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An integrated study of the petrology and Re–Os geochemistry of a suite of peridotite xenoliths, some carrying
abundant diamonds, from the richly diamondiferous Argyle AK1 lamproite pipe provides definitive evidence
for a depleted lithospheric root of Neoarchean age (TRD eruption ∼2.2–3.1 Ga) beneath the Proterozoic Halls
Creek Orogen at the margin of the Kimberley Craton, Western Australia. The microdiamonds from the
peridotitic xenoliths are similar in their properties to the minor population of small, commercial sized,
peridotitic diamonds from Argyle, both formed in the Archean from isotopically mantle-like carbon. The
major element bulk chemistry and mineral chemistry of the Argyle peridotites are slightly less depleted than
Archean cratonic peridotites as a whole but similar to those reported from Neoarchean–Paleoproterozoic
cratonic provinces. The Argyle peridotite xenoliths were derived from within the diamond stability field
(1050–1300 °C and 4.9–5.9 GPa) near the base of the lithosphere (typically 160–200 km depth) with a
geothermal gradient of 41.5 mW/m2. This thick diamondiferous lithosphere, estimated at up to 225 km thick
from present day seismic S-wave tomography, appears to have persisted since the time of eruption of the
Argyle lamproite (∼1180 Ma).
The existence of late Archean age lithosphere beneath the Argyle diamond pipe, in a region where no crustal
rocks of Archean age are known, suggests a decoupling of the crust and mantle in the region of the Halls
Creek Orogen, perhaps as a consequence of Paleoproterozoic (∼1.85 Ga) reworking and/or subduction at the
margin of the Kimberley Craton. The confirmation of an Archean lithospheric root beneath the Argyle pipe at
the margin of the Kimberley Craton seemingly conforms with “Clifford's Rule”, regarding the restriction of
economic diamond deposits to those underlain by Archean cratons. However, Argyle owes its rich diamond
grades not to its Neoarchean mantle roots but to the presence of richly diamondiferous eclogitic material
accreted to the craton root during the Proterozoic.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

The Argyle mine, one of the world's largest diamond mines, is the
only major diamond deposit found in an early Proterozoic mobile belt.
It is hosted by the Argyle AK1 lamproite pipe and lies within the Halls
Creek Orogen (HCO) at the southeast margin of the Kimberley Craton
ne Prozesse, Rheinische Frei-
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inWestern Australia (Fig.1). Archeanmobile belts such as the Limpopo
Belt contain diamondiferous pipes (e.g. Venetia, River Ranch).
However, with a few exceptions such as the Prairie Creek (USA)
lamproite (Lambert et al., 1995), Buffalo Head Hills (Canada)
kimberlites (Carlson et al., 1999), Pimenta Bueno and Juina (Brazil)
kimberlites (Bulanova et al., 2008a,b), kimberlites and other alkaline
ultrabasic volcanic rocks (including lamproites) intruding post-
Archean mobile belts at the margins of cratons are mostly barren of
diamonds, presumably having been derived from shallower depths
and thus sampled lithosphere in the graphite stability field (Janse,
1994). A number of studies of the Southern African (Kalahari and
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Fig. 1. Simplified geological map of Australia showing location of Argyle mine, the Halls Creek Orogen and the Kimberley Craton in relation to major geological regions by age. The
inset shows the distribution of kimberlites and lamproites in the Kimberley Craton and the Argyle and Ellendale diamond mines. CB=Canning Basin, K=Kimberley Craton, PC=Pine
Creek Inlier, TA=Tanami Province, and VR=Victoria River Basin.
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Kaapvaal) Craton, the Siberian and North Atlantic Cratons, have de-
monstrated a general correspondence between the age of the crust and
the age of its underlying mantle (e.g. Carlson et al., 2005 and refs.
within) and provided compelling evidence that cratonic lithospheric
mantle is typically coupled with its overlying crust (Helmstaedt, this
issue). It is therefore important to constrain the depth and the age of
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the lithosphere beneath the Argyle pipe both from the point of view of
understanding the occurrence and origin of diamonds, and in terms of
constraining the geometry of the Archean cratonic root at depth and
hence craton-mobile belt assembly models in general (Rudnick and
Walker, this issue).

Previous thermobarometry (Jaques et al., 1990) showed that
peridotite xenoliths, both diamondiferous and non-diamondiferous,
from the Argyle pipe were equilibrated within the diamond stability
field (1140–1290 °C, 5–5.9 GPa), corresponding to depths of 160–
190 km, similar to the range typically reported for diamondiferous and
‘diamond-facies’ peridotites from kimberlite pipes. This implies a
lithosphere thickness of up to 200 km, comparable with estimates
from present day S-wave tomographic models that suggest that the
Kimberley craton is underlain by a thick (up to 250 km) lithospheric
root that thins to the east and south (Van der Hilst et al., 1998;
Kennett, 2003; Fishwick et al., 2005). Jaques and Milligan (2004)
suggested that the location of the Argyle pipe (and other diamond-
iferous intrusions) coincides with the edge of a (old) thick litho-
spheric root beneath the Kimberley Craton.

Here we present Re–Os analyses on a suite of 23 peridotite xenoliths
based on a substantial newcollection ofmantle xenoliths from the Argyle
lamproite pipe. The study integrates petrologic, geochemical and Re–Os
age data to define the nature and age of the deep lithospheric root to the
richly diamondiferous Argyle diamond mine at the time of lamproite
intrusion.

2. Regional geology

The Mesoproterozoic (∼1180Ma) Argyle AK1 olivine-lamproite pipe
intrudes the eastern edge of the NNE-trending Paleoproterozoic HCO,
which lies between the Kimberley Craton in the west and the other
components of theNorth Australian Craton to the east (Fig.1). The HCO is
intruded by a number of lamproite and ultramafic lamprophyre bodies,
some of which carry diamonds (Jaques et al., 1986), but Argyle is the only
economic intrusion. Details of the geology of the pipe are given by Boxer
et al. (1989) and of the geochemistry by Jaques et al. (1989a).

The HCO comprises three north-northeasterly-trending basement
terranes containingweakly to strongly deformed andmetamorphosed
Paleoproterozoic sedimentary, volcanic and intrusive rocks including
voluminous granites and several suites of layered mafic-ultramafic
intrusions (Hoatson and Blake, 2000). Major deformations affected
the westernmost zone of the HCO between 1865 and 1850 Ma
(Hooper Orogeny), the central zone between 1863 and 1845 Ma, and
both the central and eastern zones between 1835 and 1805 Ma (Halls
Creek Orogeny). Post-1800 Ma sedimentary basins occur in all three
zones. Later intracratonic deformation events variably affected the
rocks of the HCO at ∼1000 Ma (Yampi Orogeny), ∼560 Ma (King
Leopold Orogeny) and ∼300 Ma (Alice Springs Orogeny).

The age of the lithosphere underlying the Kimberley Craton, the HCO,
and the North Australian Craton is poorly constrained. Hancock and
Rutland (1984) and Etheridge et al. (1987) postulated a commonArchean
substrate for all three crustal elements. Subsequent geological and
geophysical studies suggest that the HCO represents a plate boundary
between the two cratonic blocks (e.g. Myers et al., 1996; Sheppard et al.,
1999; Shawet al., 2000; Betts et al., 2002). In the eastern zone of theHCO,
∼1910Ma volcanic rocks are unconformably overlain by a fluviatile
sandstone that yielded detrital zircon ages lying exclusively within the
2.4–3.6 Ga range (Tyler et al., 1999), suggesting the presence of Archean
basement. In the central HCO, Sm-Ndmodel ages for the Argyle lamproite
indicate that the lamproite was derived from, or at least includes, an
ancient enriched component, implyingmantle of early Proterozoic to late
Archean age (N2 Ga, Jaques et al., 1989a). Graham et al. (1999) reported
Re–Os data for two Argyle peridotite xenoliths that indicated an apparent
Archean age (N2.55 Ga) for the mantle root under Argyle. However, the
TMa ages calculated by Graham et al. (1999) are likely to overestimate the
actual age of depletion of the mantle root since the Re contents of the 2
studiedxenolithsobviouslybearmetasomatic imprints. Finally,within the
Kimberley Craton, Downes et al. (2007) reportedHf isotope compositions
for Paleoproterozoic (1850 Ma, U–Pb date) zircons in peridotite xenoliths
from the Neoproterozoic (∼820 Ma) Aries kimberlite in the southern
Kimberley Craton (Fig. 1) that have late Archean Lu–Hf model ages.

3. Samples and methods

A number of mantle peridotite xenoliths have been exclusively
recovered from the low diamond grade ‘non-sandy’ tuff member at the
northern end of the pipe. A suite of 71 peridotite xenoliths, including
7 diamond-bearing peridotites, recovered during the first years ofmining
was described by Jaques et al. (1990). Surprisingly, no eclogite xenoliths
were encountered despite abundant eclogitic silicate inclusions within
the Argyle diamonds (Hall and Smith, 1984; Jaques et al., 1989b). Mining
activity in 2003 revealed a new zone within the ‘non sandy’ tuff member
(Boxer et al., 1989) of the lamproite intrusionwhere mantle xenoliths, in
various states of preservation,were concentrated. Efforts by themine staff
led to the recovery of several hundred new peridotite xenoliths that form
the basis of this study.

3.1. Sample selection and microdiamond determination

The xenoliths are all oblate to disc-shaped, range in size from 8 to
12 cm and typically weigh between 0.4 and 0.8 kg, the largest weighing
1.1 kg. They commonly display a strong reaction rim with the host
lamproite. From the several hundred samples collected more than 100
were examined in thin section using transmitted and reflected light
petrographic microscopy and 69 of these were also examined in thick
section, photographed digitally and imaged by SEM equipped with an
energy dispersive analyzer. Samples were selected for mineral and
whole-rock geochemistry on the basis of the petrographic studies (least
alteration, presence of relic primary phases, and absence of lamproite
micro-veinlets) and sample size. Following these criteria, a total of 23
peridotite xenoliths – 19 recently discovered xenoliths and 4 well-
characterized peridotite xenoliths from the original suite (Jaques et al.,
1990) – were chosen for mineral and whole-rock geochemistry. On
those selected samples, all the visible reaction zones with the lamproite
and alteration rims were removed in order to preserve only the fresher
dark-green zones. Up to 100 g of rock powders were prepared for major,
trace and ultra-traces (i.e. Re and Os) analyses, starting from 100–200 g
sample masses. Petrographic details are given in Table 1.

Chromite separateswere prepared fromperidotite xenolith 6504257
by crushing and heavy liquid separation. Chrome spinels were hand
picked from the concentrates under the binocular microscope and
divided by morphological appearance into primary chrome-rich types
with characteristic anhedral, larger shapes (fractions A and B) and Al–Cr
symplectite spinels (fractionsC andD)which formmuchsmallerequant
shapes (see Section 4.1 below).

Finally, portions of 20 xenoliths were fused with caustic soda for
extraction of microdiamonds. Three small monocrystalline diamonds
0.7 mm in size were then polished down to expose mineral inclusions
for analysis.

3.2. Microbeam analysis

Mineral analyses were carried out by wavelength dispersive
methods using a Cameca SX-100 electron probe micro-analyser
(EPMA) at the Research School of Earth Science, Australian National
University, using methods and detection limits very similar to those
reported by Jaques et al. (1990) except that detection limits are lower for
Ca and Al (50, 70 ppm respectively) and higher for K (130 ppm) in this
study. Between 5 and 10 analyses of each phase were undertaken.
Representative analyses are given inTable A Appendix A. EPMA analyses
of major elements and laser ablation mass spectrometer (LA-MS)
analyses of trace elements for spinels from Argyle xenoliths 6504257



Table 1
Petrography of Argyle peridotite xenolith samples analysed.

Sample Ol Opx Cpx “Ga” Cr alteration Primary minerals

6504010 X X ?x x − ++/+++ Relic Ol, Opx
6504022 X X x x − +++ Relic Ol, Opx, Cpx
6504049 ◆ X X ?x x − +++ No
6504051 X X x x − +++ Relic Cpx
6504062 X X x x − +++ Relic Cpx
6504072 X X x x − ++ Abundant relic Ol, Opx, Cpx
6504078 X X x x − +++ Relic Cpx
6504091 X X ?x x − +++ Abundant relic Ol, Opx
6504093 X X ?x x − +++ Relic Ol, Opx
6504096 X X x x − +++ Relic Ol, Opx, Cpx
6504111 X X ?x x − +++ No
6504131 ◆ X X ?x x − +++ Rare relic Ol, Opx
6504138 X X x x − +++ Relic Ol, Opx
6504142 X X x x − +++ No
6504148 ◆ X X X x − ++ Abundant relic Ol, Opx, Cpx
6504149 ◆ X X ?x x − ++ Relic Ol, Opx
6504158 X X ?x x − +++ No
6504180 X X x x − +++ Relic Cpx
6504221 X X ?x x − +++ Relic Ol, Opx
6504256 X X ?x x − +++ No
6504257 X X ?x x x +++ Chromite
6504270 ◆ X X ?x x − +++ No
6504271 ◆ X X x x − +++ Relic Cpx
6504293 X X x x − +++ Rare relic Cpx
6504294 X X ?x x − +++ No
N23a X X x x − +/++ Abundant relic Ol, Opx, Cpx
N25a X X ?x x − ++ Abundant relic Ol, Opx
N40a ◆ X X x x − +/++ Abundant relic Ol, Opx, Cpx
N48a X X x x − ++ Abundant relic Ol, Opx

Diamond symbol=diamondiferous peridotites. X =major phase, x =minor phase, ?x=
primary phase inferred but not confirmed because of extensive alteration. Bold indicates
relic primary phases analysed by electronmicroprobe. Ol= olivine, Opx=orthopyroxene
(enstatite), Cpx = clinopyroxene (Cr-diopside), “Ga” = former garnet now replaced by
spinel-rich symplectite, Cr = chromite.

a From Jaques et al. (1990).
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and N45 were undertaken at University of Bristol. EPMA analyses were
made with a Cameca SX100 microprobe. LA-MS analyses used a
Merchantek/New Wave Research MicroProbe II frequency quadrupled
Nd:YAG 266 nm UV laser ablation system, coupled to a Thermo
Elemental PlasmaQuad 3 ICP-MS equipped with both a standard ion-
sampling interface and an S-Option high efficiency interface.

3.3. Geochemistry techniques

Major elements were analysed for the 19 recently-discovered
peridotite xenoliths by X-ray fluorescence at the University of Cape
Town, South Africa. Trace elements were determined by ICP-MS at
Durham University using a Perkin Elmer Sciex Elan 6000 quadrupole
ICP-MS. Replicate analyses of international reference material (BIR-1,
W2, BHVO-1, AGV-1, BE-N, SRM 688) and in-house reference material
(GP13, Beni-Bousera garnet-lherzolite) agree well with the recom-
mended values. Reproducibility and precision estimated from these
duplicate analyses are better than 6% (2σ) and within 90% respectively
for the elements reported in Table B Appendix A.

Os concentrations and 187Os/188Os ratios were determined using the
Thermo-Finnigan N-TIMS of the University of Durham. Re concentrations
were determined by isotope dilution inductively coupled plasma mass
spectrometry, using the Thermo-Finnigan Element 2 ICP-MS of the
University of Durham. Prior to measurements, sample digestions were
performed with 7.5 mL inverse aqua regia on 1 g of whole-rock sample
powder aliquot and on 5–15 mg chromite separates (fractions A and B) at
moderate temperature (220 °C) and moderate pressure in glass Carius
tubes for at least 24 h. For several samples, digestions of 1 to 2 grams of
whole-rock powder and of 3–37 mg of chromite separates (fractions C
and D) were duplicated using the Anton-Paar high pressure-asher.
Digestion runs were in this case performed at 300 °C and 100 bars for at
least 4 h. High-pressure dissolution methods have been shown to attack
better and thereforemore effectively dissolve the refractoryminerals (e.g.
alloys) potentially hosting osmium (Meisel and Moser, 2004). Details of
the chemical separation for Os and Re are provided in Pearson and
Woodland (2000) and Pearson et al. (2004). Total procedural blanks and
analyses of international standard samples have been carried out by the
twodigestion techniques. Theprocedural blanks varybetween1–2 pptOs
and1.4–4.5 pptRe for theCarius-Tubedissolution (N=2)and0.2–0.7 ppt
Os and 3.4–5 ppt Re using the high-pressure dissolutions (N=2). The
averageprocedural blanksobtainedbyHT-HPdigestion are systematically
better for Os. Replicate analyses of in-house standard sample (GP-13)
performedbycarius tubedissolution (N=2)yield reproducibilityof 5–6%
for Os and 14–17% for Re. Rhenium reproducibility becomes better when
analyses are done using high temperature-high pressure digestions
(1.5%). When compared with analyses performed using similar digestion
methods (Meisel and Moser, 2004), precision of our in-house standard
GP13 isbetter than5% forOsand9% forRe forCariusTubedissolutionsand
is highly improved when performing HP-Asher dissolutions (b5% for Re,
9–11% for Os). Reproducibility of 187Os/188Os ratios for TIMS analyses in
Durham University ranges from 0.8 to 1.4‰, similar to the long-term
reproducibility of the University of Maryland standard solution (2‰ over
3 years).

4. Mineralogy and petrology of Argyle peridotite xenoliths

4.1. Textures and mineral assemblages

The xenoliths show various states of preservation ranging from
sampleswhere noprimary silicates remain to those that still contain relic
olivine and pyroxenes, allowing thermobarometry estimates (Jaques et
al.,1990). Relic primaryassemblages andpreserved textures indicate that
the xenolithsweremostly garnet lherzoliteswith coarse grains (typically
1–4 mm) of olivine, orthopyroxene, and subordinate amounts of clino-
pyroxene and former garnet. Summary petrographic data are given in
Table 1. All xenoliths have undergoneonlymild tomoderate deformation
exhibited by the presence of undulose extinction, kink-bands, and
deformation lamellae. In the more deformed samples, the enstatite
grains have a weak porphyroclastic texture. Although not found in all
samples, the absence of highly refractory olivine and Ca-poor enstatite
(seebelow) suggests that chromediopside is likelypresent inall samples,
even in small amounts. Olivine is replaced to varying extents by lizardite,
montmorillonite, and talc, and pyroxenes by talc, calcite and/or tremolite
(diopside), whereas garnets have been entirely replaced by symplectic
intergrowths of fine-grained Al–Cr spinel, pyroxene and secondary
silicates showing a large variety of textures. Fine-grained dense inter-
growths typically preserve the shape of the former garnet. Inmore open-
textured symplectites, the core of the former garnet is entirely replaced
by secondary silicates and the former rim is defined by equant euhedral
grains (up to 100 µm, but typically 20-60 µm) of Cr-Al spinel (Jaques et
al., 1990). Rare Cr-rich chromite also occurs in a few samples as discrete
sub- to anhedral interstitial grains 50–300 µm across commonly with
cuspate margins and fractured, some elongated in shape. Some are
spatially associated with the former garnets (now symplectites).

4.2. Diamonds

Diamonds were found in 14 of the 69 xenoliths processed (8 in the
original suite and 6 in the newly discovered xenoliths). Details of stones
recovered and sample weights processed from the newly discovered
suite are listed inTable CAppendix A. Diamondpresence in both suites is
highly erratic and spotty, with number of stones per xenolith varying
from 0 to 158. The diamond grade of individual diamondiferous
xenoliths (including those studied by Jaques et al., 1990) ranges from
b0.001 ct/t to 333 ct/t, with an average grade of 31.48 ct/t. The overall
grade, including the barren peridotite xenoliths, is 24.34 ct/t.

The stones are generally microdiamonds b0.4 mm in diameter
with few larger than 0.7 mm. They are irregular unresorbed octahedra,
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macled octahedra, aggregates, and broken stones (Hall and Smith,
1984; Trautman, 1999), colourless, very pale grey, brown or yellow in
colour, often with deeply frosted surfaces coated with graphite. These
diamonds are similar to small un-resorbed and etched octahedral
diamonds of peridotitic paragenesis, which form 5% only of Argyle
commercial production (Hall and Smith, 1984; Jaques et al., 1989b).
The bulk of the Argyle commercial stones (95%) are mostly strongly
coloured and heavily resorbed dodecahedra of eclogitic paragenesis
and differ sharply in morphology from the peridotite xenolith
microdiamonds.

Two diamonds from xenoliths analysed by FTIR do not contain
nitrogen and are Type II (this study); Trautman (1999) undertook FTIR
investigations of the original xenolith microdiamond suite and found N
contents varied from 71–112 ppmwithmost diamonds having N85% IaB
aggregation. Carbon isotope measurements made on the original
xenolithmicrodiamondsuite ranged from−1 to−5 δ13C %o (Trautman,
1999), slightly heavier than average mantle values (−5.5 δ13C %o) as
given by Deines (2002).

Very small inclusions in the peridotite xenolithmicrodiamondswere
identified as tiny black graphite spots orNi-rich sulfides by SEManalysis.
A single olivine inclusion (Mg#92.6 where Mg# =100⁎Mg/(Mg+Fe)),
was also found.

4.3. Base metal sulfides

Despite detailed scrutiny, no mantle-derived base metal sulfides
(BMS) have been observed in any of the Argyle xenoliths examined
but some contain hydrothermal (secondary) BMS as ‘accessory’
minerals. These occur in two populations. The first population occurs
as tiny (20–50 µm long), euhedral Co-rich-Ni-pentlandite (up to
6.2 wt.% Co)±heazlewoodite grains disseminated within the serpen-
tine matrix. Because of their small size, euhedral shape and their
ubiquitous association with serpentinisation minerals, these sulfides
are interpreted to have formed during serpentinisation as found in
other studies of mantle peridotite (e.g., Philipidis, 1982; Luguet, 2000;
Klein and Bach, 2009). The second population – comprising galena,
chalcopyrite and pyrite – occurs as sulfide veinlets, sometimes
showing a spongy texture and crosscutting both the serpentine and
the bastite pseudomorphs. This sulfide paragenesis likely reacted with
the serpentine matrix to form veinlet rims of Ni-pentlandite. Both
hydrothermal sulfide generations have experienced oxidation as
shown by the high O content of pentlandite and galena. In the case
of pentlandite, this oxidation also leads to replacement by millerite
and violarite.

4.4. Mineral chemistry

Olivine compositions are Mg-rich (Mg#91.5–92.5), have high Ni
contents and very low Ca (typically 300–400 ppm). Multiple analyses
indicate that olivine grains within a single peridotite are uniform in
composition, lying typically within analytical error. There is no
difference in olivine composition between the diamondiferous and
non-diamondiferous Argyle peridotite xenoliths. Compositions (Table
A Appendix A) lie within the range found previously for Argyle
peridotite xenoliths (Mg91.2–93.1, Jaques et al., 1990) and have similar
modes (Mg91.7 cf Mg91.9). These compositions are typical of moder-
ately refractory mantle peridotite and comparable with olivine from
cratonic peridotites world-wide (e.g. Pearson and Wittig, 2008).

The olivine inclusion in diamond recovered from xenolith sample
6,504,131 is also rich in Ni (0.38 wt.%) andMg (Mg#92.6) within error of
the olivine in this xenolith (Mg#92.4) and within the range previously
found for olivine inclusions in Argyle diamonds (Mg#92.4–94.5). The
Mg# values for olivines included in Argyle diamonds extend to higher,
more refractory values than for olivine from the peridotite xenoliths
(Jaques et al., 1990).
Enstatites also show a limited range in Mg# (92.4–93.6), and have
very low Al2O3 (0.4–0.8 wt.%) and CaO (0.6–1.2 wt.%) contents (Table
A Appendix A). They also have uniformly low Ti contents (b0.06 wt.%
TiO2), contain significant Cr (0.2–0.35 wt.% Cr2O3) and have detect-
able Na (up to 0.17 wt.% Na2O). They fall within the compositional
range of those found previously at Argyle except for Al2O3 contents,
which extend the range to slightly higher values. The very low Al2O3

contents are typical of enstatite compositions found in diamond-
iferous peridotites and inclusions in diamond and, when coexisting
with garnet, indicate equilibration at very high pressures.

Chrome diopsides have uniformly high Mg# and Ca with Ca/(Ca+
Mg+Fe) in the range 0.39–0.44. All have low contents of Al2O3 (0.7–
1.5 wt.%), Na2O (0.6–1.3 wt.%) and TiO2 (typically b0.1 wt.%, Table A
Appendix A). As reported by Jaques et al (1990), some clinopyroxene
grains contain detectable amounts of K2O. There is no apparent
correlation of the K2O content with the diopside composition. The
major element composition of chrome diopside in the diamondiferous
samples is very similar to that in the non-diamondiferous samples.

Picrochromite is rare and occurs as interstitial grains ranging from
200 µm to 1.5 mm in length in sample 6504257. Compositions are
uniformly magnesian and chrome-rich (14–15 wt.% MgO, 56–58 wt.%
Cr2O3, Cr#=(Cr/(Cr+Al)=0.71–0.75) and very poor in Ti (typically
at or below the detection limit: 0.02 wt.% TiO2; Table A Appendix A).
The chromite chemistry is comparable with that reported previously
for ‘primary chromite’ in Argyle peridotite xenoliths (Jaques et al.,
1990) and similar to but less refractory than chromite inclusions in
diamonds and chromite in diamondiferous harzburgites (e.g. Sobolev
et al., 1984; Stachel and Harris, 2008). Jaques et al. (1990) interpreted
the chromites to be ‘primary’ in origin based on their textures, grain
size and chemistry (very low Ti and uniformly high Mg and Cr
contents) which are distinctly different from those of the symplectic
Al–Cr spinels. However, the spatial associationwith the former garnet
(now replaced by symplectite) might indicate a more complex origin
for the chromite, perhaps involving recrystallisation from former Cr-
rich garnet and/or metasomatism in the mantle.

Secondary Cr-Al spinels, together with Al-rich pyroxenes, occur in
the symplectites as a breakdown product of garnet. These are
distinguished from the coarse chromites by size, shape and chemistry.
The symplectite spinels are invariably much smaller (b100 µm),
typically euhedral, equant grains, and differ from the ‘primary’ spinels
in having a wide range in Cr and Al contents (Cr#=0.18–0.56; Jaques
et al., 1990); all have high Mg# consistent with high crystallisation
temperatures.

5. Pressure-temperature estimates

Temperatures and pressures of equilibration of the primary silicate
assemblage have been estimated using the Nimis and Taylor (2000)
single pyroxene thermobarometer (NT2000) for 10 of the geochemical
samples (Table DAppendix A). Data are also included for 4 other Argyle
peridotite samples that preserve diopside but were considered
unsuitable for geochemical analysis because of alteration and micro-
veining. The NT2000 thermobarometer is based on the solubility of
enstatite in diopside (temperature) and the solubility of Cr in diopside
(pressure). For the Argyle samples, this thermobarometer yields
temperatures between ∼1050 and 1300 °C and pressures in the range
4.9–5.9 GPa (Fig. 2). This range is similar to the estimates of 1140–
1290 °C and 5–5.9 GPa) reported previously by Jaques et al. (1990)
based on the two-pyroxene thermometer and Al-in-opx and Ca-in-
olivine barometers of Brey and Kohler (1990). Equilibration tempera-
tures (1100–1220 °C) similar to those of the silicate phases were
estimated for the primary chromites in samples 6504257 and N45 using
the Ni–Mn and Ni–Co (Denny, 1998) geothermometers. According to
time-temperature-Naggregation relationships (Evans andHarris,1989),
the high aggregation state recorded by Trautman (1999) for diamonds
recovered from the earlier set of Argyle peridotite xenoliths implies high



Fig. 2. Pressure-temperature estimates for Argyle peridotite xenoliths based on Nimis
and Taylor (2000) clinopyroxene thermobarometry (this study) compared with
conductive 35, 40 and 45 mW/m2 geotherms and fields for all Argyle peridotite
xenoliths and the diamondiferous peridotite xenoliths (this study and Jaques et al.,
1990). Also plotted is a single Cr-pyrope inclusion in Argyle diamonds and PT estimates
for other Cr-bearing garnets (see text).

Fig. 3. Comparison of CaO and Al2O3 contents of Argyle peridotite xenoliths with
peridotite xenoliths from cratonic and non-cratonic areas (Lorand et al., 1999; Lee,
2002; Irvine et al., 2003; Pearson et al., 2004).
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mantle storage temperatures of some 1250–1300 °C for mantle
residence times of between 1 and 3 Ga. This is in general agreement
with the thermometry results calculated from the silicate assemblages
and chromite above, and agrees especially with results from the
diamondiferous xenoliths (Fig. 2).

The thermobarometry indicates that the Argyle lamproite sampled
moderately depleted but diamondiferous lithosphere at depths of 150–
200 km with a geothermal gradient of ∼41.5 mW/m2. A single Cr-rich
(14.6 wt.% Cr2O3) pyrope inclusion from a peridotitic Argyle diamond
plots close to the P-T field defined by Argyle diamondiferous peridotites
(pressure: Cr in garnet using Grütter et al., 2006; temperature by
olivine-garnet Fe-Mg using O'Neill and Wood, 1979) whereas low-Cr
lherzolitic garnets (≤wt.6% Cr2O3, CaO) from Argyle concentrate fall
within the graphite stability field based on the Ni-in-garnet thermo-
meter (Canil, 1999) and Cr-in-garnet barometer (Ryan et al., 1996). The
secondary spinels in the symplectites record a much wider range of
crystallisation temperatures from quasi-magmatic or equivalent to the
primary phases through to lower temperatures (800–1000 °C), which, if
accurate, are likely to be sub-solidus or cooling temperatures.

6. Whole rock major element and trace element compositions

6.1. Major elements

All the Argyle peridotites analysed for our study are coarse-grained
garnet-lherzolites and garnet-harzburgites, which have experienced
extensive alteration (LOI=9–19 wt.%, Table B Appendix A). Argyle
peridotites are characterized by lowAl2O3 (0.56–1.95 wt.%), TiO2 (0.06–
0.29 wt.%), CaO (0.19–2.30 wt.%) and Na2O (b0.28 wt.%) contents
consistent with the moderately to strongly refractory composition of
the major minerals. The CaO versus Al2O3 systematics are similar to
those observed for cratonic peridotites. The Argyle peridotites also
overlap the composition of the most refractory off-craton peridotitic
xenoliths (Fig. 3). This trend, and the overall refractory major element
chemistry of the Argyle peridotite xenoliths, is typical of residues of
partialmeltingwith concentrationsofmagmaphile elements decreasing
from lherzolite toharzburgite. This relation showshowever somescatter
which could be partly due to disturbance of CaO by secondary processes
(e.g. carbonate precipitation in sample 6504256 as suggested by both
highCaandhigh Sr contents).On theotherhand, Argyle peridotites have
higher SiO2 contents (44–53 wt.%) than reported so far for peridotite
massifs and xenoliths whether from cratonic or off-craton settings.
When plotted against MgO contents, the Argyle peridotites define a
negative trend, similar to andoverlapping theoneobserved for the other
cratonic peridotites as well as fore-arc peridotites. This trend is
nevertheless distinct from the trend defined by both the massif
peridotites (Pyrenees, Lanzo, Ronda), and the off-craton xenoliths (e.g.
Kilbourne Hole, SE Australia, Massif Central France, Ethiopia) for which
only smaller variations of SiO2 contents are generally observed for the
same MgO variations (see for example. Bedini et al, 1997; Lorand et al.,
1999; Zangana et al., 1999).

6.2. Trace elements

Transition element concentration ranges of the studied samples
are generally similar to those reported for massifs and peridotite
xenoliths (Table B Appendix A). Abundances of nickel, scandium and
vanadium, three mildly incompatible elements hosted respectively by
olivine and clinopyroxene, plot within the field of cratonic peridotites
and display overall correlation with the degree of depletion
(expressed as Al2O3) characteristic of partial melting residues. Seven
peridotites nevertheless show higher V contents for a given depletion
degree (Canil, 2004). Chromium abundances display a weak positive
correlation with Al2O3 contents (r=0.65), as systematically observed
for cratonic peridotites containing less than 2 wt.% Al2O3. The
weakness of the relationship is likely due to the ‘nugget effect’ related
to the small size of the Argyle xenoliths and the heterogeneous
distribution of spinel and chromite at the hand-specimen scale.

Abundances of large ion lithophile elements (LILE), rare earth
elements (REE) and high field strength elements (HFSE) have been
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determined for the lamproite by analyzing the host rock of the xenolith
sample 6504149 as well as the 23 peridotites. The host rock has an
incompatible element-enriched trace pattern similar to the Argyle
olivine-lamproite dykes (Jaques et al., 1989a) with high LaN/YbN (∼82)
and high concentrations of Ba, La, Sr and Zr relative to estimated
abundances of the primitive mantle (BaPM=92, LaPM=188, SrPM=34,
ZrPM=53; PM=primitivemantle normalized afterMcDonough and Sun,
1995). The concentration range of the LILE, REE and HFSE in the Argyle
peridotites is 0.06–350 times that of primitive mantle. The observed
enrichments in incompatible trace elements are inconsistent with the
major element depletion and the refractory mineral compositions.
The chondrite-normalized REE patterns display a negative slope (LaN/
YbN=10–370) reflecting a strong enrichment in light REE closely
mimicking the REE pattern of the lamproite (Fig. 4). Abundances of the
LREE and themediumREE vary sympathetically (i.e. Smversus La): this is
inferred to be a result of lamproite addition by infiltration. In contrast, the
heavy REE do not co-vary with the LREE suggesting that the HREE
concentrations are minimally disturbed and likely preserve melting
trends (e.g., Canil, 2004; Wittig et al., 2008). Ytterbium abundances
display a weak positive correlation with Al2O3 for 18 samples (r=0.56)
while 6 samples show slight to strong enrichment in Yb for a given Al2O3

content. Ytterbium iswell known to be a very compatible elementwhose
behavior and concentrations depend on the pressure and conditions of
melting (Walter, 2003; Canil, 2004). Ytterbium concentrations in the first
18 samples range from 0.03 to 0.17 ppm (YbPM=0.09–0.4). Such low Yb
concentrations are usually the result of melting in the absence of garnet
but cratonic garnet lherzolites with comparably low Yb contents and
containing garnet with low abundances of HREE have been reported
elsewhere (e.g. Pearson et al., 2003). Hence, the lowYb contents could be
the result of complete garnet consumption by partial melting (with
subsequent exsolution during cooling) or melting in the spinel stability
field and subsequent incorporation deeper in the lithosphere (e.g.
Kelemen et al., 1998; Wittig et al., 2008).

Abundances of large ion lithophile elements (e.g. Ba, Rb, Sr) and high
field strength elements (e.g. Ti, Ta, Nb, Zr, Hf) are slightly to strongly
enriched compared to the primitive mantle (BaPM=7–351, RbPM=13–
67, NbPM=3.6–39.5, ZrPM=0.4–4.4). The HFSE enrichments are
interpreted as the result of lamproite infiltration of the xenoliths: this
is supportedby strongcorrelations amongst these elements (i.e. Tavs. Hf
(r=0.96); Zr vs. Ti (r=0.86)) tending toward the lamproite composi-
tion. Similarly, apart from one sample (6504256), rubidium varies
sympathetically with strontium (r=0.72) also tending toward the
lamproite composition. The same is true for Sr and Rb variations as a
function of Ba contents but only for 16 of the 24 samples. The 8
Fig. 4. Rare earth element (REE) abundances of the Argyle peridotite xenoliths
normalized to CI-chondrites. Also shown are the REE contents of lamproite host sample
65041549A (this study) and the average Argyle AK lamproite (Jaques et al., 1989a). Note
the marked depletion in HREE of the argyle peridotites and their strong enrichment in
LREE, similar to that observed in the lamproite host.
remaining samples show the highest Ba concentrations whose varia-
tions are independent of any other trace elements analysed here. These
enrichments are not obviously linked to the lamproite infiltration. In
addition to the clear evidence of lamproite infiltration, Jaques et al.
(1990) suggested that at least some of the enrichment in incompatible
elements of the Argyle peridotite xenoliths was ‘primary’ and occurred
prior to entrainment in the lamproite because of the presence of rare
coarse Cr-rich titanate with high abundances of K, Ca, Sr, Ba and Zr, and
K-rich Cr-diopside.Moreover, the Sm–Nd(andRb–Sr) systematics of the
Argyle lamproite imply derivation from a mantle source(s) enriched
prior to 2000 Ma (Jaques et al., 1989a). Other evidence for metasomatic
enrichment of the mantle beneath the HCO is the presence of pyrope
with elevated Ti (and Zr) in the Argyle heavy mineral concentrates
(Fig. 2, C.B. Smith, unpubl. data) that imply melt metasomatism (Griffin
et al., 1999).

7. Osmium, Rhenium and 187Os/188Os ratios

7.1. Replicate analyses

Whole-rockRe–Os analyses have been replicated for 8 samples (both
diamondiferous and non-diamondiferous) by Carius tube and/or HP-
asher digestions. Replicate analyses can yield information on the Os and
Re-bearing mineral(s) in the Argyle mantle samples such as their
distribution at the hand sample scale and the numbers of populations of
host minerals.

XenolithsN23, 6504270, 6504142 and6504131 yield similarOs and
Re concentrations as well as similar Re–Os ages (Fig. 5) for digestions
performed by the 2 different techniques and on different amounts of
powder. The excellent reproducibility of the Os and Re concentrations
and TRD ages demonstrates that the Os-bearing minerals are homo-
geneously distributed at the scale of 1 g and it is likely that only one
population of Os-bearing minerals occurs in those samples. This
conclusion is also supported by the highly reproducible HSE patterns
(Luguet et al., 2008) that yield very similar HSE abundances and inter-
element fractionations independent of the digestion procedure.

Other samples show more variability in their replicate analyses by
different techniques. The large variations of Os concentrations in
samples 6504138 and 6504257 likely reflect the occurrence of
irregularly distributed Os-rich minerals in some of the aliquots
analysed. HSE patterns in these Os-rich samples are also associated
with positive Ru anomalies (see Luguet et al., 2008), revealing that the
Os–Ru-rich minerals are likely laurite (see Luguet et al., 2007; Lorand
et al., 2008). It seems unlikely that inefficient attack of laurite grains
by one of the digestion method used here can explain the abundance
variations we observe. This is reinforced by the identical Re–Os model
ages obtained for the xenolith 6504131, which would not result from
preferential leaching of an Os-rich phase and indicate that the laurite
grains, together with the other Os-host minerals, are dominated by a
single generation.

Surprisingly, we obtained lower Os concentrations from samples
6504293 and 6504091 via the HP-asher digestions compared to the
Carius tube digestions. Re values were also lower; however, the shapes
of the HSE patterns are similar between the two types of digestions.
This suggests that the lower Os and Re concentrations measured for
the HP-asher digestions likely reflect nugget effects rather than
variations in digestion inefficiency. Typically, where variable and
inefficient leaching operates in the dissolution of HSE-rich rocks, it is
the Carius Tube technique that yields the lower HSE abundances
relative to HP-HT digestions (Meisel and Moser, 2004). We do not
observe these systematics in any of our replicate data. The different
TRD eruption ages obtained for a given sample could be explained by
the difference of Os/Re ratios without inferring the occurrence of
several generations of Os-hosts having different TRD eruption ages.

Since there are no systematic differences in Re–Os systematics as a
function of digestion method, only the Carius tube digestion data, are



Fig. 5. Concentrations of osmium and TRD eruption ages obtained for the replicate
analyses of 8 Argyle sample xenoliths. The Os and Re analyses were performed on 1 g
sample powder after Carius tube digestions (black symbol), on 1 g sample powder after
HP-asher digestions (grey symbol) and on 2 g sample powder after HP-asher digestions.

Table 2
Osmium and rhenium concentrations, 187Os/188Os ratios and TRD ages at the time of
the eruption of the lamproite for the Argyle peridotite xenoliths.

Sample Os ppb Re ppb 187Os/188Os TRD erup

Whole-rock
6504022 4.63 0.3 0.117961 2354
6504072 3.51 0.48 0.120627 2922
6504091 5.53a 0.50a 0.128866a 1183a

5.28a 0.61a 0.130028a 1360a

3.48b 0.53b 0.138642b 653b

6504093 4.31 0.11 0.116011 2115
6504096 4.85 0.05 0.118384 1582
6504111 3.96 0.17 0.112808 2776
6504131 ◆ 8.23a 1.02a 0.123504a 2369a

7.46b 0.99b 0.120401b 2894b

7.53c 0.87c 0.122227c 2426c

6504138 3.68a 0.85a 0.133705a 2378a

13.34a 0.92a 0.118269a 2357a

6504142 2.21a 0.15a 0.112627a 3082a

2.13b 0.12b 0.112929b 2901b

2.26c 0.11c 0.112204c 2902c

6504148 ◆ 5.48 0.55 0.120491 2471
6504149 ◆ 1.72 0.05 0.113891 2467
6504158 3.41 0.16 0.113444 2736
6504180 3.41 0.16 0.118058 2247
6504221 6.88 0.15 0.113003 2467
6504256 3.93 0.19 0.117792 2146
6504257 5.88a 0.40a 0.111642a 3247a

2.32b 0.05b 0.112072b 2577b

2.89c 0.04c 0.111951c 2521c

6504270 ◆ 3.90a 0.13a 0.112908a 2610a

4.15c 0.06c 0.111734c 2528c

6504271 ◆ 3.69 0.27 0.119284 2277
6504293 3.12a 0.55a 0.137919a 1085a

2.50b 0.32b 0.143521b 369b

6504294 5.42 0.2 0.113518 2580
N23 1.67a 0.11a 0.114579a 2807a

1.88b 0.12b 0.113490b 2946b

N25 1.76 0.05 0.111002 2792
N40 ◆ 5.7 0.28 0.116926 2301
N48 6.61 0.29 0.113933 2636
HR 6504149 0.82 0.14 0.130091 n.d.

Chromite Separates
6504257-A 0.29a 1.34a 0.093440a 45013a

6504257-B 3.90a 0.87a 0.109922a 5416a

6504257-Cd 53.39b b.d.l.b 0.120277b 1184b

6504257-D 0.40b 0.033b 0.127449b 1263b

n.d.: not determined, b.d.l.: below detection limit. Diamond symbol stands for the
diamondiferous xenoliths.
187Os/188Os ratios and TRD ages at the time of the eruption of the lamproite for the
Argyle peridotite xenoliths.

a Carius-tube digestions (different weights for chromite separates, see text).
b HP-asher digestions on 1 g rock powder (different weights for chromite separates,

see text).
c HP-asher digestions on 2 g rock powder.
d TRD eruption calculated using a b.l.d concentration for Re of 15 ppt (i.e. 3×Re blank).
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used in the rest of this article for uniformity when discussing whole-
rock Os and Re concentrations and Re–Os isotopic systematics.

7.2. Os and Re concentrations

The whole-rock Os and Re concentrations in the Argyle peridotite
xenoliths lie in the range 1.67–13.34 ppb Os, 0.05–1.02 ppb Re (Table 2).
There is no difference in the PGE abundances (or systematics) of dia-
mondiferous and non-diamondiferous samples. These concentration
ranges are similar to those reported for cratonic peridotites (Pearson
et al., 2004) and overlap the concentration range found for off-craton
xenoliths.

Mantle residues of high degrees of partial melting are expected to
be strongly depleted in Re because of its highly incompatible
behaviour (Reisberg and Lorand, 1995; Luguet et al., 2007). While
Re/Os ratios of Argyle peridotites are mostly sub-chondritic (b0.08),
they are much higher than expected for mantle samples having
experienced extensive partial melting (∼0.001-0.03). In addition, the
HSE patterns of the Argyle samples (Luguet et al., in preparation;
Luguet et al., 2008) show positively-sloped Pd-Re segments, i.e. the
opposite trend to that expected for partial melting residues. These two
features argue for post-melting Re enrichments in the Argyle
peridotite xenoliths, most plausibly due to the lamproite infiltration.
This melt infiltration may have also introduced some Os, leading to
significant scattering of Re–Os isochron systematics and requiring the
use of TRD ages that assume all Re was removed at the time of melting
and produce minimum ages.

Concentrations of Os and Re in the coarse primary chromite (fractions
A and B) and isometric symplectite spinel (fractions C and D) separates
are 0.29–53.39 ppb forOs andb0.015–1.34 ppb for Re. Apart from fraction
C, osmiumconcentrations in the chromite and spinel separates are similar
and fall in the same concentration interval than the one obtained on
chromites from highly depleted harzburgites from Lherz (Luguet et al.,
2007). On the other hand, the symplectite spinels have low Re contents,
slightly lower than the Re contents from the sulfide-free Lherz



Fig. 6. Histogram of TRD model ages for Argyle peridotite xenoliths (diamondiferous
xenoliths in black, non diamondiferus xenoliths in grey) corrected for the age of
eruption of the Argyle lamproite. Also indicated are the ages and age ranges of
significant regional crustal events.
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harzburgites (Luguet et al., 2007) whereas the primary chromites have
highRe contents (aswell as higher incompatible PGE contents, see Luguet
et al., 2008), higher than the chromites from Lherz harzburgites.
Consequently, the primary chromites are characterised by elevated Re/
Os ratios (0.22–4.60) while the symplectite spinels showmuch lower Re/
Os ratios (0.0002–0.08).

7.3. Re–Os ages

Because the Re abundances of the Argyle peridotite xenoliths are not
primary, Re–Osmodel ages (TMA) will overestimate the ages, as appears
to be the case for twoperidotites analyzed byGrahamet al. (1999). As Re
is most likely to have been introduced by the lamproite host, we have
calculated TRD eruption ages for the Argyle peridotite xenoliths
assuming that the measured Re abundances were introduced to a Re–
depleted mantle peridotite residual after partial melting (with Re/
Os=0) at the time of eruption of the Argyle lamproite (1180 Ma). The
TRD eruption ages calculated in this way are minimum ages if this
assumption is true, andwill produce ages that are older than the simple
TRD model ages that are calculated from present-day Os isotope
compositions. Such TRD eruption ages will always produce dates that
are younger thanwhole rock TMA ages, whichwill over-estimate the age
of most metasomatised cratonic peridotites (see Pearson et al., 1995a,
2004 for a fuller explanation).

The Re–Os model (TRD eruption) ages for the Argyle peridotite
xenoliths range from 1.1 to 3.2 Gawith most yielding Paleoproterozoic
to Neoarchean model ages of 2.2–2.9 Ga (Fig. 6). Xenoliths with the
best preserved primary silicate assemblage all recorded TRD eruption
ages≥2.3 Ga (2.3-2.9 Ga) whereas all TRD eruption ages younger than
2.3 Ga came from samples with no primary silicates remaining.
However, some older TRD eruption ages were also obtained from a
number of xenoliths with no primary silicates remaining. Thesemodel
ages are in fact minimum ages and clearly establish an Archean age for
at least some of the Argyle peridotite xenoliths. There is no discernable
difference inmodel age systematics betweendiamondiferous andnon-
diamondiferous xenoliths. Nor is there any variation inmodel agewith
estimated equilibration pressure, which is perhaps not unexpected
given the restricted depth range of xenolith sampling (Fig. 2).

Coarse ‘primary’ chromites from sample 6505247 yield unrealistic
Re–Os model ages of N5.4 Ga, likely due to an 187Re ingrowth over-
correction imposed by their high Re/Os ratios. Symplectite spinel
fractions yielded Re–Os TRD eruption ages of 1184 Ma and 1263 Ma.
(Table 2), close to the time of eruption of the Argyle lamproite (1180 Ma).
This suggests that the alteration of the former garnet to form the
symplectites may have occurred during incorporation of the xenoliths
into the early-forming lamproite melt, or during its eruption to surface.

8. Discussion

8.1. Comparison with other Archean Cratons

The Argyle peridotite xenoliths share a number of features
characteristic of Archean cratonic continental lithospheric mantle
(CLM) inferred to be the residue of large degrees of partial melting.
They have olivine compositions that span the range reported from
many other Archean cratons. The average Argyle peridotite olivine (35
samples) of Fo92.1±0.4 is within uncertainty of the pronounced mode
for ‘typical’ Archean CLM of Fo92.6 (Pearson and Wittig, 2008) but is
more like that found in Neoarchean CLM (e.g. Somerset Island;
Schmidberger and Francis, 1999; Irvine et al., 2003), which averages
Fo92.15. All are consistent with an origin as the residue from the partial
melting of fertilemantle peridotite. In contrast, chromepyrope garnets
recovered from heavy mineral concentrates from the Argyle pipe are
typically Ca-rich and low in Cr (G9 in Dawson and Stephens, 1975
classification scheme) indicating derivation from lherzolitic rather
than harzburgitic CLM (Lucas et al., 1989): such compositions are
thoughtmore typical of Proterozoic or Neoarchean than older Archean
CLM.However, as noted earlier, Jaques et al. (1989b) reported a Cr-rich,
Ca-low (G10 in Dawson and Stephens, 1975 classification scheme)
garnet inclusion from an Argyle peridotitic diamond and these
inclusions are generally associated with typical Archean CLM.

Similarly, the low Al2O3, CaO and Na2O contents, low abundances of
Ti, Zr, Y, Sc and V, and highMg# of the Argyle peridotites are very similar
to the depleted levels found in cratonic CLM. They are more refractory
than those of Proterozoic and younger CLM as shown in theMg# versus
Al2O3 variation plot (Fig. 7). In addition to having similar depletion
trends to Archean cratonic mantle, the Argyle peridotites are also
characterized by a specific SiO2 vs MgO trend, which overlaps that of
Archean cratonic mantle and some fore-arc peridotites (e.g. Izu Bonin).
However, if the SiO2 contents are taken as primary, the Argyle samples
would be the most silica-rich cratonic mantle samples reported so far.
The high SiO2 contents could result from 1) extensive orthopyroxene
replacement by talc, 2) incorporation of lamproite and /or country rocks
within the xenolith, or 3) orthopyroxene enrichment as suggested for
the Kaapvaal high-SiO2 xenoliths (Kelemen et al., 1998; Simon et al.,
2007). Variable SiO2 feature seemswidespread in cratonic peridotites as
a whole (Pearson and Wittig, 2008), with some cratonic roots, e.g.
Kaapvaal, having very elevated SiO2 while others, e.g., Greenland, have
much lower SiO2 contents. The process generating the variations in SiO2

seems to be related to the formation and/or modification of continental
sub-lithospheric mantle generally.

TheRe–OsTRD eruptionmodel ages of theArgyle peridotite xenoliths
overlap the range found for kimberlite-borne peridotite xenoliths from
other cratons from Southern Africa (Pearson et al., 1995a; Carlson et al.,
2005), Northern Canada (Irvine et al., 2003; Westerlund et al., 2006),
Siberia (Pearson et al., 1995b), Greenland (Bernstein et al., 2006;
Pearson and Wittig, 2008) and Tanzania (Chesley et al., 1999) (Fig. 8).
CLM sampled by off-craton kimberlites typically have Proterozoic or
younger Re–Os model ages (Fig. 8; Pearson, 1999; Carlson et al., 2005).

8.2. Lithospheric root to the Kimberley Craton

The P–T estimates coupled with the Re–Os TRD eruption model ages
demonstrate the existence of Archean lithosphere stabilised within the
field of diamond formation at depths of 160–190 kmbeneath the Argyle
pipe in the HCO. The late Archean Hf model ages reported by Downes



Fig. 7. Mg/(Mg+Fe) versus Al2O3 for Argyle peridotite xenoliths (A) compared with
xenoliths from on-craton kimberlites, xenoliths from off-craton basalts and orogenic
massifs. Data for on-craton xenoliths are from Kaapvaal (KV: Boyd and Mertzman,
1987), from Tanzania (Tz: Rudnick et al., 1993, 1994; Lee and Rudnick, 1999), from
Siberia (Sib: Boyd et al, 1997), from Jericho (J: Kopylova and Russell, 2000), from
Somerset (Som: Irvine et al., 2003), East Greenland (E. Grld: Bernstein et al, 1998). Data
for the orogenic massifs are from East Pyrenees (Bodinier et al, 1988; Fabries et al., 1989,
1998; Reisberg and Lorand, 1995) and Lanzo (Bodinier, 1988; Bodinier et al., 1991). Data
for the basalt-borne xenoliths are from French Massif Central (MCF: Zangana et al.,
1999), from Ethiopia (Eth: Bedini et al., 1997), fromWestMexico (Mx: Luhr and Aranda-
Gomez, 1997) and from the Kilbourne Hole (Jagoutz, 1979).

Fig. 8. Histogram comparison of TRD ages between cratonic and circum-cratonic (“off-
craton”) kimberlite-hosted peridotite xenoliths with the range for the least disturbed
Argyle samples shown. Data sources are those given in Pearson et al. (2004) and Carlson
et al. (2005).
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et al. (2007) for Paleoproterozoic (1850 Ma, U–Pb method) zircons in
peridotite xenoliths from the Aries kimberlite suggest that Archean
lithosphere may extend beneath the Kimberley Craton. The presence of
sub-calcic Cr-pyrope (harzburgitic) garnets in concentrate from
kimberlites in the North Kimberley province implies the survival of
Archean lithosphere beneath that region although lherzolitic garnets
predominate and define a conductive model geotherm of 40 mW/m2

(O'Reilly et al., 1997). Similarly, the nitrogen-aggregation characteristics
(Taylor et al., 1990) and the low 187Os/188Os initial ratio of sulfide
inclusions in Ellendale diamonds (Smit et al., 2008; this volume) suggest
that Archean lithosphere may extend to the southern margin of the
Kimberley Craton. Present day S-wave seismic tomography indicates
thick lithosphere extending to 225-250 km depth beneath the Kimber-
ley Craton (Van Der Hilst et al., 1998; Fishwick et al., 2005). The Re–Os
data, coupled with the seismic tomography, implies the survival of an
Archean diamondiferous lithospheric root beneath the Kimberley
Craton from at least the time of lamproite eruption to the present day.

Whole rock Re–Os TRD eruption ages are almost certainly minima
given the multi-stage HSE evolution indicated by the Argyle xenolith
bulk rock HSE patterns (Luguet et al., in preparation; Luguet et al.,
2008). None-the-less, these TRD eruption ages show that the litho-
sphere beneath the HCO, a Paleoproterozoic orogenic belt, is at least
Neoarchean in age, even at depths of 150–200 km. The Re–Os model
ages are significantly older than the oldest crustal rocks in the HCO
(∼1920 Ma) and thus suggest that the crust and mantle beneath the
HCO have been decoupled. The nearest outcrops of basement of late
Archean (2600–2500 Ma) age liemore than 400 km further east in the
Pine Creek Inlier (Worden et al., 2008) and in the Billabong complex
within the Granites–Tanami region (Page et al., 1995). Detrital zircons
of late Archean (and older) ages are widespread in Proterozoic
sedimentary and metasedimentary sequences across the North
Australian Craton but their provenance is uncertain (Tyler et al.,
1999; Hoatson and Blake, 2000). Despite substantial thermal re-
working and formation of new crust at ∼1860-1800 Ma (Hoatson and
Blake, 2000; Griffin et al., 2000; Betts et al., 2002) the amalgamation of
these different tectonic blocks did not eliminate Archean CLM under-
pinning the region.

8.3. The nature of the lithospheric root and origin of Argyle peridotitic
diamonds

Although the Argyle peridotitic xenoliths appear to have been
derived from a relatively restricted PT range and show no significant
variation in bulk chemistry (major or trace elements) or Re–Os age
over this depth range, combining our data, earlier data from the
peridotitic xenoliths, diamonds and their inclusions (Sobolev et al.,
1989; Jaques et al.,1989b)with information frompyrope and chromite
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macrocrysts from the lamproite concentrate, gives a more complete
picture of the chemistry and depth of the mantle sampled by the
Argyle pipe.

The first source of information comes from diamonds and their
inclusions. The microdiamonds from peridotitic xenoliths match in all
their properties, such as octahedral morphology, colour, N aggregation,
chemistry of olivine inclusions and carbon isotope values correspond-
ing to a mantle signature of −5 to −6‰, with a population of small
peridotitic diamonds from the Argyle lamproite commercial production
(Hall and Smith,1984; Jaques et al, 1986). The similarity in chemistry of
xenolitholivines and theolivine inclusion inaxenolith diamond indicate
that the microdiamonds have a primary nature in these peridotites. It
can be concluded that the diamonds were formed in peridotitic mantle
rocks at the same PT and time as the other xenolith minerals. It follows
therefore that the microdiamonds are much older (∼2.3–2.6 Ga) than
the commercial size eclogitic stones which are believed to have formed
at ∼1.58 Ga, based on Sm–Nd dating of garnet and clinopyroxene
inclusions (Richardson, 1986). The heavy carbon isotope composition of
the small peridotitic diamonds implies their formation in the mantle
under reduced conditions without input of subducted material, most
likely from methane, as proposed by Jaques et al (1989b).

The second source of information about mantle source sampled by
the lamproite is mineral concentrate. Thus concentrate-derived chrome
pyrope garnets from the Argyle lamproite are predominately lherzolitic
with an essentially depleted trace element signature (i.e. low Zr, Y, Ti),
suggesting a depleted lherzolitic rather than harzburgitic CLM beneath
the HCO. The sole harzburgitic pyrope found as a diamond inclusion
(Jaques et al., 1989b) has a similar depleted trace element composition.
However, a minor portion of the Argyle concentrate chrome pyrope
garnets show enhancements in Ti and commonly Zr and Y (C.B. Smith,
unpubl. data, Fig. 2), characteristic of mantle affected by melt
metasomatism (Griffin et al., 1999). Thermobarometric calculations
using the Ni-in-garnet thermometer (Canil, 1999) and Cr-in garnet
barometers (Ryan et al., 1996) placemost of the lherzolite garnets in the
graphite stability field with the Ti-melt metasomatised garnets
extending slightly deeper toward the PT field of the Argyle peridotite
xenoliths (Fig. 2). Thismeltmetasomatismevent in the lithospheremay
be the agent for the metasomatic enrichment of the Argyle peridotite
xenoliths reported by Jaques et al. (1990) andmay have disrupted some
of theRe–Ossystematicswithin theperidotitexenoliths. Thepresence of
a low-Ca harzburgitic pyrope diamond inclusion at Argyle may reflect a
remnant earlier lithology that survived themeltmetasomatismby being
encapsulated in the diamond.

The Argyle eclogitic diamonds that form the bulk of the commercial-
sized diamonds are estimated to have formed at similar or greater
mantle depths to the peridotitic xenoliths analysed here. Jaques et al.
(1989b) and Sobolev et al. (1989) reported equilibration temperatures
for inclusions in Argyle eclogitic diamonds in the range 1140–1350 °C
(average ∼1245 °C). The Simakov (2008) eclogite thermobarometer
(aluminium solubility in clinopyroxene coexisting with garnet) yields
equilibration conditions of 6–7.2 GPa and 1250–1350 °C that compare
with pressures of 6–6.5 GPa estimated from K solubility in diopside
(Safonov et al., 2008). These constraints place the Argyle eclogitic
diamonds atdepthsof 200–225 kmcorresponding to base of thepresent
day lithosphere beneath the HCO based on seismic S-wave tomography
(Fishwick et al., 2005).

8.4. Formation of the lithospheric root

The TRD ages of the Argyle peridotite xenoliths do not correlate with
any known crustal rocks or events in the Kimberley Craton. Significantly,
the Re–Os systematics of the Argyle peridotites do not record the major
thermal events associated with mafic (1860–1830 Ma, 1790 Ma) and
felsic magmatism (1910, 1880–1790 Ma) or orogenesis (∼1865–
1835 Ma; Hoatson and Blake, 2000; Bodorkos et al., 2000) in the HCO.
Nor is the 1.58 Ga age of formation of the eclogitic suite diamonds
reflected in the peridotite Re–Os data. The age of the Argyle eclogitic
diamonds coincides with major 1.60–1.58 Ga thermal and tectonic
(crustal shortening) events at the southern (Chewings Orogeny) and
eastern (Isan orogeny) margins of the North Australian Craton and the
southeast (Hiltaba Event, Olarian Orogeny) Proterozoic terranes of the
South Australian craton (e.g. Betts et al., 2002; Giles et al., 2004; Betts
and Giles, 2006). This coincidence of eclogitic diamond formation and
widespread tectonothermal events affecting many of the Proterozoic
terranes suggests a linkwith subduction-accretion processes that added
Mesoproterozoic diamonds to the diamondiferous late Archean root
zones beneath the HCO. Jaques et al. (1989b) suggested on the basis of
the inclusion assemblage and their distinct carbon isotopic composi-
tions (δ13C typically −9 to −12‰) that the Argyle eclogitic diamonds
formed in subducted oceanic crust that was accreted to the base of the
lithosphere in theProterozoic. This is perhaps analogous to theproposed
link between eclogitic diamond formation and the craton evolution
proposed elsewhere (Shirey et al., 2003, 2004).

9. Conclusion

Our study provides definitive evidence that the Argyle diamondpipe
is underlain by (Neo)-Archean lithospheric mantle (2.1–3.2 Ga) based
on Re–Os dating of peridotite xenoliths derived from within the
diamond stability field near the base of the lithosphere (160–190 km
depth). This thick (200–225 km) diamondiferous lithosphere is imaged
by present day seismic S-wave tomography. The peridotites are of
lherzolite composition and not as refractory as those found beneath
many older Archean cratons. They have mineral and bulk rock
compositions that are consistent with an origin as residues of partial
melting of primitive mantle peridotite. The origin of the peridotite is
uncertain but the low abundances of HREE suggest they may have
formed initiallywithin the spinel peridotite stability field and have been
subducted to their present depths, in linewithmostother cratons (Canil,
2004; Wittig et al., 2008; Pearson and Wittig, 2008). Alternatively,
partial melting may have occurred in the garnet stability field until the
consumption of garnet. However, as garnet is stable in melting residues
to very high degrees of melting (Walter, 2003), we prefer a shallow
melting origin. The existence of lithosphere of late Archean age beneath
the Argyle diamond pipe, even though no crustal rocks of Archean age
are known from the region, suggests a decoupling of the crust and
mantle in the region of the HCO, perhaps as a consequence of
Paleoproterozoic (∼1.85 Ga) reworking of and/or subduction at the
margin of the Kimberley Craton. The confirmation of an Archean
lithospheric root beneath theArgyle pipe at themargin of theKimberley
Craton seemingly conforms with the restriction of economic diamond
deposits to those underlain by Archean lithosphere.

The xenolith microdiamonds have a spotty and erratic distribution:
many xenoliths are barren of diamond; others carryminor to extremely
high diamond grade. The microdiamonds recovered from Argyle
peridotite xenoliths have unresorbed octahedral shapes and correspond
inpropertieswith a small population of peridotitic octahedral diamonds
occurring in the commercial production from the lamproite. However,
Argyle owes its rich diamond grades not to its Neoarchean mantle root
but to Proterozoic accretion of richly diamondiferous eclogitic material
to the craton root.
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