicinity of
Victoria West, Prieska and Hanover (Robey, 1981;
Skinner et al., 1992). Some of the kimberlites located
near Prieska and Hanover are inferred to have been
emplaced within Archaean crystalline basement (e.g.
Goedehoop, Andriesfontein kimberlites) according to
their relationship to the Brakbos fault, the generally
accepted border between Proterozoic and Archaean
Provinces (Pretorious, 1974; Cornell et al, 1986;
Schmitz et al., 2004). In this study these kimberlites are
considered to be on-craton.

Sampling was focused on hypabyssal kimberlite to
avoid the excessive alteration and contamination present
in most diatreme-facies kimberlite; material was selected
to avoid obvious alteration, weathering and crustal con-
taminants. Where possible, multiple samples were collec-
ted from individual kimberlite bodies; the final sample
suite includes material recovered from field outcrop,
underground mine workings, collections housed at the
University of Gape Town and collections provided by
the De Beers Geoscience Centre.

ANALYTICAL TECHNIQUES

All samples were prepared for geochemical analysis at the
University of Cape Town (UCT). Weathered surfaces
were removed using a hydraulic splitter, after which sam-
ples were split and passed through a jaw crusher. The jaw
crush chips were individually hand picked, with careful
attention being paid to selecting kimberlite fragments free
from weathering, crustal and mantle xenoliths, mega-
crysts and calcite veining. The clean samples were then
powdered using a Sieb swing mill and carbon steel vessel.
A subset of kimberlites was received from the De Beers
Geoscience Centre as powders (K16/6; K51/2; K19/15;
K5/P2; K6/11; K2/2 and K2/13) and, therefore, could
not be prepared as desired.

Major element and Ni and Cr concentrations were
determined by X-ray fluorescence (XRF) on a Philips
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Fig. 1. Location of on- and off-craton Group I and Group II kimberlites analysed in this study relative to the Kaapvaal craton (shaded in grey).
Light dot-dash boundary represents the Namaqua-Natal mobile belt. Figure adapted from Carlson e al. (2000). Filled symbols indicate locations
of the Kimberley Group I kimberlites, the off-craton Uintjiesberg Group I kimberlite and the Star and Swartruggens Group II kimberlites.
Numbers represent clusters of kimberlites; for individual kimberlites localities and coordinates are given in Table 1.

X’Unique wavelength-dispersive spectrometer using a
low dilution fusion technique (Willis, 1999). Selected
trace elements (Co, V, Cu, Nb and Zr) were determined
by XRF on 6g powder briquettes with accuracy and
precision values for XRF analyses similar to those repor-
ted by le Roex et al. (1981). A more comprehensive set of
trace elements including the rare earth elements (REE)
was analysed by solution inductively coupled plasma
mass spectrometry (ICP-MS) on a Perkin-Elmer ELAN
6000 system. A detailed description of the sample pre-
paration techniques and analyses of procedural blanks
and standards has been given by le Roex et al. (2001,
2003). The relative standard deviation for most elements
was generally better than 3%. Zr and Nb data by XRF
and ICP-MS generally show good agreement, suggesting
that incomplete dissolution of Fe—Ti-oxides or zircon
was not a significant problem. COy was determined
using a Karbonat Bombe according to the method
described by Birch (1981), with relative precision between
2 and 5%.

Representative samples were prepared for Sr and Nd
isotope analysis by thermal ionization mass spectrometry
(TIMS) on a VG Sector seven-collector system run in
multi-dynamic mode, using standard ion exchange

techniques as described by Hart (1977) and Zindler
(1980). ®7Sr/"Sr isotope ratios were normalized against
a %°Sr/"Sr ratio of 0-1194 and '**Nd/'**Nd against a
"ONd/"Nd ratio of 0-7219. International standards
NBS 987 and La Jolla yielded ®Sr/®Sr and
"Nd/"*Nd ratios of 0-710260 + 17 (20; n = 3) and
0-511829 £ 10 (20; n = 1), respectively.

PETROGRAPHY

The analysed kimberlites can be divided according to
texture into macrocrystic and aphanitic varieties
(Clement & Skinner, 1979; Clement et al., 1984). The
non-genetic textural term ‘macrocrystic’ is used to indic-
ate the presence of predominantly large, anhedral, olivine
crystals (>2mm) that may have been derived from dis-
aggregated mantle xenoliths (Clement et al, 1984;
le Roex et al., 2003). All samples with >10 vol. % macro-
crysts are classified as macrocrystic. More euhedral
olivine and phlogopite crystals, >l mm in size, are
referred to as phenocrysts and if <1 mm, as micropheno-
crysts. Mineral abundances are summarized for repres-
entative kimberlite samples in Table 1.
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Both on- and off-craton Group I kimberlites are min-
eralogically classified as serpentine calcite or calcite kim-
berlites (Table 1; using the classification scheme proposed
by Clement & Skinner, 1979); most are sparsely macro-
crystic to macrocrystic in texture, except for the aphanitic
Lekkerfontein kimberlite. The subhedral to anhedral
olivine macrocrysts, which may be up to 10 mm 1n size,
are variably serpentinized and sometimes chloritized, and
are the most abundant macrocryst phase (10-33 vol. %),
whereas phlogopite (<10 vol. %) and ilmenite (<5 vol. %)
are less abundant. Phlogopite macrocrysts tend to be
corroded and show undulose extinction or kink banding,
as well as, in some samples (Goedehoop, Klipgatsfontein,
Hebron kimberlites), the development of calcite stringers
along cleavage planes. Rare ilmenite macrocrysts, char-
acterized by groundmass perovskite aggregations along
their rims, are possibly correlated with the kimberlite
‘megacryst suite’, including zircon, known to occur in
these kimberlites (e.g. Monastery, Lekkerfontein and
Gansfontein  kimberlites; Boyd & Nixon, 1975;
Monastery, Lekkerfontein and Gansfontein kimberlites;
Robey, 1981).

Euhedral to subhedral olivine phenocrysts and
microphenocrysts are present in all the analysed Group I
kimberlites, varying in abundance between 10 and
30 vol. %. In contrast, phlogopite phenocrysts occur in
only two of the samples (JJG 4295, LKF 1). Fine-grained
calcite and serpentine are the predominant groundmass
phases, forming either a uniform or segregationary tex-
ture (Clement & Skinner, 1979), with some of the
segregations showing very well-developed rhombohedral
calcite crystals up to 500 m in size. Calcite segregations
can reach up to a few millimetres in size. Scattered,
stubby-shaped groundmass phlogopite crystals occur in
most kimberlites except for Goedehoop, Hebron and
Kligatsfontein, whereas equant groundmass opaque
oxide and lesser amounts of perovskite crystals
(~100um) are ubiquitous. In comparison with other
on-craton kimberlites (e.g. Kimberley kimberlites,
Clement, 1982), the off-craton kimberlites in this study
appear not to be characterized by the presence of
groundmass monticellite. However, given that primary
monticellite is prone to alteration, forming secondary
serpentine and calcite (Clement, 1982), its paucity
may reflect the more altered nature of the off-craton
kimberlites.

Both on- and off-craton Group II kimberlites are clas-
sified as phlogopite kimberlites or calcite phlogopite/
phlogopite calcite kimberlites and vary in texture
between sparsely macrocrystic and macrocrystic (up to
45 vol. % macrocrysts). Anhedral olivine macrocrysts, up
to 15 mm in size, are variably altered, by serpentinization
along fractures, calcitization in patches or chloritization
along their rims. Strained phlogopite macrocrysts (up to
20 vol. %) show strong pleochroism and are rimmed by

tetraferriphlogopite or chlorite (c.g. Newlands kim-
berlite). In the off-craton Eendekuil kimberlite, the phlo-
gopite macrocrysts show slight flow alignment. Garnet
macrocrysts, rimmed by kelyphite or chlorite, were also
identified in a few of the kimberlite samples (Newlands:
JJG 24, KN 2; Markt: MRK 3).

Olivine phenocrysts are ubiquitous in all of the ana-
lysed Group II kimberlites and may constitute up to
35 vol. % of the rock. Tabular phlogopite phenocrysts,
rimmed by tetraferriphlogopite, are also common,
whereas subdhedral diopside phenocrysts were identified
only in Eendekuil kimberlite sample EKL 1. Short,
stubby, interlocking phlogopite crystals, rimmed by tet-
raferriphlogopite, form the dominant (1540 vol. %)
groundmass phase in most of the analysed Group II
kimberlites; these vary in size from being very fine-
grained (50-100um) to fine-grained (100-500 pum).
Groundmass calcite is the next most common matrix
phase (up to 30 vol. %) and is generally interstitial,
although it may sometimes form calcite segregations up
to 4mm in size. Although matrix serpentine was recog-
nized in a few kimberlite samples, it is likely that some is
secondary in origin (e.g. Brandewynskuil kimberlite).
Similarly, the chloritization of groundmass phlogopite
in some kimberlites (Bellsbank and Newlands) and per-
vasive carbonatization in others (Roberts Victor, RVK 1)
is inferred to be an alteration feature. Accessory opaque
oxides and perovskite crystals are very fine-grained (20—
50 um) and relatively sparse; perovskite crystals may be
poikilitically enclosed in phlogopite microphenocrysts
(e.g. New Elands kimberlite). Trace amounts of apatite
needles, 50-500 um in size, have also been recognized in
the Bellshank, New Elands, Newlands, Roberts Victor
and Markt kimberlites. No significant petrographic dif-
ferences are recognized between on- and off-craton
Group II kimberlites.

GEOCHEMISTRY

The major and trace element compositions of selected
on- and off-craton kimberlites are reported in Table 2,
with Nd—Sr isotope compositions in Table 3. The com-
plete kimberlite dataset used in this study is available
online (Electronic Appendix 1; http://www.petrology.
oupjournals.org). The data are supplemented with ana-
lyses from the on-craton Group I Kimberley kimberlites
(le Roex et al., 2003), Swartruggens and Star Group II
kimberlites (Coe, 2004) shown as fields, and with analyses
from the off-craton Group I Uintjiesberg kimberlite
(Harris e al., 2004), shown as data points in Figs 2-6.

On- and off-craton Group I kimberlites

5109 and MgO concentrations of Group I kimberlites
show broad positive correlations (Fig. 2a) with SiOg
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Table 3: Measured Sr and Nd isotope ratios

JOURNAL OF PETROLOGY VOLUME 47 NUMBER 4 APRIL 2006

and Group II kimberlites

and calculated parent/ daughter ratios for on- and off-craton, Group 1

Kimberlite Sample Rb St %Ro/  ¥sr/ 26 Age ®sr/ Sm  Nd “sm/ Nd/ 26 "*Nd/
865, St 8r, WING INd g 1IN,
Group | kimberlites: on-craton
Andriesfontein kimberlite ~ ADF 1 64-2 2368 0-0785 0-703727 17  74* 0-703644 1218 83-13 0:0886 0-512678 9 0-512635
Big Hole—kimberlite pipe ~ COL6 96-3 1167 0-2387 0-704787 18 84 0-704502 12-:33 82-34 0-0905 0-512655 10 0-512605
Big Hole—kimberlite pipe ~ COL9 58 1011 0-1669 0-707675 20 84 0-707475 11-06 74-45 0-0898 0-512636 12 0-512687
Bultfontein kimberlite K8/17 31-6 1443 0-0633 0-704060 17 84 0-703985 34-17 22850 0-0904 0-512661 10 0-512611
Bultfontein kimberlite K8/115 14-1 1387 0-0294 0-705405 18 84 0-705370 12-:35 86-96 0-0859 0-512624 9 0-512577
De Beers kimberlite C16 70-7 1215 0-1684 0-705035 18 84  0-704834 14-25 98-01 0-0879 0-512590 15 0-512542
De Beers kimberlite K3/608 14-1 1851 0-0220 0-704623 17 84  0-704597 24-80 178-39 0-0840 0-512618 8 0-512572
Dutoitspan kimberlite K6/55 77-0 1666 0-1338 0-705063 18 84  0-704903 21-56 157-26 0-0829 0-512636 9 0-512590
Goedehoop kimberlite JAR 30012 16-6 1072 0-0448 0-703633 18  74* 0-703586 27:1 181 0-0905 0-512732 8 0-512688
Goedehoop kimberlite JJG 4282 16-9 1164 0-0420 0-703731 15  74* 0-703687 30-0 201 0-0902 0-512738 9 0-512695
Jagersfontein kimberlite JJG2151 37-2 1131 0-0952 0-705388 27 86 0-705272 26-41 218:03 0-0732 0-512564 9 0-512523
Koffiefontein kimberlite KK 3 82:3 816 0-2919 0-704587 16 90 0-704212 13:0 98-:0  0-0802 0512607 17 0-512560
Koffiefontein kimberlite KK 6 29-6 1470 0-0583 0-704850 17 90 0-704775 167 129 0-0783 0-512607 16 0-512561
Lekkerfontein kimberlite LKF 1 1124 1810 0-1796 0-703564 18  74* 0-703375 26-28 190-03 0-0836 0-512633 12 0-512593
Monastery kimberlite ROM312 93-9 1071 0-2637 0-703601 15 88 0-703284 16-21 110-46 0-0887 0-512673 10 0-512622
Wesselton kimberlite co7 66:5 1088 0-1769 0-704527 17 84 0-704316 15:67 103-76 0:0913 0512647 9 0-512597
Wesselton Floors’ Sills K119/2 62:9 2252 0-0808 0-704765 25 84 0-704669 33:13 239-53 0:0836 0512613 9 0-512567
Wesselton Floors’ Sills K119/3 558 1468 0-1100 0-704755 16 84 0-704624 1757 128-45 0:0827 0-512594 10 0-512549
Wesselton Floors’ Sills K5/1 108-1 1538 0-2034 0-704280 27 84 0-704037 36-12 247-26 0-0883 0-5612671 9 0-512622
Group | kimberlites: off-craton
Abbotsford E. kimberlite ~ JJG 3118 10-2 998 0-0296 0-704046 15 150* 0-703983 10-9 69:7 0-0945 0-512593 11 0-512500
Gansfontein kimberlite GNF 2 80-0 1154 0-2007 0-704080 18  74* 0-703869 22:66 155-53 0-0881 0-512698 8 0-512655
Hebron kimberlite HEB 1A 49-1 733 0-1938 0-703887 14  74* 0-703684 10-9 68-8 0-0958 0-512752 9 0-512705
Klipgatsfontein kimberlite ~ JAR 31012 12:1 876 0-0400 0-703906 15  74* 0-703864 14-8 96-4 0-0928 0512720 9 0-512675
Klipgatsfontein kimberlite ~ JJG 4323 28-2 1010 0-0808 0-703917 15  74* 0-703832 159 102 0-0942 0-5612723 10 0-512678
Uintjiesberg kimberlite UB 1 46-4 1232 0-1090 0-704704 17 101 0-704548 24-8 171 0-0877 05612602 10 0-512544
Uintjiesberg kimberlite UB 6 389 1465 0-0768 0-704669 17 101  0-704559 19-1 131 0-0881 0-5612582 8 0-512524
Zeekoegat kimberlite JJG 1906 893 447 0-0578 0-704285 15 150* 0-704161 10-0 63-6  0-0950 0-512579 9 0-512485
Group Il kimberlites: on-craton
Bellsbank kimberlite JJG 4676 120 1947 0-1784 0-708296 17 122  0-707988 215 224 0-0580 0-512051 9 0-512005
New Elands kimberlite NE K6 163 1061 0-4448 0-708189 17 126 0-707394 162 139 0-0704 0-511972 0-511914
Newlands kimberlite JJG 24 729 1000 0-2110 0-708161 18 114 0-707819 13-0 129 0-0609  0-512004 0-511958
Newlands kimberlite JJG 24D 729 1000 0-2110 0-708155 14 114  0-707813
Roberts Victor kimberlite ~ RVK 1 48-1 2396 0-0581 0-708241 16 128 0-708135 25-40 244-77 0-0627 0-511917 9 0-511864
Roberts Victor kimberlite ~ RVK 2 69:3 1529 0-1312 0-707633 18 128 0-707394 26:57 261-97 0:0613 0511920 9 0-511869
Group Il kimberlites: off-craton
Brandewynskuil kimberlite  K6/11 103 1453 0-2052 0-708712 17 117* 0-708371 126 105 0-0637 0-511989 10 0-511934
Eendekuil kimberlite K2/2 187 1438 0-3765 0-707862 17 110 0-707273 155 126 0-0744 0-512098 8 0-512045
Markt kimberlite MRK 3 808 1677 0-1395 0-708606 16 117 0-708374 19:3 157 0-0743 0-512010 10 0-511953

Element concentrations of kimberlite samples are from ICP-MS (ppm) analyses or from le Roex et a/. (2003) and Harris et al.
(2004). Initial isotope (i) ratios were calculated using kimberlite emplacement ages (Ma) unless otherwise indicated (*), for
which ages have been assumed. Ages from Allsopp & Barrett (1975), Davis (1977), Clement et al. (1979), Allsopp
[unpublished, in Skinner (1989)], and Smith et al. (1994). Newlands kimberlite sample JJG 24D is a duplicate analysis of
sample JJG 24. Decay constant for Rb—Sr isotope system = 1-42 x 10~ "' a~! and measured isotope ratios are normalized to

865r/883r = 0.1194. Decay constant for Sm—Nd isotope system = 654 x 1072 a~'

normalized to "®Nd/"*Nd = 0.7219.

682

and measured isotope ratios are

220z 1snbny oz uo 1senb Aq 68z L/E L9/ L/e1onie/ABojosied/woo dno-olwepeoe//:sdiy woly pepeojumoq



BECKER AND LE ROEX

45
Eendekuil [ (a)
kimberlite = U

=D
/g

35 !

40

~

/
30 g

Si0, (Wt%)

25

20

MgO (wt%)

5 - AAA
A A Contamination by

,E//’@) Eendekuil
s 7 kimberlite
/

GRS

-~

TiO, (Wt%)

K,O (Wt%)

A On-craton group | kimberlites
A\ Off-craton group | kimberlites

SOUTH AFRICAN KIMBERLITES

16

L 4 (b)
14 - Contamination by

[ Eendekui A flm. megacrysts
12 | kimberite A “» A

FeO™ (wt%)

CaO (wt%)

Si0, (Wt%)

] On-craton group Il kimberlites
(=] Off-craton group Il kimberlites

Fig. 2. Variation of (a) SiOy vs MgO, (b) FeO* vs MgO, (c) TiOy vs KO and (d) CaO vs SiOy in on- and off-craton Group I and Group II
kimberlites. Symbols for off-craton Group I kimberlites include analyses from the Uintjiesberg kimberlite (Harris et al., 2004). Dashed field
represents the evolved Group II Eendekuil kimberlite. Light shaded field represents the on-craton Group I Kimberley kimberlites (le Roex et al.,
2003) and dark shaded field represents the on-craton Swartruggens and Star Group II kimberlites (Coe, 2004). Group I-Group II dividing lines in

(c) are from Smith et al. (19855).

contents varying from 22-5 to 33-3 wt %, whereas
MgO varies between 18:6 and 33:3 wt %. On the
whole, the more macrocrystic samples tend to have
higher SiOy and MgO contents, and Mg-numbers
(atomic Mg/(Mg + Fe**) >0-85), than the less macro-
crystic samples (Mg-numbers = 0-76-0-85). FeO* (all
iron as Fe?") concentrations vary from 7-5 to 15-3 wt %
and tend to show a broad negative correlation with
MgO (Fig. 2b). Samples from the Monastery, Lekkerfon-
tein and Gansfontein kimberlites that have >11 wt %
FeO* are interpreted to have been contaminated by
ilmenite megacrysts, known to be abundant at these loc-
alities (Boyd & Nixon, 1975; Robey, 1981). It is also
apparent that off-craton kimberlites tend to have lower
5105 and MgO, but higher FeO* than on-craton kim-
berlites (disregarding those kimberlites affected by
ilmenite megacryst contamination), although still
broadly falling within the field of on-craton Group I
kimberlites.

The range in TiOy contents of the samples is greater
than that for AlyOs5 (1:0-5-1 wt % TiOg and 1-8-4-4 wt %
AlyOgs; Fig. 2¢, Table 2), and samples fall generally within
the field of the on-craton Kimberley kimberlites. Ignoring
the possible effect of ilmenite megacryst contamination
(e.g. TiIOy >4 wt % in Gansfontein, Monastery and
Lekkerfontein kimberlites), it is apparent that off-craton
kimberlites have compositions that tend to plot towards
the high TiOy end of the field of on-craton Group I
kimberlites (Fig. 2c). The majority of the Group I kim-
berlite samples have low KyO abundances (<1-5 wt %;
Fig. 2¢), except for a few outliers (1-6-2-4 wt % KyO;
Lekkerfontein, Monastery, Gansfontein kimberlites). A
well-defined negative correlation exists between CaO
and S10, (Fig. 2d), whereas CO,y (1-5-11-7 wt %) and
CaO (7-0-16-7 wt %) are positively correlated (Table 2).
Most off-craton kimberlites tend to have higher CaO and
COy than the on-craton kimberlites, although still
broadly falling within the ficld of on-craton kimberlites.
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(Coe, 2004).

Transition metals show good positive correlations with
MgO (e.g. N1 in Fig. 3a), with Ni varying between 340
and 1500ppm, and Cr varying between 450 and
2028 ppm (Table 2). No significant differences between
on- and off-craton kimberlites are apparent within this

group of elements, although concentrations do show
some correlation with olivine macrocryst content.
Large ion lithophile element (LILE) concentrations are
highly variable (e.g. 9-112 ppm Rb; 2802276 ppm Ba)

and show no correlation with the more immobile
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incompatible elements (e.g. La in Fig. 3b). Inter-element
correlations of high field strength elements (HFSE; Zr,
Nb and Hf) with other incompatible elements (e.g. La)
are generally good over a wide range of concentrations
(Fig. 3c). Inter-element ratios involving fluid-mobile
elements are highly variable (e.g. K/Rb = 33-240;
Ce/Pb = 14-49), whereas those involving the more
immobile elements are more restricted (Figs 3 and 4;
e.g. La/Nb = 0-7 £ 0-1; Th/Nb = 0-09 £ 0-02;
Zr/Hf = 52 4 6-6; Nb/Ta = 20 £ 5-6).

All of the analysed Group I kimberlites, both on- and
off-craton, have broadly similar sub-parallel chondrite-
normalized REE patterns (Fig. 5a), with considerable
enrichment of the light REE (LREE; La = 300-1300 x
chondrite) relative to the heavy REE (HRELE; Lu = 3-8 X
chondrite). In detail, La/Yby (44:7-267) and La/Smy
(4-3-7-2) ratios are significantly variable. The analysed
on- and off-craton kimberlites generally fall within the

fields of the on-craton Kimberley and off-craton
Uintjiesberg kimberlites, respectively (Fig. 5a), although
it 13 evident from Fig. 4c and d that off-craton Group I
kimberlites tend to have lower La/Sm, La/Yb and
Gd/Yb ratios than some of their on-craton counterparts.

Primitive mantle-normalized trace element patterns
are generally smooth, with strong enrichment in the
more incompatible elements (e.g. Nb = 155-603 and
Ba = 24-326 X primitive mantle), and relative depletions
of Rb, K, Sr, Hf and Ti (Fig. 6a). These negative anom-
alies appear to be a characteristic feature of Group I
kimberlites (le Roex et al., 2003; Harris et al., 2004). The
magnitudes of the anomalies can be described by the
X/ X* notation (where X is the normalized value and X*
the interpolated value calculated from the adjacent
elements). Negative Rb and K anomalies tend to be
larger (K/K* = 0-0-0-3; calculated using Th and La
and not U because of its mobility) than the T1 anomalies
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Roex et al., 1990).

(T1/T1* = 0-3-1-0). In some instances (e.g. Koffiefontein
kimberlite), the magnitudes of the anomalies increase
with the level of incompatible element enrichment in
individual samples. Minor negative Sr anomalies, as
well as occasional negative Hf anomalies, are also fea-
tures of the analysed Group I kimberlites. Rare, strongly
positive Zr-Hf anomalies (Fig. 6a) are attributed to zircon
megacryst contamination and partial assimilation
(Lekkerfontein, Gansfontein and Monastery kimberlites).

Calculated initial *’Sr/*°Sr and '"**Nd/'**Nd ratios of
the Group I kimberlites from this study, as well as those
analysed to complement the datasets presented by
le Roex et al. (2003) and Harris et al. (2004), are reported
in Table 3 and illustrated in Fig. 7. Initial *Sr/"°Sr ratios
of the analysed Group I kimberlites vary from 0-70328 +
210 0-70537 + 2, whereas initial '**Nd/'**Nd ratios vary
between 0-51249 £ 1 and 0-51271 £ 1, and generally
show good overlap with the field of southern African
Group I kimberlites (Fig. 7). The strong displacement of
the single sample COL 9 to high ®’Sr/%Sr (Fig. 7) is
attributed to alteration by crustal fluids. Although subtle
differences exist in initial *’Sr/®°Sr ratios between sam-
ples that may be related to the olivine macrocryst content
(the more olivine macrocrystic samples tend to have
higher *’Sr/ 8GSrgi)), no significant differences are evident
between initial *’Sr/*°Sr and '**Nd/'**Nd ratios of on-

and off-craton Group I kimberlites.

On- and off-craton Group II kimberlites

Although there 1s considerable scatter in the data, for a
given MgO content the analysed Group II kimberlites are
characterized by higher SiOy contents (29-0-43-1 wt %)
than the Group I kimberlites (Fig. 2a); this feature is also
shown by the on-craton Swartruggens and Star Group II
kimberlites (Coe, 2004). Unlike the Group I kimberlites,
there is no obvious correlation between MgO and SiO,,
although some within-pipe correlations do exist (e.g.
Markt and Eendekuil kimberlites). Variation in MgO
concentrations and Mg-number is large (MgO = 17-1-
36-3 wt %; Mg-number = 0-80-0-91), with the more
MgO-rich samples being more macrocrystic in character
(e.g. Bellsbank, Newlands and Markt kimberlites). The
off-craton Eendekuil kimberlite (argued later to be highly
fractionated) falls outside these ranges, having substan-
tially lower MgO and Mg-number (Fig. 2a; Table 2).
FeO* contents mostly range from 6-4 to 8:0 wt %
(Fig. 2b), with the evolved off-craton Eendekuil kimberlite
being richest in FeO* (up to 11-5 wt %).

Most samples show low abundances of TiOg (0-56—
1-4 wt %) and Al,O3 (0-79-4-5 wt %), but some (e.g.
Eendekuil and Brandewynskuil kimberlites), argued later
to show evidence for crustal contamination and crystal
fractionation, tend to high TiOgy (>2 wt %) and Al,Og3
(>5 wt %). On the whole, the Group II kimberlites show
distinctively lower TiOg, but higher KyO (up to 5 wt %)
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than the Group I kimberlites (Fig. 2c), a characteristic
feature noted by Smith et al. (1985b). The on-craton
Newlands and Bellsbank Group II kimberlites have
unusually low KyO (0-53-1-9 wt %), and for reasons
discussed later are referred to as Group IIb kimberlites.
Good correlations exist between CaO (4:8-21-3 wt %),
COy (up to 15-1 wt %) and SiOy (Fig. 2d); for a given
Si0y content Group II kimberlites tend to have higher
CaO than Group I kimberlites. CaO and CO4 concen-
trations in the analysed Group II kimberlites are more
variable than in the Swartruggens and Star kimberlites
(Fig. 2d). Other than off-craton Group II kimberlites
having generally higher CaO for a given SiOy content,
no other obvious differences are evident in the major
element geochemistry of on- and off-craton Group II
kimberlites.

The transition metals Ni (5702062 ppm) and Cr (485~
2326 ppm) show a wide range in abundance and correl-
ate well with MgO (Fig. 3a) and Mg-number. Although
the off-craton Group II kimberlites tend to have lower Ni
than their on-craton counterparts, this might simply
reflect the small size of the off-craton dataset and the
unusually evolved Eendekuil kimberlite. Of perhaps more
significance is that Group II kimberlites tend to have
higher Ni concentrations, for a given MgO content than
Group I kimberlites (Fig. 3a). LILE and Pb concentra-
tions of Group II kimberlites show poor correlation with
the more immobile incompatible elements (e.g. La;
Fig. 3b), but are distinctively higher (31-210 ppm Rb;
780-7345ppm Ba; 17-64ppm Pb (Sanddrift sample
K5/P2 excepted) than in Group I kimberlites (Table 2;
Fig. 3).

Incompatible element ratios are particularly useful in
distinguishing between Group I and Group II kim-
berlites, with the latter having significantly lower Ce/Pb
(16 = 12) and higher La/Nb (1-6 £ 0-5), Ba/Nb (24 £
10) and Th/Nb (0-21 £ 0-06) (e.g. Table 2; Fig. 4). The
high values for ratios involving Nb reflect the character-
1stic depletion in Nb (38-192 ppm) compared with Group I
kimberlites (~100-400 ppm; Fig. 3). In contrast, inter-
element ratios of other HFSE pairs (e.g. Zr/Hf = 47 £ 5;
Nb/Ta = 25 % 10) are not dissimilar to those of Group I
kimberlites (Zr/Hf = 52 4 6-6; Nb/Ta = 20 £ 5-6).

The chondrite-normalized REE patterns of the ana-
lysed Group II kimberlites are sub-parallel and charac-
terized by extreme LRELE enrichment (La up to 1600 X
chondrite) relative to the HREE (Lu = 2-10 X chondrite;
Fig. 5b), with most of the analysed samples falling in the
field defined by the on-craton Swartruggens and Star
Group I kimberlites; exceptions are Finsch, Middlewater
and Sanddrift. La/Yb and La/Sm are generally high and
illustrative of the steep LREE slope in chondrite-
normalized diagrams (La/Yby = 44-180, La/Smy =
5-3-9-3), with the two on-craton Group IIb kimberlites
(Bellsbank and Newlands) having appreciably higher

VOLUME 47 NUMBER 4 APRIL 2006

La/Yby (183-300) and La/Smy (11-1-12-3) ratios
(Fig. 4d). Of significance is that the Group II kimberlites
have distinctly higher La/Sm and La/Yb ratios, but lower
Gd/Yb ratios than Group I kimberlites (Fig. 4c and d).

Steep patterns, similar to the chondrite-normalized
REE patterns, occur on primitive mantle-normalized
trace element diagrams (Fig. 6b) with the analysed sam-
ples showing strong enrichment in incompatible elements
(e.g. Ba = 112-779 and Th = 87-677 X primitive man-
tle). Superimposed on the generally smooth patterns,
there are distinct relative depletions in Rb, Ti and Sr,
enrichment in Pb and a broad depletion in the group of
elements K-Ta-Nb (Fig. 6b), features that are common
to the Swartruggens and Star Group II kimberlites (Coe,
2004). Samples from the Bellshank and Newlands kim-
berlites are distinct in having a strong relative depletion in
K (K/K* <0-1) and Rb (see insert to Fig. 6b), more akin
to the Group I kimberlites (Fig. 6a). Consequently, as
mentioned above, Group II kimberlites are subdivided
into two varieties, Group II with subdued relative deple-
tion in K, and Group IIb with strong relative depletion in
K (and Rb). The Group IIb kimberlites also tend to have
larger negative Ti anomalies (Ti/Ti* = 0-2-0-3 vs
0-2-0-8). Positive Pb anomalies on primitive mantle-nor-
malized diagrams are a feature of all but one (Sanddrift
kimberlite, which also has a large negative P anomaly) of
the analysed Group II kimberlites (Ce/Pby <1; Fig. 6b),
with some samples showing fairly large anomalies. The
Swartruggens and Star Group II kimberlites are likewise
relatively enriched in Pb (Fig. 6b). Most samples also
show a minor relative depletion in Hf (Sm/Hfy <2-0),
but in the Eendekuil kimberlite there is a much better
developed distinct negative Zr and Hf anomaly (Sm/Hfy
~2-9). Depletion in Ta and Nb is a ubiquitous feature of
the analysed Group II kimberlites, as well as of the
Swartruggens and Star Group II kimberlites (Coe,
2004) with La/Nby ratios generally being >1-3 (Table 2).

Initial *’Sr/"Sr ratios of the Group II kimberlites
analysed in this study vary from 0-70728 + 2 to
0-70837 + 2, whereas initial '"*Nd/'*'Nd ratios are char-
acteristically unradiogenic and vary from 0-51186 £1 to
0-51205 = 1 (Table 3). No significant isotopic differences
are evident between on- and off-craton Group II kim-
berlites. The co-variation of initial "**Nd/'**Nd and
878r/%0Sr ratios shows a scattered distribution that lies
within the field previously defined for South African
Group II kimberlites (Fig. 7), lying well within the
‘enriched quadrant’  (Smith, 1983; Fraser &
Hawkesworth, 1992; Tainton, 1992; Nowell ¢ al., 1999,
2004; Coe, 2004).

PETROGENESIS

The volatile-rich and hybrid nature of kimberlite
magmas requires that considerable care be given to
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addressing contamination and alteration processes that
might have compromised the kimberlite magma com-
position subsequent to leaving the source region (e.g.
le Roex ¢t al., 2003). Before considering possible genetic
models, we first consider the possible impact of such
secondary processes on the geochemistry of the analysed
samples.

Alteration and crustal contamination

The brecciated and permeable nature of kimberlites
makes them prone to alteration (Berg & Allsopp, 1972),
particularly as primary kimberlite magmas are volatile-
rich. Alteration of the kimberlite can be both a primary
(movement of crystallizing deuteric fluids) and a second-
ary (movement of meteoric waters) process. Not only do
the kimberlites in this study show various petrographic
features indicative of alteration (e.g. serpentinization or
carbonatization), but these effects can also be identified in
the major element geochemistry (e.g. loss of MgO and
gain of volatiles during serpentinization), trace element
geochemistry (e.g. lack of correlation of the mobile ele-
ments Rb and K with more immobile elements such as
La; Fig. 3b) and isotope geochemistry (e.g. increase of
87Sr/5°Sr ratios, Barrett & Berg, 1975; seen most strongly
in sample COL 9). The HFSE are generally unaffected
by such processes.

Similarly, because kimberlites commonly entrain
numerous crustal xenoliths, the degree of assimilation of
country rock and its effect on bulk-rock geochemistry
needs to be considered. The effects of crustal contamina-
tion (e.g. increase in SiOy, Al,Oj3; and NayO, and
decrease in MgO) can be partially quantified with the
contamination index (C.I.) of Clement (1982), or qualit-
atively recognized using parameters identified by le Roex
et al. (2003; e.g. raised HREE patterns, raised Pb in
Group I kimberlites). Most Group I and Group II kim-
berlites in this study have a C.I. near unity and less than
1-5, respectively, i.e. classify as being uncontaminated.

Through careful initial sampling and removal of all
visibly altered or veined material and xenolith fragments,
the effects of alteration and contamination have been
minimized. Furthermore, by applying the geochemical
criteria listed by le Roex ¢t al. (2003), in combination with
Clement’s (1982) C.I., those analysed compositions that
appear to have been severely compromised either are
excluded from the following petrogenetic discussions or
are specifically mentioned. The interpretation of the geo-
chemistry of the remaining samples is done with caution,
with reference being made to occasions when alteration
or contamination still needs to be borne in mind.

Macrocryst entrainment

Macrocrysts entrained by kimberlites are typically anhed-
ral with strained physical characteristics that suggest they

are xenocrysts, derived from disaggregated mantle peri-
dotite xenoliths (Clement ez al., 1984; Shee, 1985). Con-
sequently, macrocrystic kimberlites are generally
considered to be aggregates of mantle minerals as
opposed to true liquid compositions (le Roex et al.,
2003). A number of previous studies (e.g. Fraser &
Hawkesworth, 1992; Beard et al., 2000; le Roex et al.,
2003; Coe, 2004; Harris et al., 2004) have demonstrated
that some of the variation in kimberlite bulk-rock geo-
chemistry can be attributed to the entrainment of xeno-
liths of mantle peridotite; this is also true for the present
study.

To consider only liquid compositions, the effect of
macrocryst entrainment has to be addressed for each
kimberlite sample. The regional nature of this study has
resulted in few of the kimberlites being sampled in suffi-
cient detail to evaluate evolutionary trends and the effect
of peridotite entrainment, within a single kimberlite loc-
ality, as has been done in other kimberlite studies (e.g.
Harris et al., 2004). Consequently, what we have done is
to assume that all the olivine macrocrysts in a particular
sample are derived from disaggregated garnet lherzolite
xenoliths [using an average composition calculated from
Grégoire et al. (2003)]. Using proportions based on the
estimated modal olivine abundance in the kimberlite
sample, an equivalent proportion of garnet lherzolite
was accordingly subtracted. In view of the inherent errors
in estimating modal abundances, this correction proced-
ure was applied only to samples with >10% modal oliv-
ine macrocrysts. Compatible trace elements were
corrected using an average composition of garnet lherzo-
lite (Grégoire et al., 2003), whereas incompatible trace
elements were effectively enriched in abundance by the
proportion of lherzolite removed (assuming D = 0 for all
elements). Although only an approximation, the very low
partition coefficients and low incompatible element
abundances in garnet lherzolite do not warrant a more
complex approach. Given the broad range in *'Sr/*°Sr
and "Nd/'**Nd of mantle xenoliths entrained by South
African kimberlites (e.g. Erlank et al., 1987; Walker ¢t al.,
1989; Pearson & Nowell, 2002), as well as the particularly
low Nd concentrations in mantle peridotites (<5 ppm
Nd), the isotopic compositions of the kimberlites have
been left unchanged.

Fractional crystallization

Crystal fractionation en route to the surface or during
shallow emplacement and cooling of the kimberlite
magma will affect the composition of the primary kim-
berlite magma. Fractionation of olivine and phlogopite,
and possibly calcite, have been proposed, based on
detailed studies of individual kimberlites (e.g. Beard et al.,
2000; le Roex et al., 2003; Coe, 2004; Harris et al., 2004).
Evolved, aphanitic kimberlite, in particular, is a good
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example of the end product of such fractionation
processes (le Roex et al., 2003). Crystal fractionation/
accumulation may have occurred to variable degrees,
for example via flow differentiation, in macrocryst-bear-
ing kimberlites (e.g. the evolved Eendekuil kimberlite).

On the basis of a number of lines of evidence, le Roex
et al. (2003) and Harris et al. (2004) have argued that the
ubiquitous negative anomalies in K, Rb, Sr and Ti in
primitive mantle-normalized trace element diagrams are
not related to crystal fractionation processes, but are
features of the primary magmas of the Group I Kimber-
ley and Uintjiesberg kimberlites. Following the argu-
ments presented by le Roex et al. (2003) and Harris et al.
(2004), we suggest that the ubiquitous negative Rb, K and
Ti anomalies on primitive mantle-normalized trace ele-
ment diagrams for the Group I kimberlites in this study
are not the result of extensive phlogopite (Rb, K, Ti),
ilmenite (T1) or perovskite (Ti) fractionation (the last
is supported also by the absence of an associated nega-
tive Nb and Ta anomaly), but are features of the primary
kimberlite magmas. However, it is recognized that
minor amounts of fractionation, as well as K and Rb
mobility, may have an influence on the magnitudes of
the anomalies.

Even though Nb and Ta are depleted in Group II
kimberlites, the characteristic paucity of ilmenite and
perovskite as groundmass phases (e.g. Skinner, 1989)
argues against fractionation of a Ti-phase as the cause
of the ubiquitous negative Tianomaly and relative deple-
tion in Nb and Ta in primitive mantle-normalized trace
element patterns. Based on similar calculations to those
used by le Roex ¢t al. (2003) and Harris e/ al., (2004), it can
be argued that relative depletion in Rb, K, Sr, T1, Nb and
Ta is a primary feature of normal Group II and Group
IIb kimberlites in this study, not caused by the fractional
crystallization of phlogopite (K, T1; Coe, 2004). Further-
more, the strong relative depletion in K and Rb present
in the Group IIb kimberlites is argued here not to be due
to phlogopite fractionation, but to be a feature inherited
from the mantle source region.

Composition of close-to-primary

kimberlite magmas

To allow meaningful and regional inter-group compar-
ison of the geochemistry of on- and off-craton Group I
and Group II kimberlites, it is important to identify a
representative composition for each kimberlite that is
close-to-primary in character. Because of the hybrid
nature of kimberlites, and as no examples of quenched
kimberlite exist (Mitchell, 2004), aphanitic kimberlite has
been considered a proxy for a primary magma (Edgar &
Charbonneau, 1993; Price et al., 2000). More recently,
le Roex et al. (2003) and Harris et al. (2004) have con-
strained the compositions of primary kimberlite magmas
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by using the trajectories between macrocrystic and
aphanitic kimberlite on major element variation dia-
grams. However, owing to the regional nature of this
study, primary kimberlite magma compositions cannot
be constrained here using similar methods, as sufficient
samples are not available from each locality. Here we
define close-to-primary kimberlite magma compositions
as those being least affected by alteration, crustal con-
tamination and fractional crystallization, and, specific-
ally, having been corrected for macrocryst entrainment
where necessary (as described earlier). Not every kim-
berlite represents a close-to-primary magma (e.g. aphan-
itic Lekkerfontein kimberlite) and in a few cases (e.g.
Pampoenpoort, Jonkerwater, Middlewater and Sandrift
kimberlites, where samples were made available as pow-
ders from De Beers) the absence of thin sections prohib-
ited any correction for macrocryst content; these samples
are omitted from further discussion.

Inferred close-to-primary magma compositions of
Group I kimberlites analysed in this study have ~22—
28 wt % MgO, ~21-30 wt % SiOg, 2:2-3-1 wt % Al,Os,
~10-17 wt % CaO, ~5-0-14 wt % COqy, ~0-2-1-7 wt %
K50 and 660-1190 ppm Ni, with Mg-number varying
between 0-82 and 0-87; these are broadly similar to
primary Group I kimberlite compositions proposed in
other studies (Price et al, 2000; le Roex et al., 2003;
Harris et al., 2004). Group II kimberlites in this study
have close-to-primary magma compositions with ~28—
38 wt % Si09, ~23-29 wt % MgO, ~1-0-4-3 wt %
AL Og, ~1:6-4:6 wt % KyO, 8:1-13 wt % CaO, 1-3-
7-4 wt % COq and 590-1410 ppm Ni, with Mg-number
between 0-86 and 0-89. The close-to-primary composi-
tions of the analysed Group II kimberlites are similar to
those of the Swartruggens and Star Group II kimberlites
(Coe, 2004), but tend be slightly more Mg-rich and less
KyO-rich.

Inferred close-to-primary Group I kimberlite magma
compositions from this study are also broadly consistent
with experimental ‘kimberlite’ compositions (2036 wt %
S109, 1-8-3-2 wt % Al,O3, 26-30 wt % MgO), obtained
from low-degree melting of a carbonated lherzolite by
Dalton & Presnall (19984), except that the CaO content
of the experimental kimberlites is significantly higher (15—
31 wt %). The MgO and SiOy contents of inferred close-
to-primary Group II kimberlites in this study also show
some overlap with experimental compositions produced
by <1% partial melting of a carbonated lherzolite at
6 GPa (Dalton & Presnall, 1998a).

Table 4 gives average Group I and Group II close-to-
primary kimberlite magma compositions for major and
trace elements and selected incompatible element ratios,
calculated using data from this study and the literature
(Ie Roex et al., 2003; Coe, 2004; Harris et al., 2004). There
is considerable scatter around the averages (as reflected
by the reported standard deviations), but nevertheless
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Table 4: Average compositions and associated standard

deviations of close-to-primary Group I and Group 11

kimberlites from South Africa

Group | kimberlite

Group Il kimberlite

Average 18D Average 18D
SiO, 26-15 27 33-89 4-8
TiO, 2-58 0-7 177 15
Al,03 2-76 0-45 376 2:0
Fe,03 10-72 1-2 8:76 0-6
MnO 0-19 0-03 0-18 0-05
MgO 25-20 21 23-15 42
Ca0 13-26 22 9-96 2:0
Na,O 0-16 0-14 0-25 0-24
K,0 0-83 0-46 3:63 1-4
P,05 2-04 1-2 1-85 0-8
SO; 0-17 0-15 0-21 0-16
NiO 0-11 0-03 0-14 0-06
Cry03 0-18 0-04 0-23 0-09
LOI 1471 1-9 10-75 3-8
H,0™ 0-66 0-27 1-34 17
Total 99-71 99-41
H,0" 6-67 2:0 7-33 2:4
CO, 8-19 29 421 28
Mg-no. 0-84 0-02 0-85 0-02
Zr 371 98 399 194
Nb 239 147 165 88
Co 89-1 9 74-7 9
Cr 1508 481 2096 449
Ni 935 235 977 298
\Y 155 46 112 46
Cu 95-9 60 42-9 14
Sc 17-4 4 25-4 7
Rb 471 25 151 57
Sr 1295 444 1869 671
Y 20-5 6 20-9 9
Ba 1380 876 3799 1503
La 181 106 298 183
Ce 358 211 576 343
Pr 38-3 22 59-0 34
Nd 144 78 204 109
Sm 20-0 9 22:2 10
Eu 5-07 2 5-04 2
Gd 1341 5 12:3 5
Tb 1-41 0-5 1-36 0-6
Dy 5-81 2 5-45 2
Ho 0-85 0-3 0-84 0-4
Er 1-82 0-5 1.92 0-9
Tm 0-20 0-1 0-23 0-1

SOUTH AFRICAN KIMBERLITES

Table 4: continued

Group | kimberlite Group |l kimberlite

Average 1SD Average 1SD
Yb 1-04 0-3 1-31 0-6
Lu 0-13 0-03 0-17 0-07
Hf 6-94 1 9-08 4
Ta 11-6 5 8-05 4
Pb 10-4 5 333 12
Th 24-3 18 40-3 27
u 5.76 4 6-14 3
Ba/Nb 5.7 2 25 8
La/Nb 0-75 0-1 1-8 0-5
Ce/Pb 34 7 17 7
(La/Sm)y 5-6 0-8 82 2
(La/Yb)y 124 62 168 86

Data from this study, le Roex et a/. (2003), Coe (2004) and
Harris et al. (2004). Mg-number calculated assuming
Fe,03/FeO = 0-15. Normalizing values from Sun &
McDonough (1989).

certain elements stand out as being significantly different
between the two kimberlite varieties. These include
higher TiOy, FeoO3, MgO and CaO, and lower SiOq
and KyO in Group I kimberlites, and substantially higher
Ba, Rb and Pb, and lower Nb and Ta in Group II
kimberlites compared with Group I kimberlites.
Although less marked, NiO appears to be slightly higher
in Group II kimberlites on average than in Group I
kimberlites (T'able 4). It is argued later that these differ-
ences are inherited from their respective source regions.

Partial melting models

Experimental studies have shown that Group I kim-
berlite-like magmas can be produced by low degrees of
partial melting of a carbonated garnet peridotite mantle
source at ~3-8 GPa (Eggler & Wendlandt, 1979; Canil &
Scarfe, 1990; Dalton & Presnall, 19984) and that a con-
tinuum exists between carbonatitic and kimberlitic melts,
with the transition between these magma types taking
place between 0 and 1% melting (Dalton & Presnall,
19984). Ulmer & Sweeney (2002) have also shown that
Group II kimberlites could be formed by partial melting
of a carbonated garnet harzburgite or lherzolite at pres-
sures up to 10 GPa.

The characteristic incompatible element enrichment
and fractionated REE patterns of kimberlites are consist-
ent with derivation by very low degrees of partial melting
of metasomatically enriched sources (e.g. Wass & Rogers,
1980). Partial melting is generally inferred to take place in
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the presence of residual garnet because of the character-
istic low HREE abundances and fractionated HREE
patterns in both on- and off-craton kimberlites relative
to typical mid-ocean ridge basalt (MORB; Rogers et al.,
1992; Tainton & McKenzie, 1994; le Roex et al., 2003).
Metasomatized lherzolite xenoliths from the Kaapvaal
craton typically contain clinopyroxenes that have been
enriched in the LREE (van Achterbergh et al., 2001;
Grégoire et al., 2003) and therefore clinopyroxene is likely
to be the major mineral host of these elements during
partial melting. The semi-quantitative modelling of kim-
berlite source compositions outlined below is, therefore,
based on a source comprising metasomatized garnet
lherzolite and very low degrees of partial melting
(F <2%). Some workers have argued that in view of the
absence of olivine and orthopyroxene as liquidus phases
during the experimental melting of kimberlites and lam-
proites, the source of such magmas 1s not a lherzolite
(Foley, 19924; Edgar & Charbonneau, 1993; Girnis et al.,
1995; Mitchell, 2004), but rather some more exotic min-
eral assemblage (e.g. clinopyroxene-phlogopite veins;
Foley, 1992b); this possibility is also explored.

In view of the assumptions required to estimate prim-
ary kimberlite magma compositions, complex inversion
modelling (e.g. Tainton & McKenzie, 1994) is not justi-
fied. Furthermore, given the number of assumptions that
need to be made when modelling mantle melting pro-
cesses, and to allow possible differences between the
sources of Group I and Group II kimberlites, as well as
on- and off-craton kimberlites to be recognized, it is
necessary to restrict at least some of the variables. First,
close-to-primary magma compositions were used
together with a fixed degree (/"= 1%) of partial melting.
Modal analyses of peridotite xenoliths entrained by on-
and off-craton kimberlites (Mathias ez al., 1970; Maaloe &
Aoki, 1977; Boyd & Mertzman, 1987; Franz et al., 1996;
Grégoire et al., 2003; Boyd et al., 2004) tend to be broadly
similar, particularly with regard to the proportion of
modal garnet (3-9 vol. %); consequently, we have
assumed a fixed modal mineralogy for both on- and off-
craton source regions. Semi-quantitative forward model-
ling of batch melting is based on the residual source
mineralogy to avoid having to assume the reaction coef-
ficients of the melting equation, using the partition coef-
ficients summarized by le Roex ez al. (2003).

Considering the unusual composition of kimberlites,
the choice of suitable partition coefficients is limited to a
silica-undersaturated system such as those for basaltic,
carbonatitic or ultrapotassic melts (e.g. Schmidt e al.,
1999); none of which are ideal for kimberlites. Partition
coefficients for basalts were chosen for modelling for both
Group I and Group II kimberlites, because of their avail-
ability as a coherent dataset of elements. Differences in
the COy content of close-to-primary Group I (0-2-1-7%)
and Group II kimberlites (1-3-7-4%) were not considered
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large enough to justify the use of carbonatitic partition
coefhicients for Group II kimberlites.

The observation that Group II kimberlites have on
average steeper LREE (higher La/Sm), but flatter
HREE slopes (lower Gd/Yb) than Group I kimberlites
(Fig. 4), could imply differences in the source mineralogy.
However, calculated melting trajectories (Fig. 8) illustrate
that increasing the degree of partial melting decreases
La/Sm and Gd/Yb, but cannot account for the differ-
ences between the kimberlite groups. Rather, it appears
that Group II kimberlites are derived from sources with
slightly higher La/Sm but lower Gd/Yb than Group I
kimberlites. Given the difference in partition coefficients
between La, Sm, Gd and Yb, this is consistent with
derivation of Group II kimberlites from a source with
less residual garnet but more residual clinopyroxene than
that giving rise to Group I kimberlites. The residual
modal mineralogy used for subsequent modelling is
67% olivine, 26% orthopyroxene, 3% garnet, 4% clino-
pyroxene for the Group I kimberlites. The residual modal
mineralogy used for Group II kimberlites has the same
olivine and orthopyroxene proportions (67% ol; 26%
opx) as for Group I kimberlites but with less garnet (1%)
and more clinopyroxene (6%). Although the measured
La/Sm and Gd/Yb ratios of Kaapvaal garnet lherzolite
xenoliths are variable, and show little correlation with the
proportion of modal garnet or clinopyroxene (van
Achterbergh et al., 2001; Grégoire et al., 2003; Simon
et al., 2003), the values used in the modelling and shown
in Iig. 8 fall within the observed ranges.

Source region characteristics

Calculated compositions of mantle source regions in
equilibrium with close-to-primary Group I kimberlites
are all enriched in the LREE (425 X chondrite) and
only slightly enriched in the HREE relative to chondrite
(1-8-3-6 X chondrite; Fig. 9a). They have La/Smy =
2:3-3-9 and La/Ybx = 1:9-11-5, but are depleted in
the less incompatible elements relative to primitive man-
tle (Yb = 0-5-1 X primitive mantle; Fig. 9b). Similarly,
calculated sources are also enriched in the more incom-
patible elements relative to primitive mantle (e.g. Th =
1-9 X primitive mantle). In the absence of residual phases
capable of fractionating individual elements, the negative
anomalies present in the close-to-primary magma com-
positions are transferred to the predicted source regions
(Fig. 9b). Consequently, the calculated sources have neg-
ative Rb, Sr, K and Ti anomalies (K/K* <0-2; Ti/Ti =
0-2-0-7), as well as more subdued negative Hf anomalies.
Predicted source compositions generally show good over-
lap with those calculated for the Group I on-craton
Kimberley kimberlites and off-craton Uintjiesberg kim-
berlite (Harris e al., 2004). Calculated source composi-
tions overlap the field of garnet lherzolites from the
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Fig. 8. Gd/Yb vs La/Sm for on- and off-craton Group I and Group II close-to-primary kimberlite magmas, including the Uintjiesberg kimberlite
(Harris et al., 2004). Dashed field represents the Group IIb kimberlites. Illustrated curves represent melting trajectories of inferred Group I and
Group II kimberlite source regions (La/Sm = 6:0; Gd/Yb = 3-0 and La/Sm = 6-4; Gd/Yb = 2.5, respectively). Residual modal mineralogy as
follows: Group I, ol:opx:cpx:gt = 0-67:0-26:0-04:0-03; Group II, ol:opx:cpx:gt = 0-67:0-26:0-06:0-01. Numbers shown represent the degree of
melting. Shaded fields represent the on-craton Group I Kimberley (le Roex et al., 2003) and on-craton Group II Swartruggens and Star

kimberlites (Coe, 2004).

Kaapvaal craton for all elements other than K, which is
significantly more depleted in the predicted sources than
in peridotites (Fig. 9b). However, many of the peridotites
from the study of Grégoire et al. (2003) contain modal
phlogopite and are thus likely to have elevated K
concentrations.

Because both on- and off-craton source compositions
are calculated using the same parameters, any differences
in the respective kimberlite magma compositions will be
transferred to the sources. Consequently, predicted
source compositions of off-craton Group I kimberlites
appear to have lower La/Sm, La/Yb and Gd/Yb than
on-craton Group I kimberlites. Alternatively, if the on-
and off-craton sources were compositionally similar, then
the off-craton kimberlites formed by slightly higher
degrees of partial melting, as all Group I kimberlites fall
roughly on the same melting trajectory (Fig. 8).

Predicted source regions in equilibrium with close-to-
primary Group II kimberlite magmas are all enriched
relative to chondrite, with the LREE (5-37 X chondrite)
being considerably more enriched than the HREE (0-9-
2-6 x chondrite; Fig. 9¢). The sources of the Group IIb
kimberlites are more enriched in the incompatible ele-
ments with higher La/Sm and La/Yb (La/Smy ~ 6-9)
than those of normal Group II kimberlites (La/Smy =
3.2-5-4), suggesting that they are possibly lower degree

partial melts than some of the other Group II kimberlites
analysed in this study (Fig. 8). Calculated sources are also
enriched in the highly incompatible LILE and HFSE and
depleted in the less incompatible elements, relative to
primitive mantle (e.g. Th = 1-11 X primitive mantle
and Yb = 0-3-0-8 X primitive mantle, respectively;
Fig. 9d). Negative Rb, K and Ti anomalies are larger
for the sources of Group IIb kimberlites (K/K* ~0-1,
Ti/Ti* ~0-2) than normal Group II kimberlites (K/K* =
0-3-1.0, Ti/Ti* = 0-2-0-6). All Group II kimberlite
source regions show subdued depletion in Sr, Ta and
Nb (La/Nby = 1-5-3-9), and slight enrichment in Pb
(Ce/Pby = 0-2-1-0). Calculated source compositions
(Fig. 9d) fall within the field of garnet lherzolite xenoliths
from Grégoire et al. (2003). There appear to be no signi-
ficant differences in calculated source compositions
between on- and off-craton Group II kimberlites.

A number of recent studies of kimberlite petrogenesis
based on bulk-rock geochemistry (Tainton & McKenzie,
1994; Beard et al., 1998; Beard et al., 2000; le Roex et al.,
2003; Chalapathi Rao et al., 2004; Cooe, 2004; Harris et al.,
2004) have all argued that the source regions of kim-
berlites have (at least) a two-stage evolutionary history,
comprising initial melt-depletion with subsequent meta-
somatic enrichment in incompatible elements. Close-
to-primary magmas of on- and off-craton Group I and
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Fig. 9. Calculated chondrite- and primitive mantle-normalized source compositions of on- and off-craton Group I and Group II kimberlites,
calculated by semi-quantitative forward modelling from close-to-primary kimberlite magmas assuming /' = 1% and residual source region
mineralogy as in Fig. 8. Calculated source compositions of the on-craton Group I Kimberley kimberlites (le Roex ¢t al., 2003), off-craton Group I
Uintjiesberg kimberlite (Harris e al., 2004) and on-craton Swartruggens and Star Group II kimberlites (Coe, 2004) are shown for comparison.
Dark shaded field represents garnet lherzolite xenoliths from the Kaapvaal craton (Grégoire ef al., 2003). Normalizing values are from Sun &

McDonough (1989).

Group II kimberlites all have high Mg-numbers
(Mg-number = 0-82-0-89) and compatible trace element
concentrations (e.g. 650-1400 ppm Ni) that suggest equi-
libration with residual olivine of Fogs o6, having more
than 2000 ppm Ni [calculated using Apy M8 = 0-34—
0-36 (Herzberg & O’Hara, 2002) and Dy; from Beattie
etal. (1991)]. It is notable that the calculated compositions
of residual olivine in equilibrium with close-to-primary
kimberlites tend to be more similar to refractory olivine
included in diamonds than to olivine from Kaapvaal
peridotite xenoliths (e.g. Phillips et al., 2004). All kim-
berlites have low Al,O3 and Sc concentrations, as well
as relative depletion in the HREE and fractionated
HREE patterns indicative of the role of residual garnet,
and suggest derivation from previously depleted mantle
source regions (Tainton & McKenzie, 1994). Studies of
peridotite xenoliths from the Kaapvaal craton and sur-
rounding Proterozoic mantle have recognized that the
SCLM beneath southern Africa has a depleted or infertile
character, deficient in e, Ca and Al in comparison with
oceanic mantle; additionally the Archaean mantle is
more refractory than the younger Proterozoic mantle

(Boyd & McCallister, 1976; Boyd & Mertzman, 1987;
Boyd et al., 2004). Given the apparent initial depleted
character of kimberlite source regions, we concur with
Tainton & McKenzie (1994), le Roex et al. (2003) and
Harris et al. (2004), who have argued that they are more
likely to be located within the SCLM than within the
convecting asthenosphere.

Residual accessory phases

As forward modelling is based on a residual garnet lher-
zolite source with no accessory phases present, bulk par-
tition coefficients for Rb, K, Ti, Sr and Nb during partial
melting are all substantially less than unity; thus any
anomalies in the close-to-primary kimberlite magmas
are transferred to their source regions. Although some
workers have argued for the presence of a residual K-
bearing phase during partial melting to be the cause of
negative K anomalies in some other alkaline magmas
(e.g. Rogers et al., 1992; Spith et al., 2001; Williams et al.,
2004), others such as le Roex et al. (2003) and Harris et al.
(2004) have argued that these are primary features of
kimberlite source regions.
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Notwithstanding the possible superimposed effect of
low-temperature element mobility, evaluation of the ubi-
quitous negative Rb and K anomalies in the Group I
kimberlites analysed in this study leads us to the same
conclusion regarding the origin of the apparent depletion
in these elements, 1.e. that it is a primary source feature,
and does not result from buffering by residual phlogopite.
The role of residual phlogopite in Group II kimberlites is
more ambiguous. Unlike Group I kimberlites, the abso-
lute K content of Group II kimberlites is consistent with
the presence of residual phlogopite (based, for example,
on stoichiometry considerations and melting modes;
Spath et al., 2001), although most show only a minor
relative depletion in K, suggesting that if present initially,
phlogopite was fully or close to fully consumed during
melting. This is consistent with the experimental evid-
ence that phlogopite is not stable on the Group II kim-
berlite liquidus during melting in the presence of
carbonate at pressures greater than 4-6-5 GPa, but rather
breaks down to form garnet, orthopyroxene and a K-rich
liquid (Yamashita et al., 1995; Ulmer & Sweeney, 2002).
An exception to this generalization might be the
Group IIb kimberlites that show strong relative depletion
in K (Fig. 6b). The radiogenic *’Sr/®°Sr character of
Group II kimberlites is consistent with the presence of
phlogopite in the source.

Group II kimberlites show a distinct, and character-
istic, depletion in Nb and Ta relative to elements of
similar incompatibility (e.g. Fig. 6b), which suggests pos-
sible buffering against a residual titanate phase, such as
rutile. Because rutile is typically a metasomatic phase
(Haggerty, 1987), it is likely to be preferentially melted.
However, simple calculations involving the Ti budget
and melt mode suggest that the presence of residual rutile
during partial melting is unlikely, as it would be entirely
consumed after <0-5% partial melting (Coe, 2004). It 1s,
therefore, interpreted that the relative depletion in Nb
and Ta (La/Nby >1-3; Fig. 4b) is a characteristic source
feature of all Group II kimberlites analysed in this study.
Furthermore, the presence of negative Nb and Ta anom-
alies in Karoo basalts (Marsh et al., 1997), argued by some
workers to represent subcontinental lithospheric melts
(e.g. Hawkesworth et al., 1984), as well as in some Kaap-
vaal craton xenoliths and their constituent minerals (van
Achterbergh et al., 2001; Grégoire et al., 2003), suggests
that this may be an important characteristic of the sub-
Gondwana lithosphere.

Close-to-primary kimberlite magmas are, therefore,
argued to have been unaffected by residual phlogopite
or any titanate phases. Following the preferred models of
le Roex ¢t al. (2003) and Harris e al. (2004) for Group 1
and Coe (2004) for Group II close-to-primary kimberlite
magmas, depletion in Rb, K, Ti and, to a lesser extent,
Sr, Hf and Nb-Ta (Group II kimberlites) are character-
istics inherited directly from their source regions.

SOUTH AFRICAN KIMBERLITES

Timing of source enrichment

Nd isotope signatures of on- and off-craton Group I
kimberlites are depleted relative to present-day Bulk
Earth; minimum Nd model ages calculated with respect
to CHUR and Depleted Mantle suggest that meta-
somatic enrichment of their source regions occurred
relatively recently (0-700 Ma), possibly just prior to the
Jurassic-Cretaceous emplacement of Group I kim-
berlites. The Group II kimberlite sources, however, are
characterized by time-integrated '**Nd/'**Nd ratios
indicative of ancient LREE source enrichment (this
study; Smith, 1983; Fraser et al, 1985-1986; Coe,
2004). Calculated model ages suggest source enrichment
at 600-900 Ma relative to CHUR, or 1000-1300 Ma
relative to Depleted Mantle, but, most importantly, they
indicate that the source regions of Group II kimberlites
were metasomatically enriched considerably prior to
those of Group I kimberlites. Similar geochemical com-
positions and Nd model ages for both on- and off-craton
Group II kimberlite source regions suggest enrichment
after the collision of the Proterozoic Namaqua—Natal belt
and the Kaapvaal craton at ~1-2-1-0 Ga (Thomas et al.,
1994).

DISCUSSION

The expanded geochemical dataset for both Group I and
Group I kimberlites provided by this study affords the
opportunity to investigate the cause of similarities and
differences more rigorously than has been possible in the
past, to investigate geodynamic relationships, to compare
the influence of on- and off-craton settings, and to evalu-
ate the possible origin of the metasomatic fluids that have
enriched their mantle source regions.

On-craton vs off-craton differences

The role of tectonic setting, in terms of on- or off-craton
locations, in controlling kimberlite geochemistry 1is
ambiguous. Group II kimberlites show little systematic
difference in major and trace element or Nd—Sr isotope
geochemistry between on- and off-craton varieties, sug-
gesting that both Proterozoic and Archaean mantle
sources have experienced similar evolutionary histories
leading up to Group II kimberlite magmatism. Both on-
and off-craton Group II kimberlites appear to derive
from within the garnet stability field, although the pres-
ence of diamonds in the on-craton kimberlites suggests
derivation from greater depths. In contrast, off-craton
Group I kimberlites tend to fall towards the low SiOy
and MgO, but high FeO*, TiO,, CaO and CO, ends of
the compositional fields of their on-craton counterparts
(Fig. 2), suggesting possible derivation from more fertile
mantle sources (Boyd & McCallister, 1976; Janney et al.,
2001; Boyd et al., 2004). Alternatively, experimental
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studies suggest that partial melting at lower pressures
results in a decrease in Si0y and MgO, and increase in
FeO, Al,O3, CaO and COy (e.g. Herzberg, 1992; Dalton
& Presnall, 19985; Gudfinnsson & Presnall, 2003), which
would be consistent with the absence of diamonds in off-
craton Group I kimberlites (Clifford, 1966), although
both varieties are still derived from within the garnet
stability field, based on similarly fractionated HREE pat-
terns (Fig. 5a). LREE/HREE ratios also suggest that off-
craton Group I kimberlites are higher degree melts than
on-craton varieties (Fig. 8), in disagreement with the
experimental studies of Dalton & Presnall (19984) and
Herzberg (1992), which indicate that partial melts
become progressively richer in SiO, and MgO as the
degree of melting increases.

Alternatives to a garnet lherzolite source

Given that the source regions of Group II kimberlites
appear to be more highly enriched in incompatible ele-
ments than those of Group I kimberlites, a more exotic
source mineralogy, corresponding to the ‘clinopyroxene
and mica rich-vein” model of Foley (19924) needs to be
considered. Foley (19925) has argued that the source of
ultrapotassic rocks is free of olivine, because of the
absence of olivine as a liquidus phase in various experi-
mental studies (e.g. Foley, 19924; Girnis et al., 1995), and
that the resulting magmas are hybrids of vein (e.g. cpx,
phlog, apatite, spinel) and wall-rock components (e.g. ol,
opx, cpx, garnet) with initial melting taking place within
the vein. The presence of cross-cutting veins in mantle
samples 1s well established (e.g. Erlank ez al., 1987); these
may represent the channelways for metasomatic fluids
that then cryptically or modally metasomatize the wall
rock, or are the final product of extensive modal meta-
somatism.

Grégoire et al. (2002) have recently published REE
abundances in phlogopite and clinopyroxene from
phlogopite-rich mantle xenoliths from the Kimberley
region, which allows evaluation of the Foley (1992b)
model. Clinopyroxene associated with phlogopite in
such xenoliths appears to have chondrite-normalized
REE patterns that are slightly convex upward with
respect to the middle REE, i.e. La and Ce are slightly
depleted relative to Nd and Sm, whereas phlogopite is
virtually devoid of REE. The bulk composition thus
essentially reflects uniform dilution of the clinopyroxene
concentrations by the amount of phlogopite present. If
one assumes a vein source comprising 50% each of clin-
opyroxene and phlogopite, then very low degrees of
melting (1%) will give REE patterns reasonably similar
with respect to the HREE, but very distinct with respect
to the LREE from those seen in Group II kimberlites
(Fig. 10), with the latter having very much steeper LREE
patterns (La/Smy = 8 £ 2, Table 4, vs La/Smy ~2 in
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Fig. 10. Calculated chondrite-normalized REE patterns for a 1%
partial melt of a clinopyroxene-phlogopite vein compared with aver-
age close-to-primary Group II kimberlite compositions. Vein composi-
tion calculated assuming 50% clinopyroxene and 50% phlogopite,
using published REE abundances from clinopyroxene and phlogopite
in clinopyroxene-phlogopite xenoliths from the Kimberley region

(Grégoire et al., 2002). Chondrite normalizing values are from Sun &
McDonough (1989).

the vein melts). One per cent melting is probably low for
melting within a metasomatic vein, and more realistic
higher degrees of melting will only exacerbate the dis-
crepancy.

High Mg-number as well as Ni and Cr contents of
close-to-primary Group II kimberlite magmas provide a
further argument against a clinopyroxene—phlogopite
vein source, in that they require equilibrium with refract-
ory olivine at some stage during their petrogenesis. Sim-
ilarly, Re—Os isotopes and Os population studies imply
that Group II kimberlites are derived from melting of
olivine-rich sources (Pearson et al., 1995, 2003). These
observations together suggest that if vein melting was
involved, then considerable wall-rock interaction took
place to give the kimberlites their refractory character.

Metasomatic veining is a variant of disseminated modal
metasomatism (e.g. Menzies et al., 1987), and the model-
ling technique used here is unable to discriminate the
physical nature of metasomatic enrichment to this level
of detail. Moreover, it is based on the modal residual
mineralogy at the time of melt extraction; we therefore
favour a model of melt generation from a modally meta-
somatized garnet lherzolite.

Role and origin of metasomatizing fluids

The geochemically enriched nature of the calculated
Group I and Group II kimberlite source regions, coupled
with the evidence for refractory compositions (high Mg-
number and Ni; low AlyO3; and HREE), argues for meta-
somatic enrichment of a previously melt-depleted source
region. Many peridotite xenoliths entrained by kim-
berlites show evidence for progressive metasomatism
reflected in increasingly greater modal proportions of
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phlogopite, £ K-richterite, but with lower proportions of
garnet (Erlank ef al., 1987; Waters & Erlank, 1988). Tex-
tural and geochemical evidence indicates that phlogopite,
clinopyroxene and Cr-spinel all grow at the expense of
garnet (Erlank ef al., 1987; van Achterbergh et al., 2001;
Grégoire et al., 2003; Simon et al., 2003). These reactions
are consistent with our earlier arguments that the distinct
differences in REE ratios between Group I and Group II
kimberlites, and the more Si, K and LILE-enriched char-
acter of the latter, are due to their sources having more
clinopyroxene and phlogopite formed by metasomatism
at the expense of garnet than those of Group I kim-
berlites. Group II kimberlites, are therefore interpreted
to be derived from more highly metasomatized source
regions than Group I kimberlites, and although there
may be more phlogopite present in the source of the
former, this phase is likely to be entirely consumed during
partial melting (Ulmer & Sweeney, 2002).

It has been argued above that the source of both
Group I and Group II kimberlites is the melt-depleted
SCLM, enriched through percolation of metasomatic
melts or fluids derived from sub-lithospheric sources. Hf
isotope evidence from at least the MARID xenoliths in
Group I kimberlites supports the involvement of the
SCLM and asthenospheric mantle (Choukroun et al.,
2005). Differences in diagnostic trace element ratios and
Sr and Nd isotope compositions of Group I and Group II
kimberlites allow a comment on the likely origin of the
metasomatic fluids responsible for the enrichment of their
respective source regions. Group I kimberlites have unra-
diogenic Sr and radiogenic Nd isotope ratios, similar to
ocean island basalts (OIB; Fig. 7), which led Smith (1983)
to propose that their sources contain an asthenospheric
component. More recently, le Roex et al. (2003) and
Harris et al. (2004) have shown that certain diagnostic
incompatible trace element ratios in Group I kimberlites
correspond to those characteristic of OIB (e.g. Nb/U =
47 £ 10; Ce/Pb = 25 £+ 5; Hofmann e/ al, 1986).
Figure 11 shows selected incompatible element ratios of
Group I kimberlites from this study and the correlation
with South Adtantic OIB compositions is clear, with
Group I kimberlites having Ba/Nb <12, La/Nb <11,
Ce/Pb >22 and Th/Nb <0-14. Given this strong cor-
relation, and following le Roex et al. (2003) and Harris
et al. (2004), we argue that the enrichment of Group I
kimberlite SCLM source regions is a consequence of
upward percolation of alkaline melts or fluids sourced
from upwelling Mesozoic mantle plumes that impinged
on the base of the lithosphere just prior to continental
break-up. Nd model ages are consistent with this relat-
vely recent enrichment. In a geodynamic context, the
plumes are inferred to have provided both material, in
the form of metasomatizing alkaline fluids or melts, and
heat to initiate melting to give rise to Group I kimberlite
magmatism. In this regard, le Roex (1986), le Roex et al.

(2003) and Harris e al. (2004) have noted that the age of
Cretaceous Group I kimberlite magmatism corresponds
to the passage of southern Africa over the Shona and
Bouvet mantle plumes, currently located in the South
Atlantic. By analogy, and although not forming part of
this study, source regions of older Group I southern
African kimberlites (e.g. Premier, Kuruman cluster)
would have been metasomatized by melts or fluids
derived from sub-lithospheric upwellings beneath the
craton during the Proterozoic.

Group II kimberlites have an isotope signature that
requires ancient enrichment of their source regions, and
subsequent isolation from the convecting mantle to allow
development of their more extreme isotopic compositions
that are unlike OIB (Fig. 7). In contrast to Group I
kimberlites, diagnostic elemental ratios of Group II kim-
berlites are clearly very distinct from those characteristic
of OIB (Fig. 11), largely as a result of their relative deple-
tion in Nb and Ta, and enrichment in Pb. Group II
kimberlites also have lower absolute TiO, contents with
larger negative T1 anomalies than Group I kimberlites.
Depletion in Nb and other HFSE is a classic signature of
calc-alkaline magmas in subduction zones (e.g. Elliott
et al., 1997; Woodhead et al., 1998), and it is evident
from Fig. 11 that the fields for Group II kimberlites
strongly overlap with those for calc-alkaline magmas.
Fluids derived from subduction zones are characterized
by raised Ba/Th ratios, whereas melts derived from the
down-going sediment pile tend to have raised Th/Nb
ratios (e.g. Elliott et al, 1997; Woodhead et al., 1998).
Group II kimberlites trend towards high Ba/Th and
Th/Nb ratios, suggesting that both subduction zone
fluids and sediment melt were involved in the metaso-
matic overprint of their lithospheric mantle source
regions. This is consistent with the model of Helmstaedt
& Gurney (1984), who suggested that the sources of kim-
berlites were metasomatized by volatiles derived from
subducted slabs.

Minimum Nd model ages and the similar geochemical
characteristics of on- and off-craton Group II kimberlites
suggest that metasomatic enrichment occurred after
welding of the Proterozoic mantle underlying the
Namaqua—Natal belt to the Archaean Kaapvaal craton.
As no differences have been recognized between the
isotopic and trace element signatures of on- and off-
craton kimberlites, both Archaean and Proterozoic kim-
berlite source regions appear to have been enriched by
the same metasomatic event. If multiple subduction and
accretion events occurred during the 1-2-1-0 Ga forma-
tion and metamorphism of the Namaqua—Natal belt
(Thomas et al., 1994), similar to that imaged by the
Lithoprobe study in Canada (e.g. Cook et al, 1999),
then upward percolating melts or fluids derived from
the down-going slabs would have affected both overlying
Proterozoic and Archaean mantle. Metasomatism by
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Fig. 11. Variation of (a) Th/Nb vs La/Nb and (b) Ce/Pb vs Ba/Nb for on- and off-craton Group I and Group II kimberlites. Dividing lines for
Th/Nb, La/Nb, Ce/Pb and Ba/Nb provide distinction between kimberlite groups. Field of South Atlantic ocean island basalts (compilation from
PetDB; www.petdb.ldeo.columbia.edu) and schematic field for calc-alkaline magmas (compilation from PetDB) are shown for comparison. Data
from Kimberley (le Roex et al., 2003), Uintjiesberg (Harris et al., 2004), Swartruggens and Star (Coe, 2004) are included.

subduction zone fluids associated with the Pan-African
event in southern Africa may also have contributed to the
enrichment of on- and off-craton Group II kimberlite
mantle source regions.

Independent support for this source region character-
istic 1s found in the compositions of clinopyroxene in
mantle xenoliths from both the Kaapvaal craton (e.g.
Grégoire et al., 2003), and the Namaqua—Natal belt
(A. P. le Roex & C. Class, unpublished data, 2005). In
both tectonic settings, clinopyroxenes with two distinctly
different geochemical signatures can be identified, both
showing evidence for metasomatic enrichment, but one

having strong depletion in Nb and Ta and greater LREE
enrichment.

McKenzie & O’Nions (1983) have argued that the
sources of mantle plumes may be delaminated SCLM
and thus, in theory, such plumes could be the source of
metasomatic fluids with the Group II kimberlite geo-
chemical signature. However, this is deemed unlikely as
no OIB within the South Atlantic or Southern Ocean
shows depletion in Nb or isotopic signatures similar to
Group II kimberlites (le Roex & Erlank, 1982; le Roex,
1985; Hart, 1988; le Roex et al., 1990). Although Tristan,
Gough and Discovery OIB have high Ba/Nb ratios
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similar to Group II kimberlites, this is a feature of high Ba
in EM-1 OIB, thought to reflect a subducted sediment
component in the mantle plume source, rather than
depletion in Nb (le Roex, 1985; Sun & McDonough,
1989; Weaver, 1991). The palaco-tracks of these particu-
lar OIB plumes also suggest that they are unlikely to have
influenced South African kimberlite SCLM source
regions (Hartnady & le Roex, 1985; le Roex, 1986;
O’Connor & le Roex, 1992).

It 1s noteworthy that the 180 Ma Karoo continental
flood basalts show similar depletion in Nb, Ta and Ti,
with strongly enriched isotope signatures (Duncan et al.,
1984; Hawkesworth et al., 1984), suggesting that they may
have been derived from a common source region located
within the sub-Gondwana continental lithosphere. After
the massive outpouring of the Karoo continental flood
basalts at 180 Ma (Marsh et al., 1997), and the eruption of
Group II kimberlites from 200 to 110 Ma (e.g. Skinner,
1989; Gurney ef al., 2005), the more highly metasomat-
ized source appears to have been largely exhausted. Con-
sequently, the younger (~110-70 Ma; Smith et al., 19854,
1994) on- and off-craton Group I kimberlites analysed in
this study were derived from the more recently (Meso-
zoic) enriched lithospheric mantle carrying a plume sig-
nature. The off-craton Group I East Griqualand
kimberlites (Abbotsford East and Zeckoegat) erupted at
~150 Ma (Davis, 1977; Smith et al., 1985a), prior to many
of the Group II kimberlites, were derived from a mantle
source region apparently unaffected by subduction zone
metasomatism, but enriched by melts or fluids that have
been associated with the Bouvet mantle plume, inferred
to have underlain East Griqualand at that time (le Roex,
1986). Although the geochemistry of Group II kimberlites
shows no evidence for a plume component, it is possible
that the Mesozoic mantle plumes lying beneath South
Africa at the time of Gondwana break-up provided the
heat source for partial melting within the overlying meta-
somatized lithospheric mantle that led to Group II kim-
berlite magmatism.

CONCLUSIONS

Detailed bulk-rock major and trace element and Nd—Sr
1sotope data of over 20 Group I and Group II kimberlites
emplaced on and off the Kaapvaal craton allow recogni-
tion of clear similarities and differences in their geochem-
istry, and allow constraints to be placed on their genesis
and the evolution of their mantle source regions.

(1) Group I kimberlites tend to have higher TiO,, CaO
and COy, but lower SiOy and KyO, compared with
Group II kimberlites, whereas Group II kimberlites
have slightly higher Ni, and substantially higher Ba, Rb
and Pb and lower Nb and Ta concentrations. Diagnostic
trace element ratios of Group I kimberlites that dis-
tinguish them from Group II kimberlites include

Ba/Nb <12, La/Nb <I1-1, Ce/Pb >22 and Th/Nb
<0-14. These differences are interpreted to reflect differ-
ences inherited from their respective source regions.

(2) Marginally lower SiOy and MgO, but higher TiO,,
CaO and COy, in off-craton Group I kimberlites com-
pared with their on-craton counterparts suggest deriva-
tion of the former from slightly less depleted source
regions, or at slightly lower pressures, than on-craton
kimberlites. The lower La/Sm, La/Yb and Gd/Yb of
off-craton Group I kimberlites also are consistent with
derivation by slightly higher degrees of melting than on-
craton kimberlites. No significant differences are observed
between on- and off-craton Group II kimberlites.

(3) Semi-quantitative modelling indicates that the high
Mg-number (0-82-0-89) and Ni (600-1400 ppm) con-
tents coupled with strong enrichment in incompatible
elements of both Group I and Group II close-to-primary
kimberlites requires derivation from a refractory source
that has subsequently been metasomatically enriched.
Calculated source compositions are not unlike those
observed in garnet lherzolites from the Kaapvaal craton,
with La = 4-37 X chondrite and Yb = 0-9-3-6 X
chondrite.

(4) Contrasting REE ratios between Group I and
Group II kimberlites (higher La/Sm and La/Yb, and
lower Gd/Yb in Group II kimberlites) suggest that the
source regions of Group II kimberlites have a greater
modal proportion of clinopyroxene but less garnet, con-
sistent with being more highly metasomatized than the
Group I kimberlite source regions.

(5) The requirement for a refractory source protolith
that was subsequently metasomatically enriched prior to
melting is taken to imply that the source region of both
Group I and Group II kimberlites is located within the
SCLM. Characteristic trace element and Nd—Sr isotope
ratios indicate that source regions of on- and off-craton
Group I kimberlites have been enriched by OIB-like
fluids or melts associated with the passage of Mesozoic
mantle plume(s) beneath the SCLM. Diagnostic Nd—Sr
isotope and trace element ratios of Group II kimberlites
are unlike those of Group I kimberlites or OIB, but show
more affinity to calc-alkaline magmas. We interpret this
to suggest ancient metasomatic enrichment associated
with the infiltration of subduction zone derived fluids or
melts, which affected both the Archaean and Proterozoic
lithospheric source regions of Group II kimberlites.
Mesozoic mantle plumes may have subsequently pro-
vided the heat source to initiate partial melting and
Group II kimberlite generation at the time of continental
break-up.
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