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In order to study the geochemistry of diamonds formed during similar growth conditions in a very localised
environment in the mantle, we carried out a detailed study of the variation in 6'°N, 63C, N content, and N
aggregation state of 35 diamonds in a single eclogite xenolith from the Kaalvallei kimberlite in South Africa.
Diamond nitrogen contents determined by infrared spectroscopy range from 239 ppm to 1272 ppm, and are
positively correlated with nitrogen aggregation states which vary from 11.5% to 43.7% of 1aB defects. Modelling
of these parameters using second order reaction kinetics suggests that the diamonds likely represent a single
population which has been resident in the mantle at temperatures of 1090 °C to 1190 °C. 8'>C values of the
diamonds analysed range from — 6.0%. to —4.2%., while 6'°N values vary from —8.9%. to —4.1%., with no
correlation between 8>C and 6'°N. These values account for 5% and 15%, respectively, of the worldwide
isotopic range for diamonds. The limited variability of C and N isotopic compositions for the diamonds analysed
are compatible with a model of metasomatic diamond formation from a single, homogeneous fluid, and this is
also supported by the infrared data. Although the absence of any clear correlation between 6'°N, §'>C and
diamond N content precludes the accurate identification of the fluid species involved in diamond growth, the
lack of correlation may indicate the involvement of a carbonate- or CO,-type fluid.

The observed range in negative §'°N values for all the diamonds analysed are within the limits of the so-called
mantle range (6"°Npanue = — 5 + 2%.) which is consistent with a mantle origin for these diamonds. Negative
6N is inconsistent with diamond formation from recycled (crustal) material which is enriched in *N (i.e.
positive 6'°N).

In contrast, positive europium and strontium anomalies in silicate minerals of the host xenolith, as well as
oxygen isotopic data which deviate from the mantle range, are consistent with a protolith consisting of recycled
oceanic crust. It is therefore concluded that our data supports a model of metasomatic diamond crystallisation
from a mantle-carbon source.
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1. Introduction and Harris, 2008; references therein). Over the last 30 years, these

studies have also helped constrain our understanding of e.g. the
temporal evolution of the lithospheric mantle (Shirey et al., 2002).
Such studies, however, face a series of difficulties. Diamonds are
usually recovered as mixed populations from the host kimberlite, and

The high strength and inert nature of diamond makes it an ideal
substance on which to study the interior of the earth from e.g. the base
of the lithosphere (150-250 km) to the transition zone, and also in to

the lower mantle (>660 km; Stachel et al., 2000a,b). Thus, diamond
and its impurities can provide insight into aspects of mantle
mineralogy as well as the origin of the lithosphere and its evolution.
(Deines et al., this issue; Kaminsky et al., this issue; Batumike et al.,
this issue; Sobolev et al., this issue). Based on the mineralogy and
major element chemistry of inclusions in diamonds, it is by now well
established that diamond crystallises primarily in two differing
lithologies, namely peridotite and eclogite (Sobolev, 1977; Stachel
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may represent a variety of high-pressure host rocks (as attested by e.g.
the variability in the Cr and Ca content of peridotitic garnets occurring
as inclusions in diamonds), derived from distinct temperature re-
gimes in the mantle, which may correspond to varying diamond mantle
residence times. The presence of such mixed populations might explain
why typically only weak correlations between e.g. 5'>C and diamond N
contents are observed.

In order to constrain models of diamond genesis more accurately it
is necessary to focus on diamond populations characterised by similar
growth conditions e.g. those from diamond-bearing eclogite and
peridotite xenoliths (see for instance Thomassot et al., 2007). Eclogite
represents a comparatively minor component of the earth's mantle
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(Schulze et al., 1996), yet may account for a significant proportion of
the xenolith and diamond population at many kimberlites worldwide.
Diamond-bearing eclogite also tends to predominate amongst dia-
mondiferous xenoliths (Gurney, 1989). This over-abundance of diamond
in eclogite was explained by Luth (1993) as being a consequence of two
combined effects: (1) the relatively more reduced nature of eclogite
compared to peridotite (O'Neill et al., 1993) would result in enhanced
stability of diamond in eclogite (Luth, 1993), and (2) olivine-bearing
mantle xenoliths such as peridotites are probably more easily altered
and disaggregated relative to eclogite (Luth, 1993).

Diamond-bearing eclogites are unusually abundant at some of the
kimberlites in South Africa e.g. the Kaalvallei kimberlite. Eclogites at
the locality have also been well-studied (Viljoen, 2005). The current
investigation therefore focuses on 35 diamonds extracted from a single
eclogite (sample K8/109) from Kaalvallei, and serves to complement
an earlier study on diamonds from a diamondiferous peridotite
recovered at the Premier diamond mine (Thomassot et al., 2007). It
also aims to provide insights into the other major high-pressure dia-
mond host, namely eclogite. Observed relationships between carbon
and nitrogen isotopic composition, and diamond growth, place cons-
traints on (a) the origin of eclogitic diamonds and their relationship
with their eclogitic host, (b) diamond genesis in relation to metaso-
matic processes, and (c) the implications thereof for models of dia-
mond growth in the subcratonic lithosphere.

2. Xenoliths and diamonds at Kaalvallei

The Kaalvallei kimberlite is located in the Free State region of South
Africa, on the farm Kaalvallei12, approximately 7.5 km from the town of
Welkom along the Welkom-Virginia road (Fig. 1 in Viljoen, 1994;
Viljoen, 2005). It occurs on the Kaapvaal craton, and intrudes shales and
sandstones of the Ecca Group. The occurrence comprises of a roughly
circular main pipe with surface area of 2 ha, and a satellite intrusion
located 300 m west of the main pipe (Stiefenhofer, 1989). Monticellite-
bearing kimberlite varieties predominate and the main pipe is classified
petrographically and isotopically as a Group [ kimberlite (Smith, 1983;
Skinner, 1989), with an Rb-Sr mica age of 8541 Ma (Viljoen, 1994).

The diamond-bearing xenolith under consideration, K8/109, was
previously described by Viljoen (2005). It is bimineralic, comprising
mainly of clinopyroxene (70%) and garnet (30%), with trace diamond
(<1%). Based on texture, it is a Group I eclogite (i.e. coarse rocks with
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large rounded garnets, set in a matrix of coarse clinopyroxene;
MacGregor and Carter, 1970). As is typical for Group I eclogite xeno-
liths (including many diamond-bearing eclogites), elevated Na,0 in
garnet as well as K,0 in clinopyroxene is observed (McCandless and
Gurney, 1989; Viljoen, 2005). Garnet in the xenolith is comparatively
Fe-rich (15.32 wt.% FeO), contains substantial TiO, (0.44 wt.%) but has
low Cr,03 (0.20 wt.%; Viljoen, 2005). The occurrence of diamond in a
Group I eclogite from Kaalvallei is consistent with the view that these
represent a major high-pressure source rock for diamond (Robinson
et al., 1984; McCandless and Gurney, 1989).

Most of the diamonds in Kaalvallei eclogite xenolith K8/109 are
colourless with unresorbed octahedral shapes, and with weights rang-
ing from 0.12 to 1.65 mg (0.0006 to 0.0082 carats). The occurrence of
small, unresorbed octahedral diamonds in the xenolith is also typical of
diamonds from other eclogites at Kaalvallei (Kiviets, 2000), as well as for
eclogites from other localities worldwide e.g. the Orapa kimberlite in
Botswana (Robinson et al., 1984). No inclusions were encountered in any
of the diamonds examined.

3. Analytical techniques

Diamonds were analysed by micro-Fourier transform infrared (FTIR)
spectroscopy using a Nicolet Magna-IR 550 to determine both nitrogen
content (Nrrr) and nitrogen aggregation state. Spectrum acquisition
was accomplished over a spectral range of 650 cm™ ! to 4000 cm ™ !, with
300 scans collected at a resolution of 4 cm™ . Nitrogen spectra were
deconvoluted utilising a least squares approach, and nitrogen contents
and aggregation states determined using an absorption coefficient of
16.5 at ppm cm ™ ! for A defects (Boyd et al, 1994a) and 79.4 at ppm cm ™ !
for B defects (Boyd et al., 1995a). Accuracies are better than 10% for
nitrogen content and better than + 3% for nitrogen aggregation state.

Mass-spectrometer-based analysis of diamonds for nitrogen con-
tent, 56N and 6'3C followed the experimental procedure of Boyd et al.
(1995b) with accuracies of 0.5% and 0.1%. (20) for 8'°N and 6'3C, as
well as 5% for total nitrogen measurements. Each diamond was
combusted in a pure oxygen atmosphere at a temperature of 1100 °C,
and nitrogen was then separated from carbon dioxide using a mixture
of Ca0 and Cu, with nitrogen oxides reduced to N, (Boyd et al., 1994b).
CO, generated was analysed for carbon isotopic composition with a
dual-inlet gas source mass spectrometer. Nitrogen concentrations in
the gas produced by burning the diamond were measured with a
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Fig. 1. Diamond nitrogen aggregation plotted as a function of average mantle residence time, and calculated utilising second order reaction kinetics (Chrenko et al., 1977).
Temperature distributions have been calculated for assumed mantle residence times of 4365 M.y. and 80 M.y. Note that temperature is a little dependent on time over a wide spread
of residence time but are sensitive for very small residence time in the mantle. Each solid line represents a single FTIR measurement on one diamond.
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capacitance manometer, and the nitrogen isotopic composition was
determined with a home-made triple collector static vacuum mass
spectrometer connected directly to the extraction line. Isotopic
compositions are expressed using the conventional delta notation
(defined for carbon as §C=[(3C/"2C)sample/ (>C/*2C)yppp — 1] x
1000, and for nitrogen as 8N =[(">N/"N)sampte/ (>N/"N) i, — 1] x
1000).

4. Results

Nitrogen contents in the diamonds analysed (as determined by
infrared spectroscopy) range from 239 to 1272 ppm (Table 1). Average
nitrogen content (839 ppm) is 3x higher than the worldwide average
of about 300 ppm (e.g. Deines et al., 1987, 1993, 1997; Cartigny, 2005;
Donnelly et al., 2007). Nitrogen aggregation states (%B defects, Table 1)
vary from 11.5% to 43.7% of IaB. Nitrogen content is positively cor-
related with N aggregation state (Fig. 2). These infrared characteristics
are broadly similar to that of other diamonds described previously
from a further 10 eclogite xenoliths from Kaalvallei (Kiviets, 2000).

Carbon isotopic compositions of the diamonds analysed (Table 1)
cover a narrow range from —6.0%. to —4.2%. (Fig. 3) with an average
613C of —5.2%.. This range covers only 5% of the worldwide spread in
carbon isotopic compositions for diamonds (Cartigny, 2005), but are
comparable to the observed range of mantle-derived carbon (i.e. 8'3C =
— 44 2%,; Javoy et al.,, 1986). Nitrogen isotopic compositions (Table 1)
show very little variation, ranging from 6"°N=—8.9%. to —4.1%.
(Fig. 4) with an average of — 6.9%.. This range in 6'°N covers only 15% of
the total observed spread in 6'°N for eclogitic diamonds worldwide, and
falls within the so-called mantle range (i.e. 8" Nante = — 5 = 2%; Javoy
et al., 1984; Javoy and Pineau, 1991; Cartigny, 2005).

Diamond nitrogen content as determined by combustion and mano-
metry (i.e. [N]comp; Table 1) is positively correlated (1:1) with diamond
contents determined by FTIR (Table 1), suggesting that the diamonds
analysed are probably homogeneous in terms of nitrogen content. This is
substantiated by the limited spread in 6'C and §'°N. In contrast to the
diamonds analysed previously from a diamond-bearing peridotite
(Premier Mine; Thomassot et al., 2007), there is no clear correlation
between 63C, 5°N and N content in diamonds from Kaalvallei eclogite
xenolith K8/109.

5. Discussion
5.1. Diamonds, xenoliths, and geothermometry

Nitrogen is the main crystallographic lattice impurity in diamond
(Kaiser and Bond, 1959) and enters the carbon structure through
single atom substitution of carbon to form Ib-type diamond. Initially,
this singly-substitutional nitrogen diffuses fairly rapidly (i.e. over
millions of years) to form atomic pairs (A defects in [aA diamond) due
to a low activation energy associated with this process. Following this,
these N-pairs diffuse to form clusters of 4 N-atoms surrounding a
vacancy (B defects in IaB diamond). This takes billions of years to
accomplish due to a higher activation energy for the reaction relative
to the Ib to IaA conversion in diamond (Evans and Qi, 1982; Evans and
Harris, 1989; Taylor et al., 1990).

The conversion of A defects (IaA diamond) to B defects (laB
diamond) can be modelled using the following equation (see Chrenko
et al.,, 1977; Evans and Qi, 1982):

1/[laAj— 1/[N] = (A,Exp—Ea/RT) 't

where N is the total nitrogen content ([N]=[laA] + [laB]), A and R are
constants with A= 294,000 ppm s~ ' and R=8.317 k]/mol/K, Ea is the
activation energy in eV (7 eV; Cooper et al., 1989), t is time in seconds
and T is temperature in Kelvin.

Table 1

Diamond weight, 6'°C, §'°N, nitrogen aggregation state (% B), and N contents (as
determined by infrared spectroscopy as well as bulk combustion, followed by
manometry) for diamonds from Kaalvallei eclogite xenolith K8/109.

Sample  Weight Npr Nrrr %B Neomb  Neomb 6PN A3C
(mg) (ppm)  (at ppm) (ppm) (atppm) (%) (%)

kv 1-1 1.6570 923 791 317 842 722 —57 —49
898 770 29.1

kv 1-2 13360 560 480 299 698 598 —62 —52
944 809 323

kv 1-3 0.1338 1213 1040 341 511 438 —82 —6.0
1133 971 35.5

kv 1-4 0.6367 449 385 299 220 189 —6.7 —5.1
411 352 30.2

kv 1-5 15486 682 585 241 700 600 —6.8 —52
1142 979 329

kv 1-6 0.4280 662 568 276 515 441 —51 —52
565 484 26.9
669 573 321

kv 1- 0.1910 914 783 386 na n.a. n.a. n.a.

kv1-8 01595 719 616 28.9 456 391 —78 =55
777 666 314

kv 2-1 0.2567 239 205 226 176 151 —6.7 —52

kv2-2  0.5061 561 481 39 712 610 —58 —49

kv 2-3 0.1684 863 740 46.6 546 468 —86 —56

kv 2-4 0.6776 971 832 337 741 635 =70 =5
1013 868 36

kv 2-5 0.1640 744 638 313 387 332 =79 =5
899 771 36.3

kv 2-6 1.0994 874 749 288 751 644 —64 —52

kv 2-7 0.4117 912 782 299 924 792 n.a. —5.0
1035 887 39

kv 2-8 04730 894 766 40.8 748 641 =63 =53

kv 2-9 0.6341 899 771 253 949 813 —-72 =50
894 766 27.8

kv 2-10  0.2351 851 729 348 510 437 —89 -—52
824 706 343

kv 3-1 1.1546 884 758 269 857 735 —6.6 —5.0
861 738 28.8

kv 3-2 0.6662 811 695 299 774 663 —62 —50

kv 3-3 1.2295 592 507 304 679 582 —62 —49
683 585 283

kv 3-4 0.2609 1017 872 372 706 605 —73 —53
879 753 324

kv 3-5 0.1610 1037 889 418 783 671 —81 —538

kv 3-6 0.2251 888 761 29.7 642 550 —69 —5.1
828 710 30.7

kv 3-8 0.8411 1218 1044 421 1390 1191 —6.7 —56
1272 1090 43

kv 3-9 0.5409 840 720 346 821 704 —73 —42
913 783 284

kv 3-10 0.1995 614 526 321 568 487 —6.7 -—52

kv 4-1 0.6274 1056 905 341 912 782 —77 —5.1
920 789 335

kv 4-2 0.6124 998 855 324 1011 867 —66 —50

kv 4-3 0.7205 332 285 11.5 688 590 —69 —53
1068 915 40.7

kv 4-4 0.1592 783 671 30.7 398 341 —70 —53
755 647 30.8

kv 4-5 0.4231 1266 1085 33 1030 883 =700 =5
1050 900 26

kv 4-6 0.4968 467 400 179 635 544 —64 —47
523 448 194

kv 4-7 13690 949 813 31.6 902 773 —54 —54
1030 883 313

kv 4-8 0.2114 846 725 43.7 765 656 —89 -—55

kv 4-9 0.1244 672 576 36 408 350 —41 —56

Note that several FTIR measurements were performed on the same diamond, and these
are referred to in the table (i.e. they are not separate measurements on individual
fragments).

Although the nitrogen aggregation state of diamond which is
stored in the mantle over a very short interval (i.e. a few M.y.) will be a
function of mantle residence time as well as mantle residence tem-
perature, most natural diamonds reside in the mantle at long, geological
time scales (>10 M.y.) and in this case the resulting nitrogen aggregation
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state depends chiefly on temperature, with only a minor contributory
effect from mantle residence time (Fig. 1).

The age(s) of the diamonds as well as that of the diamond-bearing
eclogites from Kaalvallei is unknown. Griffin and O'Reilly (2007) is of
the opinion that some (many?) mantle-derived eclogites worldwide
may be comparatively young. Richardson et al. (1990, 1999)) and
Richardson (1986) obtained Proterozoic ages of diamond crystal-
lisation for eclogitic diamonds from other kimberlites on the
Kaapvaal/Kalahari Craton. For instance, the Jwaneng, Orapa, Premier
and Finsch kimberlites yield Sm-Nd ages for eclogitic inclusions in
diamonds which are on the order of 0.99 to 1.58 G.y. Re-Os analysis of
eclogitic sulphides in diamond have also resulted in older ages on the
order of 2.9 G.y. (Shirey et al., 2004). It is therefore clear that the age of
eclogitic diamonds, as well as that of diamond-bearing eclogites may
be highly variable on a worldwide scale, with no clear consistency. In
view of this we do not assume a specific mantle residence time for
xenolith K8/109, but consider a number of possible mantle residence
scenarios (Fig. 1).

The observed positive correlation between diamond N content
and %B (Fig. 2) is consistent with a single diamond population being
present in the diamond-bearing eclogite from Kaalvallei. The limited
dependence of diamond nitrogen aggregation state on mantle resi-
dence time unfortunately does not allow the recognition of multiple
diamond populations, unless there are very large differences in the age
of diamond crystallisation for each population. In the present case, a
minimum average mantle residence temperature of 1090+ 10 °C is
calculated from an assumed mantle residence time of 4.365 G.y, while a
mantle residence temperature of 1190+ 10 °C is calculated if mantle
residence of 80 M.y. is assumed (Fig. 1). It is therefore clear that it would
be extremely difficult to recognise multiple populations of diamond,
based on calculated mantle residence time utilising infrared data.
However, in any event, multiple populations of diamond in Kaalvallei
eclogite K8/109 would be difficult to reconcile with the observed small
ranges of 6N and 6'°C in the diamonds from the xenolith (Fig. 3).

The inferred mantle residence temperature of diamonds from
xenolith K8/109 (<1190 °C) is significantly lower than the 1243 °C
equilibration temperature for the xenolith, calculated from Fe-Mg
exchange between garnet and clinopyroxene (Ellis and Green, 1979) at
an assumed pressure of 59 kbar (pressure estimated using the regional
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Fig. 2. Nitrogen content and aggregation state (%B) of diamonds from Kaalvallei eclogite
xenolith K8/109. Isotherms are based on second order kinetics for nitrogen diffusion in
diamond (Chrenko et al., 1977), and have been calculated for a mantle residence of 1.2 G.y.
Note the large dependency of aggregation state on temperature, when compared to mantle
residence time in Fig. 1. All the diamonds analysed are characterised by a small range of
nitrogen aggregation state which is generally less than 60% of the B defect in [aB diamond.
Accuracy for nitrogen aggregation state as well as N content is on the order of 4- 3% (about
the size of the symbol) and 10%, respectively (20).

Perodititic diamonds
(n=1357)

Eclogitic diamonds
(n=997)

This study
(n=35)

$13C (%e)

Fig. 3. Histogram of 6'>C isotopic compositions for 35 diamonds from Kaalvallei eclogite
xenolith K8/109, and compared to the worldwide range. Each diamond locality has been
weighted, to take the number of samples into account (as more than 10% of all
published data on eclogitic diamonds are from Argyle). Modified from Cartigny (2005).

geotherm for the area surrounding Kaalvallei; Griffin et al., 2003). This
difference in xenolith equilibration and diamond mantle residence
temperature is highly significant, particularly as all Fe in garnet and
clinopyroxene is assumed to be in the divalent form (Fe? "), resulting in
calculated minimum temperatures. Furthermore, this difference between
xenolith temperature and diamond temperature is not unique to
Kaalvallei xenolith K8/109, but is also seen in all diamond-bearing
eclogites previously studied from Kaalvallei (Viljoen, 1994; Kiviets, 2000;
Viljoen, 2005), where differences in temperature between diamonds
and host xenoliths may vary from 50 °C to as much as 154 °C. The absence
of agreement between the diamond-derived and xenolith-derived
temperatures may result from a number of factors. For instance, the
differences may be the result of the under-estimation of the activation
energy for the nitrogen-in-diamond thermometer (Ea). However this is
unlikely as previous studies on other xenolith suites have reported fairly
good correlation between xenolith- and diamond-derived temperatures
(Viljoen et al., 2004; Creighton et al., 2007; Cartigny et al., 2004b). An
alternative possibility could be that the eclogitic diamonds at Kaalvallei
are comparatively young (e.g. a short mantle residence time on the order
of 30 ML.y. or less), in which case substantially higher mantle residence
temperatures are calculated (on the order of 1250 °C). In addition, it is
also possible that the Ellis and Green thermometer may lead to an
overestimate of mantle temperature associated with thermal perturba-
tion during transport in the kimberlite, which is probably not reflected in
the diamonds resident in the enclosing xenolith.

5.2. Crystallisation of diamond in a pre-existing eclogite host rock

Based on trace element evidence (e.g. europium anomalies in
garnet and clinopyroxene) as well as stable isotope studies (e.g.
oxygen) it is likely that many mantle-derived eclogites may represent
subducted, hydrothermally altered oceanic crust (reviewed by Jacob,
2004), or, alternatively, that they are high-pressure cumulates from
eclogitic melts (Barth et al., 2002; Griffin and O'Reilly, 2007). In the
case of Kaalvallei, Viljoen (1994), Kiviets (2000) and Viljoen (2005) is
of the opinion that these diamond-bearing xenoliths represent the
metamorphosed products of subducted oceanic crust, while Griffin
and O'Reilly (2007) indicate that they may also represent the
crystallised products of high-pressure mantle melts. Small europium
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anomalies (Eu*/Eu=1.2) in garnets from some of the Kaalvallei
diamond-eclogites, including K8/109, is consistent with plagioclase
fractionation and/or plagioclase accumulation during the formation of
crustal protoliths to these xenoliths. Depletion or enrichment in Eu,
when compared to the rest of the rare earth elements in eclogite
minerals, is generally attributed to preferential incorporation of Eu
into plagioclase, followed by accumulation or separation of plagioclase
in the eclogite protolith (Weill and Drake, 1973; Jacob, 2004;
references therein). In our view, the observed positive Eu anomalies
in garnets from the Kaalvallei diamond-bearing eclogites are
consistent with a metamorphosed, crustal (oceanic) origin for these
eclogites. Furthermore, Jacob (2004; and references therein) argue
that the nearly flat HREEy pattern (~10) of many eclogitic garnets
(including K8/109; Fig. 4) is very unlike equilibrium REE patterns for
garnet from high-pressure rocks, due to its mineral-melt partitioning
characteristics. This, in association with bulk positive Sr anomalies in
eclogites (also seen in K8/109), are interpreted by Jacob (2004) as
evidence for a subducted and metamorphosed oceanic crust model for
these rocks.

Oxygen isotopic compositions of garnets in Kaalvallei eclogite
xenoliths range from +4.3%. to + 7.2%. (Fig. 5), with 4 5.8%. for gar-
nets from xenolith K8/109. These compositions deviate substantially
from the accepted mantle range (typically §"®0g¢=+5 to + 6%,
Muehlenbachs and Clayton, 1972; Mattey et al., 1994; Eiler, 2001). Such
variations in oxygen isotopic compositions for eclogites are commonly
interpreted as due to interaction of the protolith (oceanic crust) with
seawater, resulting in both lower oxygen isotopic compositions (6'20<
+ 5% in oceanic gabbros) as well as higher oxygen isotopic composi-
tions (6'0> +6%. in oceanic basalts) when compared to the ‘mantle’
range (Gregory and Taylor, 1981). This range in eclogite oxygen isotopic
compositions is comparable to that seen for ophiolites (Gregory and
Taylor, 1981) and suggests that all layers of oceanic crust (e.g. from
shallow basalt to deep gabbro) are possible precursors to mantle-de-
rived eclogites (Jacob, 2004). Although ‘mantle-like’, the 6'0 composi-
tion of garnet in Kaalvallei eclogite K8/109 is considered to not be a
reflection of that of a mantle-derived protolith, as the trend in 6'20 of
basalt-seawater alteration shows a cross-over with magmatic (‘mantle’)
fractionation (Gregory and Taylor, 1981; Jacob, 2004). However, it is
noteworthy that Williams et al. (2007) do suggest that apparent O
isotope depletion may be related to a mantle processes, and thus that the
6'30 values of rocks derived from lithospheric mantle may not
necessarily reflect those of their low-pressure protoliths. Williams
et al. (2007) propose that the positive correlation between 680y, and
5°"Fepui found in some Kaalvallei eclogites may be related to isotopic
fractionation during open-system processes operating within the
lithospheric mantle. If this is really the case then it would not be
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Fig. 4. Chondrite-normalised rare earth element abundance patterns of three garnets
from Kaalvallei diamond-bearing eclogites (Viljoen, 2005), using the C1 chondrite
values of McDonough and Sun (1995). Eu* is the value obtained for the Eu anomaly by
linking samarium and gadolinium, and measuring the height of the Eu anomaly from
this line.
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Fig. 5. 5'®0 compositions of garnet and clinopyroxene in Kaalvallei eclogite xenolith K8/
109, as well as other diamond-bearing xenoliths from Kaalvallei. Also shown are §'80
values for eclogite and peridotite xenoliths from kimberlites worldwide, and for the
mantle (as defined by Mid Ridge Oceanic Basalts; Mattey et al., 1994). Diagram modified
from Jacob (2004; and references therein) as well as Cartigny (2005).

possible to prove either a crustal or a mantle origin for Kaalvallei
eclogites. In addition this model cannot explain O isotope enrichment
(i.e. 6'0>+6%) for some Kaalvallei eclogites. Therefore, these
Kaalvallei diamond-bearing eclogites may be more likely related to a
crustal protolith rather than mantle origin.

If all diamond-bearing eclogites at Kaalvallei do have an ultimate
origin involving subducted oceanic crust as seem to be suggested by trace
element and isotopic data, then it could be argued that the source of the
carbon for the diamonds might be closely related to the original (crustal,
oceanic) protolith. However, it is also possible that no relationship exist,
e.g. if the diamonds are related to a subsequent, metasomatic process,
with diamond formation therefore completely unrelated to the forma-
tion of the eclogite host (Taylor et al.,, 1998; Loest et al., 2003; Stachel
et al,, 2004; Thomassot et al., 2007, 2009). The role of subducted carbon
in the formation of eclogitic diamonds is still the subject of much debate.
Diamonds from K8/109 have §'C-values falling within the so-called
‘main mantle range’ of —54 2%, (Fig. 3) as determined from mantle-
related samples which include mid-oceanic ridge basalts, carbonatites,
kimberlites and diamonds (Javoy et al., 1986). However, when viewed in
isolation, variations in 6'>C-values are not sufficient to constrain the
origin of the carbon, as carbon is efficiently cycled between ‘internal’ and
‘external’ Earth reservoirs, and is thus likely in equilibrium (Javoy et al.,
1982) — hence at geological times scales the amount and isotopic
composition of degassed and subducted carbon is likely the same. In
view of this a seemingly mantle-like 6'3C signature does not necessarily
exclude a subduction-related origin for the carbon.

Additional information can be obtained from nitrogen isotopic
compositions in diamond. In contrast to carbon isotopic compositions,
there is a nitrogen isotopic contrast between ‘inner’ and ‘outer’ earth
reservoirs (as illustrated in Fig. 6). Most mid-ocean-ridge basalts
(MORB), and also many diamonds, are characterised by negative §'°N
with an average of —54-2%., while metasediments show positive
value of 6'°N. It is noteworthy that it is not possible to create negative
6'N values from positive 6'°N through subduction and recycling, as
devolatilization results in light N being lost preferentially over >N —
thus leading to even more positive 6'°N (Bebout and Fogel, 1992).
Diamond appears to be a good indicator of the source of its carbon and
nitrogen, as supported by data on metamorphic diamonds from ultra-
high-pressure metamorphic terranes (Cartigny et al., 2001b, 2004a).
These are characterised by positive 6'°N (e.g. up to 12.4%.), as would
be expected for subduction-related nitrogen. In contrast, diamonds
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Fig. 6. Comparative histograms of 5'°N values for metasedimentary nitrogen (Haendel
et al.,, 1986; Bebout and Fogel, 1992; Boyd and Philippot, 1998; Mingram and Brduer,
2001; Sadofsky and Bebout, 2003), metamorphic diamonds from Akluildk, Canada
(Cartigny et al., 2004a), Kaalvallei eclogite xenolith K8/109, mid-ocean ridge basalts
(Javoy and Pineau, 1991; Marty and Humbert, 1997; Marty and Zimmerman, 1999;
Nishio et al., 1999; Cartigny et al., 2001a) and worldwide peridotitic and eclogitic
diamonds (Cartigny et al., 2004b; Cartigny, 2005).

from Kaalvallei xenolith K8/109 show strictly negative 6'°N values
centred on —6.9%., and this is clearly within the ‘mantle’ range of
nitrogen isotopic compositions. Negative 8'°N values for these
diamonds are therefore symptomatic of their mantle origin.

5.3. Diamond genesis as a consequence of metasomatism

The conflicting evidence for a subduction-related origin for many
diamond-bearing eclogites (Eu and O isotope anomalies, Jacob, 2004;
Viljoen et al., 2004) and the seemingly mantle-related origin of their
diamonds (e.g. Kaalvallei xenolith K8/109) can be reconciled in a
scenario where diamond growth occurs through one or more stages of
metasomatism. This is indeed supported by the apparent close spatial
relationship of diamonds in eclogite xenoliths to metasomatic veins
within the host eclogite (Schulze et al., 1996; Taylor et al., 2000), and
suggests that diamond precipitation occurred during the infiltration of
metasomatic fluids. Furthermore several studies extended this
process to peridotitic sources using trace elements (Stachel et al.,
2004 for review), stable isotopes (Taylor et al., 1998; Thomassot et al.,
2007, 2009) and inclusion mineralogy (Loest et al., 2003). Although
no clear trend of 63C and 6'°N could be identified for the diamonds
from Kaalvallei eclogite xenolith K8/109, the small range in C and N
isotopic data for these diamonds (Fig. 7) are, however, compatible
with a model of diamond formation through metasomatism by a
single, homogeneous fluid, rather than e.g. through a process of solid
state diffusion and transformation, as solid diffusion of carbon would
result in significant isotopic and chemical heterogeneity.

5.4. Fluid speciation

Diamond may precipitate from either reduced or oxidised fluids
(Fig. 8). In the case of a reduced fluid (e.g. methane-bearing fluids),
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Fig. 7. Nitrogen and carbon isotopic compositions of 35 diamonds from Kaalvallei
eclogite xenolith K8/109. Note the lack of any clear correlation. Accuracies for §*C and
8N are +0.1%. and +0.5% (20) respectively.

nitrogen is compatible with any crystallising diamond, leading to
correlated 6C-6""N-N covariations (Thomassot et al., 2007). In the
case of oxidised fluids or melts (i.e. carbonate- or CO,-bearing fluids
or melts), the situation is more complex. It has been suggested that
nitrogen would tend to behave in an incompatible manner (Boyd et al.,
1994a; Cartigny et al., 2001a), resulting in uncorrelated 6>C-6'>N-N.
This view has, however, been challenged by Stachel et al. (this issue),
who suggests compatible-behavior of nitrogen, and predicts that cor-
related 62C-6'°N-N covariation in crystallising diamond will result.
It should be possible to distinguish between these various frac-
tionation trends (Fig. 8) because of opposing methane-diamond
and carbonate-diamond fractionation factors (Qgiamond-methane>1 and
Qldiamond-carbonate/co2< 1, Bottinga, 1969). However, diamonds from
the present study are characterised by rather small variations of
613C-8""N-N (Figs. 2, 3 and 7), and therefore no clear trend as cal-
culated for the various fractionation models can be recognised (Fig. 8).
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Fig. 8. Plot of the expected (calculated) variation in diamond 6'>C (%) as a function of
diamond nitrogen content during diamond crystallisation via Rayleigh distillation,
where the carbon isotopic composition is related to the N content by the following
equation: In (N/C) =1In (N/Co). [(Kn/Kc —1)*(6C—6'3Co)/(Ac)]. Ky and Kc are the
partition coefficients for nitrogen and carbon respectively, A3Cy is the initial delta
carbon isotopic composition for diamond or fluid, and Ac is the isotopic fractionation
between diamond and fluid (note that Ac~1000 In («)). The model is based on the
following: 1) a reduced fluid (methane-like) with compatible behaviour of nitrogen in
diamond, 2) an oxidised fluid (CO,/carbonate) with compatible behaviour of nitrogen
in diamond. The dashed black lines illustrate the chemical evolution of the crystallising
diamond, when crystallised in equilibrium with the evolving fluid. A positive
fractionation coefficient (i.e. Qgiamond-cna) implies that the 8'3C of the fluid (and the
crystallising diamonds) evolves toward more negative values as diamond crystallisation
proceeds. A negative fractionation coefficient (i.e. 0tgiamond-coz/carbonate) results in fluid
and diamond evolution proceeding in the opposite direction towards less negative
values.
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Overall, the lack of a clear correlation between 6N, 6>C and N
content would seem to indicate that diamond crystallisation in
Kaalvallei eclogite xenolith K8/109 results from the metasomatic
infiltration of a carbonate/CO,-like fluid (Boyd et al., 1994a; Cartigny
et al,, 2001a), with incompatible behaviour of nitrogen during dia-
mond growth. Fairly rapid diamond growth is indicated by the relat-
ively high nitrogen content of the diamonds.

5.5. Implications for all diamonds from Kaalvallei

The diamond-bearing eclogite xenoliths from Kaalvallei exhibit
broadly similar characteristics and are clearly of the Group I variety
(Viljoen, 1994, 2005). Major element compositions in garnets and
clinopyroxenes also do not show any consistent heterogeneity
amongst these eclogites. Garnet and clinopyroxene compositions
show a general evolutionary trend ranging from Mg-rich compositions
to Ca- and Fe-enrichment. Garnets have Cr- and Mn-poor compositions
and are pyrope-rich (pys4—py70), with similar almandine (al;g-alss)
and grossular (gry3—gry9) contents. Magnesium numbers range from
55.1 to 72.8 and from 62 to 83.7 for garnets and clinopyroxenes
respectively. Low TiO, concentrations are present in amounts of 0.14 to
1.01 wt.% for garnet, and 0.10 to 0.53 wt.% for cpx. Chromium contents
are consistently low, as is typical for most eclogitic garnets and
clinopyroxenes worldwide (a maximum of 0.89 wt.% Cr,03 in garnet
and 0.26 wt.% Cr,05 in clinopyroxene, respectively). Na,O concentra-
tions range from 0.04 to 0.19 wt.% in garnets and 1.26 to 6 wt.% in
omphacitic clinopyroxenes.

The diamonds in the eclogite xenoliths from Kaalvallei all exhibit
similar 6">C and FTIR-derived mantle residence temperatures (Viljoen,
1994, 2005; Kiviets, 2000), with the exception of diamonds in Kaalvallei
xenolith K5 which have 8'3C~ — 11.4%. — suggesting formation at a
different time and/or temperature, from a distinct fluid (Kiviets, 2000).

Based on petrographic, mineralogical, and geochemical similarities,
including comparable thermobarometry, the known diamond-bearing
eclogites from Kaalvallei compare favourably with sample K8/109. In
view of this, we suggest that the majority of the diamonds from
Kaalvallei result from a metasomatic process of diamond crystal-
lisation involving the infiltration of fluids into a pre-existing eclogite
substrate. Although the nature and speciation of the fluid remains
unclear, our data do suggest that mantle-related fluids contributed to a
very large extent to the genesis of eclogitic diamonds in the mantle
below this kimberlite.

5.6. Implications for diamond genesis worldwide, and for the geochemistry
of the Kaapvaal craton

Based on evidence suggesting that many mantle-derived eclogite
xenoliths may represent subducted and recycled oceanic crust (Jagoutz
et al.,, 1984, Jacob et al., 1994; Barth et al., 2000, 2002; Spetsius et al., this
issue), possibly of even Archean age (Shirey et al., 2002), it has been
proposed that diamonds in eclogite nodules may represent carbon which
have been subducted along with associated oceanic crust (Gurney, 1991;
references therein). However, evidence for the de-coupling of diamond
formation from the formation of the host xenolith through a process of
metasomatic diamond formation, includes 3D X-ray tomography of
eclogite xenoliths (Schulze et al., 1996; Keller et al., 1999) which
demonstrate that diamonds may occur in metasomatic veins; various
trace element studies of inclusions in diamond (Stachel et al., 2004); the
chemistry of fluids trapped during the growth of fibrous and/or coated
diamonds (Navon, 1999); the presence of a metasomatic suite of mineral
inclusions in diamond (Loest et al., 2003); and evidence for diamond
crystallisation in a peridotite xenolith related to an infiltrating methane-
rich fluid (Thomassot et al., 2007). All of these studies considered
together imply that either carbonate/CO, or methane-bearing fluids (or
melts) are widespread in the subcratonic lithosphere and is a key
component of the diamond crystallisation process.

Of the three diamond-bearing xenoliths that have been investigated
thus far (Thomassot et al., 2007; this study; Ishikawa et al., 2008), all are
characterised by diamonds with enriched *C and comparatively small
variations in 6'°C, with comparatively high N content. Values of 6"°N
range from ~— 7%, in the present study to ~+ 8%. in some instances
(Thomassot et al., 2007; Ishikawa et al., 2008). More studies of diamond
populations from xenoliths are required, particularly in the case of
diamonds with comparatively low nitrogen content.

All of these studies have recognised a role for metasomatism as an
agent in diamond crystallisation. Although the involvement of
methane-rich fluids is clearly indicated (Thomassot et al., 2007),
neither the present study nor the study of Ishikawa et al. (2008)
provide formal proof for the involvement of carbonatitic metasoma-
tism in diamond crystallisation. However, some recent studies (e.g.
Schrauder and Navon, 1993; Loest et al., 2003; Klein-BenDavid et al.,
2004) have hinted at evidence for the existence of this type of fluid
during diamond crystallisation.

It is therefore clear that not all eclogitic diamonds form directly
from the recycling of oceanic crust, and associated carbon.

6. Conclusions

Nitrogen thermometry of multiple diamonds in a unique diamond-
bearing eclogite xenolith from the Kaalvallei kimberlite in South Africa
supports a single diamond growth event. The xenolith therefore prov-
ides an opportunity to study a single diamond population in a typical
eclogite locality. Although 6'0 and trace element compositions of
constituent garnets and clinopyroxene in the xenolith can be recon-
ciled with a recycled hydrothermally altered oceanic crust origin, the
carbon and nitrogen isotopic composition of the diamonds, and ob-
served compositional ranges in nitrogen are consistent with a model of
diamond genesis from a mantle-related fluid with a high C/N ratio. Our
data therefore reinforce the model of metasomatic diamond crystal-
lisation, and places the origin of the carbon source to eclogitic dia-
monds within the Earth's mantle.

Acknowledgments

The authors would like to thank E. Thomassot for providing
samples and for constructive comments. We would also like to thank
M. Girard, G. Landais and J.J. Bourrand for their considerable technical
assistance. We thank prof. B. Griffin and an anonymous reviewer for
constructive reviews which improved the manuscript.

References

Barth, M., Rudnick, R.L.,, Horn, H., McDonough, W.E, Spicuzza, M., Valley, ] W., Haggerty, S.E.,
2000. Geochemistry of xenolithic eclogites from West Africa: partI. A link between low
MgO eclogites and archean crust formation. Geochimica et Cosmochimica Acta 65,
1499-1527.

Barth, M., Rudnick, R.L., Horn, H., McDonough, W.E, Spicuzza, M.]., Valley, ].W., Haggerty,
S.E., 2002. Geochemistry of xenolithic eclogites from West Africa: part 2. Origins of
the high MgO eclogites. Geochimica et Cosmochimica Acta 66, 4325-4345.

Batumike, J.M., et al., 20009, this issue. Lithospheric mantle structure and the diamond
potential of kimberlites in southern D.R. Congo. Proceedings of the 9th Interna-
tional Kimberlite Conference. Lithos 112S, 166-176.

Bebout, G.E., Fogel, M.L, 1992. Nitrogen-isotope compositions of metasedimentary
rocks in the Catalina Schist, California: implications for metamorphic devolatiliza-
tion history. Geochimica et Cosmochimica Acta 56, 2839-2849.

Bottinga, Y., 1969. Calculated fractionation factors for carbon and hydrogen isotope
exchange in the system calcite-carbon dioxide-graphite-methane-hydrogen-
water vapor. Geochimica et Cosmochimica Acta 33, 49-64.

Boyd, S.R., Philippot, P,, 1998. Precambrian ammonium biochemistry: a study of the
Moine metasediments, Scotland. Chemical Geology 144, 257-268.

Boyd, S.R., Kiflawi, I, Woods, G.S., 1994a. The relationship between infrared absorp-
tion and the A defect concentration in diamond. Philosophical Magazine B 69,
1149-1153.

Boyd, S.R., Rejou-Michel, A., Javoy, M., 1994b. Non cryogenic purification of nanomoles
quantities of nitrogen gas for isotopic analysis. Analytical chemistry 66, 1396-1402.

Boyd, S.R,, Kiflawi, I, Woods, G.S.,1995a. Infrared absorption by the B nitrogen aggregate
in diamond. Philosophical Magazine B 72 (3), 351-361.



M. Palot et al. / Lithos 112S (2009) 758-766 765

Boyd, S.R., Rejou-Michel, A., Javoy, M., 1995b. Improved techniques for the extrac-
tion, purification and quantification of nanomoles quantities of nitrogen gas:
the nitrogen content of diamonds. Measurement Science and Technology 6,
297-305.

Cartigny, P., 2005. Stable isotopes and origin of diamond. Elements 1, 79-84.

Cartigny, P., Harris, J.W., Javoy, M., 2001a. Diamond genesis, mantle fractionations and
mantle nitrogen content: a study of 8'*C-N concentrations in diamonds. Earth and
Planetary Science Letters 185, 85-98.

Cartigny, P, De Corte, K., Shatsky, V.S., Ader, M., De Paepe, P., Sobolev, N.V., Javoy, M.,
2001b. The origin and formation of metamorphic microdiamonds from the
Kokchetav massif, Kazakhstan: a nitrogen and carbon isotopic study. Chemical
Geology 176, 267-283.

Cartigny, P., Chinn, I, Viljoen, K.S., Robinson, D., 2004a. Early Proterozoic (>1.8 Ga)
ultrahigh pressure metamorphism: evidence from Akluildk microdiamonds (NW
Canada). Science 304, 853-855.

Cartigny, P, Stachel, T, Harris, J.W., Javoy, M., 2004b. Constraining diamond meta-
somatic growth using C- and N-stable isotopes: examples from Namibia. Lithos 77,
359-373.

Chrenko, R.M., Tuft, R.EE., Strong, H.M., 1977. Transformation state of nitrogen in dia-
mond. Nature 270, 141-144.

Cooper, G.I, Mandelssohn, M J., Milledge, J.H., 1989. High pressure/temperature exper-
iments with natural diamonds. 28th International Geological Congress 14-17.
Creighton, S., Stachel, T., McLean, H., Muehlenbachs, K., Simonetti, A., Eichenberg, D.,
Luth, R., 2007. Diamondiferous perodititic microxenoliths from the Diavik Diamond

Mine, NT. Contribution to Mineralogy and Petrology 155, 541-554.

Deines, P., Harris, ].W., Gurney, ] J., 1987. Carbon isotopic composition. Nitrogen content
and inclusion composition of diamonds from the Roberts Victor kimberlite, South
Africa: evidence for 13C depletion in the mantle. Geochimica et Cosmochimica Acta
51,1227-1243.

Deines, P, Harris, J.W., Gurney, ].J., 1993. Depth-related carbon isotope and nitrogen
concentration variability in the mantle below the Orapa kimberlite. Botswana.
Geochimica et Cosmochimica Acta 57, 2781-2796.

Deines, P., Harris, J.W., Gurney, J.J., 1997. Carbon isotope ratios, nitrogen content and
aggregation state and inclusion chemistry of diamonds from Jwaneng. Botswana.
Geochimica et Cosmochimica Acta 61, 3993-4005.

Deines, P, et al., 2009, this issue. Systematic regional variations in diamond carbon
isotopic composition and inclusion chemistry beneath the Orapa kimberlite cluster,
in Botswana. Proceedings of the 9th International Kimberlite Conference. Lithos
1128, 776-784.

Donnelly, C.L,, Stachel, T., Creighton, S., Muehlenbachs, K., Whiteford, S., 2007. Diamonds
and their mineral inclusions from the A154 South pipe, Diavik Diamond Mine,
Northwest territories, Canada. Lithos 98 (issues 1-4), 160-176.

Eiler, J.M., 2001. Oxygen isotope variations of basaltic lavas and upper mantle rocks. In:
Valley, J.W., Cole, D.R. (Eds.), Stable Isotope Geochemistry (MSA, Reviews in
Mineralogy Series, Volume 43), pp. 319-364.

Ellis, DJ., Green, D.H., 1979. An experimental study of the effect of Ca upon garnet-
clinopyroxene Fe-Mg exchange equilibria. Contribution to Mineralogy and Petrology
71,13-22.

Evans, T., Harris, ].W., 1989. Nitrogen aggregation, inclusion equilibration temperatures and
the age of diamonds. In: Ross, J. (Ed.), Kimberlites and Related Rocks — Their Mantle/
Crust Setting, Diamonds and Diamond Exploration. Geological Society Special
Publication, vol. 14, pp. 1001-1006.

Evans, T, Qi, Z., 1982. The kinetics of the aggregation of nitrogen atoms in diamond.
Proceedings Royal Society of London A381, 159-178.

Gregory, R.T,, Taylor, H.P,, 1981. An oxygen isotope profile in a section of cretaceous
oceanic crust, Samail ophiolite, Oman: evidence for 5'®0 buffering of the oceans by
deep (>5 km) seawater-hydrothermal circulation at mid-ocean ridges. Journal of
Geophysical Research 86 (B4), 2737-2755.

Griffin, W.L, O Reilly, S.Y., 2007. Cratonic lithospheric mantle: is anything subducted?
Episodes 30, 43-53.

Griffin, W.L, O Reilly, S.Y., Natapov, L.M., Ryan, C.G., 2003. The evolution of lithospheric
mantle beneath the Kalahari Craton and its margin. Lithos 71, 215-241.

Gurney, ].J., 1989. Diamonds. In: Ross, J., Jaques, A.L., Ferguson, J., Green, D.H., O Reilly, S.Y.,
Danchin, RV, Janse, AJ.A. (Eds.), Proceedings of the 4th International Kimberlite
Conference, Vol. 2. Perth, pp. 935-966.

Gurney, J.J., 1991. The diamondiferous roots of our wandering continent. South African
Journal of Geology 93 (3), 424-437.

Haendel, D., Muhle, K., Nitzsche, H., Stiehl, G., Wand, U., 1986. Isotopic variations of the
fixed nitrogen in metamorphic rocks. Geochimica et Cosmochimica Acta 50,
749-758.

Ishikawa, A., Pearson, D.G., Maruyama, S., Cartigny, P., Ketcham, R., Gurney, ]., 2008.
Compositional layering in a highly diamondiferous eclogite xenolith from the
Roberts Victor kimberlite, South Africa and its implications for diamond genesis.
9th International Kimberlite Conference Extended Abstract.

Jacob, D.E., 2004. Nature and origin of eclogite xenoliths from kimberlites. Lithos 77,
295-316.

Jacob, D., Jagoutz, E., Lowry, D., Mattey, D., Kudrajavtseva, G., 1994. Diamondiferous
eclogites from Siberia: remnants of Archean oceanic crust. Geochimica et
Cosmochimica Acta 58, 5191-5207.

Jagoutz, E., Dawson, ].B., Hoernes, S., Spettel, B., Wanke, H., 1984. Anorthositic oceanic
crust in the Archean Earth. 15th lunar planetary science conference. Journal of
Geophysical Research, Supplement 395-396.

Javoy, M., Pineau, F,, 1991. The volatiles record of a ‘popping’ rock from the Mid-Atlantic
ridge at 14°N: chemical and isotopic composition of gas trapped in the vesicules.
Earth and Planetary Science Letters 107, 598-611.

Javoy, M., Pineau, F, Allegre, CJ., 1982. Carbon geodynamic cycle. Nature 300, 171-173.

Javoy, M., Pineau, F,, Demaiffe, D., 1984. Nitrogen and carbon isotopic composition in the
diamonds of Mbuji Mayi (Zaire). Earth and Planetary Science. Letters 68, 399-412.

Javoy, M., Pineau, F.,, Delorme, H., 1986. Carbon and nitrogen isotopes in the mantle.
Chemical Geology 57, 41-62.

Kaiser, W., Bond, L., 1959. Nitrogen, a major impurity in common type I diamonds.
Physical Revue 115, 857-863.

Kaminsky, EV.,, et al., 2009, this issue. Super-deep diamonds from kimberlites in the
Juina area, Mato Grosso State, Brazil. Proceedings of the 9th International
Kimberlite Conference. Lithos 112S, 833-842.

Keller, R.A., Taylor, LA., Snyder, G.A., Sobolev, V.N., Carlson, W.D., Bezborodov, S.M.,
Sobolev, N.V., 1999. Detailed pullapart of a diamondiferous eclogite xenolith:
implications for mantle processes during diamond genesis. In: Gurney, J.J., Gurney,
J.L., Pascoe, M.D., Richardson, S.H. (Eds.), Proceedings of the 7th International
Kimberlite Conference, Vol. 1. Red Roof Design, Cape Town, pp. 397-402.

Kiviets, G.B., 2000. A detailed geochemical investigation of diamond-bearing eclogite
xenoliths from the Kaalvallei kimberlite, South Africa. M. Sc. Thesis, University of
Cape Town.

Klein-BenDavid, O., Izraeli, E.S., Hauri, E., Navon, O., 2004. Mantle fluid evolution — a
tale of one diamond. Lithos 77 (1-4), 243-253.

Loest, L, Stachel, T., Brey, G.P., Harris, ].W., Ryabchikov, I.D., 2003. Diamond formation and
source carbonation: mineral associations in diamonds from Namibia. Contributions
to Mineralogy and Petrology 145, 15-24.

Luth, R.W., 1993. Diamonds, eclogites, and the oxidation state of the Earth's mantle.
Science 261, 66-68.

MacGregor, L.D., Carter, J.L, 1970. The chemistry of clinopyroxenes and garnets of
eclogite and peridotite xenoliths from the Roberts Victor mine, South Africa. Physics
of the Earth and Planetary Interiors 3, 391-397.

Marty, B., Humbert, F,, 1997. Nitrogen and argon isotopes in oceanic basalts. Earth and
Planetary Science Letters 152, 101-112.

Marty, B., Zimmerman, L., 1999. Volatiles (He, C, N, Ar) in mid-ocean ridge basalts:
assessment of shallow-level fractionation and characterisation of source composi-
tion. Geochimica et Cosmochimica Acta 63, 3619-3633.

Mattey, D.P., Lowry, D., MacPherson, C.G., 1994. Oxygen isotope composition of mantle
peridotite. Earth and Planetary Science Letters 128, 231-241.

McCandless, T.E., Gurney, ].J., 1989. Sodium in garnet and potassium in clinopyroxene:
criteria for classifying mantle eclogites. In: Ross, J., et al. (Ed.), Kimberlites and
Related Rocks, vol. 2, Proceedings of the 4th International Kimberlite Conference,
Perth, 1986, Geological Society Australia Special Publication 14. Blackwell Scientific
Publications, Oxford, pp. 827-832.

McDonough, W.F, Sun, S.S., 1995. The composition of the Earth. Chemical Geology 120,
223-253.

Mingram, B., Brduer, K., 2001. Ammonium concentration and nitrogen isotope
composition in metasedimentary rocks from different tectonometamorphic units
of the European Variscan Belt. Geochimica et Cosmochimica Acta 65, 273-287.

Muehlenbachs, K., Clayton, R.N., 1972. Oxygen isotope studies of fresh and weathered
submarine basalts. Canadian Journal of Earth Science 9, 172-184.

Navon, 0., 1999. Diamond formation in the Earth's mantle. In: Gurney, J.J., Gurney, J.L.,
Pascoe, M.D., Richardson, S.H. (Eds.), Proceedings of the 7th International
Kimberlite Conference. Red Roof Design, Cape Town, pp. 584-604. vol. 2.

Nishio, Y., Ishii, T., Gamo, T., Sano, Y., 1999. Volatile element isotopic systematics of the
Rodrigue Triple Junction Indian Ocean MORB: implications for mantle hetero-
geneity. Earth and Planetary Science Letters 170, 241-253.

O'Neill, H.S.C,, Rubie, D.C., Canil, D., Geiger, C.A., Ross II, C.R,, Seifert, F., Woodland, A.,
1993. Ferric iron in the upper mantle and transition zone assemblages: implications
for relative oxygen fugacities in the mantle. Evolution of the Earth and Planets.
American Geophysical Union, 74 (14), pp. 73-88.

Richardson, S.H., 1986. Latter-day origin of diamonds of eclogitic paragenesis. Nature
322, 623-626.

Richardson, S.H., Erlank, AJ., Harris, ].W., Hart, S.R., 1990. Eclogitic diamonds of Pro-
terozoic age from Cretaceous kimberlites. Nature 346, 54-56.

Richardson, S.H., Chinn, L.L., Harris, ].W., 1999. Age and origin of eclogitic diamonds from
the Jwaneng kimberlite, Botswana. In: Gurney, ].J., Gurney, J.L., Pascoe, M.D.,
Richardson, S.H. (Eds.), Proceedings of the 7th International Kimberlite Conference,
Vol. 1. Red Roof Design, Cape Town, pp. 734-736.

Robinson, D.N., Gurney, JJ., Shee, S.R., 1984. Diamond eclogite and graphite eclogite
xenoliths from Orapa, Botswana. In: Kornprobst, J. (Ed.), Kimberlite II: The Mantle
and Crust-mantle Relationships. Elsevier, Amsterdam, pp. 11-24.

Sadofsky, S.J., Bebout, G.E., 2003. Record of forearc devolatilization in low-T, high-P/T
metasedimentary suites: significance for models of convergent margin chemical
cycling. Geochemistry Geophysics Geosystems 4, 9003. doi:10.1029/2002GC000412.

Schrauder, M., Navon, 0., 1993. Solid carbon dioxide in a natural diamond. Nature 365,
42-44,

Schulze, D.J., Wiese, D., Steude, ]., 1996. Abundance and distribution of diamonds in
eclogite revealed by volume visualization of CT X-ray scans. Journal of Geology 105,
379-386.

Shirey, S.B., Harris, ].W., Richardson, S.H., Fouch, M.J., James, D.E., Cartigny, P., Deines, P.,
Viljoen, K.S., 2002. Diamond genesis, seismic structure, and evolution of the
Kaapvaal-Zimbabwe craton. Science 297, 1683-1686.

Shirey, S.B., Richardson, S.H., Harris, JW., 2004. Integrated models of diamond
formation and craton evolution. Lithos 77, 923-944.

Skinner, E.M.W., 1989. Contrasting Group I and Group Il kimberlite petrology: towards a
genetic model for kimberlites. In: Ross, ]. (Ed.), Kimberlites and Related Rocks
Volume 1. Their Composition, Occurrence, Origin and Emplacement. Special
Publications, 14. Geological Society of Australia, pp. 528-544.

Smith, C.B.,, 1983. Pb, S rand Nd isotopic evidence for sources of southern African
Cretaceous kimberlites. Nature 304, 51-54.


http://dx.doi.org/10.1029/2002GC000412

766 M. Palot et al. / Lithos 112S (2009) 758-766

Sobolev, N.V., 1977. Deep-seated inclusions in kimberlites and the problem of the
composition of the upper mantle. (Translated from the Russian edition, 1974).
American Geophysical Union, Washington, 279 pp.

Sobolev, N.V,, et al.,, 2009, this issue. Petrogenetic significance of minor elements in
olivines from diamonds and peridotite xenoliths from kimberlites of Yakutia.
Proceedings of the 9th International Kimberlite Conference. Lithos 112S, 701-713.

Spetsius, Z.V., et al., 2009, this issue. Combined C isotope and geochemical evidence for
arecycled origin for diamondiferous eclogite xenoliths from kimberlites of Yakutia.
Proceedings of the 9th International Kimberlite Conference. Lithos 112S, 1032-
1042.

Stachel, T., Harris, J.W., 2008. The origin of cratonic diamonds — constraints from
mineral inclusions. Ore Geology Review 34, 5-32.

Stachel, T., Brey, G.P., Harris, J.W., 2000a. Kankan diamonds (Guinea): I. From the
lithosphere down to the transition zone. Contributions to Mineralogy and Petrology
140, 1-15.

Stachel, T, Harris, J.W., Brey, G.P., Joswig, W., 2000b. Kankan diamonds (Guinea): II
Lower mantle inclusion parageneses. Contributions to Mineralogy and Petrology
140, 16-27.

Stachel, T., Aulbach, S., Brey, G.P., Harris, J.W,, Loest, L., Tappert, R., Viljoen, K.S., 2004. The
trace element composition of silicate inclusions in diamonds: a review. Lithos 77,
1-19.

Stachel, T, et al., 2009, this issue. Sources of carbon in inclusion bearing diamonds.
Proceedings of the 9th International Kimberlite Conference. Lithos 112S, 625-637.

Stiefenhofer, J., 1989. Petrography, mineralogy and geochemistry of the Kaalvallei
kimberlite pipe, Orange Free State. B.Sc. Hons Thesis, Rhodes University, Grahams-
town, South Africa.

Taylor, W.R,, Jaques, A.L,, Ridd, M., 1990. Nitrogen-defect aggregation characteristics of
some Australian diamonds: time-temperature constraints on the source regions of
pipe and alluvial diamonds. American Mineralogist 75, 1290-1310.

Taylor, LA., Keller, RA., Snyder, G.A., Wang, W., Carlson, W.D., Hauri, E.H., McCandless, T.,
Kim, K-R.,, Sobolev, N.V., Bezborodov, S.M., 2000. Diamonds and their minerals

inclusions, and what they tell us: a detailed “pull-apart” of a diamondiferous eclogite.
International Geology Review 42, 959-983.

Taylor, LA, Milledge, HJ., Bulanova, G.P, Snyder, G.A., Keller, R., 1998. Metasomatic
eclogitic diamond growth: evidence from multiple diamond inclusions. Interna-
tional Geology Review 40, 663-676.

Thomassot, E., Cartigny, P.,, Viljoen, K.S., Harris, J.W., 2007. Methane-related diamond
crystallisation in the Earth's mantle. Earth and Planetary Science Letters 257,
362-371.

Thomassot, E., Cartigny, P., Harris, J.W., Lorand, J.P., Rollion-Bard, C., Chaussidon, M.,
2009. Metasomatic diamond growth: a multi-isotope study (*3C, ®N, 33S, 34s) of
sulphide inclusions and their host diamonds from Jwaneng (Botswana). Earth and
Planetary Science Letters 282 (1-4), 79-90.

Viljoen, K.S., 1994. The petrology and geochemistry of a suite of mantle-derived eclogite
xenoliths from the Kaalvallei kimberlite, South Africa. Ph.D. thesis, University of the
Witwatersrand, Johannesburg.

Viljoen, K.S., 2005. Contrasting Group I and Group II eclogite xenoltih petrogenesis:
petrological, trace element and isotopic evidence from eclogite, garnet-websterite
and alkremite xenoliths in the Kaalvallei Kimberlite, South Africa. Journal of
Petrology 46 (10), 2059-2090.

Viljoen, K.S., Dobbe, R., Smit, B., Thomassot, E., Cartigny, C., 2004. Petrology and
geochemistry of a diamondiferous lherzolite from the Premier diamond mine,
South Africa. Lithos 77 (1-4), 539-552.

Weill, D.F,, Drake, M.J., 1973. Europium anomaly in plagioclase feldspar: experimental
results and semi-quantitative model. Science 180 (4090), 1059-1060.

Williams, H.M., Nielsen, S.G., Renac, C., McCammon, C.A., Griffin, W.L, O Reilly, S.Y.,
2007. Fractionation of Fe and O isotopes in the mantle: implications for the origins
of eclogites and the source regions of mantle plumes. 17th Annual VM Goldschmidt
Conference, supplementary volume in Geochimica et Cosmochimica Acta 71 (15),
A1118.



	Diamond origin and genesis: A C and N stable isotope study on diamonds from a single eclogitic .....
	Introduction
	Xenoliths and diamonds at Kaalvallei
	Analytical techniques
	Results
	Discussion
	Diamonds, xenoliths, and geothermometry
	Crystallisation of diamond in a pre-existing eclogite host rock
	Diamond genesis as a consequence of metasomatism
	Fluid speciation
	Implications for all diamonds from Kaalvallei
	Implications for diamond genesis worldwide, and for the geochemistry of the Kaapvaal craton

	Conclusions
	Acknowledgments
	References




