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Abstract A suite of 80 macrodiamonds recovered from
volcaniclastic breccia of Wawa (southern Ontario) was
characterized on the basis of morphology, nitrogen
content and aggregation, cathodoluminescence (CL),
and mineral inclusions. The host calc-alkaline lampro-
phyric breccias were emplaced at 2.68–2.74 Ga, con-
temporaneously with voluminous bimodal volcanism of
the Michipicoten greenstone belt. The studied suite of
diamonds differs from the vast majority of diamond
suites found worldwide. First, the suite is hosted by calc-
alkaline lamprophyric volcanics rather than by kimber-
lite or lamproite. Second, the host volcanic rock is
amongst the oldest known diamondiferous rocks on
Earth, and has experienced regional metamorphism and
deformation. Finally, most diamonds show yellow-or-
ange-red CL and contain mineral inclusions not in
equilibrium with each other or their host diamond. The
majority of the diamonds in the Wawa suite are color-
less, weakly resorbed, octahedral single crystals and
aggregates. The diamonds contain 0–740 ppm N and
show two modes of N aggregation at 0–30 and 60–95%
B-centers suggesting mantle storage at 1,100–1,170�C.
Cathodoluminescence and FTIR spectroscopy shows
that emission peaks present in orange CL stones do not
likely result from irradiation or single substitutional N,
in contrast to other diamonds with red CL. The dia-

monds contain primary inclusions of olivine (Fo92 and
Fo89), omphacite, orthopyroxene (En93), pentlandite,
albite, and An-rich plagioclase. These peridotitic and
eclogitic minerals are commonly found within single
diamonds in a mixed paragenesis which also combines
shallow and deep phases. This apparent disequilibrium
can be explained by effective small-scale mixing of sub-
ducted oceanic crust and mantle rocks in fast ‘‘cold’’
plumes ascending from the top of the slabs in convergent
margins. Alternatively, the diamonds could have formed
in the pre-2.7–2.9 Ga cratonic mantle and experienced
subsequent alteration of syngenetic inclusions related to
host magmatism and ensuing metamorphism. Neither
orogenic nor cratonic model of the diamond origin fully
explains all of the observed characteristics of the dia-
monds and their host rocks.

Introduction

Diamond, like all other minerals, can form in a number
of different ways. In many cases, physical and chemical
properties of diamonds unambiguously classify them as
formed below cratons (xenocrystal cratonic), formed in
a subducting slab followed by rapid exhumation (oro-
genic), or formed by crystallization directly from a host
volcanic rock (phenocrystal).

Cratonic diamonds are the most common among
macrodiamonds (crystals larger than 0.5 mm), and are
found in kimberlites and lamproites on all continents.
These diamonds characteristically display varying de-
grees of resorption of octahedral, cubic, and cubo-
octahedral single crystals and aggregates (Robinson
1989; McCallum et al. 1994; Harris 1992). More than
99% of the diamonds have N contents below 3,500 ppm
(average �200 ppm), and in most diamonds that contain
more than 20 ppm N (type I diamonds), N is present as
pairs or tetrahedra (type IaA–IaB; Cartigny et al. 2004).

Orogenic diamonds are found in various metamorphic
rocks from ultrahigh-pressure (UHP) terranes (e.g.
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Sobolev and Shatsky 1990; Chopin 2003) of invariably
continental parentage (Ogasawara 2005) or in subduc-
tion-related volcanics (Barron et al. 1996; Capdevila et al.
1999;Griffin et al. 2000). The diamonds are brought to the
surface by tectonic uplift or by magmas sampling a sub-
ducting slab. Orogenic diamonds are often characterized
by small size (De Corte et al. 1999; Cartigny et al. 2001).
Their dominant morphology is cubic, cubo-octahedral,
and octahedral single crystals, skeletal and re-entrant
crystals (De Corte et al. 1999), and polycrystalline
aggregates (Ishida et al. 2003; Ogasawara 2005). Orogenic
diamonds rarely exhibit surface textures indicative of
dissolution, and never show resorbed faces or experience
non-uniform resorption (De Corte et al. 1999). High
nitrogen contents (580–4,488 ppm) and low aggregation
states [type Ib–IaA as reviewed in Cartigny et al. (2004)]
are also characteristic of orogenic diamond populations.
Subduction diamonds in UHP terranes are commonly
associated with plagioclase (Sobolev and Shatsky 1990;
Schertl and Okay 1994; Stockhert et al. 2001).

Phenocrystal diamonds are commonly small
(<1 mm), transparent, sharp octahedrons or cubes and
fibrous cubic coats, skeletal and re-entrant crystals (R.
Davies, personal communication) that show little
resorption (Gurney 1989; Pattison and Levinson 1995).
On average, these have higher (�900 ppm) N contents
than cratonic diamonds and lower N aggregation states
(pure IaA with rare Ib) (Cartigny et al. 2004).

Clear-cut correlations between the tectonic settings of
diamondiferous host rocks and diamond characteristics
are hampered by enigmatic suites of diamonds found in
calc-alkaline lamprophyres in the Archean Wawa sub-
province of the Superior Craton (southern Ontario,
Canada). The lamprophyres are broadly coeval with
subduction-related volcanism of the 2.7 Ga Kenoran
orogeny (Lefebvre et al. 2005), yet some of the diamonds
they entrained are cratonic (Stachel et al. 2004). In order
to understand the origin of the Wawa diamonds, we
studied a suite of 80 stones from the Engagement Zone
outcrop of diamondiferous breccias (Fig. 1). The dia-
monds from this outcrop have not been previously
characterized, and they differ from diamond suites
found at other occurrences of breccias 2–4 km northwest
(Stachel et al. 2004). We present a detailed study of the
Wawa diamonds with respect to morphology, color,
cathodoluminescence (CL), nitrogen and hydrogen
contents, and their mineral inclusions. The data ob-
tained in this study reveals many unusual and enigmatic
traits of the diamond suite, which cannot be fully ex-
plained by either a cratonic or orogenic diamond for-
mation.

Diamondiferous rocks of Wawa

The studied diamonds were extracted from a 160 kg
bulk sample of polymict volcaniclastic breccia (PVB),
collected from trenches E (Fig. 1) on the Band-Ore
Resources property, 20 km north of Wawa, Ontario.

The host diamondiferous (0.2–1 ct t�1, Buckle 2002)
breccia represents a new type of rock (Lefebvre et al.
2005) not known on the Superior craton until recently
(Band-Ore Resources Ltd Press Release, 22.11.2000).
The following description of the Wawa PVB diamond-
iferous rocks is a synoptic overview of detailed geologic
and petrographic descriptions provided in Lefebvre et al.
(2005). The breccia occurs as thick, 60–110 m beds
dipping to the NE at 30� and traceable along-strike in
intermittent outcrop for more than 4 km, with con-
formable upper and lower contacts with metavolcanic
rocks (Fig. 1). The breccias are intercalated with an
overturned package of mafic to felsic metavolcanics
dated at 2,699–2,701±1 Ma (Ayer et al. 2003), which is
tectonically stacked and juxtaposed along the Mildred
Lake fault (Fig. 1). Breccias occur at several strati-
graphic levels and become younger to the SW in con-
tinuous cross-sections. Geological observations in drill
holes suggest that the Cristal breccia bed, the source for
another studied suite of Wawa diamonds (Stachel et al.
2004), is older and �200 m lower in the stratigraphic
sequence than the Engagement zone breccia bed, from
which diamonds studied in this work were recovered. In
the recurrent package to the west of the Mildred Lake
fault, the Genesis breccia bed (2,744±43 Ma; Stachel
et al. 2004) is older than the Mumm breccia bed to the
west (2,687–2,680±1 Ma, J. Ayer, personal communi-
cation). The breccias are interpreted as volcaniclastic
rocks deposited as lahars.

The breccias in Wawa are spatially associated with
0.5–3 m cross-cutting lamprophyre dykes. Both dia-
mondiferous rock types were formed from calc-alkaline
lamprophyric magmas and were metamorphosed to
greenshist facies. The Wawa lamprophyre dykes are
younger than the breccias, as the dykes (1) have been
dated at 2,715-2,674 Ma (reviewed in Lefebvre et al.
2005); (2) are in observable cross-cutting relationship to
PVB and felsic metavolcanic rocks; (3) are coeval with
the 2.67 Ga late orogenic intrusions of gabbro and
tonalites and have ‘‘mushy’’ soft contacts with them
(Lefebvre et al. 2005; Stott et al. 2002), whereas PVB
predate the intrusions and could be found as megaliths
in them; (4) are less deformed than PVB and do not
show one of the two PVB foliations related to the
2.67 Ga Wawan phase of the Kenoran orogeny (Arias
and Helmstaedt 1990). Emplacement of syn- and post-
orogenic calc-alkaline lamprophyre dykes at 2.7–
2.67 Ga (Stott et al. 2002) was concurrent over a large
area of the Superior Craton (Wyman and Kerrich 1989;
Barrie 1990; Stern and Hanson 1992), including the A-
bitibi Greenstone Belt (Wyman and Kerrich 1993; Ayer
et al. 2002).

Tectonic history

The Wawa lamprophyric magmas are broadly contem-
poraneous with felsic to mafic volcanic rocks and late
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orogenic intrusives of magmatic cycle 3 of the Michipi-
coten greenstone belt (MGB), coeval with the Kenoran
orogeny (Stott 1997). All three MGB volcanic cycles,
dated at 2.89, 2.75, and 2.70 Ga (Turek et al. 1992), are
bimodal basalt–rhyolite suites; the 2.89 Ga volcanic
units also contain komatiites (Sage et al. 1996a, b). The

third cycle of volcanism is represented by massive and
pillowed, intermediate to mafic, tholeiitic lava flows,
conformably overlain by intermediate to felsic tuff,
breccia and clastic sedimentary rocks (Williams et al.
1991; Sage 1994). Intrusive rocks generated by this cycle
of magmatism include gabbro to quartz–diorite sills and

Fig. 1 Geological map of the
study area in Wawa, with
sampling and drill hole
locations. UTM coordinates are
in NAD27. Open squares are
locations of bulk samples from
where the studied diamonds
were extracted: E1, E2—breccia
of Engagement zone (this
study), Cristal and Genesis
breccia beds dated by U–Pb
method on zircons (Stachel
et al. 2004), Mumm breccia
dated by U–Pb method (Ayer,
unpublished data). The inset
illustrates a location of the
Michipicoten greenstone belt
within the Wawa subprovince
in the Superior craton. Dashed
lines divide subprovinces of the
Superior craton (Card and
Ciesielski 1986). A star shows
location of the shoshonitic
diamondiferous lamprophyres
(Wyman and Kerrich 1993;
Williams 2002) within the
Abitibi subprovince and dots
show locations of calc-alkaline
lamprophyres within the Uchi
and Wabigoon subprovinces
(Wyman and Kerrich 1989)

160



dykes (Sage 1994) and syenites (Stott et al. 2002). MGB
was strongly deformed by the Wawan phase of the
Kenoran orogeny (ca. 2.67 Ga; Stott 1997) with four
major deformational events (Arias and Helmstaedt
1990); diamondiferous PVBs are deformed by D2 and D4

events (Lefebvre et al. 2005).
The Superior province formed by repeated accretion

of terranes as a result of subduction in a compressional
margin (Hoffman 1990; Williams et al. 1991). This
model is supported by seismic, structural, and geological
data (Calvert et al. 1995; Calvert and Ludden 1999;
Thurston 2002). While the general model of subduction
and accretion has been widely accepted for the Superior
craton, the tectonic origin of its individual terranes may
vary.

The MGB is interpreted as an allochthonous terrane,
tectonically transported to its present position, detached
from its original mantle ‘‘root’’ (Wyman and Kerrich
2002). This allochthonous terrane can be an assemblage
of island and continental arcs (Sylvester et al. 1987; Sage
1994 and references therein), or intraoceanic arcs, oce-
anic plateaus and trench turbidites tectonically imbri-
cated in the north-dipping subduction zone (Sage 1994
and references therein; Polat and Kerrich 2001; Wyman
and Kerrich 2002). The �2.7 Ga voluminous volcanics
of the MGB have geochemical characteristics of island
arc magmas (Polat and Kerrich 2001; Wyman and
Kerrich 1989, 1993) and the �2,690 Ma Wawa lam-
prophyres also show strong negative Nb–Ta, Ti, and
Zr–Hf anomalies (Williams 2002).

Some geological and geochronological evidence,
however, is not consistent with the MGB as an allo-
chthonous exotic terrane (Thurston 2002). The com-
peting model advocates an autochthonous origin for the
MGB, with greenstones being accumulated in place,
erupting through and being deposited upon older units
(Thurston 2002; Ayer et al. 2002). This model suggests
that the Superior Province experienced orderly,
autochthonous progression from platforms to rifting of
continental fragments, all followed by late assembly
during the Kenoran orogeny. This interpretation of
early cycles of Michipicoten volcanics as flood basalt
provinces and intra-cratonic magmatism is supported by
geochemical evidence, which records crustal geochemi-
cal signatures and significant contributions from conti-
nental passive margin sources (Sage et al. 1996a, b). The
cycle 3 magmatism may also have a flood basalt origin
(Sage et al. 1996a, b), or may be more closely related to
subduction as it is syn-orogenic (Sage 1994). The
autochthonous model implies that MGB magmatism
was rooted in the underlying lithospheric mantle.

Analytical methods

Morphology, body color, fluorescence, CL, nitrogen
content and aggregation state, and mineral inclusions
are documented for 80 diamonds ranging in weight from
0.127 to 9.343 mg (0.0006–0.047 carat) [Electronic

Supplementary Material (ESM), Table 1]. Twelve
thousand microdiamonds (<0.5 mm) from the
Engagement zone bulk sample have not been studied.

The CL characteristics of 63 rough diamonds from
Wawa were examined using a Cambridge Instruments
Cathode Luminescence (CITL 8200 mK4) system at-
tached to an optical microscope with a 2.5· lens. The
accelerating voltage used was 15 kV with an electron
beam current of 300 lA and the chamber pressure was
maintained using a Varian DS 102 pump. Diamonds
were mounted in CL-inactive carbon putty and placed
on a recessed steel tray specially designed to fit the
chamber. The CL spectral characteristics of 20 selected
diamonds were investigated using an Electron Optics
Service (EOS) CL spectrometer attached to a Philips XL
30 scanning electron microscope. The spectrometer was
a high sensitivity 2048 charge coupled device (CCD)
with selected grating optimized for 360–1,000 nm spec-
tral coverage. The acceleration voltage used was 20 kV
with an electron beam current of 100 lA. Because CL
emission depends on the density of the electron beam
and temperature (Clark et al. 1992), all CL spectra were
acquired at similar temperatures (18�C) and the analyt-
ical regime using blue CL diamonds from other loca-
tions worldwide as internal standards. The CL spectra
were processed using software provided by Ocean Optics
Inc and PeakFitTM. Input data were first smoothed
using Gaussian convolution in order to remove the noise
and then deconvoluted using a Gaussian algorithm to
peaks with fixed position (common CL diamond peaks
such as those at 435 and 503.2 nm; Zaitsev 2001) and
other peaks with variable positions. The process was
then iterated until the coefficient of determination (r2),
calculated with the method of least squares, reached a
value of �0.999. The standard error in the X position of
the peaks (0.2–2 nm) was calculated for 95% confidence
limits.

Nitrogen content and aggregation states for 41 dia-
monds were determined from Fourier Transform
Infrared (FTIR) spectra obtained using a Nicolet 710
FTIR spectrometer with a Nic-Plan IR microscope
attachment and liquid nitrogen reservoir. Absorption
spectra were measured in transmission mode in the
range of 4,000–650 cm�1 at a resolution of 8 cm�1 by
averaging the signals of 256 scans. The rough stones
were mounted using the method of Mendelssohn and
Milledge (1995) and spectra were recorded at the point
of maximum light transmission through the sample. The
spectra were corrected for varying diamond thickness by
reference to the spectrum of type II diamond with a
known thickness and using the thickness correction
factor of 11.94 absorption unit cm�1 (Mendelssohn and
Milledge 1995). One absorption unit corresponds to the
absorption value at 1,995 cm�1. After baselining, spec-
tra were manipulated using Omnic version 6.0a software
and were de-convoluted into several components (C, A,
B, and platelet B¢) using least square techniques. C-
centers are single substitutional nitrogens with charac-
teristic absorption peaks at 1,130 and 1,344 cm�1; they
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are absent in the Wawa stones. A-centers are pairs of N
atoms, B-centers are nitrogen tetrahedra around a va-
cancy, and the platelet B¢ component is a peak at 1,359–
1,374 cm�1 caused by stretching of C–C bonds in planar
defects on {100} planes, so called platelets (Clark et al.
1992). Based on the concentration of nitrogen and its
aggregation state, diamonds are divided into type I
(stones with >20 ppm N) or II (stones with no mea-
surable N). Type I diamonds are further subdivided into
type Ib (stones with unaggregated N), type IaA (stones
containing mainly A-centers), type IaB (stones contain-
ing mainly B-centers), as well as into transitional groups
(diamonds with A, B or A and B-centers) (Evans 1992).
Nitrogen concentrations (in atomic ppm and in per-
centages of the total nitrogen content) were calculated
on the basis of the 1,282 cm�1 absorption peak using the
Boyd et al. (1994, 1995) formulas for quantification of
A- and B-centers, respectively. Detection limits and er-
rors, according to Stachel and Harris (1997) and Stachel
et al. (2002), are strongly dependent on the quality of the
crystal face, but typically range between 10 and 20 ppm
or 10–20% of the concentration, respectively. Addi-
tional uncertainty is introduced by the heterogeneity of
nitrogen content within the different growth layers of
diamond (Taylor et al. 1990). Hydrogen concentrations
(in relative absorption units) were calculated by mea-
suring the difference between the base and peak height at
3,107 cm�1. The error for hydrogen values reported is
estimated at 2.6 rel.% and the minimum detection limit
is estimated at 0.03 cm�1 absorption units for a dia-
mond of 1 cm thickness. Infrared absorption spectra
were difficult to obtain for many of the opaque and
translucent diamonds, and those with highly irregular
surfaces, especially fine-grained aggregates.

Sixty-three inclusions were extracted from 14 host
diamonds by mechanical crushing in an enclosed steel
cracker. Exposed inclusions on a diamond chip surface
were examined in a back scattered electron (BSE) mode

on the SEM. Quantitative electron probe microanalysis
(EPMA) was performed on a fully automated CAM-
ECA SX-50 microprobe, operating in the wavelength-
dispersion mode with the following operating
conditions: excitation voltage 15 kV; beam current
20 nA; peak count time 10 s; beam diameter 3 lm. A
variety of well-characterized minerals and synthetic
phases were used as standards. The minimum detection
limits for most oxides are less than 0.06 wt%. Excep-
tions to this include Cr2O3 (0.16 wt%), FeO
(0.08 wt%), MnO (0.08 wt%), and NiO (0.10 wt%).
Relative errors, at the 2r confidence level, are estimated
to be <2% at the >10 wt% level, 5–10% at the
�1 wt% level, 10–25% at the 0.2–1 wt% level, and 25–
50% at the <0.1 wt% level.

Morphology and colors

The Wawa diamonds are highly variable in their primary
growth forms (Fig. 2). The majority of diamonds are
either octahedral aggregates (Fig. 2e) (44% of the
population) or single octahedral crystals (Fig. 2d)
(26%). The sizes of crystals in the aggregates are typi-
cally >0.5 mm, to (less commonly) 0.1–0.5 mm. Single
cubic and cubic–octahedral crystals and their aggregates
(Figs. 2a–c), as well as macles are also observed
(Fig. 2f); 48% of the Wawa diamond population in this
study are single crystals. Only 28 diamonds could be
evaluated for crystal regularity because the majority of
samples are broken crystals and fine aggregates. The
majority of the Wawa diamonds are distorted to some
degree, and only 11% are near-equidimensional.

The Wawa diamonds in this study are colorless
(50%), heterogeneous (24%), yellow (11%), black (3%),
brown (10%), and gray (3%). All cuboids including the
cubic aggregates are yellow in color, but not necessarily
translucent. The majority of octahedral single crystals

Fig. 2 Varying crystal habiti of
the Wawa diamond population.
a cube, b coarse aggregate of
cubic crystals, c cubo-
octahedral aggregate, d
octahedron, e octahedral coarse
aggregate, f macle, g octahedral
fine aggregate, h octahedral
aggregate
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and coarse aggregates, as well as all macles, are color-
less. The heterogeneity in color is present only in
aggregates (ESM Table 1). The Wawa diamond popu-
lation consists of 48% transparent crystals, 25% trans-
lucent crystals, 14% opaque crystals, and 14%
combination of opaque and translucent crystals. The
transparent crystals are mostly colorless and also com-
prise a few yellow octahedral single crystal and coarse
aggregates, as well as macles. The translucent crystals
comprise all possible primary crystal forms and colors.
The opaque crystals are mostly fine-grained aggregates
which have some black body coloring.

The diamonds in general have experienced low de-
grees of resorption (Figs. 2d–f, 3b). Over half of the
diamonds fall into resorption classes 4–6 of McCallum
et al. (1994), with 22% in class 4, 38% in class 5, and 8%
in class 6. Diamonds which have experienced extensive
resorption (class 1–3) comprise only 21% of the popu-
lation. Some crystals (14%) exhibit non-uniform
resorption, whereby one part of the crystal is more
strongly resorbed than another (ESM Table 1).
Resorption specific to octahedral crystals and octahedral
faces on cubic–octahedral crystals is marked by the
presence of shield-shaped laminae, trigonal pits, hexag-
onal pits, hexagonal pits containing etch pits, and serrate
laminae (terminology by Robinson 1989). Tetragonal
pits are developed on cubic crystals and the cubic face of
cubic–octahedral crystals. Other surface features specific
to highly resorbed tetrahexahedroid crystals are terraces
and elongate hillocks which are seen on only 4 and 1%
of the Wawa diamonds, respectively. Late stage etching
features present on some diamonds of all resorption
classes are ruts, shallow depressions, frosting, and cor-
rosion sculpture. The diamonds carry no evidence of
deformation such as lamination lines.

Cathodoluminescence

Diamonds are grouped into six categories based on
observed optical CL colors (ESM Fig. 1). The relative
abundances of CL colors, based on the analysis of 69
diamonds, are as follows: orange-red (46%), yellow
(28%), orange-green (10%), green (6%), and other non-
uniform colors (10%). Interestingly, none of the Wawa
diamonds exhibited common blue CL. The description
of CL spectra (Fig. 4) below is based on the PeakFit
deconvolution results. The procedure finds unequivocal
positions of only sharp peaks and assigns a non-unique
combination of peaks to wider maxima. Therefore, we
give precise positions of the peaks only if they are stable
irrespective of the parameters of the deconvolution.

In diamonds with the red-orange CL color, the SEM-
CL spectral analysis reveals a sharp line at 575.5 nm,
typically associated with several broader peaks in the red
region of the spectrum between 586 and 664 nm. Broad
peaks of lower intensity are also observed in the green
region (around 520 nm) and in the blue region (around
440 nm) (Fig. 4). The relative intensities of the peaks

show considerable variations in different samples and
also in different spots of the same sample.

In diamonds with yellow and green-yellow CL, the
main peak occurs in the green region of the visible
spectrum around 520 nm. The sharp line at 575.5 nm is
also present, although it was not observed in all samples
and all the analyzed spots (Fig. 4). The asymmetric
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shape of the main 520 nm band deconvolutes to several
smaller peaks between 543 and 610 nm.

In diamonds with green CL, the main peak also oc-
curs at 520 nm. In samples with good spectral resolu-
tion, a sharp line at 575.5 nm is also observed. A broad
peak of variable intensity at 440 nm is present in most
samples (Fig. 4). The asymmetry of the 520 peak sug-
gests the presence of additional peaks at 548–616 nm.

In summary, CL emittance of all Wawa diamonds
consists of a broad band at �520 nm, a sharp peak at
575.5 nm, and several lines at 550–670 nm. In contrast,
diamonds with common blue CL feature prominent
wide peaks at �430–450 and 480–490 nm (Lindblom
et al. 2003) (Fig. 4).

Impurities in Wawa diamonds

FTIR spectroscopy indicates that the studied diamonds
contain nitrogen and hydrogen. The majority of Wawa
diamonds have low nitrogen contents, below 300 ppm
(Fig. 5a). The nitrogen contents range between 0 and
740 atomic ppm (ESM Table 1), with a mean nitrogen
content of 111 ppm, a median of 66 ppm, and a mode
below detection limit.

Nitrogen initially enters the diamond lattice as single
substitutional atoms, aggregating at high temperatures
over time to pairs (A-centers), and then to four nitrogen
atoms (B-centers). The progressive aggregation of A- to
B-centers can also result in simultaneous formation of
platelets readily identified by their B¢ peak (Woods
1986). In such ‘‘regular’’ diamonds (Woods 1986), the
intensity of the B¢ peak is inversely proportional to the
intensity of a peak characteristic of the A-center
(Fig. 5b). If diamonds are stored in the mantle for a
greater period of time, or at increased temperatures, or if
they experience plastic deformation, aggregation will

continue to advance and platelets, along with A-centers,
will concurrently degrade and disappear entirely. Such
diamonds are known as ‘‘irregular’’ (Woods 1986; Clark
et al. 1992). An apparent ‘‘irregular’’ character of many
diamonds worldwide may be an artifact of bulk FTIR
measurements on stones that are zoned with respect to N
content and aggregation (R. Davies, personal commu-
nication).

The Wawa diamonds show variable degrees of nitro-
gen aggregation. The majority of Wawa diamonds are
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center absorption (lA) divided by total absorption (lT). The error
bars correspond to the 20% uncertainty propagated through the
functions plotted on X and Y axes. The regular trend is from
Woods (1986).
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Fig. 4 A plot of CL emittance intensity (in arbitrary units) versus
emitted wavelengths (in nm) for Wawa diamonds representative of
different CL colors. A CL spectrum of a diamond from Rio Soriso
(Brazil) with typical blue cathodoluminescence is shown for
comparison. Spectra were integrated for 5 s from the beginning
of the electron beam irradiation
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type IaAB (49%) and type IIa (34%); the remainder are
type IaA (17%) (Fig. 5a). Nitrogen aggregation states
show a possible bimodal distribution (Fig. 5a): the first
mode, where the majority of the samples occur, has
<30%aggregation in the B-form (mostly type II and type
IaA diamonds); the second mode has a high aggregation
state, with >60% B (group median 79% B). The higher
abundance of B-centers does not correlate with a higher
nitrogen content (ESMTable 1), which is typical formost
diamonds around the world (Stachel and Harris 1997),
suggesting different temperature–time histories. Of the
type IaAB diamonds, 67% contain platelets; 33% dia-
monds with low aggregation states (<25% B-defect) do
not have platelets developed. Sixty-five percent of the
diamonds are irregular and show much lower platelet
peak intensities than would be expected from their con-
tent of A-centers (Fig. 5a). Wawa type IaA diamonds do
not contain either platelet peaks or B-defects, consistent
with the observations of Woods (1986).

Conversion of N from type IaA to IaB has been
quantified by Taylor et al. (1990), who show that it is
largely controlled by temperature and time. The tem-
peratures of the mantle residence, however, should only
be calculated for regular diamonds with no evidence of
platelet degradation (Evans 1992). The six regular dia-
monds from the studied suite are estimated to have re-
mained at 1,108–1,164�C for 1.8 Ga (Fig. 5a). The
assumed maximum residence time of 1.8 Ga (based on
the 4.5 Ga age of the Earth and the 2.7 Ga diamond
emplacement age) provides the lowest possible temper-
atures that could have been experienced by the dia-
monds. However, the temperatures are relatively
insensitive to the mantle residence time as its increase by
�2 Ga results in �150�C decrease in the estimated
temperatures.

The presence of hydrogen in the studied diamonds is
inferred by the presence of weak FTIR peaks detected in
60% of the samples in the 2,750–3,300 cm�1 range
(McNamara et al. 1997) and sharp low intensity peaks at
3,107 cm�1 observed in �5% of the diamonds (ESM
Table 1). The 1,405 cm�1 H peak is not present.

Mineral inclusions

From the 14 diamonds selected for inclusion studies, 15
different phases have been analyzed, comprising 63
separate grains (Table 1). Inclusions were classified as
primary or secondary based on their appearance under
the SEM and on their positions within the diamonds.
Inclusions of primary origin appear as competent faceted
grains homogeneous in color and chemical composition
(Fig. 6a–c), not associated with any cracks in the host
diamonds. By contrast, inclusions classified as secondary
occur as amorphous inhomogeneous grains, often bound
to fractures in the diamond (Fig. 6d, Table 2). Listed in
order of decreasing abundance, the primary inclusions
recovered include olivine, clinopyroxene, orthopyrox-
ene, Fe–Ni sulphide, and plagioclase (Table 2).

Olivine is the most abundant mineral inclusion in the
diamonds. Eighteen olivine grains (5–80 lm; Fig. 6a)
are identified in eight diamonds. Two different popula-
tions of olivine are observed. The first population has
Mg# = molar Mg/(Mg + Fe) between 0.92 and 0.93,
typical of subcratonic low-T peridotite and abyssal and
ophiolitic peridotites (Boyd 1989). The second popula-
tion is higher in Fe and shows Mg numbers of �0.89,
common to the most mantle peridotites worldwide, as
well as mafic igneous rocks and high-T cratonic peri-
dotites (Pearson et al. 2002). The NiO content is the
same in both types of olivine and equal to 0.31–
0.36 wt%. High-Mg olivine is found together with
orthopyroxene, clinopyroxene, albite, anorthitic plagio-
clase, and Fe–Ni sulphide, whereas Fe-rich olivine is
only found in one diamond KD4243-1 in association
with an anorthitic plagioclase (Table 1).

Seven clinopyroxene grains (5–15 lm) are identified
in six diamonds in association with high-Mg olivine,
orthopyroxene, plagioclase, and Fe–Ni sulphide (Ta-
ble 1). EDS spectra of Wawa clinopyroxenes suggest
that all grains have similar Cr-free, Fe-rich composi-
tions. Due to the small size of the clinopyroxene inclu-
sion, only one grain yielded a reliable quantitative
chemical analysis (Table 2). This grain shows low Mg#
(�0.65) and very low Cr2O3 (�0.09 wt%) content and is
classified as omphacite with 14 mol% jadeite. The
Wawa omphacite is similar to K2O-rich eclogitic clino-
pyroxenes in diamonds (as compared to the worldwide
database of Stachel et al. 2000). Concentrations of K2O
contents above 0.5 wt% are found in one-third of all
worldwide eclogitic clinopyroxene inclusions (Fig. 6 of
Stachel et al. 2000) which may or may not occur together
with the transition zone majorite.

Four plagioclase grains (8–15 lm), pure albite and
anorthite (An)-rich plagioclase, are recovered from the
Wawa diamonds (Table 2). Albite is found with olivine
and orthopyroxene, whereas An-rich plagioclase is
found with clinopyroxene. Plagioclase is an extremely
rare syngenetic inclusion in diamond. Pure albite was
found in a Roberts Victor diamond of unknown affinity;
more calcic plagioclases (Ab18.5 and Ab62.4) are docu-
mented in eclogitic and peridotitic diamonds together
with eclogitic garnet and olivine (Fo91), respectively
(Viljoen et al. 1999). While An-rich plagioclase can be
found in shallow peridotites (Pearson et al. 2002), it
cannot be in equilibrium with diamond (Fig. 7). Simi-
larly, An-rich plagioclase can occur in eclogites as a relic
from amphibolite or granulite facies metamorphism
(Pearson et al. 2002), and plagioclase becomes more
albitic after partial eclogitization (e.g. Miller and Thoni
1997), but completely equilibrated diamondiferous
eclogites should not contain plagioclase.

Three orthopyroxene grains (5–60 lm; Fig. 6b) are
found in two diamonds. The orthopyroxenes show high
Mg# (0.93) and low (�0.3 wt%) Al2O3 contents. The
orthopyroxenes clearly belong to the equilibrated peri-
dotitic paragenesis as its Mg number is slightly higher
than the Mg number of the coexisting olivine (Pearson
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et al. 2002). Judging by Al2O3 below 2 wt%, orthopy-
roxenes were equilibrated in the garnet facies of mantle
peridotites (Smith 1999).

Two Ni–Fe sulphide inclusions (<10 lm) are iden-
tified in two diamonds. They are found in association
with high-Mg olivine, orthopyroxene, clinopyroxene,
and plagioclase (Table 1). Sulphide grains are homoge-
neous in composition and are classified as Fe-rich
pentlandite. Its high Ni content (25 wt% Ni; Table 2),
however, cannot be taken as a proof of its peridotitic
origin. There is no clear dichotomy in compositions of
sulphides in eclogitic and peridotitic diamonds on the
Kaapvaal craton (Pearson et al. 2002), and unpublished
data shows that high-Ni sulphides such as pentlandites
(15–34% Ni) and millerite (49–72% Ni) are very com-
mon in the Slave craton eclogite, as evidenced by Jericho
and Lac de Gras (S. Aulbach, personal communication)
kimberlite xenoliths.

Discussion

Cathodoluminescence

The CL colors displayed by the majority of Wawa
diamonds (orange, yellow, and green) are relatively
rare. Most natural diamonds cathodoluminesce blue

(Bulanova 1995); red CL colors are only noted for irra-
diated natural diamonds (Milledge et al. 1999; Zaitsev
2001) and forN-doped non-annealed diamonds grown by
the carbon vapor deposition (CVD) process (Martineau
et al. 2004). Yellow CL colors are detected in carbonado,
a dark-colored cryptocrystalline porous diamond (Magee
and Taylor 1999), and in low-N diamonds (R. Davies,
personal communication). Some of the orogenic micro-
diamonds in the Kokchetav massif cathodoluminesce
green (Yoshioka and Odasawara 2005). CL spectros-
copy allows a comparison between the studied Wawa
diamonds and diamonds with visibly similar CL.

Most blue CL natural diamonds show a broad
luminescence band at 400–490 nm (Lindblom et al.
2003) or several peaks in these wavelengths (Fig. 4). The
most common of these CL features are a peak at
�415 nm linked to three nitrogen atoms with a vacancy
(N3 center) in diamonds with a highly aggregated N,
and an A-band (415–443 nm) (ESM Table 2). In con-
trast, CL colors of Wawa diamonds are controlled by
emission at longer wavelengths above 500 nm, although
the A-band is present as a subordinate peak (Fig. 4).

The CL of Wawa diamonds cannot be fully explained
from their low-N character. The A-band (ESM Table 2),
the main CL feature of low-N (type IIa) diamonds, is
observable on studied diamonds with N content below
70 ppm (26 out of 46 stones). However, even in these

Fig. 6 Microphotographs of
mineral inclusions in Wawa
diamonds: a olivine (sample
KD4243-1), b orthopyroxene
(GQE10-3), c albite (GQE15-1),
d secondary chlorite developed
along a diamond crack
(GQE14-1)
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diamonds, the predominant CL peaks are above
500 nm.

The CL characteristics of the Wawa diamonds cannot
be explained by processes that created CVD diamonds
with red CL. Some CVD diamond spectra (for N-doped
annealed stones) do not show any CL peaks at wave-
lengths longer than 575 nm (Martineau et al. 2004),
whereas most red CLWawa diamonds feature numerous
peaks between 578 and 622 nm in their spectra (ESM
Table 2). In other CVD diamonds, CL emittance at
wavelengths >575 nm (596/597 nm doublet) anneals at
mantle temperatures and is caused by single substitu-
tional N (Martineau et al. 2004). Such N is absent in
Wawa diamonds.

The CL spectra of some Wawa diamonds resemble
those of Kokchetav microdiamonds with only one broad
emission band at 514–537 nm. This ‘‘green’’ band (ESM
Table 2) occurring at around 520 nm in all Wawa dia-
monds is the main peak for the studied stones that ca-
thodoluminesce yellow and green (Fig. 4). The broad
‘‘green’’ band is detected in some samples of carbonado
where it is ascribed to the sharp 525 nm doublet ob-
servable in the photoluminescence spectrum (Magee and
Taylor 1999).

Overall, the CL spectra of Wawa diamonds resemble
most the CL spectra of carbonado with yellow and green
CL (Magee and Taylor 1999); peaks at 520 and 575 nm
are prominent in Wawa and carbonado samples. How-
ever, CL emission of Wawa stones and carbonado differ
at wavelengths above 630 nm. In Wawa diamonds, the
CL emission at these wavelengths is practically absent,
whilst carbonado shows a plateau or a broad peak
(Magee and Taylor 1999). The 575 nm peak in carbo-
nado results from irradiation as (1) the peak was
reproduced by irradiation in polycrystalline cintered
diamonds (Zaitsev 2001), the analogue to natural car-
bonado; and (2) red (Milledge et al. 1999), yellow, and
orange (Magee and Taylor 1999) CL colors in carbo-
nados are mapped as concentric haloes around radio-
actively damaged spots. The 575 nm peak, however,
cannot be ascribed to irradiation in the Wawa diamonds
as they show no evidence of radioactive damage such as
coloration haloes, visible either optically (Vance and
Milledge 1972) or in CL (Milledge et al. 1999). The red
CL emission in Wawa diamonds is more realistically
interpreted as a result of defects on interstitial O or C, a
vacancy or B¢ platelets (ESM Table 2). Whatever the
process was that led to atypically defective lattices of the
diamonds, it must be significantly different from com-
mon diamond-forming processes.

Diamond paragenesis

The Wawa diamonds host primary inclusions of peri-
dotitic (P) and eclogitic (E) paragenesis. Olivine and
orthopyroxene are peridotitic in origin, clinopyroxene is
eclogitic, whereas plagioclases and sulphide are com-
patible with either of these assemblages. Most of the

mineral inclusions are unequilibrated both with each
other and with the host diamond. Inclusions of peridotic
and eclogitic affinities are found together in four dia-
monds (40% of the diamonds where inclusions are
studied), whereas in most diamond inclusion studies,
mixed paragenesis is ‘‘the exception rather than the rule’’
(Gurney 1989). The rest of the diamonds contain peri-
dotitic (4 diamonds, 40%), eclogitic (1, 10%), or an
indeterminate paragenesis (1, 10%) which may be either
peridotitic or eclogitic. Moreover, many P- or E-type
Wawa diamonds contain a low-pressure phase (plagio-
clase), incompatible with the diamond stability field.
Thus, the majority (80%) of the diamonds shows either
gross compositional disequilibrium, combining perido-
titic and eclogitic minerals or thermodynamic disequi-
librium, combining shallow and deep minerals. The
unequilibrated assemblages of inclusions defy a simple
explanation. Two petrogenetic models which we propose
for these diamonds are (1) complex growth history of
diamonds, or (2) pervasive alteration of primary inclu-
sions through now annealed fractures in diamonds.

A subduction setting is crucial for the first model.
The diamonds must have grown in the mantle and in
crustal portions of the slab, as evidenced by their
occurrence in the peridotitic and eclogitic assemblages.
The P–T stability field of eclogite in the slab matches
the depths and temperatures of the diamond stability
there (>110 km, Fig. 7). The plagioclase found in the
Wawa diamonds may be a relic, inherited from the prior
existence of the oceanic lithosphere at shallower depths
where it is stable as plagioclase peridotite or mafic
granulite. A repeated observation in HP/UHP terranes
that have been subducted and then exhumated is that
significant rock volumes may escape mineral equilibra-
tion at the prevailing P–T conditions, despite T as high
as 650–750�C for UHP rocks (Chopin 2003). High rates
of subduction in the Archean (Staudigel and King 1992)
and equally rapid emplacement of UHP terranes
(Rubatto and Hermann 2001) make these blocks ideal
for preservation of metastable assemblages. Moreover,
plagioclase is known to coexist with diamond in UHP
terranes (e.g. Schertl and Okay 1994; Stockhert et al.
2001). The coexistence of eclogitic and peridotitic min-
erals within single diamonds (as reviewed in Gurney
1989; Schulze et al. 2004) and in a single xenolith
(Sobolev et al. 1997) is not unknown, although it has
not been previously reported on the same scale of
occurrence as we observe in the Wawa suite. The bulk
compositional disequilibrium can be explained by fine-
scale mixing of metamorphosed crustal and mantle
material of the subducted slab during upward advection
in a ‘‘cold plume’’. This phenomenon, inherent to con-
vergent margins, has recently been modeled by Gerya
and Yuen (2003) who demonstrate the feasibility for
upwellings of material 300–400�C colder than the
ambient mantle, which emanates from the top surface of
the descending lithosphere and passes through the
mantle wedge with ascension rates of approximately 10s
of cm per year.
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The second model suggests that compositions of the
inclusions are not representative of the initial composi-
tions of syngenetic minerals, but rather are pseud-
omorphs. The atypical alteration of minerals that form
fresh well-faceted grains, all enclosed by an apparently
non-fractured diamond, may be related to the attributes
of the host Wawa volcanics. The volcanics are older
than most diamondiferous primary rocks that are gen-
erally emplaced after 1.6 Ga (Heaman 2004). The vol-
canics have also been metamorphosed and deformed by
a major orogenic event. Both of these traits increase the
potential for the diamonds to be fractured and annealed,
and also brings the diamonds into contact with hydro-
thermal and metasomatizing fluids.

Evidence for late penetration of hydrous fluids rich in
K, Na, Fe, Al, and Si is found in the presence of
abundant chlorite, biotite, apatite, various silicates rich
in Al, Ca, and Na, K-feldspar, and K sulphides in cracks
in the diamonds (Table 2). Most of these minerals can be
related to host diamondiferous rocks, i.e. either be the
lamprophyric phenocrysts, or a part of the greenshist
assemblage. Clinopyroxene, biotite, plagioclase (Ab89),
and hornblende are considered to be primary pheno-
crysts of the Wawa host-rock magmas, whereas chlorite,
actinolite, albite, and metamorphic biotite comprise the
ensuing greenshist assemblage (Lefebvre et al. 2005).
Djerfisherite is known to occur in lamprophyres (Rock
1991). Strontium-free apatite, phlogopite and biotite,

clinopyroxene, potassic feldspar (Ort97–Ab98), plagio-
clase (An50–An6), and olivine (now completely altered),
along with other minerals, have been documented as
having crystallized from Archean lamprophyres of A-
bitibi (Wyman and Kerrich 1993) and barren Archean
lamprophyre dykes of Wawa located to the northwest of
our study area (Williams 2002).

Formation of Wawa diamonds

The studied suite of diamonds is atypical of most
worldwide diamond suites in many aspects. First, it is
hosted by Archean metamorphosed calc-alkaline lamp-
rophyre rather than kimberlite or lamproite. Second, the
diamonds show yellow-orange-red CL and contain
mineral inclusions not in equilibrium with each other or
their host diamond. How and where could such dia-
monds have formed?

The studied suite of Wawa diamonds is unlikely to
have crystallized from the host lamprophyres. The fol-
lowing characteristics of the Wawa diamonds are
incompatible with diamond phenocrysts: (1) the pres-
ence of non-uniformly resorbed and etched diamonds;
(2) the low proportion of fibrous cubic diamonds; (3) the
presence of distorted diamonds shapes; (4) the high
nitrogen aggregation states (>50% B-centers) indicative
of long mantle residence times or high mantle residence

Table 2 Microprobe analyses of inclusions in Wawa diamonds

Mineral Olivine Olivine Olivine Orthopyroxene Clinopyroxene Albite Fe–Ni sulphide
Inclusion number 77-3 80-1 9-2 40-2 52-2 54-1 46-2
Host diamond KD4243-1 KD4220-2 GQE4-2 GQE10-3 GQE15-1 GQE14-3

SiO2 39.62 40.81 41.39 57.78 54.62 66.85 S 36.49
TiO2 <mdl <mdl <mdl <mdl 0.31 0.54
Al2O3 0.04 <mdl <mdl 0.34 3.38 19.27
Cr2O3 0.06 0.07 0.05 0.23 0.09 <mdl
FeO 12.13 6.78 6.53 4.22 9.74 1.05 Fe 35.46
MgO 46.42 50.17 50.30 36.21 17.78 0.05 Co 0.46
MnO 0.14 0.09 0.10 0.08 0.24 0.24 Cu 0.40
CaO 0.04 <mdl 0.41 0.41 10.63 0.03
Na2O 0.04 <mdl <mdl 0.03 1.94 11.18
NiO 0.31 0.36 0.35 0.11 0.18 0.08 Ni 25.05
K2O <mdl <mdl <mdl <mdl 0.58 0.06
Total 98.80 98.32 98.79 99.43 99.47 99.38 97.92
Si4+ 0.996 1.004 1.011 1.986 1.993 2.957
Ti4+ NA NA NA NA 0.008 0.018
Al3+ 0.001 <mdl <mdl 0.014 0.145 1.005
Cr3+ 0.001 0.001 0.006 0.006 0.002 NA
Fe2+ 0.255 0.139 0.133 0.121 0.297 0.039
Mg2+ 1.739 1.840 1.832 1.855 0.967 0.003
Mn2+ 0.003 0.002 0.002 0.002 0.007 0.009
Ca2+ 0.001 NA <mdl 0.015 0.416 0.001
Na+ 0.002 0.001 <mdl 0.002 0.137 0.959
Ni2+ 0.006 0.007 0.007 0.003 0.005 NA
K+ NA NA NA 0.001 0.027 0.004
Total 3.004 2.996 2.995 4.005 4.006 4.999

Primary An-rich plagioclase is identified by EDS spectrometry. The diamonds also contain secondary inclusions of Fe-rich biotite and
chlorite, a Na–Al–Mg–Fe silicate (smectite? glauconite?), an Al-rich silicate (Al2SiO5 polymorph?), Al-poor silicate (kaolinite? pyro-
phyllite?), K feldspar and K–Ni–Fe sulphide (djerfisherite?), Cu–Sb sulphide, K titanate (mathiasite? jeppeite?) and Sr-free apatite<mdl
below detection limit, NA not analyzed

169



temperatures. Based on this evidence, a xenocrystal
origin is preferred for the Wawa diamonds.

A case for cratonic origin of Wawa diamonds

The Wawa diamonds may be xenocrystal cratonic. They
may have formed in the continental mantle below the
MGB (Thurston 2002; Sage et al. 1996a, b) which was
subsequently (at �2.9–2.7 Ga) rifted and generated a
flood basalt province with voluminous komatiite–ba-
salt–rhyolite volcanism (Sage et al. 1996a, b). Dia-
mondiferous lamprophyre magmas are broadly coeval
with the late, 2.7 Ga bimodal cycle of the volcanism,
predating to postdating it by 40 and 20 Ma, respectively.

Cratonic xenocrystal origin explains many charac-
teristics of the diamonds, such as (1) the absence of
skeletal and re-entrant diamonds; (2) the presence of
highly and non-uniformly resorbed and etched dia-
monds; (3) low nitrogen contents; (4) the presence of
undeformed diamonds with highly aggregated nitrogen
which formed at high (1,050–1,150�C) ambient mantle
temperatures at depths greater than 160 km in the cold
cratonic mantle (Fig. 7). In the cratonic model, dis-

equilibrium assemblages of inclusions and rare CL col-
ors of diamonds would be ascribed to effects of late
metasomatic and metamorphic processes.

A cratonic origin for one of the other diamond suites
found in the Wawa area (Cristal location) is advocated
by Stachel et al. (2004). Such an origin is suggested by
great (at least 250 km) depths of diamond formation,
which, in turn, are indicated by inclusions of majorite
and high (�1,250�C) mantle storage temperatures cal-
culated from nitrogen aggregation states.

The cratonic model is difficult to reconcile with the
formation depth of the host lamprophyres and their age.
It was shown (Williams 2002) that Wawa lamprophyric
magmas formed at 30–50 km depths, much shallower
than the diamond stability field (Fig. 7). The relatively
low Ti/Y ratio (<500) of the lamprophyres and un-
fractionated HREEs can be in equilibrium only with
spinel peridotite, whereas deeper-seated kimberlite and
lamproite magmas equilibrate in the garnet facies and
have Ti/Y ratio >500 (Williams 2002). Thus, the dia-
monds cannot be entrained by Wawa lamprophyric
magmas on their ascent to the surface in the cratonic
mantle. Furthermore, the diamonds must have been
removed from the deep mantle prior to rifting and

Fig. 7 Pressure–temperature diagram illustrating different thermal
regimes, solidi and mineral stability fields of peridotite and eclogite.
Transient geotherms 1–4 are estimated temperatures in subducted
slabs: 1 old and fast (9 cm year�1) subduction zone in NE Japan
arc (Stern 2002); 2 modeled minimum temperatures in the 40 km
thick slab subducting below the 67 km thick fixed plate with a
convergence rate of 50 km per million years (Eberle et al. 2002); 3
model T profile along the top of the slab with 30� dip, 10 cm year�1

subduction rate, 100 km thickness of the slab, and 60 km thickness
of the overriding plate (England and Wilkins 2004); 4 young and
slow (4.5 cm year�1) subduction zone in SW Japan arc (Stern
2002). Stippled fields in geotherms 1 and 4 encompass all possible
slab temperatures between top and bottom of the slabs. The

‘‘Flood basalt’’ geotherm is based on a typical heat flow of
97 mW m�2 in areas of Cenozoic igneous activity (Pollack et al.
1993). The ‘‘Back-arc’’ geotherm is based on a regional value of
120 mW m�2 in a modern back-arc Tyrrhenian Sea with an active
tholeiitic and calc-alkaline magmatism (Zito et al. 2003). The
cratonic geotherm is a 40 mWt m�2 model continental geotherm
of Pollack and Chapman (1977). Anhydrous and H2O-saturated
eclogite solidi and P–T conditions of the eclogite metamorphic
facies (gray field) are from Stern 2002. Anhydrous and H2O-
saturated peridotite solidi and depth facies of peridotite (plagio-
clase, spinel, and garnet) are from Ulmer (2001). Graphite–
diamond equilibrium is from Kennedy and Kennedy (1976)
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magmatism 2.9–2.7 Ga. In active flood basalt provinces
with hot upwelling asthenosphere, shallow melting
(Fig. 7) would destroy diamondiferous mantle roots of
the continents (Helmsteadt and Gurney 1994).

A case for orogenic origin of Wawa diamonds

The alternative origin of the suite as orogenic xeno-
crystal diamonds is also possible. Wawa diamonds have
the following characteristics common to orogenic dia-
monds: (1) a crystal size distribution significantly skewed
towards microdiamonds; (2) the weak resorption (class 4
and 5) of the majority of diamonds; (3) CL spectra of
yellow and green CL diamonds similar to that of oro-
genic microdiamonds; (4) an association with plagio-
clase and assemblages with metastable phases.

Within the convergent margin setting, the subducted
slab remains the only cold block favorable for diamond
crystallization and storage. Mantle segments below
other terranes of the convergent margin such as the
back-arc, or the mantle wedge (T�1,400�C) are too hot
to contain diamonds (Fig. 7). In the slab, on the con-
trary, diamond is stable at even shallower depths than
those usually associated with cratonic diamonds. Dia-
mond in the subducting slabs can form at 100–130 km
depths, depending on subduction parameters and pri-
marily on the rate of subduction (Fig. 7). These depths
would not be different in the Archean, as ultrafast rates
of subduction (Staudigel and King 1992) counterbalance
the increased temperatures of hotter and shallower
dipping slabs (e.g. Foley et al. 2003). The paradox of
shallow Wawa lamprophyres and deep diamonds are
reconciled with ‘‘cold plumes’’ (Gerya and Yuen 2003).
The diamonds, in a complex mixture of different com-
positional blocks, could be carried up by fast ‘‘cold’’
plumes before being entrained by lamprophyres. Be-
cause the diamonds grew in a different way from ‘‘reg-
ular’’ cratonic diamonds, they acquired distinctive CL
colors and mixed inclusion parageneses.

The major failure of the orogenic model is its inability
to explain the presence of undeformed diamonds with
highly aggregated nitrogen, formed at high ambient
mantle temperatures. If we assume that the convergent
regime existed in Wawa from 2.9 to 2.7 Ga as mani-
fested by the MGB volcanism, then the diamonds had to
reside at T=1,140–1,390�C to produce the observed N
aggregation state. These temperatures are unrealistically
high for a slab (Fig. 7). Some other physical and
chemical properties of the diamonds (low N, the pres-
ence of highly and non-uniformly resorbed diamonds)
also do not agree with their possible orogenic origin.
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