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Abstract-Radiogenic
isotopes can be used both as petrogenetic tracers in lithospheric mantle rocks, to
identify processes that may have formed and modified the lithospheric mantle, and also as chronometers
to constrain over what time scales these processes operated. This can only be done after the effects of
secondary processes have been properly identified and constrained. Here I focus on the information
gained from studying radiogenic isotope systems in cratonic lithospheric mantle, mostly in the form of
xenoliths erupted by kimberlites. Isotopic systematics in cratonic lithospheric mantle are complex,
probably because of its antiquity, and the numerous processes that may have acted to generate and modify
it over time. Cratonic lithospheric mantle is difficult to unequivocally distinguish using incompatible
element based isotope systems, but these systems can be successfully used to identify the different
processes that modify the lithospheric mantle over time by metasomatism. These processes include
interaction with hydrous fluids, silicate melts and carbonate-rich fluids. Also, combinations of radiogenic
and stable isotope systematics in eclogite suites have been used to argue for a derivation involving
subduction of oceanic lithosphere. In contrast to incompatible element based isotope systems, the Re-Os
isotope system uniquely defines ancient cratonic mantle as having the least radiogenic 1870S/1880S
measured in any terrestrial geochemical reservoir. This should allow distinctive tracing of cratonic mantle
contributions to magma sources permits ancient lithospheric mantle to be identified in different tectonic
settings. Precise age estimates for the formation of cratonic mantle, and lithospheric mantle in general,
are difficult to provide. This is both a function of the high ambient temperature of much of the
lithospheric mantle, such that it is above most isotopic closure temperatures, and the multi-phase history
of the lithospheric mantle, involving melt depletion and enrichment in many cases. Petrological models
or cratonic peridotite suites are still being debated and this also induces some uncertainty in what event
is being measured by parent-daughter
isotopic fractionations. Os isotope systematics for cratonic
peridotites appear to be dominantly influenced by the ancient differentiation events that caused them to
separate from the convecting mantle whereas Sr-Nd isotope systematics record later enrichment events.
Hence the different isotope systems provide complimentary information. The formation age of cratonic
peridotites, as defined by Os isotope model ages, correlates well with the age of the major crustal forming
event in a particular region, and is mid- to late-Archean throughout most of the cratonic lithospheric keel.
Later addition of lithospheric mantle can be identified in certain localities e.g., the Premier kimberlite
pipe in S. Africa. The ages of circum-cratonic lithospheric mantle also appear to correlate with the
generally younger age of the crust off-craton, implying long-term crust-mantle coupling both on and
around cratons and indicating a possible genetic relationship between crust stabilisation and the formation of deep lithospheric mantle keels. The crust and lithospheric mantle beneath several cratons has been
physically coupled for billions of years to depths of 150 km at least.
INTRODUCTION

environments, combine to generate different timeintegrated isotopic signatures that allow petrogenetic
tracing of terrestrial reservoirs. The aim of this paper
is to review the contribution made by radiogenic
isotopes to the understanding of the age and origin of
cratonic lithospheric mantle (eLM). Significant advancement in this field has recently taken place due
to analytical developments allowing the more wide
spread application of the Re-Os isotope system
(SHIREYand WALKER,1998). The contribution made
by incompatible element-based radiogenic isotope
systems to the understanding of continental lithosphere in general is summarised in MENZIES(1990a).

Petrological and experimental studies of the type
pioneered by JOE BOYD (BoYD, 1973; BoYD and
NIXON, 1973), have made long lasting contributions
to our understanding of the conditions of formation
and equilibration of mantle derived xenoliths. This
work has laid the essential ground for isotopic studies
aimed at determining the age and evolution of these
valuable fragments of mantle entrained by kimberlites and alkaline volcanics in general. Radiogenic
isotopes provide the means to constrain the chronological framework for processes evident from petrological studies. A comprehensive historical perspective on these studies is provided by MENZIES(1990a).
The processes that create the continental and oceanic crust, mantle lithosphere and asthenosphere all
act to fractionate parent-daughter isotope pairs in
radiogenic isotope systems. This fractionation, together with the contrasting thermal regimes of these
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Since they were first mined it was evident that kimberlites
contained a great diversity of constituents, many of which
must be foreign bodies, unrelated to the host kimberlite.
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about the relationship between mantle samples and basalts
due to the pervasive alteration suffered by many ultramafic
rocks, enhancing the amount of radiogenic Sr present. Many
subsequent studies have shown that acid-washed mineral
separates, particularly diopside and gamet, are the most
reliable means of obtaining the primary, unaltered isotopic
composition of mantle material (BASU and MURTHY, 1977;
BASU and TATSUMOTO,1980; BRUEKNER,1974; JAGOUTZet
al., 1980; MENZIESand MURTHY,1980A; MENZIESand MURTHY, 1980B; ZINDLERand JAGOUTZ, 1988). Even with apparently "clean" mineral separates from mantle rocks, detailed studies have shown that sequential acid leaching
procedures are necessary for many minerals in order to
obtain the primary (mantle) isotopic composition, unaffected by crustal contamination (RICHARDSONet aI., 1985;
ZINDLER and JAGOUTZ, 1988; PEARSON et aI., 1993). In
general, for isotopic analysis, mineral fragments are selected that are clear, as free of mineral and fluid inclusions
as possible, and that are bounded by fresh fractures induced
by sample preparation, i.e., avoiding grains that retain their
primary margins.
In mantle xenoliths erupted by kimberlite pipes, both
low- T secondary alteration and kimberlite contamination
have been identified as major concerns to be addressed
during the analysis of mineral separates (RICHARDSONet aI.,
1985). Acid washed mineral separates give considerably
different Nd-Sr isotope compositions than their whole-rocks
for both peridotites (RICHARDSONet aI., 1985; WALKERet
aI., 1989a) and eclogites (NEAL et al., 1990; Fig. 2), the
isotopic signature of the whole-rocks being dominated by
small amounts of infiltrated host kimberlite. The whole-rock
isotopic signatures of some samples, however, appear to be
dominated by a component distinctly different to the host
kimberlite (Figs. 2 and 3). This component usually is characterised by much more radiogenic Sr isotopes and appears
to be due to the effects of addition of phlogopite mica, that
may not be related to the host kimberlite (Fig. 3). Also, the
nature of kimberlite/xenolith
alteration often produces alISOTOPE SYSTEMS AND APPROACH
most undetectable films of high-Sr material on mineral
grain-boundaries and fractures that can dramatically affect
To study the evolution of a given terrestrial reservoir an
the measured Sr isotope composition of a low-Sr mineral
isotope system must either be an effective geochronometer
such as garnet if not properly removed, e.g., dramatic shifts
over much of the history of the Earth, or an effective tracer, or,
in Sr isotope composition of garnet observed for 0.2 %
ideally both. The range of systems used is geochemically
contamination of kimberlite or carbonate in Fig. 3.
varied and this has provided much complimentary information.
The problem of discerning primary isotopic signatures
In particular the contrast between isotopic systems where both
does not only pertain to crustal alterationlsyn-eruption
parent and daughter isotopes are incompatible elements (e.g.,
metasomatism. IRELANDet al., (1994) noted that eclogitic
Rb-Sr and Sm-Nd) and those where there is significant contrast
minerals included within diamonds were much less enriched
in compatibility (e.g., U-Pb and Re-Os) provides us with a
in incompatible elements than the minerals of the host
means of tracing a wide range of processes that affect different
eclogite xenoliths. This observation led IRELANDet ai.,
elements in different ways, for example melting and hydrous
(1994) to suggest that the xenolith minerals have been
fluid metasomatism or infiltration.
pervasively metasomatised by fluids and that only the host
Probably the most extensively used tracers for the lithodiamond inclusions retain the primary elemental signatures
spheric mantle are the Rb-Sr, Sm-Nd and Re-Os isotope
of the eclogite. These authors then suggest that because of
systems and their differing time-integrated
responses to
this pervasive metasomatism, the isotopic compositions of
mantle melting and re-enrichment are illustrated in Fig. 1.
the host rock minerals cannot be used to draw inferences
The differing behaviour of these systems and the varying
about the long-term evolution of eclogites and their parent
degrees to which they fractionate during mantle melting are
reservoirs as attempted by numerous authors (e.g., MCCULclearly evident, both diagramatically, and in the magnitude
LOCH, 1989; SNYDERet ai., 1993). It is not clear to what
of the range in isotopic compositions observed for terrestrial
extent all eclogite suites are affected by such processes
reservoirs and mantle xenoliths (Fig. 1).
(TAYLORet al., 1996), but they must be properly identified
before making inferences about evolutionary histories based
PRIMARY AND SECONDARY SIGNATURES
on isotope and trace element measurements in xenoliths.
The use of negative thermal ionisation mass spectrometry
When ultramafic rocks first began to be investigated
for Re and Os isotope analysis (CREASER et ai., 1991;
using Sr isotopes, bulk rocks were analysed (HURLEYet al.,
1964; LANPHERE,1968; ROE, 1964; STUEBERand MURTHY, VOLKENINGet al., 1991) has led to a proliferation of Re-Os
isotopic studies of mantle xenoliths. The attraction of this
1966). Such data led to numerous erroneous conclusions

Among this material, several lithologies,
particularly
eclogites (BONNEY,1897; COHEN,1879), were recognised to
be of high-pressure origin, due to the presence of diamonds
within them. These rocks were conjectured to ultimately
come from the Earth's mantle. It was some time before
systematic study of these mantle xenoliths occurred (NIXON
et aI., 1963). The lithologies represented by mantle xenoliths are very varied, but the most dominant, of the types
sampled on cratons, comprise harzburgites, Iherzolites,
eclogites and assorted pyroxenite variants (see NIXON, 1987,
for a full summary).
Xenoliths in alkali basalts are commonly 1 to 20 em in
diameter. In kimberlites, mantle xenoliths may reach over
70 em in size. Even with xenoliths this large, it is clear that
the xenolith sample provides only a vignette of the mantle,
on a scale of 10' s of em to metres at most. Massif peridotites
provide a view of the mantle on the order of 10's ofkm, and
allow observation of lithological relationships in the field.
Despite the patchwork nature of the xenolith view of the
mantle, such samples have the great advantage that, in any
one kimberlite, the xenoliths often originate from very varied depths and so may provide us with samples of the entire
thickness of the lithospheric mantle (e.g., BOYD, 1973;
FINNERTYand BOYD, 1987).
Another type of mantle fragment brought up by kimberlite,
of much more commercial value, is diamond. Although diamonds themselves provide a wealth of information about the
deep mantle and possible crust-mantle interactions (GURNEY,
1989), it is the minerals included within diamonds that are
sought by radiogenic isotope geochemists. The chemical and
petrological character of these microscopic inclusions constrain aspects of diamond formation in the mantle and potentially provide us with material armoured from subsequent
events since the formation of the diamond. Hence, they allow
the possibility to examine the secular evolution of the mantle if
we can determine their ages.
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FIG. 1. Isotope evolution of the Rb-Sr, Sm-Nd and Re-Os isotope systems in response to mantle
melting and enrichment events. Data for cratonic and non-cratonic peridotites are plotted as histograms
on the right hand axis, arrows illustrate the expected isotopic evolution of enriched and depleted mantle
in a single stage model over 1 Ga. Mineral separate data only plotted for Rb-Sr and Sm-Nd systems,
wholerock and mineral data plotted for Re-Os. For data sources see MENZIES (1990b), CARLSONand
IRVING(1994), DENG and McDoUGALL (1992), GUNTHERand JAGOUTZ(1994), GUNTHERand JAGOUTZ
(1997), HASLER and SHIMIZU(1998), HAURI et al. (1993), IONOVet al. (1993), JACOB et ai. (1998b),
MEISELet al. (1996), PEARSONet al. (1995a), PEARSONet al. (1995b), PEARSONet al. (1995c), REISBERG
and LORAND(1995), WALKERet ai. (1989a), ZHURAVLEVet al. (1991)

system is multi-fold. Firstly, the large fractionation of Re
from Os during moderate to large degrees of mantle melting
removes a large proportion of the Re from a residual peridotite, causing rapid divergence of its Os isotopic evolution
curve from the convecting mantle evolution curve (Fig. 4).
This rapidly creates large, easily measurable differences in
isotopic composition between the two reservoirs, e.g., in
lO's of Ma. Secondly, in contrast Sr and Nd isotopes, Os
contents of the magmas that host lithospheric xenoliths are
usually much lower (in the case of alkali basalts) or close to
those of the peridotite xenoliths themselves. This means that
whereas a small amount of kimberlite interaction with diopside from a xenolith (modeled as bulk mixing) will result

in a large change in Nd isotopic composition, such interaction will produce only a small change in the Os isotope
composition of the bulk rock (Fig. 5). The Re-Os system is
thus much more robust to host-rock interaction, even when
whole-rocks are analysed. If melt addition occurred 100' s of
Ma before kimberlite eruption, Re added from the metasomatising agent will generate radiogenic Os and hence will
have a more noticeable effect on the Os isotope composition
of the xenolith than recent metasomatism by the host rock
(Fig. 5). In addition, studies of sulfide inclusions in diamonds have revealed that some mantle melts are capable of
disturbing sulfide grains very high in Os (PEARSONet aI.,
1998c; PEARSON et al., 1998d). Thus, even though the
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FIG. 2. Whole-rock vs. mineral separate Nd-Sr isotopic
compositions for kimberlite derived xenoliths from Bultfontein (RICHARDSONet al., 1985) and one sample from Jagersfontein (WALKER et aI., 1989a). Lines connect coexisitng
phases/whole-rocks.
Initial isotopic composition of the
Bultfontein kimberlite is also plotted. Jagersfontein CPX
plots well off scale on Nd axis.

Re-Os system is substantially more robust to mantle metasomatism than isotope systems based on incompatible element isotope systems such as Rb-Sr and Sm-Nd, it is not
immune to its modifying effects, especially when metasomatism occurred a long time ago. Another feature of mantle
xenoliths that can potentially disturb their Re/Os systematics is the breakdown of sulfides during low- T secondary
oxyhydration during eruption. This process has been shown
to reduce S levels in bulk peridotite xenoliths compared to
orogenic peridotites (LORAND,1990) and may lead to fractionation of Re/Os from original values. The above processes make application of standard model age calculations
for Os in mantle xenoliths questionable. For this reason
widespread use has been made of Re-depletion model ages
in xenolith studies.
The principle behind Re depletion or T RD model ages is
the assumption that, at large degrees of melting, most of the
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FIG. 3. Sr isotope and abundance systematics of "pure" and
alteredlmetasomatised garnet separates from the Bultfontein
kimberlite (after RICHARDSONet al., 1985). Shaded region
indicates the area defined by phlogopite addition. Tick marks
on mixing lines illustrate % of component added.

FIG. 4. Os isotope evolution diagram illustrating the evolution of melts and residues. The relationship between T RD
age and T MA age is indicated for residues where the ages
closely agree and where they are discrepant, probably due to
later Readdition. TRD ages assume a Re/Os of zero. TMA
ages use the measured Re/Os for the model age calculation
(see WALKER et ai., 1989b). Also shown is the effect of
correcting for possible Re addition during kimberlite eruption/alteration on a T RD age.

Re in a peridotite is removed, effectively freezing in the Os
isotopic composition at that time (Fig. 4 and caption). The
measured Re content thus represents the integration of secondary processes such as metasomatism or low-T alteration
that may introduce Re. A minimum age for a xenolith with
subchondritic 1870S/1880S can therefore be obtained by extrapolating the measured Os isotope ratio of the sample back
to the mantle evolution line with a Re/Os of zero, e.g., Fig.
4 (WALKER et al., 1989a). For xenoliths erupted in the
Proterozoic, such as those recovered from the Premier kimberlite, South Africa, additional correction can be made for
syn-post eruption Re addition by calculating the TRD age
using the initial 1870S/1880S at the time of eruption, Fig. 4
(PEARSONet ai., 1995a). The justification behind the TRD
approach is that numerous samples give meaningless model
ages if calculated the standard way using the measured
Re/Os of the xenolith. It is to be stressed that the T RD model
ages are minima and should be interpreted as such.
Although "meaningless" model ages may be obtained for
whole-rock xenoliths when the Re/Os ratio is used in the
model age calculation, this result provides us with information on the possible relative timing of Re addition. The most
obvious type of disruption of the Re/Os isotope systematics
in xenoliths is Re addition, in most cases accompanied by
relatively low 1870S/1880S, suggesting Re gain at, or close to
the time of the kimberlite eruption event. This implies that,
in contrast to the Rb-Sr and Sm-Nd isotope systems, most
mantle processes preceding the kimberlite entrainment
event are relatively ineffectual at disturbing peridotite
Re-Os systematics.
It is possible to try to minimise the effects of postcrystallisation Re/Os fractionation by analysing phases with
very high Os, or phases capable of armouring hosts for Re
and Os from later, post-magmatic interaction. Analysis of
chromite from peridotite xenoliths has shown this phase to
sometimes contain very high Os, but low Re contents which
makes the mineral useful in recording close to the initial Os
isotopic composition of the system where the bulk rock may
have suffered substantial new Os or Re addition, reducing
TRD model ages (CHESLEYand RUDNICK,1996; NAGLERet
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FIG. 5. Illustration of the effects of simple mixing of a
peridotite xenolith and host kimberlite magma on the Os
isotope composition of the bulk-rock xenolith and the Nd
isotope composition of diopside from the xenolith (the
bulk-rock is usually measured for Os isotopes and a diopside or garnet separate measured for the Nd isotope composition). The effects of older interaction, at 1.1 Ga, the age
of the Premier kimberlite, followed by time-integrated ingrowth of radiogenic Os from introduced Re is also modeled. The vertical line illustrates the point at which an
Archaean model T RD age in the xenolith is overprinted by
infiltration.
al., 1997). It is not understood whether the high Os contents
of chromites are due to micro-inclusions of sulfides (e.g.,
THALHAMMERet aI., 1990). Results of experimental partitioning studies have led to the suggestion that that Os may
be compatible in the spinel structure (CAPOBIANCOand
DRAKE, 1990), but those experiments were performed in the
absence of sulfide. The presence of sulfide coexisting with
chromite would preferentially partition Os into the sulfide,
hence high Os partition coefficients for chromites crystallised in the absence of sulfide may not be geologically
relevant. Measurements of aluminous spinel from peridotite
xenoliths (PEARSONet al., unpublished) show low Os contents and relatively radiogenic Os isotope compositions. If
sulfide inclusions are the main cause of high Os contents
within chromites, once enclosed, the chromite grain will be
effecti ve in protecting the sulfide grains against further
interaction with metasomatic agents. It is not presently clear
how widely applicable the use of chromites will be for
Re-Os analyses of mantle rocks but they are of obvious
benefit if they happen to be of the high Os variety.

The major element compositions of many lithosphere to peridotites are frequently interpreted to
indicate an origin as residues of partial melting of the
mantle (e.g., NIXON and BoYD, 1973; MAALOEand
AOIU, 1977). However, a compilation of the Sr and
Nd isotope compositions of their diopsides (or garnet
if they contain no diopside) indicates that very few
samples retain the expected signatures of residues of
partial melting from normal depleted mantle (Fig.
l a.b). This makes eLM in general very difficult to
identify convincingly using Sr-Nd isotopes. Cornbined Nd-Sr systematics (Fig. 6) show that although
the eLM is vastly more heterogeneous than the oceanic mantle, eLM shows almost total overlap with
continental crust, and probably has more isotopic
variation when the very high ENd signatures of some
peridotites and eclogites are taken into account (Fig.
6). Measurements of Ph-isotopes are fewer but show
essentially the same phenomena (KRAMERS,1979;
STOLZand DAVIES,1988; WALKERet al., 1989a). It is
possible to find samples showing any of the postulated mantle "end-members" defined in isotope space
by ZINDLERand HART (1986) within samples clearly
belonging to the lithosphere. One aspect of the lithospheric mantle that is clear from Fig. 6 is that xenolith samples erupted through cratonic areas show
considerably more isotopic heterogeneity than those
erupted through non-cratonic areas. This indicates
isolation of eLM for longer periods than that beneath
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these is the ongoing attempt to identify lithospheric
input to magma sources and evaluate the input of lithosphere to mantle dynamics in general (see HOFMANN,
1997 for a recent review). As will be shown below, this
is not a simple task.
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FIG. 6. Sr-Nd isotope compositions of diopsides or garnets (in cases where garnet is the only Ca-AI-rich phase) for
lithospheric peridotites compared to oceanic mantle (ZINDLER and HART, 1986) and continental crust. Cratonic mantle peridotites solid symbols, non-cratonic peridotites open
symbols. Peridotite data from references listed Fig. 1.
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off-craton areas and is a direct indication of crustmantle coupling to the extent that ancient lithosphere
generally underlies ancient crust. Although we can
distinguish between cratonic- and non-cratonic lithospheric mantle, it is difficult unambiguously to identify lithospheric mantle in general as a terrestrial
reservoir, or a potential magma source reservoir usiug incompatible-element
based isotope systems,
largely because of overlap between crustal and lithospheric mantle isotopic compositions. This is no surprise as it is likely that some of the extreme signatures observed in the lithospheric mantle are the
product of metasomatism by subducted sedimentderived fluids. One of the incompatible element isotope signatures thought to be more characteristic of
lithospheric mantle is that of the so-called EM-l
component (ZINDLERand HART, 1986), most clearly
defined by Nd_206PbPo4Pb isotopes. However, there
are few reliable data for Pb-Nd isotopes in lithospheric xenoliths, and of these, less than 1/4 have
clearly defined EM-l type characteristics (see Fig. 5
of eARLSON,1995).
In contrast to their variety of Sr and Nd isotopic
compositions, most lithospheric peridotites of widely
varying age have Os isotope signatures indicative of
low-Re/Os environments, as might be expected for
residues of partial melting (Fig. lc). In fact, no other
terrestrial reservoir retains the very unradiogenic Os
isotope compositions of average cratonic lithospheric
mantle ('Yos ~ -I 0). Thus, the Re-Os isotope system
on its own has the ability to define uniquely eLM
whereas other systems, even in multi-isotope space,
are not distinctive. Very unradiogenic, low 'Yos peridotites are found in the Kaapvaal, Siberian and Wyoming cratons (Fig. 7), showing this feature to be
ubiquitous amongst the cratons studied so far. Furthermore, the Re-Os system appears to discriminate
clearly between mantle underlying cratonic crust and
that lying beneath circum-cratonic crust, of Proterozoic age (PEARSONet al., 1994; PEARSONet al.,
1998a). Studies of peridotite suites from Namibia and
East Griqualand, surrounding the Kaapvaal craton,
have shown that they are petrologically distinct from
peridotites erupted through the craton (BOYD and
NIXON, 1979; BOYD et al., 1994); this distinction is
apparent in a comparison of average mg-numbers of
the various suites (Fig. 8) and is clearly evident in
their Os-isotope compositions. Cratonic peridotites
such as those from Kaapvaal range to considerably
less radiogenic 'Yos values than circum-cratonic
xenoliths from Namibia or East Griqualand (Fig. 9).
The East Griqualand kimberlites are within 100 km
of the probable boundary of the Kaapvaal craton and
show no evidence of any Archaean Os. The East
Griqualand peridotites range to slightly lower 'Yos
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values than Namibian peridotites, but none have obviously Archaean isotopic signatures (see below).
The distinct petrological and Os isotopic signatures
of circum-cratonic lithospheric peridotites indicates
that the ArchaeanlProterozoic boundary in the lithospheric mantle must be as abrupt as it appears on the
surface.
One surprise resulting from Re-Os isotope studies
of cratonic xenolith suites is the discovery that peridotites with high equilibration temperatures and relatively fertile mg-numbers (high-T lherzolites of
NIXONand BoYD, 1973), thought to represent recently
accreted asthenospheric material, or subducted oceanic lithosphere (BOYDand GURNEY,1986; BOYDand
MERTZMAN,1987; NIXONand BOYD, 1973; RICHARD-
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SONet al., 1985) have 'YOs values spanning a similar
range to the low- T peridotites (Fig. 7; PEARSONet al.,
1995a; WALKERet al., 1989a). The very unradiogenic
Os isotopic signatures of some of these samples
indicate that they appear to have been part of
the cratonic keel since Archaean times and this observation must be considered in any model for their
genesis.
The clear distinction between cratonic or even
Proterozoic lithospheric mantle and recently accreted
continental, or the oceanic lithosphere makes the
Re-Os isotope system a powerful tectonic discriminant. HASLERand SHIMIZU(1998) inferred the presence of old continental mantle beneath the Kerguelan
Plateau from the unradiogenic Os isotope composi-
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tions of peridotite xenoliths erupted by alkali basalts.
HANDLERet al. (1997) found evidence for the persistence of fragments of Proterozoic (c. 2 Ga) mantle
beneath Paleozoic cover in S.E. Australia based on
the unradiogenic Os isotope signatures of some peridotites in a suite of peridotite xenoliths erupted there.
In the same region, PEARSONet al. (1998b) used low
/'05 values and Proterozoic to Archaean Re-Os model
ages of sulfide inclusions in alluvial E. Australian
diamonds to infer that the diamonds may have been
sourced from an adjacent craton, prior to continental
breakup.
It is apparent that for incompatible element isotope
systems such as Rb-Sr and Sm-Nd, in cratonic peridotites, their integrated isotopic signature is dominated by enrichment events in the sense that they do
not preserve isotopic compositions expected for ancient residual/depleted mantle (Figs. 1 and 6). In
contrast, Os isotopes are dominated by the effects of
Re depletion, which may be equivalent to melt depletion in specific cases. This means that combined
isotopic studies of peridotites have the potential to
constrain both the formation, and post-formation
metasomatic history of lithospheric mantle. The
Os-Nd isotope characteristics of eLM samples with
very depleted Os isotope signatures yet highly enriched Nd isotopes are very difficult to model in
terms of simple mixing between a melt residue and
any reasonable amount of metasomatic agent, such as
carbonatite (Fig. 10). To this extent the incompatible
element isotope systems in eLM are decoupled from
the Re-Os system and we are clearly some way from
fully understanding the details of lithospheric enrichment processes.
Beyond characterisation of lithospheric mantle in
general terms, MENZIES(1990a) and HAWKESWORTH
et
al. (1990) have found that cratonic mantle can be
distinguished in some instances from non-cratonic
mantle on the basis of combined Nd-Sr isotope systematics, and more recent data augment this distinction (Fig. 6). The development of extremely low ENd
values at variable 87Sr/86Sr appears to be unique to
cratonic samples, the most extreme ENd values in
particular being shown by low-Ca "subcalcic" garnets of the type found in diamonds of peridotite-suite
paragenesis and diamond-bearing peridotites (Fig.
11). This is ironic in that garnet is usually characterised by high SmlNd and hence radiogenic Nd isotopes. JACOBet al. (1998b) have shown that subcalcic
garnets from an individual kimberlite (Udachnaya)
are extremely heterogeneous in their Nd-Sr isotope
compositions on a single grain basis, with a range in
initial ENd of 42 units between grains. The total range
for low-Ca garnets, as composites (PEARSONet al.,
1995D) or single grains from the Udachnaya kimber-
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FIG. 10. Nd-Os isotope compositions of Kaapvaal and
Siberian peridotites (Nd-mineral
data; Os-bulk
rock
data, data sources as for Fig. 1). Negative trending curve (no
arrow) is a modeled depleted mantle separated from the
convecting mantle at 3.5 Ga. Arrows at the end of solid lines
represent the present-day, time-integrated isotopic compositions of mixing between a carbonatite-Iike metasomatic
agent and depleted mantle peridotite at 3 Ga. Numbers next
to arrows represent percent metasomatic agent. Dashed lines
with arrows represent interaction of peridotite with a basaltic magma at 3 Ga. Also illustrated is a mixing curve
between peridotite and host-kimberlite at the time of kimberlite eruption.

lite is over 60 epsilon units for Nd (Fig. 11), i.e.,
about 3 times the range found in the convecting
mantle, emphasising the extreme isotopic heterogeneity shown by eLM.
Some intra-cratonic distinctions can also be made
on the basis of Sr -N d isotope systematics that reflect
differing extents and styles of lithospheric enrichment processes. Peridotites from the Kaapvaal and
Wyoming lithospheric roots have Sr isotope compositions that range up to very radiogenic compositions
(Fig. 12). Probably the most extreme Sr isotope composition of a mantle rock to date comes from a
Tanzanian peridotite (87Sr/86Sr = 0.836: eOHEN et
al., 1984), but an insufficient number of Tanzanian
samples have been analysed to make comparisons
meaningful. In contrast to the Kaapvaal and Wyoming cratons, minerals within Siberian peridotites
rarely have 87Sr/86Sr over 0.720, with most below
0.710 (Fig. 12). This feature correlates with a general
paucity of phlogopite in Siberian peridotites (BOYDet
al., 1997), possibly indicating that hydrous-fluiddominated metasomatism has not been as extensive
in the Siberian lithosphere. The range in ENd for
Siberian peridotites is comparable to that of Kaapvaal
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tions a number of different metasomatic processes
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be seen to produce shifts of Nd-Sr isotope sys20
Lherz.gametDI
0
tematics in distinct directions (HAWKESWORTH
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FIG. 11. Sr-Nd isotope composition of subcalcic garnets
et al. 1993;
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et al., 1984; RICHARDSON
et al., 1993; PEAR- veins in the lithospheric mantle (SWEENEY
HAMILTONet al. 1998). A second metasomatic proSONet ai., 1995c; JACOBet al., 1998b) compared to minerals
from cratonic peridotites and oceanic mantle (see Fig. 1 for
cess readily identifiable is H20-fluid-rich metasomadata sources). Solid symbols are data for individual crystals
tism which may result in phlogopite/amphibole metafrom concentrate of a single kimberlite pipe (JACOBet al.,
somatism. Where phlogopite is the dominant product,
1998b).
the effect in terms of Sr-Nd isotopes will be to create
sub-horizontal trajectories on Sr-Nd isotope diaperidotites, reflecting both ancient LREE depletion
grams, i.e., the high Rb/Sr of phlogopite rapidly
and enrichment. This behaviour is also displayed by
creates radiogenic Sr in the metasomatised product
peridotite/pyroxenite
xenoliths from Loch Roag,
whereas the low Sm and Nd concentrations of mica
Scotland, erupted at the margin of the N. Atlantic
mean that Nd isotope systematics are relatively uncraton (MENZIESand HALLIDAY,1988). LREE enrichchanged. Carbonatite metasomatism is the third
ment without marked increase of Rb/Sr is thought to
"end-member" metasomatic process. This typically
be a characteristic of carbonatite metasomatism, and
appears to be a clearly identifiable signature in xenoliths from various cratons. Peridotites from Tanzania
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even have clear petrographic and mineral chemical
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produces metasomatic products that have low Rb/Sr
and low SmlNd such that sub-vertical arrays may be
generated on Sr-Nd isotope diagrams. Another characteristic chemical feature of carbonatite metasomatism is that it produces pronounced high-fieldstrength element anomalies in the products and
fractionation of element ratios such as ZrIHf. Details
of these effects and processes have been thoroughly
documented and/or reviewed by HAWKESWORTH
et al.
(1984, 1990), MENZIESand HAWKESWORTH
(1987),
IONOVet al. (1993), RUDNICKet al. (1993), and MENZIESand eHAZOT(199S); see also Fig. 12. The longevity of eLM means that it is likely that more
than one process may have influenced a particular
peridotite.
In addition to identifying processes on the basis of
isotope systematics, the predominance of one process
over another in different localities means that it is
also possible to identify isotopically distinct domains
that exist within regions and between cratons (MENZIES, 1989; 1990A; 1990B). However, as more analyses reveal ever greater isotopic diversity in the eLM,
it is appears unlikely that particular mantle isotopic
"endmembers" can be unequivocally identified in
different domains. In particular it is seems unwise to
expect clearly distinguishable isotopic signatures of
lithospheric mantle contributions to magma genesis
in particular regions.
Eclogites
Eclogites (garnet plus high-jadeite clinopyroxene)
occur in numerous kimberlite pipes intruding cratonic regions. At some pipes, e.g., Roberts Victor,
they are especially abundant and predominate over
peridotites in the xenolith suite. Assessing their relative importance in the lithosphere has not been easy
due to considerations of preferential dissaggregation
of certain types of xenoliths (SCHULZE,1989).
These rocks form integral parts of cratonic roots
and may contain information critical to understanding the processes of craton formation and evolution.
If data from eclogites are combined with peridotites,
the total Nd isotopic variation shown by eLM samples, and cratonic xenoliths in particular, far exceeds
any terrestrial reservoir that we know of (Fig. 13).
Eclogites alone are highly isotopically variable and
some samples have the most radiogenic Nd isotopes
of any rocks yet measured (Fig. 13), with ENd values
in excess of SOOfor garnets (JAGOUTZet al., 1984),
and differences of over 200 epsilon units between
coexisting garnet-pyroxene pairs (JAGOUTZ,1988; JAGOUTZet al., 1984). The high 143Nd/144Nd of these
samples far exceeds that expected for ancient samples of MORB (Fig. 13). The very radiogenic Nd is
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FIG. 13. Sm-Nd isotope compositions of eclogite xenoliths from kimberlites compared to the range expected for
ancient MORB and crustal eclogites from orogenic areas
(STOSH and LUGMAIR, 1990). Data sources (JACOB et al.,
1994; JAGOUTZ, 1988; JAGOUTZet aI., 1984; NEAL et al.,
1990; PEARSONet al., 1995c; SNYDERet al., 1993).

supported by high SrnlNd that is unmatched by either
MORB magmas, or komatiites. The only rocks with
similar SrnlNd to those of high SmlNd eclogites are
garnetiferous pyroxenites from the Beni Bousera orogenic peridotite (PEARSONet al., 1993), Fig. 14.
Crustal eclogites exhumed in orogenic zones do not
have extreme SmlNd, or very radiogenic Nd isotopes
and very often contain quartz. Although quartz (as
coesite) has been recorded in eclogite xenoliths in
kimberlites, its occurrence is rare (e.g., SOBOLEV,
1977).
JACOBet aZ. (1994) found Sr-Nd and 0 isotopes
and mineralogical
compositions
of a suite of
eclogites from the Udachnaya kimberlite that were
best explained by derivation from altered Archaean
ocean floor. SNYDERet al. (1997) have emphasised
the great petrological and geochemical diversity
shown by eclogites in general that make their precise
evolution difficult to constrain, however, a crustal
origin for some of these rocks seems clear (MACGREGORANDMANTON,1986; NEALet al., 1990; JACOB
et al., 1994)
In addition to having the most radiogenic Nd isotopic compositions of any mantle rocks, eclogites
commonly have very radiogenic Os isotope signatures (MENZIESet al., 1998; PEARSONet al., 1995d;
SHIREYet al., 1998), in marked contrast to the unradiogenic signatures observed in peridotites (Fig. IS).
Initial 'YOs values range from close to chondritic up to
6700 and are similar to Archaean basalts and komatiites (e.g., WALKERet al., 1989b). The large spread
in 1870S/1880S and Re/Os within eclogite suites from
the same kimberlite makes them amenable to dating
using this system. The very radiogenic Os in many of
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these mafic fragments of the lithosphere mean that
they will severely disturb the isotopic signature of
any magma that interacts with them.
Diamond inclusions
The first precise isotopic measurements on inclusions in diamond were made by KRAMERS(1979) on
sulfides of uncertain paragenesis. The analyses revealed variable Pb isotope compositions, some with
ancient isotopic signatures. Application
of the
Sm-Nd system to composites of silicate inclusions
obtained from many different diamonds gave unradiogenic Nd isotope ratios indicative of diamond
formation in old, LREE enriched lithospheric mantle
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(RICHARDSONet al., 1984). These inclusions were
sub-calcic, high-er garnets. The Sm-Nd model ages
of the garnet composites were 3.3 Ga and taken to be
indicative of the crystallisation age of the diamonds
(Fig. 16). Subsequent analyses of lherzolitic garnet
inclusion composites (RICHARDSON
et al., 1993) produced isochronous relationships interpreted to reflect
later diamond formation. The Sr isotope compositions of sub-calcic, high-er garnet inclusions are
radiogenic and frequently unsupported by their measured Rb contents. Although apparently shielded
from mantle processes since their encapsulation, silicate diamond inclusions show a similar range in Nd
isotopic compositions to the minerals in mantle xenoliths (Fig. 11). However, minerals within xenoliths
(mostly diopsides) show a much greater range in Sr
isotopes than the diamond inclusions so far measured
(Fig. 11). This difference may simply be due to a
sampling problem considering the low numbers of
diamond inclusions so far analysed. A greater number of inclusions in diamonds have been analysed for
trace elements and very few show evidence for very
high Rb/Sr that would lead to some of the high
87Sr/86Sr values seen in xenolith minerals.
Recent advances in Re-Os analytical chemistry
have enabled analysis of single sulfide inclusions
within diamond, and even analyses of different sulfides from within the same diamond, permitting, for
the first time, the possibility of obtaining an isochron
age from a single diamond (PEARSONet al., 1998c;
PEARSONet al., 1998d). Sulfide inclusions belonging
to the peridotite paragenesis from Siberia have so far
shown unradiogenic Os isotope compositions that are
characteristic of the least radiogenic, diamondiferous
peridotite xenoliths from Siberia (Fig. 17; PEARSONet
al., 1995c). These unradiogenic Os isotope compo-
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sitions are supported by low Re contents, giving
Re-Os model ages as old as 3.5 ± 0.3 Ga. We
interpret these results to indicate that the sulfide has
remained isolated since diamond crystallisation, 3.5
Ga ago. The concurrence of the low 'Yosvalues found
in sulfide inclusions in diamonds and the least radiogenic Siberian peridotite xenoliths suggests that
Re-Os systematics in some peridotite xenoliths have
remained relatively undisturbed
since the mid
Archaean.
AGE DETERMINATION
The isochron approach
The response of isotope systems to cessation of
inter-mineral diffusive equilibria in rock systems enables precise isochrons to be obtained on many
crustal rocks (see review by SHIREY,1991). In mantle
rocks, their high equilibration temperatures are frequently above the blocking temperature of most isotope systems and so the use of the isochron approach
has been very limited. Frequently, multi-mineral
analyses from xenoliths have closely approximated
the eruption age of the volcanic pipe that brought
them rapidly to the surface. One of the first studies to
show this was performed on Kilbourne Hole spinel
lherzolites (JAGOUTZet al., 1980). Equilibrated Nd
isotopes in orthopyroxene and diopside separates defined essentially zero age isochrons, consistent with
the very recent eruption age of the host volcanic.
Subsequent studies that have obtained mineral isochrons defining the approximate age of kimberlite
eruption include garnet lherzolites (PEARSONet al.,
1995a; PEARSONet al., 1995c; RICHARDSONet al.,

1985 ; WALKERet al., 1989a) and eclogites (PEARSON
et al., 1995c; SNYDERet al., 1993). Two-point garnetcpx isochrons from eclogites in particular are very
variable and not generally a good way to estimate the
kimberlite eruption age. Despite the fact that mineral
isochrons from ancient peridotite xenoliths can be
used to constrain the age of the volcanic eruption as
precisely as some other kimberlite dating techniques
(PEARSONet al., 1995a), the frequent observation of
inter-mineral dis-equilibria in peridotites, and the labour intensive analytical methods required, means
that this method is not a viable way to approach the
dating of kimberlites.
More ancient mineral isochrons, significantly in
excess of eruption ages, have been determined
for diopside-garnet
pairs in cratonic peridotites
(GUNTHERand JAGOUTZ,1997; MCeULLOCH, 1989;
PEARSON et al., 1995a; PEARSON et al., 1995c;
WALKERet al., 1989a; ZHURAVLEVet al., 1991) and
eclogites (JACOBet al., 1994; JAGOUTZ,1988; JAGOUTZ
et al., 1984; SNYDERet al., 1993). Two point peridotite mineral isochrons from a single kimberlite pipe
can vary widely in slope, giving apparent ages hundreds of Ma different. The geochronological information provided by these isochrons is unclear. The
wide variations in isochron ages from a single kimberlite are unlikely to represent closure ages in similar lithologies (PEARSONet al., 1995c). Contamination by the host kimberlite can alter peridotite
mineral isochrons and this can usually be identified
(GUNTHERand JAGOUTZ,1997). GUNTHERand JAGOUTZ(1997) proposed that the oldest mineral isochrons in Siberian peridotites, of c. 2 Ga, represent
closure ages. Younger ages represent partial closure/
re-equilibration during either lithospheric residence
or during eruption. In-situ trace element measurements of minerals from some of these rocks provide
a different perspective. The frequent presence of both
fine-scale (100 urn) zonation, and non-equilibrium
partitioning behaviour for REE between many garnets and clinopyroxenes from Siberian peridotites
(SHIMIZUet al., 1997 and SHIMIZU,this volume) have
two possible implications. One is the probable recent
disruption of isotope systematics in many peridotite
minerals due to recent growth, and the other is their
non-equilibrium features, such that plotting them on
an isochron diagram is not even a valid procedure. A
good example of the type of isotopic complexity that
this can lead to is shown by reversed mineral "isochrons" in some cratonic peridotites (Fig. 18). The
Sm-Nd isotope systematics of garnet-orthopyroxeneclinopyroxene clusters in Kimberley peridotites show
distinctly more radiogenic Nd for both pyroxenes
compared to the garnet, despite much higher SmlNd
of the garnet (Fig. 18). This feature has been ob-
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(PEARSONet al., 1995c). Moreover, this age agrees
well with the 2.51 ± 0.12 Ga secondary Pb isochron
0.5126
on clinopyroxenes from Udachnaya eclogites obtained
"0
by JACOBet al. (submitted). The Re-Os system in this
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samples appear to plot along the 3.5 Ga isochron line
of MENZIESet al. (1998). The non-diamondiferous
Roberts Victor eclogites from Roberts Victor define a
FIG. 18. Sm-Nd isotope systematics of minerals from
poor correlation with a slope equivalent to an age of
Kimberley peridotites (GUNTHER and JAGOUTZ, 1994; RICH2.7 Ga on an isochron diagram, consistent with the
ARDSON et ai. 1985).
Sm-Nd results of JAGOUTZ(1984). This means that
either the diamondiferous and non-diamondiferous
served in other Kaapvaal low- T peridotites (Fig. 18)
eclogites at Roberts Victor have different ages, or
and suggests recent garnet growth from a LREE
that one of the lines may be a mixing line. In this
enriched precursor (GUNTHERand JAGOUTZ,1994).
respect, the fact that the diamondiferous eclogites
Some, albeit post-Archaean lithospheric peridofrom Roberts Victor generally have elevated Sr isotites can show reasonable isochronous relationships.
tope compositions and do not plot on the Sm-Nd
For example, DENGand McDOUGALL(1992) obtained
isochron of JAGOUTZ(1984) appears to indicate that
a 1.64 ± 0.01 Ga isochron from clinopyroxene septhe non-diamondiferous eclogites are less disturbed
arates obtained from spinel lherzolites from Inner
in their Sr-Nd isotope systematics than the diamonMongolia. They interpreted this age to reflect the
diferous ones (see JACOBet al., 1995). This contrasts
time of local lithospheric differentiation, an interprewith SHIREYet ai.'s (1998) observation that in terms
tation that is consistent with the generally radiogenic
of Re-Os systematics, the diamondiferous samples
Nd in these rocks. In contrast, eARLSONand IRVING appear less disturbed, and illustrates the difficulties in
(1994) found correlated Sm-Nd systematics in mindrawing clear-cut conclusions from isotope data in
erals from Wyoming peridotites that scatter around a
many eclogite suites.
1.8 Ga reference isochron. The Nd in these cratonic
This conclusion supports an Archaean age for the
samples is consistently very unradiogenic compared
diamonds that they contain, and raises the possibility
to primitive upper mantle, with an initial ENd of -9,
that a process deleterious to diamond preservation may
indicative of an ancient metasomatic pre-history. The
have caused disruption of the Re-Os systematics.
Sm-Nd age agrees well with U-Th-Pb ages for zircon
and monazite metasomatic phases in the Wyoming
Model ages
peridotite suite and must clearly reflect the time of
major, regional metasomatic enrichment in the lithoThe model age approach requires a number of
sphere (eARLSONand IRVING,1994). This study, and
assumptions about the rocks being studied. Foremost
others make a clear case for multiple post-formation
is the maintenance of a closed system since the event
enrichment events in the evolution of eLM.
being dated. It has been shown above that this is
Given the severe disruption often caused even to
rarely the case with cratonic peridotite xenoliths. This
mineral isochrons, it is perhaps surprising that
causes severe problems for the Rb-Sr and Sm-Nd
wholerock Re-Os isochrons have been produced for
systems in cratonic peridotites because their antiquity
eclogite suites from Siberia (PEARSONet al., 1995d)
makes them likely to have experienced multiple enand the Kaapvaal craton (from the Newlands kimberrichment events, possibly separated by large time
lite pipe; MENZIESet al., 1998) that yield Archaean
intervals. So, although enrichment model ages can be
ages. The 3.5 ± 0.7 Ga isochron for Newlands
calculated, for Nd, for example, their significance is
eclogites obtained by MENZIESet al. (1998) is convery dubious. This problem is well illustrated by a
sistent with the oldest Re depletion ages of Kaapvaal
plot of Nd isotope evolution for single, low-Ca garnet
peridotite xenoliths (PEARSONet al., 1995a). The
crystals, with very similar major element chemistry,
2.9 ± 0.4 Ga isochron for Udachnaya eclogites anafrom the Udachnaya kimberlite (Fig. 19; JACOBet al.,
lysed by PEARSONet al. (1995d) is within error of the
1998b). Model ages, calculated from a depleted manoldest Re depletion ages of Udachnaya peridotites
tle reservoir, range from <1 to >3 Ga. This large
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the Bulk Earth and Depleted Mantle evolution
curves. The problem with the Bulk Earth evolution
curve becomes less severe further back in time because of the precisely determined, most primitive
initial 1870S/1880S defined for early Solar System
materials (IlIA irons; 1870S/1880S = 0.09531 ± 11;
SMOLIARet al., 1996). However, considerable debate
exists concerning the present day Bulk Earth. The
mantle has been found to have a generally chondritic
Single subcalcic garnets
Os isotope composition (e.g., LUCK and ALLEGRE,
Udachnaya
(Jacob et ai, in press)
1983) but the exact value is somewhat uncertain.
Chondrites have been shown to be heterogeneous in
4.0
3.0
2.0
1.0
terms of their Os isotope compositions. Current estiT Ga
mates varying from mean carbonaceous chondrite
values of 1870S/1880S values of - 0.127 (LUCKand
FIG. 19. Nd model ages for single subcalcic garnet crystals from the Udachnaya kimberlite (JACOBet al., 1998b).
ALLEGRE,1983; WALKERet aI., 1989a) to 0.129 or
DM is the depleted mantle evolution curve.
higher, characteristic of the OlE source, or more akin
to enstatite-chondrites (MARTIN,1991; MEISELet al.,
1996). Fortunately, the ancient ages of cratonic rocks
generally minimise these problems. Despite the
range in model ages for single crystals may be due to
above caveats, which should always be borne in
metasomatic reaction at different times, to varying
mind, remarkable success has been achieved underextents subsequent to garnet crystallisation (JACOBet
standing the evolution of cratonic mantle using simal., 1998b), or, relatively recent growth of garnet,
plistic, single-stage T RD model ages.
with individual crystals achieving varying degrees of
The ground-breaking
study of WALKER et al.
equilibrium in their trace element partitioning. What(1989a) showed that Kaapvaal peridotites were charever the explanation, it is clearly dangerous to rely on
acterised by very unradiogenic Os isotope ratios
such model ages for accurate chronological informawhich translated into ancient TRD ages extending into
tion, particularly in cratonic xenoliths. Some systemthe Archaean. This initial finding has been confirmed
atic Rb-Sr and SmlNd model ages have been
and extended by subsequent studies on more
obtained for non-cratonic xenoliths (DENG and MeKaapvaal peridotites, with the oldest Re depletion
DOUGALL,1992; IONOVand JAGOUTZ,1989), but in
ages being 3.3 to 3.5 Ga (PEARSONet al., 1995a).
general, most suites do not produce systematic, reliMoreover, studies of other lithosphere peridotites
able model ages that correlate clearly with other
from the Wyoming (eARLSONand IRVING,1994) and
geological parameters.
Siberian cratons (PEARSONet al., 1995c) indicate that
In cratonic peridotites, the Re-Os system is also
most intact cratonic lithosphere began to stabilise in
prone to disturbance by metasomatic reaction with
the mid-Archaean (Fig. 20). Chrornites from ultramelts, especially when interaction preceded eruption
mafic rocks analysed by NAGLERet al. (1997) indiby large time intervals. This complication is due to
cate that stabilisation of cratonic lithosphere beneath
the high Re content of typical mantle melts compared
the Zimbabwe craton began perhaps 3.8 Ga ago, but
to peridotites, but there is also evidence that Os can
be dramatically disturbed (eHESLEY and RUDNICK, no direct samples of the lithospheric mantle from this
craton have yet been dated.
1996; PEARSONet al., 1998d). Re depletion models
An obvious feature of the age histograms preages, or TRD ages are used to try to overcome the
sented in Fig. 20 is the large spread in TRD ages. This
problems of post-formation Re addition or loss in
spread has been explained largely in terms of postperidotite xenoliths (see above). For very depleted
crystallisation Re addition (PEARSONet al., 1995a;
xenoliths with low Re, the TRD age is often within
PEARSONet al., 1995c; WALKERet al., 1989a), al200 Ma of the model ages calculated using the meathough direct alteration of Os contents and isotope
sured parent-daughter ratio (TMA age; see Fig. 4). For
ratios is clearly possible (eHESLEY and RUDNICK,
relatively fertile xenoliths, or those that have experi1996) especially considering the high Os content of
enced substantial Re addition, T RD ages represent
diamond inclusion sulfides, some of which appear to
minimum age estimates only. The philosophy behind
have crystallised in the lithosphere recently (PEARSON
this approach, and its applicability, is discussed at
more length by PEARSONet al. (1995a) and SHIREY et al., 1998d). If the data for cratonic peridotites that
(1998). An additional source of error for both TRD show no sign of patent metasomatism (no postdifferentiation introduction of metasomatic phases)
and T MA Re-Os model ages is the uncertainty in both
0.5130
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rich fluids which tend to have very low Os but high
Re (e.g., PEARSONet al., 1995c; Fig. 21). It is possible
that some of the samples lying to the left hand side of
the isochron diagram have experienced Re loss, possibly due to breakdown and alteration of sulfides
during eruption (LORAND,1990), but this suggestion
is difficult to verify.

Kaapvaal peridotites
Bushveld

mantle

4

Wyoming peridotites

6
4

The oldest T RD ages for cratonic peridotites are
predominantly from those with the lowest measured
Re, well below the 260 ppt value suggested by MORGAN(1986) for fertile mantle (SHIREYand WALKER,
1998). The oldest TRD ages are taken to approximate
the age of craton stabilisation and this is supported by
the similarity in the oldest TRD ages for peridotites
from 3 different cratons (Fig. 21, PEARSONet al.,
1995a). Samples from the Premier kimberlite, South
Africa, consistently give post-Archaean ages of c. 2
Ga (PEARSONet al., 1995a; eARLSONet al., 1998). The
Premier kimberlite erupted through the outcrop ring
of the large Bushveld intrusion that formed close to 2
Ga and it seems likely that a major new addition to
the lithosphere occurred beneath this region at this
time (eARLSONet al., 1998). This possibility is supported by the occurrence of Bushveld erlichmenites
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are plotted on aRe-Os isochron diagram (Fig. 21),
clear indications of Re addition are seen. Samples
that differentiated by variable degrees of Re depletion, from mantle of chondri tic composition, should
lie on lines connecting them to present day Bulk
Earth, the slope of these lines yielding the age of
differentiation. The data clearly require more complex explanation than this simple one-stage model.
Numerous samples have Re/Os values much higher
than Bulk Earth, yet fairly unradiogenic Os, suggesting recent Re addition. The shaded field on Fig. 21
shows the area that would be occupied by samples
that had experienced simple mixing with the variety
of compositions shown by southern African kimberlites (PEARSONet al., 1996). Numerous samples plot
within this field and could be a product of hostkimberlite interaction plus the time-integrated effects
of more ancient melt enrichment. Other samples have
elevated Re/Os but retain unradiogenic Os. These
samples could reflect recent interaction with carbonate-
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FIG. 21. Re-Os isotope systematics of cratonic peridotites.
Isochrons for single-stage differentiates of a chondritic reservoir at various times (in Ga) are illustrated. Also shown is
the field for peridotite interaction with kimberlites and the
effect of mixing with a high Re-Os sulfide component
similar to some sulfide inclusions in diamonds (PEARSON
et
al., 1998d).
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(HART and KINLOCH,1990) with 1870S/1880S in the
range of the Premier peridotites that show evidence
of having formed at 2 Ga. The Os isotope composition of these grains presumably reflects that of the
dominant component contributing to Bushveld magmatism in this period. In contrast, osmiridiums, laurites and erlichmenites from the Witwatersrand basin
show evidence of grains as old as 3.3 Ga, the same
age as the postulated maximum lithospheric mantle
age in the main Kaapvaal craton root (PEARSONet al.,
1995a). Further studies are on-going, aimed at characterising possible lateral variations in lithospheric
age across the Kaapvaal craton (eARLSON et al.,
1998).
The same approach of using TRD ages to estimate
the age of lithospheric mantle stabilisation can be
applied to circum-craton xenolith suites. Peridotite
suites from Namibia and East Griqualand, surrounding the Kaapvaal craton, show oldest TRD ages that
are early Proterozoic, c. 2.1 to 2.3 Ga (PEARSONet al.,
1994; PEARSONet al., 1998a), much younger than the
oldest ages from on-craton suites (Fig. 22). The mean
TRD age for the 2 circum-cratonic suite is 1.6 ± 0.4
Ga compared to 2.5 Ga ± 0.5 Ga for on craton
xenoliths (Fig. 22). A large range of isotopic compositions is again evident. The isotopic variability
does not clearly correlate with degree of melt removal as defined by major element parameters (if
these peridotites represent residues), suggesting similar disturbance of Os isotope signatures. The oldest
TTD ages for circum-cratonic rocks appear to correlate with the age of the oldest crustal basement in
these regions and indicate that the craton root does
not extend beneath Proterozoic cover in these areas.
Lithospheric

stratigraphy

Depths of origin can be determined via thermobarometry for many cratonic peridotites and hence
we can potentially examine the stratigraphy of the
lithospheric mantle (PEARSONet aI., 1995a). The most
comprehensive data available in this regard is from
southern Africa, where both on-craton (PEARSONet
al., 1995a,c; WALKERet al., 1989a) and off-craton
(PEARSONet al., 1994; PEARSONet al., 1998a) localities have been analysed. Examination of the depth
versus age relationships in Fig. 23 reveals two important features: (a) Strong correlation between the
age of the oldest major crust-building period and the
oldest TRD ages of the underlying lithospheric mantle, both on- and off-craton; (b) Lack of an obvious
relationship between age versus depth in the lithosphere. Closer scrutiny shows that, of the present
data, the oldest TRD ages occur both in shallow, and
deep mantle, and this observation has been used to
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FIG. 22. T RD model ages for circum-cratonic xenolith
suites from Namibia and East Griqualand compared to
Kaapvaal craton peridotites. Data sources as in Fig. 9.

argue for relatively rapid accretion of cratonic lithosphere, possibly from plume-driven melting (PEARSONet aI., 1995a). One possible problem with this
interpretation is that although the Os isotopes are
recording ancient processes, the mineral equilibria
upon which the P-T estimates are based, only record
conditions immediately before sampling by the kimberlite. As such, it is possible that much later tectonic-stacking has produced the age-depth relationships
observed in Fig. 23.
The oldest TRD ages for 3 cratons are in the range
of the period of major crust building for these regions. This observation leads to the suggestion of a
causal link between either crust-building and stabilisation of lithospheric mantle, or the preservation of
crust, once a protective deep lithospheric keel has
been stabilised. On the basis of very limited xenolith
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data, this relationship appears to be the case for the
Superior province (PEARSONet al., 1995b). Studies of
more localities may clarify the relationship between
the formation of the cratonic crust and lithospheric
mantle.
Orogenic peridotite massifs have been widely
utilised in the study of post-Archaean lithosphere
formation. Re-Os isotope studies of such massifs
have also revealed evidence for Re disturbance but
several massifs exhibit remarkably good correlations
between bulk rock Al203 and 1870S/1880S (BURNHAM
et al., 1998; REISBERGand LORAND,1995). Due to the
apparent similarity in bulk distribution coefficients of
Re and Al during mantle melting, REISBERGand LoRAND(1995) proposed that this correlation represents
an isochron analogue and used the y-axis intercept
(on a plot of 1870S/1880S vs. A1203) to calculate a
T RD model age for the formation of the lithosphere
beneath the Betics and the Pyrenees. BURNHAMet al.,
(1998) have shown that this approach is much more
appropriate for correlations between 1870S/1880S and
either S, or Re, as these components may be totally
depleted in a peridotite at high degrees of melting,
whereas this is not the case for Al203 in the range of
melting experienced by Orogenic peridotite massifs.
Hence, lithosphere formation ages based on intercept

values of 1870S/1880S vs. Al203 correlations are
likely to be over-estimates (BURNHAMet al., 1998).
Correlations of 1870S/880S vs. Al203 have been
observed for some xenolith suites from alkali-basalts
(eOHEN et aI., 1996) but such correlations are absent
or very poor in suites of cratonic and circum-cratonic
kimberlite-borne peridotite xenoliths. Whether this
represents a fundamental difference in the mode of
origin of these different peridotite suites is not yet
certain, but the general approach has not been found
useful in cratonic xenolith suites.
SUMMARY:
ISOTOPIC
CONSTRAINTS
ON
THE ORIGIN AND EVOLUTION
OF
CRA TONIC LITHOSPHERE

Origins of eclogites
The origin of eclogites erupted by kimberlites provides potential constraints on the tectonics associated
with craton formation (JACOBet al., 1994; JACOBet
al., 1998a; SNYDERet aI., 1997). Their antiquity has
been shown using U-Pb, Sm-Nd and Re-Os isotope
systematics. At issue is whether all kimberlitederived eclogites are of crustal derivation, representing deeply subducted and metamorphosed Archaean
ocean floor, or whether they are products solely of
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mantle processes. SNYDERet al. (1997) have stated
that there are no unequivocal mantle signatures in
eclogite xenoliths. In terms of isotopic signatures this
is possibly correct, but other characteristics may be
more indicative. Eclogites have a very large spread in
SmlNd. Although the mean is close to values seen in
MORE and crustal eclogites occurring in metamorphic belts, numerous eclogites have very high SrnI
Nd, far above that observed for crustal rocks.
Eclogites have been proposed as residues from slab
melting (IRELANDet al., 1994), and this process might
elevate SmlNd in a residual eclogite although this is
difficult to model without appropriate partition coefficients. The only analogous very high SmlNd signatures are seen in garnet pyroxenites from orogenic
peridotite massifs, of clear mantle derivation (Fig.
14), suggesting that a mantle signature can be seen in
some kimberlite-borne eclogite xenoliths. The very
high SmlNd of some eclogite xenoliths suggests that
they originated as high-pressure cumulates. This observation does not deny an origin from subducted
protoliths for these very high SmlNd eclogites, indeed several have extreme oxygen isotope compositions (JAGOUTZet al., 1984), but they appear to have
experienced high-pressure crystal-liquid equilibria
involving garnet fractionation. Hence, high SmlNd
eclogites might be another variant of eclogites, possibly produced by high pressure crystal fractionation
of slab derived melts, either as cumulates or by
crystal plating. The low Re/Os signatures of some
eclogites (MENZIESet ai., 1998; PEARSONet al., 1992;
SHIREYet al., 1998) may be explicable in terms of a
cumulate origin. The Archaean age established for
several eclogite suites, together with the clear crustal
signatures in some suites strongly suggest that platetectonics involving subduction operated in the late
Archaean (JACOBet al., 1994; PEARSONet al., 1995d).

system uniquely fingerprints the eLM, and Re depletion model ages show excellent coherence with tectonic settings defined from crustal rocks; thus a systematic shift occurs in the mean T RD ages of
peridotites from Archons, Protons and Tectons (Fig.
24). The distinctive Os isotopic characteristics of
eLM are proving very useful for identifying ancient
lithospheric fragments in tectonically complex areas.
The oldest Re depletion ages of eLM xenoliths
show excellent correspondence with the age of major
crust building on craton. Furthermore,
circumcratonic peridotites mirror this relationship, with Proterozoic crustal basement underlain by Proterozoic
mantle (Fig. 24). This observation is powerful evidence that the deep roots of continents move coherently with their crust during continental drift and
tectonic activity and are not easily removed.
Many theories have been advanced to explain the
origin of eLM, in particular, the Si-enriched peridotite xenoliths erupted through the Kaapvaal and Siberian cratons by kirnberlites (BOYD, 1989; BOYDet
al. , 1997; HERZBERG,1993; KELEMANet al., 1992;
KELEMANet al., in press; RUDNICKet al., 1994). The
lack of discernible difference in differentiation ages
between shallow and deeply derived peridotites has
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Origin of cratonic peridotites
Radiogenic isotope systematics in cratonic peridotites testify to the diverse processes they have experienced. Incompatible element isotope systematics, in
particular Sr-Nd isotopes, predominantly reflect enrichment by a variety of melts and H20-e02
rich
fluids, probably during multiple events. The timing of
some of this enrichment must have been ancient
(Archaean) to produce the very unradiogenic Nd isotopes observed in both peridotites and diamond
inclusions.
Re-Os isotopes provide clear evidence for an Archaean formation age for cratonic peridotites from
three different cratons. New data are revealing evidence for substantial later additions to the eLM in
some localities (eARLSON et al., 1998). The Re-Os
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FIG. 24. Histograms of TRD model ages for peridotite
xenoliths from different tectonic settings (terminology from
JANSE, 1994). Archon & Proton data sources as in Figs. 7
and 9. Tecton data from HANDLERet al. (1997) and PEARSON
et al. (1998a).
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been cited as evidence to support formation of eLM
BONNEYT. G. (1897) On some rock specimens from Kimberley, South Africa. Geol. Mag. 4,448-502.
in a plume environment (PEARSONet al., 1995a).
BOYD F. R. (1973) A pyroxene geotherm. Geochim. CosHowever, recent models invoking shallow, ridge
mochim. Acta 37, 2533-2546.
melting, followed by interaction with slab-derived
BOYD F. R. (1987) High- and low temperature garnet
melts in subduction zones (KELEMANet al., in press;
peridotite xenoliths and their possible relation to the
RUDNICKet al., 1994), and then tectonic stacking, are
lithosphere-asthenosphere
boundary beneath southern
Africa. In Mantle Xenoliths (ed. P. H. NIXON), pp. 403equally viable in producing the observed age versus
412. John Wiley & Sons.
depth relationships in eLM. The attraction of these
BOYD F. R. (1989) Compositional distinction between ocemodels is several fold. They incorporate a mechaanic and cratonic lithosphere. Earth Planet. Sci. Lett. 96,
nism for producing overlying crust of similar age to
15-26.
the mantle keel. The processes of polybaric melting
BOYDF. R. (1997) Correlation of orthopyroxene abundance
with the Ni-content of coexisting olivine in cratonic peritogether with melt-solid interaction would combine
dotites. Eos, Trans. Amer. Geophys. U. 78, 746.
to produce many of the scattered geochemical relaBoYD F. R. and GURNEYJ. J. (1986) Diamonds and the
tionships observed in cratonic peridotites. In addiAfrican lithosphere. Science 232, 472-477.
tion, the subduction zone environment provides a
BOYD F. R. and NIXON P. H. (1979) Gamet lherzolite
xenoliths from the kimberlites of East Griqualand, southmeans of generating eclogites of similar age (MENern Africa. Carnegie Inst. Washington Year Book 80,
ZIESet al., 1998; PEARSONet al., 1995d; SHIREYand
328-336.
WALKER, 1998) to the cratonic peridotites, interBOYD F. R., PEARSOND. G., OLSON H. K. E., and HOAL
leaved with them in the craton root. Despite this,
B. G. (1994) Composition and age of Namibian peridotite
there are a number of features of such models that are
xenoliths; a comparison of cratonic and non cratonic
lithosphere. Eos, Transactions, American Geophysical
problematic. One is the large amount of viscous
Union 75(16, Suppl.), 192.
Si02-rich melt required to interact with residual peBOYDF. R., POKHILENKO
N. P., PEARSOND. G., MERTZMAN
ridotite. It is not clear whether such melts could be
S. A., SOBOLEVN. V., and FINGERL. W. (1997) Compoeffective at percolating through residual peridotite,
sition of the Siberian cratonic mantle: evidence from
Udachnaya peridotite xenoliths. Contrib. Mineral. Petroi.
and if they did, we might expect to see a clearer
128,228-246.
chemical signal of their effect. A second problem is
BRUEKNERH. K. (1974) Mantle Rb/Sr and 87Sr/86Sr ratios
that the positive correlation between Ni content of
from clinopyroxenes from Norwegian garnet peridotites
olivine versus modal orthopyroxene content in the
and pyroxenites. Earth Planet. Sci. Lett. 24, 26-32.
Premier peridotite suite, which is used to support the
BURNHAMO. M., ROGERS N. W., PEARSOND. G., VAN
CALSTERENP. W., and HAWKESWORTHC. J. (1998) The
melt-rock reaction model (KELEMANet al., in press) is
petrogenesis of the Eastern Pyrenean peridotites: An innot observed in other peridotite suites thus far analtegrated study of their whole-rock geochemistry and
ysed (BOYD, 1997). Clearly, much work is yet to be
Re-Os isotope composition. Geochim. Cosmochim. Acta
done if we are to fully understand the origin of
62,2293-2310.
cratonic peridotites.
CAPOBIANCOC. J. and DRAKE M. J. (1990) Partitoning of
ruthenium, rhodium, and palladium between spinel and
Finall y, a first -order implication of the persistence
silicate melt and implications for platinum group element
of ancient ages throughout the depth of cratonic
fractionation trends. Geochim. Cosmochim. Acta 54,
lithosphere is that slow, thermal or tectonic accretion
869-874.
over large timescales seems unlikely. However these
CARLSONR.W. (1995) Isotopic inferences on the chemical
structure of the mantle. J. Geodynamics 20, 365-386.
cratonic keels were put together, it appears to have
CARLSONR. W. and IRVING A. J. (1994) Depletion and
happened mostly in Archaean times.
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