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Abstract With an age of ca. 2.7 Ga, greenschist facies
volcaniclastic rocks and lamprophyre dikes in the Wawa
area (Superior Craton) host the only diamonds em-
placed in the Archean available for study today. Nitro-
gen aggregation in Wawa diamonds ranges from Type
IaA to IaB, suggesting mantle residence times of tens to
hundreds of millions of years. The carbon isotopic
composition (d13C) of cube diamonds is similar to the
accepted mantle value (� 5.0&). Octahedral diamonds
show a slight shift (by + 1.5&) to isotopically less
negative values suggesting a subduction-derived, isoto-
pically heavy component in the diamond-forming fluids.
Syngenetic inclusions in Wawa diamonds are exclusively
peridotitic and, similar to many diamond occurrences
worldwide, are dominated by the harzburgitic paragen-
esis. Compositionally they provide a perfect match to
inclusions from diamonds with isotopically dated Paleo-
to Mesoarchean crystallization ages. Several high-Cr
harzburgitic garnet inclusions contain a small majorite
component suggesting crystallization at depth of up to
300 km. Combining diamond and inclusion data indi-
cates that Wawa diamonds formed and resided in a very
thick package of chemically depleted lithospheric mantle
that predates stabilization of the Superior Craton. If late
granite blooms are interpreted as final stages of crat-
onization then a similar disconnect between Paleo- to
Mesoarchean diamondiferous mantle lithosphere and

Neoarchean cratonization is also apparent in other areas
(e.g., the Lac de Gras area of the Slave Craton) and may
suggest that early continental nuclei formed and retained
their own diamondiferous roots.

Introduction

Radiometric dating of silicate (e.g., Richardson et al.
1984, 1990, 1993) and sulfide (e.g., Pearson et al. 1999;
Shirey et al. 2002) inclusions in diamonds from
kimberlites indicates that the bulk of diamonds of
harzburgitic paragenesis formed during the Paleo-
(3.6–3.2 Ga) and Mesorchean (3.2–2.8 Ga), whereas
lherzolitic and eclogitic diamonds were added during
later events of craton modification extending into the
Neoarchean and Proterozoic. The validity of diamond
ages derived from mineral inclusions has been chal-
lenged though (e.g., Navon 1999; Spetsius et al. 2002),
casting some doubt on the widely accepted model of
ancient peridotitic diamonds. Based on the assumption
that the subcratonic lithospheric mantle evolves over
time, the case for Archean formation of harzburgitic
diamonds would be strengthened, if a study on diamonds
with Archean host rock emplacement ages showed that
the thermal regime and chemical environment for such
‘‘proven’’ Archean diamonds coincides with that for
radiometrically dated Archean diamonds that resided in
the Earth’s mantle for several more billion years.

The oldest known diamonds on the Earth surface
come from the gold-bearing sediments of the Witwa-
tersrand Basin in South Africa (3.0–2.8 Ga; Robinson
1979; Poujol et al. 2003). Due to fine crushing in modern
gold mining these diamonds are no longer recovered and
systematic collections of Witwatersrand diamonds have
not been preserved. The next oldest diamond deposits
are in the Abitibi–Wawa greenstone belts (Superior
Craton) in Canada (ca. 2.7 Ga; Wyman and Kerrich
1993; Wilson 2004). During the current exploration in
the Wawa area in excess of 20,000 diamonds have been
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recovered (Ayer and Wyman 2003), making it now
possible to study the mantle sources of ‘‘proven’’ Archean
diamonds.

Geological setting

The Wawa diamond deposits are located ca. 20 km
north of the town Wawa (Ontario) along the Trans-
Canada Highway. The area represents a section of the
Michipicoten greenstone belt within the Wawa (or
Abitibi–Wawa, e.g., Thurston 2002) subprovince of the
Superior Craton (Fig. 1). The Wawa subprovince has
been interpreted as an allochthonous island arc terrain
(e.g., Hoffman 1989) that experienced greenschist to
amphibolite facies metamorphic overprint during the
Wawan phase (2.67 Ga) of the Kenoran orogeny (Stott
1997). Wyman et al. (2002) suggested that the greenstone
belts at Abitibi–Wawa resulted from subduction tec-
tonics modified by mantle plume processes with a late,
post-tectonic (2650–2550 Ma) coupling of greenstone
belt crust and lithospheric mantle roots. As an alterna-
tive to the allochthonous terrane model, Thurston
(2002) proposed that greenstone belts in the central and
southern Superior Province (including Aibitbi–Wawa)
originated from (par-)autochthonous progression from
platforms through rifting of continental fragments and
late assembly during the Kenoran orogeny.

Williams et al. (1991) recognized three bimodal vol-
canic assemblages (Hawk, Wawa and Catfish, equivalent
to cycles 1–3 of Sage et al. 1996) in the Michipicoten
greenstone belt, with ages of about 2.90, 2.75 and

2.70 Ga, respectively (Turek et al. 1984, 1992). Field
relationships show that the diamond-bearing lampro-
phyric rocks in the Wawa area are synchronous with the
Catfish assemblage. Diamonds for this study come from
upper greenschist facies, metavolcaniclastic rocks (sub-
aqueous lahars or debris flows) on the Festival claim
block of Pele Mountain Resources. U–Pb dating of
zircons from the Genesis diamond occurrence on this
property indicates a volcanic emplacement age of
2744 ± 44 Ma (Stachel et al. 2004a). A detailed account
of the diamond-bearing metavolcanic rocks (breccias
and dikes) at Wawa is given by Lefebvre et al. (2005)
who established a classification as calc-alkaline lam-
prophyres based on the presence of coarse oscillatory-
zoned edenitic and pargasitic amphibole. Breccias and
dikes both contain xenoliths composed of secondary
hornblende and actinolite. Based on, in part, high Cr
and Ni contents, these xenoliths are identified as mantle
inclusions (Lefebvre et al. 2003, 2005). Details on the
geology and geochemistry of the volcaniclastic host
rocks for the diamonds studied here will be presented
elsewhere (Walker et al., in preparation).

Samples

Rugged terrain and complexly folded, overturned stra-
tigraphy make a correlation of the numerous individual
diamond occurrences on the Festival claim block diffi-
cult. Currently two main zones (South and North) of
volcaniclastic deposits, tens of meters in thickness, are
recognized in the western part of the property (Walker
et al., in preparation), with diamonds mainly occurring
within discrete layers at the base of these zones. Diamonds
for the present study were recovered from bulk samples
taken at two locations, ‘‘Genesis’’ (South Zone) and
‘‘Cristal’’ (a stratigraphically older occurrence in the
south-east of the property).

The size distribution for Wawa diamonds is distinctly
skewed towards finer stone sizes with > 95% being
microdiamonds (Ayer and Wyman 2003; microdia-
monds are < 0.5 mm in the two largest dimensions).
Micro- and commercial size diamond results for Genesis
obtained by Pele Mountain Resources showed ca. 12%
of the diamonds to be larger than 0.3 mm (sieve size)
and just over 2% to be larger than 0.425 mm. We
studied 57 diamonds from Genesis in a size range of
0.3–1.7 mm (largest dimension). Micro- and commercial
size diamond results from Cristal indicated that 8% of
the diamonds are larger than 0.3 mm (sieve size) and
2.4% exceed 0.425 mm. We examined 270 diamonds
from Cristal ranging from 0.4 to 3.0 mm in size (largest
dimension) and selected 45 inclusion-bearing diamonds
for further analytical studies.

Analytical methods

Nitrogen concentrations and aggregation states were
determined by micro-FTIR (Thermo-Nicolet Nexus 470

Fig. 1 The Wawa and Abitibi subprovinces of the Superior
Craton, separated by the Kapuskasing Uplift. Location of Wawa
diamond deposits is indicated

738



Fourier transform infrared spectrometer fitted with a
Continuum infrared microscope with a KBr beam
splitter). For Genesis, spectra were taken from whole
diamonds (57 samples); for Cristal cleavage fragments of
37 diamonds were used after breakage for inclusions.
Using an aperture size of 50–100 lm, spectra (4,000–
600 cm�1) were collected for 200 s with a resolution of
4 cm�1. After conversion to absorption coefficient the
spectra were de-convoluted into the A, B and D com-
ponents (e.g., Boyd et al. 1995) using least square tech-
niques. Nitrogen concentrations (atomic ppm) were
calculated using the absorption strength at 1,282 wave
numbers for the A-center (Boyd et al. 1994: 16.5 ± 1)
and the B-center (Boyd et al. 1995: 79.4 ± 8). The
detection limit for nitrogen is about 10 ppm, analytical
precision is 10–20% of the concentration.

For carbon isotopic analyses, fragments (ca. 1 mg) of
15 diamonds from Genesis and 25 diamonds from
Cristal were combusted using a conventional sealed tube
technique. Carbon isotope ratios were subsequently
determined with a Finnigan Mat 252 Mass Spectrometer
and are reported relative to the V-PDB standard.
Analytical precision is ± 0.1&; from analyses of refer-
ence standards, analytical accuracy is estimated to be
± 0.2&.

Thirty-four mineral inclusions were liberated from 29
diamonds from the Cristal occurrence, embedded in
epoxy resin and polished. Major and minor element
analyses were performed by EPMA (Jeol JXA�8900
RL) at 20 kV gun potential and 20 nA beam current
using silicate, oxide and metal standards. Count times
range between 30 and 90 s to ensure detection limits of
200 ppm or better for all oxides. To improve precision
for Zn-in-spinel thermometry, peak and background
count times for Zn were the same (100 s) and five
analyses per spinel were averaged.

References for the database of diamonds and their
inclusions from worldwide sources are given in Stachel
et al. (2000) and Tappert et al. (2005). This database has
been expanded by the incorporation of analytical data of
Appleyard et al. (2004), Cartigny et al. (2004), Davies
et al. (2003, 2004a, b), Deines and Harris (2004), Griffin
et al. (2001), Harris et al. (2004), Kaminsky et al. (2001),
Leost et al. (2003), Logvinova et al. (2001), Mc Kenna
et al. (2004), Phillips et al. (2004), Pokhilenko et al.
(2004), Promprated et al. (2004), Sobolev et al. (2000,
2004), Stachel et al. (2004b), Taylor et al. (1996a), and
Wang et al. (2000).

Diamonds from Genesis and Cristal

Morphology and coloration

At Genesis the sampled stratigraphic horizon yielded
almost exclusively cube diamonds (Fig. 2), including
some fragmented, twinned and moderately resorbed
cubes. The cube faces are often slightly concave (‘‘re-
entrant cubes’’) and distorted and may display fine

textured tetragons (an etch feature equivalent to trigons
on octahedral faces). About 5% of the Genesis diamonds
show extensive dodecahedral resorption, 10% classify as
irregular crystals. Most (about two-thirds) of the cubes
contain clouds composed of innumerable sub-microme-
ter inclusions. FTIR spectra taken through clouded
areas show a broad absorption peak at around
3,420 cm�1, suggesting the presence of water, and
two more peaks at 1,430 and 876 cm�1, indicative of
carbonate (Navon et al. 1988). The fully transparent
stones are dominated by browns of variable intensity
followed by colorless and, in the case of one diamond,
yellow coloration.

Diamonds from Cristal range from un-resorbed
octahedra to highly resorbed dodecahedra (Fig. 3).
Overall, octahedral and mildly resorbed octahedral
diamonds dominate. About 25% of the samples from
Cristal are irregular crystals (mainly broken diamonds,
some aggregates and highly irregular shapes), macles
(octahedral twins) are common (ca. 15%) and about 5%
of the diamonds have minor {100} faces, i.e., represent
cubo-octahedral growth. Half the diamonds are color-
less, the rest covers a range from very light to intense
brown coloration. Plastic deformation lines can only be
observed on dodecahedral faces and, therefore, were
only recognized on a few highly resorbed samples. Using
brown body color as an indication of plastic deforma-
tion (Orlov 1977; Harris 1992) as much as half the dia-
monds from Cristal are strained.

Surface features typical for diamonds from alluvial
deposits, such as percussion and scratch marks, edge
abrasion and ground crystal faces are absent both at
Genesis and Cristal.

Nitrogen characteristics

Nitrogen concentrations in diamonds from Genesis
(Table 1) range from below detection (i.e., < 10 ppm,

Fig. 2 Diamonds from Genesis: transparent cubes with slightly
concave crystal faces
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two samples) to 600 atomic ppm. Nitrogen aggregation,
measured as the relative percentage of nitrogen in the
fully aggregated B-center, is very low (0–11% B).

At Cristal nitrogen contents range from < 10 (seven
diamonds) to 170 ppm, with the exception of one dia-
mond with 560 ppm (Table 2). Nitrogen aggregation
varies between 0 and 97% B-center. Compared to
Genesis, where few Type II (4%, N below detection) and
predominantly Type IaA diamonds (95%, Type IaA
has £ 10% B-center) are found, Cristal contains more
Type II diamonds (19%) and covers the full range from
Type IaA (16%) through IaAB (59%) to IaB (5%, Type
IaB has ‡ 90% B-center).

The time needed for the transition from the A-center
(pairs of nitrogen) to the B-center (rings of four nitrogen
surrounding a vacancy) depends on the absolute nitro-
gen concentration and time-averaged mantle residence
temperature. Assuming geologically reasonable resi-
dence times, the aggregation state of nitrogen in dia-
monds may thus be employed as a geothermometer
(Evans and Harris 1989; Taylor et al. 1990). Alterna-
tively, if the residence temperature is known, crude
estimates of the mantle residence time may be derived
(the result is extremely dependent on temperature). The
potentially accelerating effect of plastic deformation on
nitrogen aggregation has not been experimentally stud-
ied but overall good agreement with mineral inclusion
thermometry (Taylor et al. 1995; Leahy and Taylor
1997) suggests that nitrogen aggregation indeed provides
a robust geothermometer. On this background, the
poor aggregation state of diamonds from Genesis reflects
(1) formation and storage at low temperatures
(£ 1,100�C), (2) short mantle residence or (3) a com-
bination of both. Experimental studies point to the
formation of cube diamonds at temperatures lower than
those for octahedra (Yamaoka et al. 1977).

Mantle residence temperatures for Cristal are evalu-
ated based on residence times of 100 and 500 Ma
(Fig. 4), corresponding to crystallization ages at about
2.8 and 3.2 Ga, respectively. With their low nitrogen
contents, the Type IaA diamonds from Cristal then
suggest mantle residence at around 1,150�C. A cluster of
diamonds extending from intermediate aggregations
states (ca. 30% B-center) at very low nitrogen contents
(< 20 ppm) to high aggregation states and elevated
nitrogen contents ( £ 170 ppm) implies distinctly higher

mantle residence temperatures of about 1,250–1,300�C.
Although dodecahedral diamonds are somewhat more
abundant in this high temperature group no significant
correlations between physical characteristics (diamond
morphology and coloration) and residence temperature
have been found.

Carbon isotopic composition

In their carbon isotopic composition (d13C) the cube
diamonds from Genesis form a narrow distribution
(�5.3 to �3.4&) with a distinct mode at �5.0 to �4.5&
(Fig. 5). This coincides with the mode for diamonds
from worldwide sources (Fig. 5). Fibrous cubes and
cubic coats from the Republic of Congo show a similarly
narrow distribution (d13C range �5.9 to �7.5&; Boyd
et al. 1987) near the assumed mantle value at �5& (e.g.,
Deines 2002).

Diamonds from Cristal display a wider range in
carbon isotopic composition (�5.5 to �1.1&) with a
well-defined mode at �3.5 to �3.0& (Fig. 5). Relative
to Genesis and worldwide data this corresponds to a
shift in mode by about 1.5& to isotopically heavier
compositions (i.e., less negative d13C values).

Discussion

Based on morphology, nitrogen characteristics and
carbon isotopic composition diamonds from Genesis
and Cristal are entirely different. Genesis contains cubes,
typically with intermediate concentrations of nitrogen
almost entirely in the A-center and with a carbon iso-
topic composition corresponding to the mantle value.
This suggests crystallization from a mantle-derived fluid/
melt not too long (< 100 Ma) before eruption of the
host magma.

Diamonds from Cristal formed with octahedral
morphology. Variable nitrogen aggregation states (IaA
to IaB) at generally low nitrogen contents indicate dia-
mond formation at temperatures between 1,150 and
1,300�C. The upper end of this temperature range is
unusually high and points to diamond sources that
either extended to great depth (assuming diamond
formation along a geothermal gradient) or became

Fig. 3 Diamonds from Cristal:
colorless octahedron (left),
brown dodecahedron with
plastic deformation lines in two
directions (center) and
triangular macle with plastic
deformation indicated by
stripes of brownish coloration
(right)
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thermally perturbed during transient heating events (i.e.,
absence of a single geotherm). A shift in d13C of + 1.5&
relative to the mode of diamonds worldwide may either
indicate crystallization from a mixed fluid/melt

containing an isotopically heavy, slab-derived compo-
nent or reflect the presence of a carbon isotopic heter-
ogeneity beneath the southern Superior Craton during
the Archean. Minor deviations in mode from the
established mantle value have been observed for a
number of diamond deposits worldwide (Kirkley et al.
1991).

Mineral inclusions in diamonds from Cristal

Microscopically visible mineral inclusions were absent at
Genesis but 34 inclusions from 29 diamonds from Cri-
stal were successfully recovered and polished (Table 3).
Two of these inclusions consist of a soft whitish mass
and represent alteration products of former syngenetic

Table 1 Physical characteristics, nitrogen content and aggregation
state and carbon isotopic composition for diamonds from Genesis

Sample Shape Color d13C Type N Percent B

GEN-500 c cldy, b �4.91 IaA 380 0
GEN-501 c cldy, c �4.65 IaA 339 0
GEN-502 c b �4.68 IaA 295 0
GEN-503 c c �4.89 IaA 343 0
GEN-504 c cldy, b �4.79 IaA 356 6
GEN-505 c cldy, b �5.14 IaA 408 7
GEN-506 c cldy, �4.81 IaA 426 10
GEN-507 c cldy, b IaA 186 0
GEN�508 c c �4.66 IaA 600 5
GEN�509 c c �4.67 IaA 329 7
GEN-510 c cldy, b IaA 317 0
GEN-511 c cldy, c �3.48 IaA 244 0
GEN-512 i/c cldy, b IaA 417 10
GEN-513 c Light b �4.85 IaA 340 5
GEN-514 c cldy, b �5.15 IaA 341 0
GEN-515 c cldy, b IaA 218 1
GEN-516 c cldy, c IaA 329 6
GEN-517 c Light b �4.67 IaA 348 4
GEN-518 c c �5.28 IaA 207 0
GEN-519 i cldy, b IaA 337 0
GEN-520 c cldy, �3.37 IaA 277 8
GEN-521 c b IaA 335 6
GEN-522 c cldy, b IaA 492 9
GEN-523 c b IaA 295 0
GEN-524 c cldy, b IaA 378 9
GEN-525 c cldy, b IaA 336 0
GEN-526 i/c cldy, b IaA 351 8
GEN-527 i/c b IaA 372 0
GEN-528 c cldy, c IaA 254 10
GEN-529 c cldy, b IaA 337 9
GEN-530 c b IaA 342 10
GEN-531 c cldy, b IaA 351 0
GEN-532 c cldy, b IaA 340 0
GEN-533 c cldy, b IaA 570 7
GEN-534 i/c twin cldy, b IaA 364 5
GEN-535 d/i/c cldy, b IaA 251 0
GEN-536 c cldy, b IaA 282 0
GEN-537 i/c cldy, b IaA 212 0
GEN-538 i/d cldy, c IaAB 226 11
GEN-539 o/c cldy, b IaA 182 0
GEN-540 c cldy, b IaA 301 0
GEN-541 c cldy, b IaB 198 5
GEN-542 i/c cldy, b IaA 189 7
GEN-543 d twin c IaA 231 6
GEN-544 c cldy, gray IaA 192 7
GEN-545 i Light b II 0
GEN-546 c c IaA 217 8
GEN-547 i cldy, light b II 0
GEN-548 d cldy, b IaA 258 0
GEN-549 i y IaA 155 0
GEN-550 c cldy, y IaA 18 3
GEN-551 c cldy, gray IaA 515 0
GEN-552 c b IaA 448 7
GEN-553 i/c cldy, b IaA 211 10
GEN-554 c cldy, gray IaA 525 0
GEN-555 c b IaA 330 9
GEN-556 i c IaA 411 9

Shape: c cube, i irregular, d dodecahedron, o octahedron; color:
cldy cloudy, c colorless, b brown, y yellow

Table 2 Physical characteristics, nitrogen content and aggregation
state, carbon isotopic composition and recovered inclusion content
for diamonds from Cristal

Sample Shape Color d13C Type N Percent
B

Recovered

CRI-1 i/d c �5.22 IaAB 107 63
CRI-4 o b �3.40 IaAB 95 11 ol
CRI-5 d Light b �1.20 IaAB 13 35 2 ol
CRI-6 o Light b �3.47 IaA 106 7 opx
CRI-9 d c �2.92 IaAB 27 47
CRI-10 i/d c �4.59 IaAB 69 57 2 chr
CRI-11 o-m c �3.29 IaAB 157 80 2 chr
CRI-16 (d)/o Light b �2.16 IaAB 9 41 ol
CRI-17 (i)/d c �2.90 IaA 94 8 ol
CRI-19 o b �1.94 IaA 52 9 2 ol
CRI-31 d b �2.43 IaAB 88 82 ol
CRI-41 i/o c �3.30 IaAB 41 82 Fe-chr
CRI-47 o Light b �2.36 ol
CRI-49 d-m Light b IaA 59 5 ol
CRI-51 d/o Light b �2.85 IaAB 140 85 maj grt
CRI-57 o b �3.76 IaAB 40 24 2 ol
CRI-59 i/d b �3.40 IaAB 168 73
CRI-67 (d)/o/a Light b �1.10 IaAB 68 65 Altered
CRI-70 i/o/a b �3.49 IaAB 37 14 ol
CRI-72 i/d Light b �3.21 IaB 138 92 Altered
CRI-86 d/o Light b IaAB 17 30 maj grt
CRI�90 d/o c �3.64 II 0 2 maj grt
CRI-95 o Light b �3.13 IaAB 38 29 ol
CRI-201 d c IaB 140 97 chr
CRI-202 d-m Light b �4.01 IaAB 58 67 Altered
CRI-203 d-m c II 0 ol
CRI-204 o-m c IaAB 88 87 ol
CRI-205 i-m c IaA 25 0 ol
CRI-206 d-m c �2.97 II 0 ol
CRI-207 c-o c IaAB 10 61 opx
CRI-208 d/o c �3.59 II 0 0 ol
CRI-209 d/o Light b �5.50
CRI-210 i/o c IaAB 13 25
CRI-211 o twin Light b IaAB 9 87
CRI-212 c-o twin c cpx
CRI-213 o/d c II 0
CRI-214 Twin c IaA 53 0
CRI-301 d/o-m c II 0 grt
CRI-302 i/d/o c II 0 Altered
CRI-303 i/o b IaAB 557 18

Shape: c cube, i irregular, d dodecahedron, m macle, o octahedron;
color: c colorless, b brown; mineral inclusions: grt garnet, ol olivine,
cpx clinopyroxene, opx orthopyroxene, chr chromite, maj majoritic
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phases. A third diamond (CRI�41) contained a Fe-
chromite inclusion with an Mg number of 8.8 and high
MnO (1.6 wt%, see Table 5) and ZnO (2.9 wt%). This
composition is typical for metamorphic spinels and the
inclusion is regarded as having been affected by Kenoran
age metamorphic fluids penetrating the diamond along
fine fractures.

Chemical composition

Garnet

Five garnets (Fig. 6, Table 4) were released from four
diamonds. All are harzburgitic in composition and four
have a small majorite component [M6(Al2MSi)[VI]

Si6
[IV]O24 end-member, Ringwood 1967] signified by an

excess of silicon over the available tetrahedral sites
(6.18–6.25 cations of Si per formula unit). Elevated
Na2O (0.09 and 0.12 wt%) at low TiO2 (£ 0.02 wt%) in
two majoritic garnets included in diamond CRI�90
indicates minor occurrence of a second pressure-depen-
dent substitution: M2+Al3+ = Na+Si4+ (Ringwood
and Major 1971; Irifune et al. 1989). Very Cr-rich
(12–13 wt% Cr2O3) harzburgitic garnets with a majorite
component were first recognized at Snap Lake (southern
Slave Craton) and because of their depleted nature were
interpreted to reflect a very deep lithospheric source
(Pokhilenko et al. 2004). Using experimental data
(Akaogi and Akimoto 1977; Irifune 1987) as an
approximate indication of depth, Wawa majoritic

garnets are derived from 250 to 300 km, slightly shal-
lower than the deepest value for Snap Lake (Fig. 7).

Comparing garnet inclusions fromWawa and from the
southern (Snap Lake) and central Slave (Panda) shows

Fig. 4 Nitrogen content versus nitrogen aggregation state (mea-
sured as percent nitrogen in the B-center, assuming that only
nitrogen A- and B-centers are present) for diamonds from Genesis
and Cristal. Y-axis is cut off at 10 ppm (detection limit), hence
Type II diamonds (two for Genesis, seven for Cristal) are not
shown. Isotherms are calculated for mantle residence times of 100
and 500 Ma using the thermodynamic data of Evans and Harris
(1989) and (Taylor et al. 1990)

Fig. 5 Carbon isotopic composition (d13C) of diamonds from
Genesis and Cristal. Class (bin) size is 0.5&, so, e.g., class �5.0&
contains all samples falling between �5.25 and �4.75&. Dark band
represents mode of 567 peridotitic and eclogitic diamonds from
worldwide sources

Table 3 Inclusion types and abundances at Cristal

Diamonds Inclusions

Epigenetic inclusions
Altered (soft) 2 2
Fe-chromite 1 1
Syngenetic inclusions
Garnet (pyrope) 4 5
Cpx (Cr-diopside) 1 1
Opx (enstatite) 2 2
Olivine 16 19
Mg-chromite 3 4
Total 29 34
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that Wawa garnets are lower in CaO (2.2–3.3 wt%) but
similar in both high Cr2O3 content (8.2–13.8 wt%, see
Fig. 6) and Ca-corrected Mg numbers (86.0–87.5, for
calculation see Stachel et al. 2003). By comparison, garnet
inclusions from the Kaapvaal Craton have distinctly
higher Ca-corrected Mg numbers (mode around 89,
Stachel et al. 2003).

Pyroxene

A single clinopyroxene inclusion of presumably perido-
titic paragenesis is characterized by relatively low Cr2O3

(1.09 wt%, see Table 4) and Mg number (89.8) and
unusually high TiO2 (0.40 wt%), Al2O3 (2.54 wt%) and

Na2O (2.88 wt%). High Na and Al are characteristic of
websteritic clinopyroxene inclusions, and although
usually their Mg number and Cr content are still lower
there is similarity to the Cr-rich websteritic paragenesis
at Orapa (Gurney et al. 1984), in particular inclusion
OR42-b (coexisting with websteritic garnet).

Two single orthopyroxene inclusions have Mg num-
bers typical for the peridotitic suite (93.9 and 94.6) and
are low in CaO (0.32 and 0.15 wt%, see Table 4) and
Al2O3 (0.37 and 0.16 wt%). Low calcium suggests a

Fig. 6 Ca–Cr plot for garnets from Wawa and peridotitic
(> 1 wt% Cr2O3) garnet inclusions from worldwide sources. Snap
Lake is highlighted as the only other source of Cr-rich harzburgitic
garnets with a majorite component. Lherzolite field is from Sobolev
et al. (1973)

Table 4 Representative analyses (EPMA) of silicate inclusions from Cristal

Mineral Garnet Majoritic
garnet

Majoritic
garnet

Majoritic
garnet

Clinopyroxene Orthopyroxene Orthopyroxene Olivine Olivine Olivine Olivine

Sample CRI-301 CRI-51 CRI-86 CRI-90A CRI-212 CRI-6 CRI-207 CRI-5 CRI-16 CRI-17 CRI-205

P2O5 0.02 0.02 £ 0.01 0.02 0.02 £ 0.01 £ 0.01 £ 0.01 £ 0.01 £ 0.01 0.02
SiO2 41.09 42.99 42.64 42.48 54.46 57.21 57.86 40.36 40.11 40.78 39.88
TiO2 £ 0.01 0.03 0.04 �0.00 0.40 £ 0.01 £ 0.01 0.01 £ 0.01 £ 0.01 £ 0.01
Al2O3 15.19 13.40 11.19 14.53 2.54 0.37 0.16 0.05 0.03 0.05 0.05
Cr2O3 11.15 9.07 13.81 8.36 1.09 0.33 0.09 0.01 0.02 0.04 0.05
V2O3 0.06 0.04 0.06 0.05 0.03 £ 0.01 £ 0.01 £ 0.01 £ 0.01 £ 0.01 £ 0.01
FeO 6.44 7.01 6.44 7.16 3.38 4.14 3.73 7.63 6.95 6.66 7.90
MnO 0.36 0.34 0.31 0.36 0.12 0.11 0.09 0.09 0.10 0.10 0.11
NiO £ 0.01 £ 0.01 0.02 0.01 0.05 0.12 0.13 0.34 0.35 0.33 0.33
MgO 21.87 23.28 23.60 23.78 16.72 35.63 37.01 50.96 52.32 51.91 50.67
CaO 3.33 3.27 2.51 2.40 16.64 0.32 0.15 0.02 0.03 0.01 0.06
Na2O £ 0.02 0.05 £ 0.02 0.12 2.88 0.05 0.04 0.04 0.03 £ 0.02 0.04
K2O £ 0.01 £ 0.01 £ 0.01 £ 0.01 0.09 £ 0.01 £ 0.01 £ 0.01 £ 0.01 £ 0.01 £ 0.01
Total 99.62 99.56 100.72 99.33 98.49 98.37 99.33 99.59 99.99 99.97 99.17

Fig. 7 Atomic proportions (at [O] = 24) of Al + Cr versus Si for
harzburgitic majorite garnets. Lherzolitic majoritic garnets have
not yet been observed, the field of eclogitic majorites is given for
reference. Arrow indicates increasing majorite component with
increasing pressure. Depth estimates are derived from high-
pressure experiments at 1,200�C (Akaogi and Akimoto 1977;
Irifune 1987) and should only be taken as a first approximation
since the effect of variations in temperature and composition is not
considered
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harzburgitic paragenesis for both inclusions. The very
low Al content of the Mg-rich and Ca-poor orthopy-
roxene (it also has low Cr2O3 of 0.09 wt%) points to a
garnet-free paragenesis; alternatively a very low geo-
thermal gradient combined with formation at great
depth (> 200 km) would be required.

Olivine

Nineteen inclusions were released from 15 diamonds,
making olivine the most abundant inclusion phase at
Cristal. The olivines, with a mode in Mg number at
around 92.5 and an average of 92.8, match the distri-
bution of olivine inclusions worldwide (Fig. 8). With
one exception, CaO contents are below 0.04 wt%
(Fig. 9, Table 4), implying a clinopyroxene-free harz-
burgitic (or dunitic) source. Olivine from CRI-205, with

0.06 wt% CaO, also shows the lowest Mg number (92.0)
and may possibly be of lherzolitic paragenesis.

Mg-chromite

Four spinel inclusions were recovered from three
diamonds (Table 5). The two Mg-chromites included
in CRI-10 fall right in the middle of the worldwide
database with respect to their FFM (molar 100Fe2+ /
[Fe2+ + Mg]), Cr / Al and Fe3+ / Fe2+ ratio. The other
two spinels have a lower FFM ratio (28.5 and 23.6) and
significantly lower Cr number [100Cr / (Cr + Al) of 69.9
and 72.0], compared to CRI-10 (87.8–88.2). Based on

Fig. 8 Histogram of forsterite content for olivine inclusions in
diamonds from Cristal and worldwide. Class size is 1 (i.e., the mode
at 92.5 covers samples with Mg numbers between 92.0 and 93.0)

Fig. 9 Calcium content versus Mg number for olivine inclusions
from Cristal and worldwide sources. Only one olivine from Cristal
(gray square) contains high enough calcium to allow for possible
equilibrium with clinopyroxene (i.e., a possible lherzolitic paragen-
esis), the rest (white squares) is so low in CaO that a harzburgitic/
dunitic paragenesis is implied

Table 5 Analyses (EPMA) of oxide inclusions from Cristal

Mineral Mg-chr Mg-chr Mg-chr Mg-chr Fe-chr
Sample 2 WW-10A WW-10B WW-11A WW-201 WW-41

SiO2 0.28 0.29 0.36 0.28 0.38
TiO2 0.02 £ 0.01 0.09 0.06 0.16
Al2O3 5.80 5.93 15.44 14.61 14.53
Cr2O3 64.54 63.87 53.53 55.90 50.09
V2O3 0.22 0.22 0.16 0.20 0.15
Fe2O3 3.03 3.92 4.37 3.46 1.29
FeO 11.89 11.04 9.09 10.97 28.73
MnO 0.26 0.25 0.23 0.25 1.62
NiO 0.10 0.09 0.12 0.12 0.11
MgO 13.65 14.26 16.49 15.47 1.56
ZnO 0.06 0.05 0.05 0.06 2.88
Na2O 0.02 0.02 0.06 0.03 £ 0.02
Total 99.87 99.95 100.00 101.43 101.51
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experimental data on the distribution of Cr and Al
between spinel and garnet (Doroshev et al. 1997), at the
pressure and temperature conditions within the diamond
stability field, such low Cr numbers imply a pyroxene and
garnet-free source. Dunites can be under-saturated in
silica to the extent that garnet is not stable anymore,
allowing for the existence of Al-rich spinels outside the
‘‘spinel stability field’’. One of the Al-rich spinels contains
detectable Na2O (0.06 wt%), an unusual feature previ-
ously known only from two inclusions from the Venetia
Mine (Aulbach 1999).

Geothermometry

In the few cases where two inclusions were recovered
from the same diamond, it invariably was a composi-
tionally homogenous (within error of EPMA analyses)
pair of the same mineral species. Inclusion thermometry
is thus restricted to the application of the Zn-in-spinel
thermometer of Ryan et al. (1996). Calculated temper-
atures (Table 6) for four Mg-chromites range from 1,070
to 1,210�C with an average (based on the three host
diamonds) of 1,140�C. This result coincides well with an
average of 1,150�C obtained for Zn-in-spinel thermometry
of Mg-chromite inclusions in diamonds worldwide
(Stachel et al. 2003).

All three Mg-chromite bearing diamonds belong to a
group of samples where nitrogen concentrations and
aggregation states suggest mantle residence at tempera-
tures around 1,250–1,300�C. Table 6 gives nitrogen-
based temperatures for the three diamonds calculated
for a range of residence times. Zn-in-spinel temperatures
are systematically lower than nitrogen-based estimates
but for sample CRI-201 alone this difference
(D = 220�C at an assumed mantle residence of 500 Ma)
clearly exceeds combined uncertainties derived from
sample analyses (EPMA, FTIR) and the thermometers
themselves. None of the spinel-bearing samples shows
visible signs of plastic deformation (the diamonds are
colorless and free of lamination lines) rendering possible
acceleration of nitrogen aggregation during strain un-
likely. Without putting much emphasis on the single
sample CRI-201, the observation of generally higher
nitrogen temperatures may indicate that mantle resi-
dence occurred at higher temperatures than diamond

formation or reflect accelerated nitrogen B-center for-
mation during transient heating events.

Discussion

The mineralogy and chemical composition of inclusions
in diamonds from Cristal documents a common, exclu-
sively peridotitic source, strongly dominated by harz-
burgite and probable dunite. Lherzolitic parageneses are
virtually absent. Compositionally the inclusions fall
within the normal ranges established for inclusions in
diamonds worldwide. Garnet and olivine Mg numbers
are lower than observed for the highly depleted diamond
sources on the Kaapvaal (Stachel et al. 2003) but match
inclusions from other cratons, including the Slave. The
similarity to worldwide occurrences includes evidence
for mantle metasomatism, such as a spinel inclusion with
elevated Na content and a clinopyroxene with increased
Ti, Al and Na. Although only available for three dia-
monds, Zn-in-spinel temperatures also coincide with the
average conditions of diamond formation for worldwide
sources. The only ‘‘unusual’’ observation is the presence
of high-Cr garnets containing a small majorite compo-
nent.

Origin and exhumation of Wawa diamonds

Lamprophyres and subduction zone diamonds

Presumed primary magmatic amphiboles (edenite,
pargasite, Mg-hornblende; Lefebvre et al. 2003) at
Wawa bear no resemblance to richteritic amphiboles
occasionally associated with diamond occurrences.
Whole rock chemical data suggest derivation from a
calc-alkaline, basic magma (Lefebvre et al. 2005). Ayer
and Wyman (2003) agree with this notion of Ca-alkaline
(shoshonitic) lamprophyres as the magmatic component
for the diamond-bearing rocks at Wawa but suggest
hybridization of the primary magma with an (ultra)-
mafic component similar to komatiite. Mineral and
whole rock chemical data indicate hydrous melting of
relatively shallow upper mantle sources (probably within
the spinel peridotite field), compatible with a convergent
margin setting (Wyman and Kerrich 1993; Ayer and

Table 6 Zinc content and zinc-in-spinel and nitrogen-in-diamond (for a range of mantle residence times from 100 to 1,000 MA) tem-
peratures for three Mg-chromite bearing diamonds from Cristal

Sample ZnO (wt%) T-Zn (�C) T-N (0.1 Ga; �C) T-N (0.5 Ga; �C) T-N (1 Ga; �C)

CRI-10a 0.058 ± 0.008 1,120 ± 70 1,260 1,220 1,200
CRI-10b 0.052 ± 0.003 1,180 ± 40 1,260 1,220 1,200
CRI-11 0.049 ± 0.006 1,210 ± 70 1,270 1,230 1,210
CRI-201 0.064 ± 0.004 1,070 ± 40 1,340 1,290 1,270

For Zn analyses five spots per sample were averaged; errors (1 sigma) are derived from the variance among individual spots and thus are
purely a measure of the analytical precision of EPMA analyses
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Wyman 2003; Lefebvre et al. 2005). This likely shallow
origin of the primary magmas at Wawa appears to be at
odds with their diamond-bearing nature. Ayer and
Wyman (2003) point to the supposedly subduction-re-
lated diamond occurrences in eastern Australia as a
precedent for a relatively shallow mantle origin. Based
on a detailed study of diamonds from alluvial showings
in New South Wales, Griffin et al. (2000) proposed
diamond formation in the cool upper portions of sub-
ducting slabs that enter the diamond stability field at
shallow depth of about 100 km. Storage of diamonds at
this shallow depth is precluded by thermal re-equilibra-
tion with the surrounding mantle that drives the slabs
back into the graphite stability field within about
10–35 Ma (Griffin et al. 2000). As a consequence, to
avoid graphitization the diamonds must be exhumed
directly after their formation, either through a detach-
ment-obduction process without heating or through
entrainment in a rapidly ascending magma.

To assess the proposed subduction origin of
diamonds in the Abitibi–Wawa greenstone belts (Ayer
and Wyman 2003; Lefebvre et al. 2003), the feasibility of
diamond formation at low temperatures within slabs
needs to be evaluated. If external carbon sources are
excluded then two possible processes have to be con-
sidered in such a scenario: (1) carbon present in the form
of carbonates may form diamond via a reduction pro-
cess; (2) graphite derived from subducted organic matter
could directly convert to diamond.

With carbonate minerals being thermally stable in
descending slabs till the onset of partial melting (Yaxley
and Green 1994; Wood et al. 1996) a reduction process
cannot be linked with decarbonation reactions (i.e.,
cannot entail CO2) but has to involve a solid carbonate
phase. Based on experimental data and a thermody-
namic analysis of the system CaCO3–FeO–H2O, Scott
et al. (2004) showed that carbonate reduction at low
temperatures (500�C, 1–80 kbar) directly leads to
methane-bearing equilibria without involving the pres-
ence of native carbon (graphite or diamond).

Diamond formation through direct conversion from
graphite is plausible but in order to create shallow
subduction-related diamonds the conversion has to oc-
cur almost immediately after a slab enters the diamond
stability field. Diamond formation proceeds via puck-
ering of graphite bonds and may require martensitic
transitions, depending on the type of stacking of layers
within graphite (Sung 2000). Activation energies are
exceedingly high and, therefore, in a static compression
process require overstepping of the graphite–diamond
transition by > 30 kbar, aided by high temperatures
(� 1,000�C; Sung 2000). Shearing, a process likely to
occur in subducting slabs, may aid the martensitic
transition from hexagonal to rhombohedral graphite
and reduce the required overstepping of the graphite–
diamond transition. Nevertheless, conversion of graphite
to diamond at 100 km depth and temperatures of about
500�C seems unlikely. In addition, the kinetically caused
overstepping of the transition suggests that the conversion

will occur instantaneously (catastrophic) resulting in
microscopic crystallites rather than well-developed
octahedral diamonds. Experiments by Irifune et al.
(2004) simulated the graphite–diamond transition in
descending slabs and showed it to occur under condi-
tions corresponding to the deep upper mantle and
transition zone with diamonds forming as polycrystalline
aggregates. In conclusion, although cold portions of
subducting oceanic plates may encounter the graphite–
diamond transition at depth of only 100 km it appears
highly unlikely that diamond formation takes place
before the descending slabs penetrate deep into the
upper mantle.

Evidence for a cratonic origin

The mineralogy and the chemically depleted harzburgitic
composition of inclusions from Cristal match the char-
acteristics established for typical cratonic diamond
deposits around the world (Meyer 1987; Gurney 1989;
Harris 1992). High-Cr garnets are a hallmark of cratonic
peridotites (e.g., Sobolev 1977; Gurney 1984; Griffin
et al. 1999) and relate to chemical depletion during
partial melting of a protolith in the spinel stability field
(Stachel et al. 1998; Grütter 2001). The bulk rock Cr–Al
ratio cannot be efficiently changed during partial melting
or cumulate formation in the garnet stability field (Sta-
chel et al. 1998 and references therein), making the
presence of high-Cr garnets at Genesis crucial evidence
against a plume origin of their diamond source. High-Cr
garnets may form in highly depleted oceanic mantle
lithosphere subducting into the garnet stability field. For
Wawa the thermal history of inclusions and host dia-
monds precludes a subduction scenario directly preced-
ing exhumation. The average temperature of diamond
formation obtained from three spinel-bearing diamonds
(1,140�C) matches the mean for cratonic diamonds
worldwide, suggesting formation under ‘‘normal’’ con-
ditions along a cratonic mantle geotherm. Formation in
a slab immediately followed by exhumation also is
inconsistent with the nitrogen characteristics observed
for Genesis and Cristal. If mantle residence of the dia-
monds had been restricted to a short period in a ‘‘cold’’
slab environment then the presence of single substitu-
tional N in form of the C-center (Type Ib diamonds)
would be expected (Taylor et al. 1996b). Diamonds with
short mantle residence times (< 1 Ma), e.g., from the
komatiitic occurrences in the Dachine region of French
Guiana (Capdevila et al. 1999; Magee and Taylor 1999),
typically classify as mixed Type Ib–IaA, i.e., show
incomplete aggregation from the C- to the A-center.
Genesis diamonds are Type IaA and for some nitrogen-
poor diamonds from Cristal aggregation proceeded even
to fully aggregated Type IaB diamonds, suggesting a
deep lithospheric section and mantle residence over tens
to hundreds of millions of years. The possible acceler-
ating effect that transient heating events and plastic
deformation may have had on nitrogen aggregation does
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not affect the principal conclusion that formation of
Wawa diamonds in a cold subducting slab briefly before
exhumation is not viable. We thus have to conclude that
a typical section of subcratonic lithospheric mantle
extending into the stability field of majoritic garnet
(possibly as deep as 300 km) existed beneath the Wawa
subprovince even before cratonization of the Superior
Province in the course of the Kenoran orogeny was
completed. Following the model that final cratonization
of the Slave Province occurred only at about 2.58 Ga
with the termination of the late ‘‘granite bloom’’ (Davis
et al. 2003; Bleeker 2003), a similar situation appears to
apply for the Lac de Gras area, where diamond forma-
tion at about 3.41 ± 0.28 Ga (Westerlund et al. 2003,
Re–Os dating of sulfide inclusions) and residence in cool
cratonic lithosphere (Stachel et al. 2003) preceded final
cratonization by almost 1 Ga.

Possible mechanisms for exhumation

A primary origin of Wawa diamonds in deep litho-
spheric mantle and their crustal occurrence within vol-
caniclastic rocks and intrusive lamprophyres leaves two
alternative scenarios for their exhumation:

1. The relationship of Wawa diamonds to their volcanic
host rocks is purely accidental. The observation that
significant diamond grades are restricted to the base
of volcaniclastic sequences (Walker et al., in prepa-
ration) appears to support this notion. Low diamond
grades in lamprophyre dikes may have been picked
up from diamondiferous country rocks. The fine
skewed size distribution of Wawa diamonds may thus
reflect a sedimentary sorting process. However, the
absence of surface features reflecting extended
transport on the Earth’s surface is difficult to recon-
cile with an interpretation as placer deposits. Short
transport distances may explain the absence of per-
cussion and abrasion features but during active
deposition of supracrustal rocks (Catfish assemblage)
exhumation of old primary diamond deposits close
by is not feasible. In consequence, if the diamonds
were derived from erosion of nearby ‘‘kimberlites’’,
then volcanic emplacement would need to be pene-
contemporaneous with the lamprophyric activity and
had to occur in a convergent margin setting. A placer
origin of Wawa diamonds is thus unlikely.

2. If the Ca-alkaline (shoshonitic) volcanics at Wawa
indeed represented the volcanic host rock, then a
two-stage exhumation process would be required,
since such magmas are not derived from depth that
would allow them to sample diamonds containing
majoritic garnet inclusions (i.e., 250–300 km deep).
A magma mixing model is not preferred, since
Wawa diamonds (including the study of Lefebvre
et al. 2003) are only mildly resorbed whereas mixing
with and continued transport in a hydrous lampro-
phyric magma should have caused extensive

resorption and etching. Alternatively, diamondifer-
ous peridotitic lithosphere may have been delivered
directly to the magma source. Detachment and up-
ward transport of diamondiferous lithosphere would
need to occur rapidly, to preserve diamonds and to
prevent exsolution of pyroxene from majoritic
inclusions. Exhumation of peridotite complexes
remaining in garnet facies (e.g., Alpe Arami, Bren-
ker and Brey 1997) and the diamondiferous crustal
rocks at Kokchetav and Dabie Shan (e.g., Ernst and
Liou 1999) provide evidence that rapid upward
transport may occur. In such a scenario the dia-
monds may have been released from entrained
peridotite into the lamprophyric magma only near
the surface. This could explain the low degree of
resorption and would suggest a link to the common
ultramafic inclusions at Wawa (as suggested by
Vaillancourt et al. 2004). Problematic with this
exhumation mechanism is that it would have been
unique in Earth history as no other cases of signif-
icantly diamond-bearing volcanics of presumed
shallow origin have been established so far.

The exhumation mechanism for Wawa diamonds and
the origin of these deformed and metamorphosed
deposits thus remain enigmatic.

Conclusions

Diamonds from Archean metavolcanic rocks at Wawa
(Genesis and Cristal showings) have nitrogen character-
istics and carbon isotopic compositions that are not in
support of a proposed derivation from a subducting slab
(Ayer andWyman 2003; Lefebvre et al. 2003). Syngenetic
mineral inclusions in diamonds from Cristal provide a
perfect match to harzburgitic inclusion suites from
cratonic diamond deposits worldwide. Including the
presence of mildly majoritic high-Cr garnets, Wawa
diamonds document the existence of a thick package of
depleted lithospheric mantle already before stabilization
of the Superior Province during theKenoran orogenywas
completed. The presence of a thick mantle lithosphere
supports the autochthonous formation of the Aibitbi–
Wawa greenstone belt proposed by Thurston (2002).

Presupposing that the composition of the subcratonic
lithosphere is not static but evolves over time, the
observation that proven Archean diamonds from Wawa
are a perfect compositional match to isotopically dated
Archean diamonds of harzburgitic paragenesis (but
residing in the Earth’s mantle for several more billion
years) backs the notion that isotopic dating of inclusions
yields diamond formation ages.
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