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Abstract The degree and character of diamond dissolu-
tion were compared to crystallization temperatures (T)
and oxygen fugacities (fO2) estimated from chromite
inclusions in olivine phenocrysts in several kimberlites
from Lac de Gras, Northwest Territories, Canada. The
T and fO2 values calculated at an assumed pressure of
1 GPa are in the range of 970–1,140±50�C and 2.8–4.4
log fO2units below the nickel–nickel oxide (NNO) buf-
fer. The T and fO2 vary between kimberlites from
northwest and southeastern clusters within 150�C and 1
log unit, respectively. A detailed description of mor-
phological forms and surface dissolution features for
diamond parcels from the Panda, Beartooth, Grizzly,
Misery and Jay kimberlites (>7000 stones) show that an
increase in diamond resorption in the kimberlites cor-
responds to increase in T. The development of various
surface dissolution pits and structures correlates with
higher fO2 of kimberlites and therefore mainly happens
in the magma. The two processes of diamond dissolu-
tion, volume resorption and surface etching, do not
show a strong correlation with each other, since some of
the resorption occurs in the mantle. We suggest that the
fO2 of the kimberlite magma plays an important role in
both the processes. The proportion of plastically de-
formed brown diamonds does not correlate with the
degree of volume resorption, but does correlate with the
development of surface forms. The diamond grade is

higher in kimberlites with lower fO2, confirming that
conditions of kimberlite crystallization can have notable
effect on diamond dissolution.

Introduction

Natural diamonds recovered from kimberlites usually
show a variety of morphological forms and surface
features (Sunagawa 1984), reflecting the complex history
of diamond growth, dissolution and transformation
during its residence in the mantle and ascent in kim-
berlite melts. Diamond dissolution (resorption) can be a
complex multi-stage process (Gurney et al. 2004)
resulting in a variety of dissolution forms. Etch pits,
ruts, corrosion sculptures, frosting and other surface
features are commonly accepted to be the result of
resorption and may lead to a very irregular form, and
decrease in quality, of a diamond. For the formation of
dodecahedra and tetrahexahedron (THH) diamond
forms, two mechanisms, primary growth (Mendelssohn
and Milledge 1995, and references therein) and resorp-
tion of octahedron stones (Robinson et al. 1989) were
proposed. The latter is a commonly accepted mechanism
supported by recent experimental studies of diamond
dissolution that showed significant volume loss (Kozai
and Arima 2003). Therefore, diamond resorption pro-
cesses greatly influence the grade and value of diamonds
in a kimberlite pipe.

High-temperature kimberlite magma is a reactive
media for diamonds. Experimental studies on diamond
dissolution in alkaline melts (Khokhryakov and Palya-
nov 1990; Kozai and Arima 2003; Sonin et al. 2002)
have produced many of the resorption features observed
in natural diamonds. Their results support the sugges-
tion (Robinson et al. 1989) that the reaction with kim-
berlite is the main mechanism of diamond destruction.
Resorption in the mantle was also documented (Gurney
et al. 2004 and references therein).
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Experiments show that the mechanism for the dia-
mond dissolution and resorption is oxidation by vola-
tiles in kimberlite (CO2 and H2O) or components with
variable valence states (e.g. Fe2+–Fe3+) where C is
oxidized into CO2 in the graphite stability field (Harris
and Vance 1974; Arima 1998). Experiments on dissolu-
tion of diamond octahedrons in kimberlitic and lam-
proitic melts produced THH and dodecahedral forms
where dissolution increased with temperature (T) and
was suppressed by addition of CO2 (Kozai and Arima
2003). The oxidation of diamonds in a gas flow greatly
increases at higher fO2 (Evans and Phaal 1961; Cull and
Meyer 1986; Sonin et al. 2000). Furthermore, T and fO2

were found to influence the orientation of trigon etch
pits commonly observed on natural diamonds (Yam-
aoka et al. 1980) and the presence or absence of other
etching forms (Sonin et al. 2002). The presence of water
enhances the dissolution rate of diamond and causes a
change in morphological forms from the formation of
trigonal layers on flat-faced octahedrons (Chepurov
et al. 1985; Pal‘yanov et al. 1995) at dry conditions to
ditrigonal layers in the presence of water. Thus, experi-
mental studies have established the strong influence of
intensive variables of kimberlite melt (T, fO2, CO2 and

H2O content) on the degree of diamond dissolution and
the morphology of resorption forms.

At present, the characterization of mantle material
entrained in kimberlites is the main tool for the predic-
tion of grade and quality of diamonds in a pipe (Fipke
et al. 1995). Since the properties of the host kimberlite
influence the rate and character of diamond resorption,
they may also be reflected in the characteristics of a
diamond population. To test this idea, we compare the T
and fO2 of kimberlite melt crystallization with the dia-
mond content and the character of resorption in dia-
monds from several well-characterized kimberlite pipes
in the Lac de Gras region (NWT, Canada). Exception-
ally, fresh kimberlites from the Lac de Gras region al-
lowed us to apply olivine–spinel (Ol–Sp) thermometry
and oxygen barometry (Ballhaus et al. 1991) to chromite
inclusions in olivine phenocrysts in these kimberlites.
Two clusters of kimberlites (northwest and southeast) in
the Lac de Gras area differ in their degree of diamond
resorption (Gurney et al. 2004). A detailed description of
the morphology and surface features of individual stones
was compiled for five kimberlite pipes from both clus-
ters. One goal of the present study is to relate T–fO2 data
of kimberlite melts to different types of resorption and
overall grade of the pipes in order to test as to what
extent these parameters can be used in assessing the
diamond potential of a pipe. A second objective is to
establish what type of resorption coincides in time with
the later stages of olivine phenocryst crystallization.

Geological background

The Lac de Gras kimberlites were emplaced in Archean
rocks of the east-central part of the Slave Province,
Canada (Davis and Kjarsgaard 1997; Pell 1997; Creaser
et al. 2004) and are subdivided according to their age

Fig. 1 Location of kimberlite pipes (black diamonds) in the Lac de
Gras kimberlite field, NWT, Canada. The kimberlites used in the
present study are shown with black stars

Fig. 2 Cross-sections of the Panda, Leslie, Aaron, Grizzly and
Misery kimberlite pipes with the location of samples used in this
study are shown. In the Misery pipe the diamonds described in this
study were recovered from two drill holes ‘‘D’’
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and spatial distribution into northwest (�53 Ma),
southeast (�56 Ma) and central clusters (�48 Ma)
(Gurney et al. 2004). Thermobarometric data was ob-
tained for eight kimberlite pipes that fall within all three
clusters (Table 1, Fig.1). The diamond populations from
five of these pipes, Panda, Misery, Beartooth, Grizzly
and Jay, were described in terms of their morphology
and presence of various resorption features. The Ranch
Lake kimberlite may represent an extension of the NW
group (Lockhart et al. 2004).

The composition and petrography of the nine kim-
berlites from this study are summarized in Table 1.
Hypabyssal facies kimberlites contain fresh phenocrysts
of olivine (0.2–1 mm) without any notable alteration. In
volcaniclastic facies only margins of olivine are serpen-
tinized. The matrix of hypabyssal kimberlite contains
abundant monticellite (up to 80 lm) surrounded by a
fine-grained aggregate of serpentine and calcite. Mon-
ticellite is absent in the matrix of volcaniclastic facies
that consist of serpentine-calcite aggregate with numer-
ous calcite grains (up to 100 lm) precipitated from a
fluid phase.

Methods

Sample selection and thermobarometry

The kimberlite samples we selected for the T–fO2 cal-
culations represent the main kimberlite body for the
pipes having a complex structure (Fig.2). For the Panda
and Misery pipes, however, kimberlite dykes were also
studied. Both volcaniclastic and hypabyssal facies sam-
ples were collected for the Aaron pipe.

Olivine phenocrysts in both hypabyssal and volcani-
clastic facies contain inclusions of euhedral (5–10 lm)
aluminous magnesian chromites. The chromites occur in
the margins of olivine phenocrysts and therefore record
the conditions in kimberlite magma at the end of the
phenocryst crystallization. For olivine–spinel assem-
blages the reaction:

6Fe2SiO4 þO2 ¼ 3Fe2Si2O6 þ 2Fe3O4

Olivine Orthopyroxene Chromite
ð1Þ

was used as an oxygen barometer and FeMg�1 exchange
thermometer (TOl-Sp) (O’Neill and Wall 1987; Ballhaus
et al. 1991) . Microprobe data for both minerals were
used in the calculations and the uncertainties of this
approach are described in detail in the electronic sup-
plementary material (ESM) Appendix. The uncertainty
in T–fO2 calculations from the Fe3+ /S Fe of chromites
determined from the microprobe data was evaluated
using secondary standards (Wood and Virgo 1989)
(Fig. 3). The log fO2 values calculated from the Ol–Sp
oxygen barometer are maxima and require a correction
for the low silica activity of kimberlite melts (Fedortc-
houk and Canil 2004). The maximum silica activity is
limited by the presence of monticellite that crystallizes
following the Ol–Sp assemblage, as observed petro-
graphically and by experiment in kimberlite (Edgar et al.
1988). The silica activity in kimberlite must lie below the
reaction:

CaMgSi2O6 ¼ SiO2 þ CaMgSiO4

The lower silica activity of kimberlite magmas, relative
to the Ballhaus et al. (1991) calibration, results in lower
calculated fO2 values. A minima in calculated fO2,
however, and thus in silica activity, is limited by the lack
of FeNi metal (i.e. the Ni precipitation curve—O’Neill
and Wall 1987) in kimberlite olivines we studied. The
criteria for the selection of olivine and chromite grains
suitable for these calculations, the applicability of Ol–Sp
thermobarometry for this assemblage and further details
of the calculation at variable Si activity in the melt are
described at length elsewhere (Fedortchouk and Canil
2004). The lack of knowledge of the exact silica activity
affects the absolute accuracy of our fO2 estimates, but
our study mainly concerns relative differences in fO2

between pipes, and the precision in the measurements
ensures that such differences are real (Fig. 3 and ESM
Appendix).

Fig. 3 T–fO2 data obtained for two chromites with Fe3+ known
from Mössbauer spectroscopy (McCammon and Kopylova, 2004).
The plots show differences in the a calculated temperature, and b
fO2 (expressed as D NNO) using microprobe data and Mössbauer
spectroscopy data for Fe3+ in the two chromite grains
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Diamond descriptions

Diamond parcels from the Panda, Beartooth, Misery,
Grizzly, and Jay kimberlites (>1,500 carats, >26,000
stones) were recovered from reverse circulation drill
holes collared within each pipe. The parcels were sieved
into nine classes using Tyler sieves (square mesh). The

diamonds range from approximately 4 carats to less
than 0.001 carat (sieve size of +3.5 to �25 mm or
+9 mm to �710 lm, respectively). For the sieve classes
with less than 200 stones, all diamonds were individually
described. The larger populations were randomly split
and approximately 25–50% of the stones (at least 100
from each group) were described. To ensure that this

Fig. 4 Examples of surface
features in Lac de Gras
diamonds used in this study:
a Macle diamond with two
types of trigon etch pits—larger
earlier trigons, and smaller later
trigons. b Octahedral diamond
with trigon and hexagon etch
pits developed on face (111) and
striation in the direction (110).
c THH diamond with square
pits developed on face (110) and
striation. d Rut on a resorbed
octahedron diamond.
e Resorbed macle with hillocks
and trigon pits. f THH diamond
with striation. g Frosted surface
of a resorbed octahedral
diamond. h Glossy surface of
THH diamond without any
visible surface features
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approach produces representative diamond populations,
we extended the description of a few sieve classes from
Panda to a larger number of diamonds and found no
influence on the results. In total over 7,000 stones (al-
most 1,000 carats) were individually described.

The physical properties recorded in the diamonds
include weight, colour, colour intensity, crystal mor-
phology, presence of internal fractures and inclusions,
surface growth and dissolution features. A more detailed
description scheme exists (Gurney et al. 2004), but only
the influence of resorption processes on crystal mor-
phology and development of etch features are addressed
in this study. To collect information from the larger
number of stones, we used an optical microscope for the
observation of the diamond surface features. Therefore,
resorption events forming the smallest etch pits may not
be reflected in our data.

The classification of crystal morphology was simpli-
fied into four major forms: octahedron and cube (pri-
mary forms), tetrahexahedroid (THH) (secondary form)

and irregular broken stones. For the purpose of this
study, we did not distinguish between two products of
octahedron resorption: dodecahedron and THH. We
recorded the degree of resorption, however, as the per-
centage of the octahedral faces dissolved. We divided
octahedrons into three groups according to percentage
resorption of octahedral faces: (1) 0%, (2) <25%, (3)
25–50%. THH was classified as a stone with more than
50% resorption. The degree of resorption was recorded
only for octahedron–THH crystal morphologies. The
evolution of cube morphology with resorption is not
well understood, but cubes are only a minor portion of
the diamond populations from kimberlites we studied.

Results

Resorption in Lac de Gras diamonds

Natural stones often show several growth zones where
some dissolution may have occurred between different
growth events and conditions (Taylor et al. 1995). Dis-
solution may change the morphology of the diamond to
produce a variety of crystal forms with various combi-
nations of octahedron and THH faces, and may develop
etch pits, ruts, hillocks, striation, disks, frosting, and
corrosion structures on the diamond surface (Robinson
et al. 1989). The presence of etch pits depend on the
conditions of the etching and the diamond morphology:
trigons form on (111) and squares on (100) faces. They
often show few generations from the earlier large pits to
the later small ones (Fig. 4a).

For our purpose we combined all of the observed
dissolution features into two major groups. The first,
resorption, refers to the development of secondary THH
faces on the octahedral crystals that may be accompa-
nied with a substantial loss of volume. The degree of
resorption is described as a ratio of octahedron to THH
(O/THH). The second, etching or surface features, de-
scribes all the diverse surface structures produced by the
dissolution processes.

Resorption

The diamond populations of kimberlites from different
clusters within the Lac de Gras area have the same
diamond types in terms of their morphology and colour,
but the proportion of these types differ significantly
between the clusters (Gurney et al. 2004). The degree of
resorption is very low in Panda and Beartooth diamonds
(NW cluster) which are dominated by mainly colourless
flat-faced octahedrons (Fig. 5a, Tables 2, 3). In contrast,
diamonds from Misery and Jay (SE cluster) are highly
resorbed (Fig. 5b) with a very high proportion of THH
and brown stones (Fig. 5a, Tables 2, 3). The Grizzly
population is drastically different from the other NW
kimberlites by having a very high proportion of brown
stones and resorbed THH forms.

Fig. 5 a Distribution of major morphological forms of diamond,
and b proportion of variously resorbed octahedral diamonds in the
Panda, Beartooth, Grizzly, Misery and Jay kimberlites. Percents
show the percentage resorption of octahedral faces. The plot shows
the higher resorption for diamonds from the SE cluster of
kimberlites
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Main types of surface features on Lac de Gras diamonds

The terminology for the description of diamond surface
features in this study is based on previous work (Rob-
inson et al. 1989; Afanasiev et al. 2000).

Etch pits (trigons, hexagons, squares). Negatively
oriented trigon pits (Fig. 4b) developed on (111) face of
octahedrons are very common on the Lac de Gras dia-
monds. In rare cases they develop into hexagons. Square
pits are less common than trigons and appear on THH
faces in the (100) direction (Fig. 4c). Positively oriented
trigons are usually too small to be seen under the optical
microscope and therefore were not recorded in the
present study.

Ruts are slots and etch channels present in all types of
diamonds (Fig. 4d). They form after fractures and,
therefore, depend not only on the intensity of the dis-
solution processes but also on the presence of cracks on
the diamond surface. Nevertheless, the kimberlites with
a higher proportion of rutted diamonds underwent more
extensive dissolution.

Hillocks (Fig. 4e) are irregularities of pyramid shape,
drop-shape or elongate shape and are common on THH
faces.

Striations (Fig. 4f) are common features on THH and
along the edges of resorbed octahedrons from all the
pipes, but were recorded only in Grizzly and Jay stones,
and include different types of lamination and stepped
patterns. It is not always possible to distinguish between
the growth and dissolution forms. Step faces on the
octahedrons were assigned to growth if they have sharp
edges, whereas those with rounded corners and curved
edges were considered as secondary forms.

Frosting (Fig. 4g) is believed to form in near-surface
conditions (Afanasiev et al. 2000) and therefore is not a
focus of our study. We recorded the presence of frosting,
but did not distinguish between its coarse and fine types.

There is a proportion of octahedral and THH dia-
monds in all the pipes that do not show any traces of
dissolution and have glossy surfaces (Fig. 4h).

The presence of different types of surface dissolution
features in octahedron and THH stones from the five
Lac de Gras pipes are given in Table 4 and on Fig. 6.
The main forms are various etch pits and ruts that show
similar distribution patterns between the pipes, indicat-
ing that they may be formed by the same process. Etch
pits and ruts are present on the larger proportion of
stones from the Panda and Beartooth and notably less
so in Misery and Jay. Frosting is a very common feature
in octahedrons and THH from Grizzly and in THH
from Misery and Jay. In general, surface etching is more
common in Panda and Beartooth and less in Misery and
Jay kimberlites.

T- fO2 calculations for Lac de Gras kimberlites

In the present study we expanded previous T and fO2

calculations (Fedortchouk and Canil 2004) to a larger
number of pipes where the diamond data is available.
We can also compare the crystallization conditions of
kimberlites from different clusters (Table 5, Fig. 7).

Oxygen fugacity and crystallization temperatures
obtained for the eight Lac de Gras kimberlites form

Table 2 Morphology of diamonds from the five Lac de Gras
kimberlites

Locality NW group SE group

Panda Beartooth Grizzly Misery Jay

Octahedron 1,693 1,107 427 4,595 960
THH 259 328 592 9,364 1,759
Cube 176 596 104 851 18
Irregular 918 635 139 2,100 193
Other formsa 17 7
Total stones 3,047 2,667 1,279 16,909 2,936
O/THH 6.5 3.4 0.7 0.5 0.5

aOther forms (cubo–octahedrons, cubo–THH, laminar dodecahe-
rons etc.) were recorded only in the Grizzly and Jay diamond parcel

Table 3 Degree of resorption in octahedron diamonds from the
five Lac de Gras kimberlites present as per cent of octahedron faces
resorbed (0%, no resorption; and >50%, THH)

Locality NW group SE group

Panda Beartooth Grizzly Misery Jay

0% 164 67 200 2,017 415
<25% 971 757 227 1,588 290
25–50% 422 261 98 895 245
>50% 245 320 590 9,367 1,766
Total 1,803 1,404 1,116 13,965 2,758

Table 4 Presence of various surface features (resorption and
growth) in octahedron and THH diamonds from the five Lac de
Gras kimberlites

Locality NW group SE group

Panda Beartooth Grizzly Misery Jay

Octahedrons
Trigons 1,178 742 197 920 318
Hexagons 21 16 30 46 9
Ruts 726 302 36 296 74
Frosting 90 32 183 439 173
Step faces 302 184 206 2,145 476
No etching 322 315 167 3,217 473
Total 1,702 1,107 427 4,573 984
THH
Trigons 60 105 82 571 86
Squares 5 0 37 276 58
Hillocks 0 4 28 2,036 105
Striationa ND ND 179 ND 606
Ruts 99 76 82 2,432 198
Frosting 7 9 461 4,552 1,260
No etching 89 182 249 4,750 874
Total 206 328 587 9,325 1,775

aStriation was present in all the pipes, but was described only in the
Grizzly and Jay
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distinctive separate trends for each pipe (Fig. 7a). They
show that during co-crystallization of Ol–Sp assem-
blage, the melt became more reduced relative to the
NNO buffer. The fO2 evolution with T in the kimberlites
is approximately parallel to Wustite–Magnetite (WM)
buffer and therefore the differences in fO2 between dif-
ferent kimberlite bodies is more obvious when viewed
relative to the WM buffer to eliminate the T effect
(Fig. 7b). A decrease in fO2 during groundmass crys-
tallization in kimberlites was also described at temper-
atures below 800�C (Mitchell 1986).

As noted above, the silica activity of the kimberlites
are somewhere below that of the Diopside Monticellite
(Di–Mnt) buffer and the fO2 values shown on Fig. 7 are
therefore maximum values. The minimum fO2values are
limited by the lack of any native metal to be slightly
above the Ni precipitation curve just above the IW
buffer (O’Neill and Wall 1987). Thus, log fO2 of the
kimberlites could be in the range �11.5 to �13 at
1,100�C and an assumed pressure of 1 GPa. The
uncertainties of our fO2 calculations are smaller than
this range of fO2 (Fig. 3 and ESM Appendix). We do

not know the pressure of Ol–Sp co-crystallization, but
for the range of possible pressures under which mon-
ticellite is stable in these kimberlites (0.1–1 GPa, Fedo-
rtchouk and Canil 2004), the effect of P is 20�C/GPa on
TOl-Sp, 0.14 log unit/GPa on silica activity, and 0.4 log
unit/GPa on fO2 .

The margins of olivine phenocrysts from all the
kimberlites have uniform composition of Mg# (Mg/
Mg+ Fe) 0.91–0.92 (ESM Table 1). Olivines from the
Torrie and Ranch Lake pipes have slightly lower and
higher Mg#, respectively, than phenocrysts from the
seven other pipes. The variations in calculated T and
fO2, however, are mainly determined by the variation in
chromite composition. The inclusions in olivine pheno-
crysts are titanian aluminous magnesian chromites
(according to Mitchell 1986), with a positive correlation
between Cr/Cr+Al (0.6–0.9) and Fe2+ /Fe2+ +Mg
(0.3–0.5) corresponding to the macrocrystal trend of
Mitchell (Mitchell 1986), but TiO2 (1–4 wt%) of the Lac
de Gras chromites are slightly higher (Table 2). Varia-
tions in the chromite composition between different
kimberlites are most distinctive in terms of the Cr- and

Fig. 6 Proportions of stones
with various surface features in
octahedral and THH diamonds
from the Panda, Beartooth,
Grizzly, Misery and Jay
kimberlites. Trigons are shown
as black boxes, hexagons and
squares as white boxes. The
proportion of THH diamonds
without etch features in Panda
and Beartooth are shown as
dash lines because the diamond
descriptions for these parcels
lack information on the
presence of striations
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Table 5 Equilibrium temperatures and oxygen fugacities calculated for Leslie, Aaron, Grizzly, Torrie, Panda, Beartooth, Misery and
Ranch Lake kimberlites by Ol–Sp thermobarometery at an assumed pressure of 1 Gpa

Sample Ol–Sp, T (�C)a Dlog fO2
FMQ b log aSiO2

c Correctedd

Di-Mont En-Fo log fO2 DNNO DWM

Panda kimberlite
PC132-2 1,069 1.1 �1.68 �0.54 �11.7 �2.7 �0.9
PC132-16 1,059 1.1 �1.70 �0.54 �11.9 �2.8 �0.9
PC132-19 1,040 1.0 �1.73 �0.55 �12.3 �3.0 �1.0
PC132-24 1,074 0.9 �1.68 �0.54 �11.9 �3.0 �1.2
PC132-26 1,086 1.2 �1.65 �0.53 �11.4 �2.6 �0.9
PC132-31 1,058 1.1 �1.70 �0.54 �11.9 �2.8 �0.9
PC132-32 1,057 0.8 �1.70 �0.54 �12.2 �3.1 �1.2
PC131-1 1,016 1.0 �1.78 �0.57 �12.8 �3.1 �1.0
Panda dyke
puc31A-4 1,021 1.0 �1.77 �0.57 �12.7 �3.0 �1.0
puc31A-5 1,052 1.2 �1.71 �0.55 �11.9 �2.7 �0.8
puc31A-6 967 1.7 �1.87 �0.60 �13.0 �2.5 �0.2
puc31A-7 1,037 1.2 �1.74 �0.56 �12.2 �2.8 �0.8
Beartooth kimberlite
BDC11-264-4 1,036 0.9 �1.74 �0.56 �12.5 �3.1 �1.1
BDC01-179.8-1 1026 1.0 �1.76 �0.56 �12.6 �3.0 �0.9
BDC01-179.8-2 1024 1.0 �1.76 �0.56 �12.7 �3.1 �1.0
BDC-01-159.8-2 1,018 1.1 �1.77 �0.57 �12.6 �2.9 �0.9
BDC-01-158.1-2 1,032 1.1 �1.75 �0.56 �12.4 �2.9 �0.9
Misery kimberlite
316-3-1 dyke 1,066 1.0 �1.69 �0.54 �11.9 �2.8 �1.0
316-3-1rim dyke 1,053 1.2 �1.71 �0.55 �12.0 �2.8 �0.9
93-12-279-1 1,138 0.8 �1.57 �0.50 �10.9 �2.8 �1.2
93-12-279-2 1138 0.8 �1.57 �0.50 �10.9 �2.8 �1.3
93-12-279-3 1,137 0.7 �1.57 �0.50 �11.0 �2.9 �1.4
93-12-279-4 1,125 0.8 �1.59 �0.51 �11.1 �2.8 �1.3
93-12-279-5 1,112 0.8 �1.61 �0.51 �11.4 �3.0 �1.3
93-12-279-6 1,089 0.8 �1.65 �0.53 �11.7 �3.0 �1.3
93-12-279-7 1,112 0.8 �1.61 �0.51 �11.3 �2.9 �1.3
93-12-279-3 1,069 0.7 �1.68 �0.54 �12.2 �3.2 �1.3
93-12-279-8 1,091 0.7 �1.65 �0.53 �11.8 �3.1 �1.3
Leslie kimberlite
LS2-k-2 1,049 1.1 �1.72 �0.55 �12.1 �2.8 �0.9
LS2-m-1b 1,044 1.1 �1.73 �0.55 �12.2 �2.9 �0.9
LS2-m-2 1,031 1.1 �1.75 �0.56 �12.4 �2.9 �0.8
Ls2-n 1,101 1.3 �1.63 �0.52 �11.0 �2.5 �0.8
Aaron kimberlite
AN2-8 999 1.1 �1.81 �0.58 �13.0 �3.1 �0.9
AN2-16 1,052 0.9 �1.71 �0.55 �12.2 �3.0 �1.1
AN5-b-1 1,084 1.1 �1.66 �0.53 �11.5 �2.7 �1.0
AN5-c-2 1,053 0.9 �1.71 �0.55 �12.2 �3.0 �1.1
An1-l 1,071 1.0 �1.68 �0.54 �11.8 �2.9 �1.1
An1-k 1,073 1.0 �1.68 �0.54 �11.8 �2.8 �1.0
Grizzly kimberlite
GR95-47-1 1,078 1.1 �1.67 �0.53 �11.6 �2.7 �0.9
GR95-47-5 1,052 1.1 �1.71 �0.55 �12.0 �2.8 �0.9
GR95-47-13 1,015 1.0 �1.78 �0.57 �12.8 �3.0 �1.0
GR95-47-13 1,021 1.0 �1.77 �0.57 �12.7 �3.0 �1.0
GR95-47-14 1,065 0.8 �1.69 �0.54 �12.2 �3.1 �1.3
GR95-47-24 1,088 1.2 �1.65 �0.53 �11.4 �2.6 �0.9
GR95-47-25 1,080 1.1 �1.66 �0.53 �11.5 �2.7 �0.9
GR95-47-25 1,075 1.1 �1.67 �0.53 �11.7 �2.8 �0.9
GR95-47-26 1,106 0.9 �1.62 �0.52 �11.3 �2.8 �1.1
GR95-47-27 1,063 1.0 �1.69 �0.54 �11.9 �2.9 �1.0
GR95-43-k2 1,085 1.2 �1.66 �0.53 �11.4 �2.7 �0.9
GR95-43-e 1,115 1.2 �1.61 �0.51 �10.9 �2.5 �0.9
GR95-43-a1 1,099 0.9 �1.63 �0.52 �11.5 �2.9 �1.2
Torrie kimberlite
TQ94-17-13-10 1,111 1.0 �1.61 �0.51 �11.1 �2.7 �1.0
TQ-18E-2 1,080 1.3 �1.66 �0.53 �11.4 �2.6 �0.8
TQ13-h-1 1,067 0.8 �1.69 �0.54 �12.1 �3.1 �1.2
TQ17-f-1 1,140 1.3 �1.57 �0.50 �10.4 �2.3 �0.8
Ranch Lake kimberlite
RL1-3 1,098 1.5 �1.63 �0.52 �10.9 �2.3 �0.6
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Ti-content (Fig. 8). In the Torrie kimberlite, Mg# is low
in both the mineral phases and probably indicates the
higher Fe-content of its melt. The high TiO2 of the
Torrie chromites and presence of other Ti-bearing pha-
ses (ilmenite and rutile) suggest that the Torrie kimber-
lite melt was probably enriched in Ti compared to the
other magmas.

Discussion

Variations in T and fO2 of kimberlites

The precision of the T and fO2 calculations (Fig. 3 and
ESM Appendix) permits an examination of the relative
differences between the kimberlites. The T and fO2 val-
ues of the Ekati kimberlites correlate with their division
by age and location into clusters. The fO2 decreases and
crystallization T slightly increases from the NW cluster
(Panda, Beartooth and Leslie kimberlites) to the Central
zone (Aaron) and further to the SE cluster (Misery)
(Fig. 9). The Grizzly kimberlite has two T–fO2 trends,
one between the NW cluster and the Aaron pipe, and
another closer to the Misery pipe (Fig. 7b). The Grizzly
pipe is geographically part of the NW group (Fig. 1),
but its age estimation has larger uncertainties and it may
be as young as the Central zone pipes (Table 1). Both T–
fO2 trends in the Grizzly pipe have similar chromite
compositions. The differences in fO2 are due to the low
Mg of the olivines crystallized at lower fO2. These oli-
vines also have higher CaO contents. This variation in
T–fO2 data within the Grizzly pipe may be due to some
local effect within the kimberlite or perhaps the mixing
of different magmas.

Variations between all the kimberlites are within
150�C and 1 log fO2 unit. The fO2 variation between
the kimberlite melts may be due to the differences in
the redox regime of their mantle source or produced
during ascent and crystallization of the melts. In the
first case, the increase in fO2 of the mantle source
would be lateral from SE to NW or fluctuate with
time (Table 1, Fig. 9). In the second case, the original

fO2 of the melts could diverge due to differences in
their degassing history, mixing with other magmas or
entrainment of different xenolithic material. Differ-
ences in the crystallization path are unlikely, given the
similarities in mineral assemblages of all the kimber-
lites.

Influence of magma crystallization conditions
on diamond populations

Substantial differences in the appearance and quality of
diamonds between the NW and SE kimberlite clusters in
the Lac de Gras field were revealed by Gurney et al.
(2004). A significant increase in resorption and in the
proportion of brown stones from the NW group (Panda,
Beartooth, Leslie) to the SE group (Misery, Jay) was
observed. The Grizzly diamonds differ greatly from the
other NW kimberlites by having a much higher pro-
portion of brown stones and substantial resorption.
Gurney et al. (2004) explored how local events in the
mantle and variations in sampling of different mantle
domains by kimberlite magmas could produce the ob-
served differences in the diamond populations. In a
complementary way, we focus instead on the surface
features and morphology of diamonds to see how they
may correlate with the properties of the host kimberlite
melt.

A significant effect of T and fO2 on the rate of dia-
mond dissolution was demonstrated by experiment
(Sonin et al. 2000; Kozai and Arima 2003). Our data
shows a general correlation between the characteristics
of the diamond population and the T and fO2 of the host
kimberlite. Increases in the degree of resorption for
diamonds from Panda and Beartooth to Misery and Jay
(Fig. 5a, b) correlate with an increase in crystallization T
(Fig. 7b). The more extensive development of surface
etch features in Panda and Beartooth diamonds corre-
lates with their higher oxidation state (Fig. 7b). The
Grizzly diamonds are notably different from the other
NW kimberlites and have much larger T and fO2 vari-
ation than the other pipes from the NW cluster.

Table 5 (Contd.)

Sample Ol–Sp, T (�C)a Dlog fO2
FMQ b log aSiO2

c Correctedd

Di-Mont En-Fo log fO2 DNNO DWM

RL3-2 1053 1.5 �1.71 �0.55 �11.6 �2.4 �0.5
RL3-5 1,130 1.0 �1.58 �0.50 �10.9 �2.7 �1.1
RL3-6 1,061 1.5 �1.70 �0.54 �11.5 �2.4 �0.5
RL3-12 1,085 1.6 �1.66 �0.53 �11.0 �2.2 �0.4
RL2-1 1,078 1.3 �1.67 �0.53 �11.4 �2.6 �0.4
aTemperatures calculated from FeMg_1 Ol–Sp thermometer. See
Ballhaus et al. (1991) and O’Neill and Wall (1987)
bOxygen fugacities at 1 GPa calculated relative to FMQ buffer with
oxygen barometer by Ballhaus et al. (1991)
cSilica activity of Diopside–Monticellite (Di–Mont) and Enstatite–
Forsterite (En–Fo) buffers calculated using thermodynamic data of

Holland and Powell (1998)
dCorrected maximum values of oxygen fugacities in kimberlites
calculated for silica activity of Diopside–Monticellite buffer.
Equation for NNO buffer is from Ballhaus et al. (1991 and refer-
ences therein) and for WM buffer is from Frost (1991)
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Interestingly, our data show a negative correlation
between the grade of a pipe (carats /tonne) and the fO2

of the melt (Fig. 10). The grade is a general parameter
and depends on a great variety of factors that include
how diamondiferous the mantle source is, the mantle
processes that might influence diamond presence or
appearance, the sampling of the mantle by kimberlite
and the properties of the kimberlite melt. The correla-
tion indicates that magma redox may be important for
the character of diamonds recovered from a kimberlite
and deserves closer investigation.

To test the influence of conditions in kimberlite melt
on diamond preservation we also examined the Ranch
Lake kimberlite, which contains a good suite of ‘‘dia-

mond’’ indicator minerals, implying sampling of a dia-
mondiferous source, but nevertheless has a low diamond
grade (Cookenboo 1996). The high oxidation state of
this kimberlite (Fig. 7, Table 5) indicates that this
parameter can play an important role in diamond
preservation.

The resorption of octahedron to form THH may
greatly influence the diamond volume and resultant
grade of a pipe. Our data shows, however, that resorp-
tion increases with T, and that diamond grade decreases
with increasing fO2. Furthermore, the degree of resorp-
tion and grade do not necessarily correlate. For exam-
ple, the Misery kimberlite has the highest grade, yet
contains significantly more resorbed stones than Panda
(Tables 1, 2).

Fig. 7 a Crystallization T and log fO2 calculated from Ol–Sp
thermometry and oxybarometry (Ballhaus et al. 1991) for eight Lac
de Gras kimberlites compared to different oxygen buffers; fayalite–
magnetite quartz (FMQ) and nickel–nickel oxide (NNO), wustite–
magnetite (WM) and iron–wustite (IW) (O’Neill and Wall 1987;
Frost 1991). The individual trends in each kimberlite is approxi-
mately parallel to the WM buffer and the relative differences
between the kimberlites can best be seen relative to this buffer (b).
Plot shows how the variations in T and fO2 between the different
kimberlites are larger than the precision of the method (shown as
error bars)

Fig. 8 Composition of aluminous magnesian chromite inclusions
in olivine phenocrysts from the eight Lac de Gras kimberlites. The
plot shows that chromites from different kimberlites differ in Cr-
and Ti- content

Fig. 9 Change in fO2 of kimberlites shown relative to WM buffer
(log fO2 sample–fO2WM buffer at P and T)) from NW to SE in the
Lac de Gras area. Note the general reduction of kimberlite melt in
the SE direction. The distances are given on the line shown on the
insert in the upper right corner
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The relative importance of events in the mantle or
magmatic resorption is not known. As a result, the
relationship between the degree of resorption and dia-
mond grade may be very complex and partly reflect the
history of the diamonds in both the mantle and the
kimberlite. Conversely, there is also a possibility that
the higher proportion of THH may indicate a lower
degree of resorption. In a kimberlite, some diamonds
included in xenoliths during emplacement are never
exposed to interaction with the melt and remain unre-
sorbed. The stones that are released from a xenolith
react with melt, and in reactive media will be completely
destroyed, resulting in a high O/THH ratio but low
grade. In a less-reactive melt, the liberated diamonds are
only partially dissolved and preserved as THH, resulting
in low O/THH ratio but high grade. For stones released
from xenoliths, more reactive kimberlites will have a
higher proportion of THH amongst small diamonds,
whereas less-reactive kimberlites will have O/THH ratio

approximately similar in all size categories. In Panda
and Beartooth, the O/THH ratio decreases towards the
small diamonds, while in Misery it is approximately
constant. Thus, there is a possibility that Panda and
Beartooth diamonds underwent stronger dissolution
than those at Misery, and in this case, the degree of
resorption may be influenced by the oxidation state of
the kimberlite magma.

The T dependence of diamond dissolution kinetics in
kimberlite melts is well known from experiments. Ki-
netic data (Kozai and Arima 2003) show that a change
in T from 1000�C to 1100�C results in threefold increase
in resorption (in mm/h). Diamond oxidation in gases at
controlled fO2 can provide a proxy for diamond disso-
lution in melts with variable fO2 (Evans and Phaal
1961;Cull and Meyer 1986; Sonin et al. 2000). Experi-
mental data by Sonin et al. (2000) show that at fO2 and
T calculated for olivine–chromite kimberlite assem-
blages (carbon–carbon oxide fO2 buffer and 1,100�C),
change in 1 log unit fO2 results in more than eight times
faster diamond oxidation. Thus, even small difference in
fO2 of kimberlite melt may produce a notable difference
in diamond grade of the pipe. This is confirmed by more
recent data on the influence of fO2 on diamond disso-
lution kinetics in kimberlite melts (Kozai and Arima,
unpublished data).

Types of resorption produced by kimberlites

Some diamonds show a complex superposition of vari-
ous dissolution features produced at different times
(Fig. 4a). Diamond oxidation in experiments at different
conditions (burning in air, dissolution in melts at vari-
able T and P) produce similar surface features, some of
which also develop during diamond growth (e.g. Afa-
nasiev et al. 2000). Thus, it is usually not possible to
distinguish resorption developed in the mantle from
dissolution in a kimberlite melt; the appearance of a
diamond may be a combination of both. A group of
diamonds resided within the same domain would pos-
sibly share similar properties (degree of plastic defor-
mation, impurities, nitrogen content and aggregation
state) and undergo the same dissolution events. On the
other hand, diamonds with identical properties, but that
resided in the different parts of the mantle, may show
similar behaviour when resorbed in kimberlite. Varia-
tions in the amount and distribution of defects within
the diamond structure may result in different responses
to resorption (Mendelssohn and Milledge 1995). All
these factors complicate our understanding of the
influence of kimberlite crystallization conditions on the
character of resorption in different diamond parcels. By
examining any possible correlations between different
types of resorption, and diamond properties and degree
of resorption, we use the Lac de Gras diamond data to
get a better understanding on what type of resorption
could have occurred in the kimberlite, as opposed to in
the mantle.

Fig. 10 Average values of fO2 shown in D WM units versus
diamond grade of a kimberlite (carats/tonne). The error bars are 1
SD. Diamond grades for Ekati pipes are from Natural Resources
of Canada (http://www.nrcan.gc.ca/mms/cmy/content/1998/
05.pdf) and for Ranch Lake from Cookenboo (1996)
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Relationships between dissolution forms

The proportion of stones with different types of surface
dissolution features vary between the five Lac de Gras
pipes (Fig. 6). The correlation between etching and
rutting processes agrees with their simultaneous devel-
opment in experiments. The relationship between trigon
and square pits is usually not obvious because the tri-
gons and squares develop in the (111) and (100) direc-
tions, respectively, in some cases forming simultaneously
(Fig. 11a). On the contrary, frosting shows no connec-
tion with the development of etch pits (Fig. 6) consistent
with its development at a later stage of kimberlite
emplacement where different parameters, possibly local
conditions during emplacement, may play an important
role.

In experiments (Kozai and Arima 2003) the resorption
of octahedral faces is usually accompanied by the devel-
opment of trigon and hexagon pits. Nevertheless, in the

diamond parcels from this study, some of the significantly
resorbed stones have remnants of flat octahedron faces
without any etch pits (Fig. 11b). Moreover, there is no
correlation between the resorption and etching. We cal-
culated the proportion of stones with etch pits in the (111)
direction in variously resorbed diamond groups (Fig. 12).
The highest proportion of etched stones was recorded in
the least resorbed parcels (Panda and Beartooth). Fur-
thermore, within each kimberlite etching generally de-
creases with increasing resorption. The exception is the
unresorbed groups with the lowest etching. These dia-
monds probably never experiencedmantle resorption and
were protected, perhaps in xenoliths, whilst in kimberlite
melt. The low etching recorded in THHs, on the other
hand, may be due to little preservation of the octahedron
face (111) where the trigon and hexagon pits are formed
on a diamond.

The multi-stage character of etching and resorption
can be seen on individual diamonds (Figs. 4a, 11c–f).

Fig. 11 Diamond photographs
showing relationship between
different dissolution forms: a
Simultaneous formation of
trigon and square pits. b Non-
etched remnant of octahedral
face on a diamond completely
rounded by resorption. c–e
Significantly resorbed
octahedral diamonds with
trigon pits cut by ditrigonal
layers developed during
resorption. f Trigon pits
developed on a previously
resorbed surface
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Some of the trigon pits present on (111) faces are cut by
ditrigonal layers formed during resorption in the (101)
direction (Fig. 11c–e). The resorption therefore either
postpones the etching or develops simultaneously. On
the contrary, other trigons (Fig. 11f) were formed on
previously resorbed surfaces clearly postponing resorp-
tion.

The lack of a positive correlation between etching
and the degree of resorption in all five kimberlites indi-
cate that these two processes do not accompany each
other in every dissolution event and that each may be
affected by different parameters. The total proportion of
stones with various surface features produced by etching
may therefore be more informative of the degree of
diamond dissolution in kimberlite melt than the pro-
portion of resorbed stones, which tend to be the product
of resorption in both the kimberlite and the mantle.

Correlation of diamond properties and resorption

Internal diamond properties such as hydrogen and
nitrogen content, defect aggregation state and plastic
deformation are thought to influence resorption (Men-
delssohn and Milledge 1995). Indeed, the most resorbed
Lac de Gras diamond parcels (e.g. Misery and Jay) have
the highest proportion of brown stones. Because brown
colour is generally attributed to incipient graphitization
produced during plastic deformation (Urusovskaya and
Orlov 1964; Robinson et al. 1989), the presence of these
defects in the diamond structure may result in the sus-
ceptibility of brown stones to destruct through dissolu-
tion (A. Afanasiev, personal communication, 2003). The
fracturing of diamonds will also accelerate resorption.

We made an attempt to evaluate the effect of diamond
colour and fractures on the presence and the extent of
some dissolution forms for the five Lac de Gras diamond
parcels.

The degree of resorption (O/THH), and the presence
of etch pits, ruts and frosting were examined as a func-
tion of colour (colourless to brown stone ratio, W/Br)
and of the amount of internal fractures and cracks
(Fig. 13). The Panda and Beartooth kimberlites have
high O/THH and W/Br, but for the three pipes with low
O/THH and W/Br ratios, there is no positive correlation
between these two parameters. This suggests that dif-
ferences in colour cannot explain the observed diversity
of diamond dissolution characteristics in the five parcels.
The presence of trigon etch pits, on the other hand,
gradually increases in diamond groups having more
brown stones (Fig. 13). This correlation is even stronger
for the development of frosting. Neither forms of dis-
solution correlate with the amount of diamond frac-
tures.

Conclusions

We show the fO2 of kimberlite magmas determined from
Ol–Sp oxygen barometry to be 2.8–4.4 log units below
the NNO buffer. The T–fO2 values for individual kim-
berlite pipes in the Lac de Gras area form trends
showing more reducing conditions with decreasing T.
There are significant variations in T–fO2 values between
the NW and SE clusters of kimberlites that are larger
than uncertainties in the oxybarometry and correlate
with substantial differences in the diamond populations
(Afanasiev et al. 2000). The fO2 decreases and crystal-
lization T increases from the NW to SE cluster, whereas
within the NW cluster Panda and Beartooth kimberlites
have similar diamond populations and T– fO2 values.

Various dissolution features in diamonds from the
five Lac de Gras pipes correlate with T– fO2 values for
their kimberlite melts. The Misery kimberlite has the
highest proportion of resorbed diamond forms (THH)
and the highest crystallization T. The diamonds from
more oxidized kimberlites (Panda and Beartooth) have
more extensive development of surface dissolution fea-
tures. There is no correlation between surface etching
and volume resorption in our kimberlites. Development
of etch features is more extensive in diamond groups
with a higher proportion on brown (possibly plastically
deformed) stones, whereas the degree of resorption does
not follow this correlation. We suggest that the devel-
opment of the surface etching mainly occurs in kim-
berlite melt and therefore is controlled by fO2.
Resorption, on the contrary, depends on the conditions
in both the kimberlite and in the mantle source and its
relationship with conditions in the magma are obscure.

The diamond grade of a kimberlite correlates nega-
tively with its fO2. Whether the range of observed fO2

values represents variations in the oxidation/reduction
processes in the kimberlite magmas, or were inherited

Fig. 12 Proportion of stones with trigon and hexagon pits in
octahedral diamonds with different degrees of resorption. Degree
of resorption shows percentage of octahedral faces resorbed (0%,
unresorbed octahedron; <50%, THH). Note the lack of a positive
correlation between resorption of primary octahedron and
development of etch pits
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from their mantle source is uncertain. The high fO2

values determined for the Ranch Lake kimberlite, which
has good suite of ‘diamond indicator minerals’ but low
diamond grade, indicates that fO2 of the magma plays a
role in diamond preservation. The established correla-
tions between T– fO2 values of kimberlites and diamond
resorption features suggest that conditions of the host
kimberlite may notably influence the entrained dia-
monds. This opens up the possibility that given more
data, oxybarometry obtained for kimberlite melts can be
potentially used for diamond grade predictions.
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and resultant oxygen fugacities. Geochim Cosmochim Acta
53:1277–1291

Yamaoka S, Kanda H, Setaka N (1980) Etching of diamond
octahedrons at high temperatures and pressures with controlled
oxygen partial pressure. J Mater Sci 15:332–336

69


	Sec1
	Tab1
	Sec2
	Fig1
	Fig2
	Sec3
	Sec4
	Fig3
	Sec5
	Fig4
	Sec6
	Sec7
	Sec8
	Fig5
	Sec9
	Sec10
	Tab2
	Tab3
	Tab4
	Fig6
	Tab5
	Sec11
	Sec12
	Sec13
	Tab5
	Fig7
	Fig8
	Fig9
	Sec14
	Fig10
	Sec15
	Fig11
	Sec16
	Sec17
	Fig12
	Ack
	Bib
	CR1
	CR2
	CR3
	Fig13
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36

